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Abstract: New, five-coordinate Z,Z-1,5-
cyclooctadiene (cod) complexes
[[N5yRh(cod)]* have been structurally
characterised by NMR spectroscopy and
X-ray diffraction ('N;" = tridentate cyclic
triamine or podal pyridine-amine-pyri-
dine ligand). Their electrochemical oxi-
dation and their oxygenation by H,O,
and O, have been investigated. The o-
donor capacity of ligand 'N; in
[NyRh!(cod)]* strongly influences the
electrochemical oxidation potential and
the 3C chemical shift of the cod double
bond. The relative o-donor strength of

complexes are selectively oxygenated
by H,0,, and in one case by O,, to
rhodium(iioxabicyclononadiyl ~ com-
plexes which rearrange to rhodium(ii)-
hydroxycyclooctenediyl complexes.
Oxygenation of cod to an oxabicyclono-
nadiyl fragment and subsequent rear-
rangement to a hydroxycyclooctenediyl
fragment are both thought to proceed
via a 2-thodaoxetane intermediate. Oxy-
genation of ['N5'Rh(cod)]* by H,0, is
relatively independent of the ligand and
the solvent, and proceeds instantane-
ously and selectively. Oxygenation of

[[NyRh!(cod)]* by O, is greatly influ-
enced by both the ligand and the solvent.
Entirely selective oxidation by O, could
only be obtained for 'N;'=N,N-di(2-
pyridylmethyl)amine (BPA) in CH,Cl,.
Oxygenation by O, in CH,CI, requires
onemole of O, permole of
[(BPA)Rh!(cod)]*, is catalysed by acid
and is likely to proceed by mononuclear
activation of dioxygen. For both the
cyclic triamine ligands and the podal
pyridine-amine-pyridine ligands, the cod
complexes with the lowest oxidation
potentials are the most reactive and the

the individual amine (N®,..) and pyr-
idine (Np,) nitrogens in the pyridine-
amine-pyridine ligands, N >Np, >
Npyme > NBnie 2 NB, is largely deter-
mined by steric repulsions. The cod

oxygen

Introduction

Transition metal mediated oxidation of olefins by the environ-
mentally friendly oxidants H,O, or O, (air) is of great
(industrial) importance.!! For economic reasons, bulk oxida-
tion of alkenes to give useful industrial chemicals predom-
inantly involves the use of O, as the primary oxidant.”! Also in
fine-chemical processes clean oxidants are increasingly desir-
able. However, both H,0O, and O, have a tendency to oxidise
by mechanisms that are poorly understood and therefore are
not readily controlled.! In oxidation with O,, it is a challenge
to use both oxygen atoms, as this would circumvent the need
for a sacrificial reductant.
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most selective in oxygenation by O,.
Oxidation of the analogous 1,5-hexa-
diene (hed) complexes ['NyRh!(hed)]*
by either H,0, or O, results in elimi-
nation of hed.

complexes

Homogeneous catalytic activity of rhodium in the oxidation
of olefins by O, and H,0O, has been demonstrated. Selective
oxidation of linear olefins to ketones by O,, H,O, or
BuOOHM and oxidation of tetramethylethylene to the
epoxide by BuOOH have been reported.’! Cyclic olefins
and styrene have been oxidised with O, to give a variety of
products, including ketones and epoxides.’l Mechanistic
proposals for these catalytic conversions are controversial.

In metal-catalysed oxidation of olefins, 2-metallaoxetanes
have often been proposed as crucial intermediates. Remark-
ably, 2-thodaoxetanes have not been invoked as intermediates
in the above-mentioned catalytic oxidations with rhodium.
For iridium we are aware of one example of stoichiometric
oxidation of a coordinated olefin, in which [ (P;0,)Ir'(cod) >~
is oxidised by O, to a 2-irida(imoxetane.”! Rearrangement of
this 2-irida(iroxetane results in an Ir'"{(2-hydroxycycloocta-4-
ene-1,6-diyl) complex. In contrast, oxidation of [{(cod)Ir!(u-
Cl},] by air does not result in oxygenation of the cod; the
dinuclear oxohydroxo complex [Ir'",Cl,(cod),(u-OH),(u-O)]
is formed.® [{(cod)Ir™(H)(Cl)(u-Cl)},], the HCI adduct of
[{(cod)Ir'(u-Cl)},], has been reported to eliminate 4-cyclo-
octen-1-one upon reaction with O,.7 A {(cod)Ir'"}(OOH)}
moiety was postulated as an intermediate.
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In this paper we report the electrochemical oxidation of
complexes ['N;Rh!(cod)]* (cod=Z,Z-1,5-cyclooctadiene)
and their oxidation by H,0, and O, via a 2-rhodaoxetane
intermediate. In these complexes the stabilising ligand ‘N5’ is a
tridentate cyclic triamine or podal pyridine-amine-pyridine
ligand. Part of this work has been communicated previous-
ly.“o]

Results

Synthesis of the diolefin complexes: We synthesised the
cationic cod complex [1]" by the route shown in Scheme 1.
Stirring 1,4,7-triazacyclononane (Cn) with [{(cod)Rh(u-Cl)},]
in a molar ratio 2:1 in methanol at room temperature resulted
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Scheme 1. Preparation of Rh'(cod) cations [1]7-[9]*.
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in the formation of [1]Cl. Addition of NH,PF; to the obtained
solution resulted in the precipitation of [1]PF,. Similarly,
addition of NaBPh, to the solution of [1]Cl in methanol
resulted in the precipitation of [1]BPh,. The 'Nj-ligand
complexes [2]*-[7]" and the 'N,’ ligand complex [9]*, were
also obtained as their PFs~ or BPh, salts (Scheme 1). The
dinuclear complex [8]** was generated by reaction of
[{(cod)Rh(u-Cl)},] with the ditopic ligand TPBN in a 1:1
molar ratio and was isolated as [8][PFg],.

The 1,5-hexadiene (hed) complexes [10]* and [11]* were
generated by reaction of [{(hed)Rh(u-Cl)},] with Cn* and
BzBLA, respectively. They were precipitated as PF,~ salts
(Scheme 2). The complexes in Schemes 1 and 2 are all five
coordinate, with the exception of square-planar complex [9]*.
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Scheme 2. Preparation of Rh!(hed) cations [10]* and [11]*.

NMR data of the diolefin complexes: The cod complexes
[1]7-[9]" (Scheme 1) are all highly fluxional in solution. The
n*-cod fragments appear to rotate fast on the NMR timescale.
The two —HC=CH— fragments of cod are observed as one
signal, both in 'H and *C NMR spectra. The fluxionality
observed for the five-coordinate complexes [1]7—[8]" is
thought to be a rapid equilibrium between trigonal-bipyr-
amidal and square-pyramidal coordination geometries
through rotation of cod (Scheme 3, path a). For complex
+ +
R R 1
g N
— py\ | / ;
b’ Ha
R
equilibrium between square pyramidal and trigonal bipyramidal coordi-
nation geometry through rotation of cod. b) Slow equilibrium involving

Ha b~ "i> Ha
Py
AN Rh—
/ N— Rh N ﬁ
- /
Scheme 3. Fluxional behaviour of five-coordinate complex [4]*. a) Fast
dissociation, pyramidal inversion and recoordination of NX ;...
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[4]", we attempted to freeze this process by cooling. However,
at 500 MHz this process is still fast at —90°C. Below —90°C
the [D¢]acetone became too viscous to obtain a solution NMR
spectrum.

In the '"H NOESY/EXSY spectrum of [11]+, NOE contacts
are observed between the Py—CH; group and the a-vinylic #*-
hed proton ~-CH=CH_H,, but there is no interaction with the
p-vinylic cis- (H,) or trans- (H;) hed protons -CH=CH H,. The
benzylic methylene fragment, N—CH,—Ph, has a clear NOE
contact with the p-vinylic H, and H, protons and no
interaction with the a-vinylic protons. No exchange correla-
tions were observed in the 'H NOESY/EXSY spectrum. Thus,
the predominant structure of [11]* in solution appears to be
the five-coordinate structure drawn in Scheme 2.

The complexes [3]*-[8]** and [11]*, with pyridine-amine-
pyridine ligands, have very characteristic 'H NMR spectra.
For complexes [3]*—[5]* and [8]**, the chemical shifts of the
Py—HB6 signals (6 =9.2-9.3), which are downfield relative to
those of the free ligands (0 =8.5-8.6), indicate that both
pyridyl donors are coordinated in solution. Similarly, for
complexes [6]*, [7]* and [11]* the downfield chemical shifts of
the Py—Me signals (6 =3.5-3.6), relative to the free ligands
(0=2.), reveal coordination of both methyl-substituted
pyridyl donors (Npy.y;.). In marked contrast, the Py—H6 signal
in the square planar compound [9]" (6 =7.8), has shifted
upfield relative to the free pyridine-amine ligand (6 =8.5);
this is probably due to anisotropic shielding by the olefin
fragment that is coordinated perpendicularly to the pyridine
plane. In the 'H NMR spectra of [3]*—[8]*" and [11]*, the
diastereotopic methylene protons of the N-CH,-Py or N-CH,-
PyMe fragments give rise to two AB type doublets. This
confirms coordination of the central amine donor (N,pi.). In
the '"H NOESY/EXSY spectrum of [8]*", NOE contacts are

observed between the vinylic protons of the cod fragments
and both Py—H6 and a-CH, of the N-(CH,),-N tether. The
above NMR data clearly indicate i3-coordination of the
pyridine-amine-pyridine ligands.

The two AB type doublets of the diastereotopic methylene
protons of the N-CH,-Py fragments in [8]** show an exchange
correlation in the 'TH NOESY/EXSY spectrum. At 90 MHz,
the two AB type doublets of both complexes [8]** and [4]*
(*H NMR) start to coalesce into a broad singlet at approx-
imately 77°C. These observations indicate dissociation, pyr-
amidal inversion and recoordination of N . (Scheme 3,
path b).

X-ray structures of the cod complexes: The X-ray structures
of the complexes [2]*, [3]*, [6]*, [7]" and [8]** (Scheme 1)
confirm that they are all five-coordinate in the solid state (see
Figures 1-5). For both [6]" and [7]" two independent cations,
[6A]*/[6®]" and [7A]*/[7®]* are found per unit cell
Selected bond lengths and angles are summarised in
Tables 1 and 2.

The structures all deviate from ideal trigonal-bipyramidal
or square-pyramidal geometries. Nevertheless, we classified
their geometry as either pseudo trigonal bipyramidal or
pseudo square pyramidal, based on the root-mean-square
deviation of the observed coordination angles from those in
ideal geometries. Coordination angles, constrained by the
backbones of the cod and N ligands, were not taken into
account.

Complex [2]" (Figure 1) adopts a trigonal-bipyramidal
coordination geometry in the solid state. Two NM¢ = donors
of Cn* (N1 and N2) and a double bond of cod (C11-C12)
occupy the equatorial positions; the third NM¢ . of Cn* (N3)

Table 1. Selected bond lengths [A] for [2]*, [3]*, [6A]*/[6®]*, [TA]*/[75]*, [8]**, [154]+/[15%]* and [16a]* .l

P O T
N1-Rhl 2.339(2) 2.218(2) 2.141(4) 2.151(4) 2.135(9) 2.138(8) 2.138(2) 2.228(3) 2.217(6) 2.217(6) 2.123(5)
N2-Rhl 2.335(2) 2.320(2) 2.273(4) 2.302(4) 2.282(8) 2.276(8) 2.155(2) 2.219(4) 2.314(6) 2.314(6) 2.165(4)
N3—Rhl 2.198(2) 2.119(2) 2.397(4) 2.390(4) 2.422(8) 2.408(7) 2.430(2) 2.098(3) 2.237(6) 2.237(6) 2.141(4)
Cl11-Rhl 2.083(3) 2.084(3) 2.086(5) 2.083(5) 2.096(10) 2.104(11) 2.088(3) 2.069(4) 2.090(15) 2.109(12) 2.069(6)
C12—Rhl 2.076(3) 2.063(3) 2.100(5) 2.100(5) 2.101(11) 2.105(10) 2.118(3) 2.617(5)

C21-Rhl 2.158(3) 2.139(3) 2.150(4) 2.152(5) 2.153(10) 2.128(10) 2.122(3) 2.052(4) 2.135(17) 2.186(13) 2.167(6)
C22—Rhl 2.169(3) 2.148(3) 2.177(4) 2.153(5) 2.183(10) 2.161(10) 2.134(3) 2.605(4) 2.074(14) 2.090(14) 2.186(7)
C23—Rhl 2.117(13) 2.227(19) 2.148(7)
Rh1-01 2.077(3)

C12-01 1.515(5) 1.416(19) 1.401(18) 1.535(11)
C22-01 1.503(5)

ClI-C12  1436(5) 1.401(6) 1.426(8) 1412(8)  1.436(15) 1427(15)  1416(4)  1522(6) 1.533(17)  1.522(17)  1.529(9)
C21-C22  1381(4)  1404(6) 1387(7) 1373(8)  1401(15)  1.385(16)  1.404(4)  1.519(6) 1467(18)  1457(17)  1.517(11)
Cl1-Cl4  1.520(4) 1511(6)  1.505(7) 1.525(7)  1518(14)  1495(15)  1.515(4)  1.520(6)  1.524(19)  1.530(18)  1.441(10)
C21-C24  1.499(5)  1.499(8)  1522(7)  1.502(7)  1.496(15)  1.502(15)  1513(4)  1.524(6)  1.53(2) 1.520(19)  1.472(10)
C12-C13  1511(4)  1503(5) 1530(7)  1.497(9)  1.498(16)  1.527(17)  1.523(4)  1.520(7)  1.458(19)  1.441(18)  1.418(11)
C2-C23 15085  1491(6)  1.502(7) 1517(8)  1.522(16)  1.524(16)  1.502(4)  1.528(7) 1371(17)  1373(18)  1.387(9)
Cl4-C24  1.524(5) 1487(9) 1517(7)  1474(8)  1539(15)  1.532(15)  1537(5) 1.538(7)  1.54(2) 1.526(19)  1.531(11)
CI3-C23  1.527(5)  1.494(6)  1.500(8)  1447(10)  1550(17)  1.47(2) 1516(5)  1.553(7)  1.470(19)  1.47(2) 1.533(9)
N3-C51  1.509(4)  1475(4)  1.467(6)  1480(6)  1477(13)  1467(12)  1.469(4)  1.495(5)  1483(10)  1.483(10)  1.476(7)
NI-C52  1485(4)  1346(3)  1364(6)  1355(7)  1343(13)  1345(13)  1339(4)  1.492(6)  1464(11)  1464(11)  1.341(8)
N3-C61  1493(4)  1482(3)  1.474(6)  1469(5)  1467(11)  1473(11)  1469(4)  1507(6)  1452(13)  1452(13)  1.490(7)
N2-C62  1.493(4)  1338(3)  1354(6) 1363(6)  1380(13)  1348(13)  1339(4)  1.478(6)  1.44(2) 1.44(2) 1.345(7)
C51-C52  1.504(5)  1.494(4)  1.504(7)  L511(7)  1.509(13)  1.513(13)  1.504(4)  1497(6)  1.345(14)  1.345(14)  1.500(8)
C61-C62  1.505(5)  1.499(4)  1.517(6)  1.503(6)  1.506(14)  1.497(13)  1.505(4)  1.509(6)  1.39(2) 1.39(2) 1.500(7)
[a] For atom labelling see Figures 1-5, 7, 8 and 9.
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Table 2. Selected bond angles [°] for [2]*, [3]*, [6*]*/[6®]*, [TA]*/[7%]*, [8]**, [15°]*/[15®]* and [16a]*.[*]

(2] (31 [6*] [6"]" [72] [7°]" 8] (12]* [154]" (15°]* [16a]’
NI-RhI-N2  7677(9)  75.77(8)  90.44(14) 9157(13) 902(3)  873(3)  8537(9)  8037(13) 794(3)  794(3)  81.32(16)
NI-RhI-N3  80.09(9)  78.13(8)  73.78(14) 7466(15) 73.5(3)  735(3)  76.09(9)  81.87(13) 795(2)  795(2)  77.85(18)
N2-RhI-N3  7891(9)  7735(8)  74.84(14) 74.14(13) 746(3)  752(3)  7476(9)  82.14(13) 793(3)  793(3)  80.45(16)
NI-Rh1-CI1  12555(11) 130.96(14)  89.49(17)  89.52(17) 9LI1(4)  92.4(4)  9333(11) 102.13(15) 91.5(4) 1034(4)  93.1(2)
NI1-Rh1-C12  16351(11) 167.16(12) 8934(17)  89.62(19) 88.4(4)  88.0(4)  9221(11)  97.86(14)
NI1-Rh1-C21  87.78(10)  89.43(11) 157.97(17) 160.91(18) 160.9(4) 161.7(4)  170.07(9) 17145(15) 1045(4) 1712(4)  108.8(3)
NI1-Rh1-C22  111.81(11) 11053(12) 163.58(17) 160.83(19) 160.6(3) 160.0(4) 151.36(10) 135.86(14) 142.6(4) 131.5(4)  144.9(2)
N1-Rh1-C23 1727(4)  1047(5)  175.4(2)
N2-Rh1-CI11  155.66(11) 14824(15) 174.86(18) 178.63(18) 178.6(4) 178.7(4) 175.68(11) 173.39(14) 1704(4) 1727(4)  173.9(2)
N2-Rh1-C12  11578(11) 110.82(13) 135.05(18) 139.71(18) 139.6(4) 139.1(4) 144.75(11) 138.42(14)
N2-Rh1-C21  11354(11) 122.00(17) 100.70(16)  98.17(16)  97.5(4)  1002(4)  9835(11)  99.42(16) 102.0(5)  97.8(4)  103.1(2)
N2-Rh1-C22  91.02(11)  95.60(11)  8843(17) 87.06(17) 89.1(4)  912(4)  85.64(10)  99.80(14)  93.4(4)  882(4)  89.1(2)
N2-Rh1-C23 107.9(4)  109.4(5)  103.2(2)
N3-Rh1-CI1  94.44(11) 90.76(12) 110.04(17) 106.96(17) 106.2(4) 105.9(4)  100.93(11) 10421(15) 96.1(4)  944(4)  95.9(2)
N3-Rh1-C12  9154(11)  9234(11) 146.68(18) 143.98(18) 142.4(4) 141.03) 138.61(10) 139.13(14)
N3-Rh1-C21  16026(11) 153.92(17)  90.71(16)  92.19(17) 91.6(4)  92.1(4)  95.93(10) 106.61(15) 176.0(4) 108.3(4)  172.7(2)
N3-Rh1-C22  162.44(11) 167.43(14) 121.53(16) 123.00(17) 124.7(4) 1253(4) 127.12(10) 14221(14) 135.6(4) 144.0(4) 133.9(2)
N3-Rh1-C23 102.5(4)  170.8(5)  101.8(2)
C11-Rh1-C12  4041(13)  39.48(17)  39.8(2) 39.4(2) 40.0(4) 39.6(4) 39.33(12)  35.52(15)
C21-Rh1-C22  3722(12)  3823(17) 37.39(19)  37.2(2) 377(4)  377(4)  3854(11)  35.62(15) 40.8(5)  39.8(5)  40.8(3)
C21-Rh1-C23 73.5(5) 68.2(5) 71.3(3)
C21-Rh1-C11  79.96(12)  80.14(17) 81.09(19) 81.03(19) 81.4(4)  80.5(4)  8227(11) 77.18(17) 832(6)  805(5)  81.03)
C21-Rh1-C12  96.06(12) 95.77(14)  95.84(18)  93.4(2) 96.7(4)  96.8(4)  89.99(12)  76.55(16)
C22-Rh1-C23 38.2(5) 36.9(5) 37.3(3)
C22-Rh1-C11  88.87(13)  90.01(13)  90.2(2) 91.6(2) 89.5(4) 88.7(4) 97.38(12)  74.10(16)  95.7(5) 94.7(5) 96.9(3)
C22-Rh1-C12  79.84(12)  80.34(14)  80.0(2) 79.3(4) 79.6(4)  802(4)  79.83(11)  53.39(15)
C23-Rh1-C11 81.3(5) 76.6(5) 82.4(2)
Rh1-C11-C12  69.54(17)  69.44(18)  70.6(3) 70.9(3) 70.2(6) 70.2(6) 71.45(17)  92.3(3) 111.3(10) 114.1(9)  108.0(5)
Rh1-C21-C22  71.84(18)  71.23(19)  72.3(3) 71.5(3) 723(6)  725(6)  7L18(16)  92.5(3) 67.48)  665(7)  68.9(4)
Rh1-C12-C11  70.05(17) 7L1(2) 69.6(3) 69.6(3) 69.8(6)  701(6)  69.22(17)  522(2) 71.909)  73.79(8)
Rh1-C22-C21  70.95(17)  70.5(2) 70.3(3) 71.3(3) 70.0(6) 69.9(6) 70.29(16)  51.9(2) 72.6(8) 73.7(8) 69.9(4)
Rh1-C22-C23 72.6(8)  77.0(10)  69.8(4)
Rh1-C23-C22 692(8)  66.1(9)  72.8(4)
C21-C22-01 103.8(3)
C11-C12-01 1038(3)  111.6(13) 1133(12) 110.1(6)
C22-01-Rhl 92.0(2)
C12-O1-Rh1 922(2)
Cl4-CI1-C12  1224(3)  1221(4)  121.9(5)  1229(5)  121.6(9) 123.7(10) 1233(3)  116.8(4)  108.6(13) 108.4(12) 116.6(7)
CII-CI2-C13 1241(3)  1243(4)  1252(5)  1241(6)  1256(10) 1234(10) 121.9(3)  119.6(4)  1149(13) 112.4(12) 114.0(6)
CI2-C13-C23  111.7(3)  1131(3)  1135(5)  1150(5)  112.1(9) 113.0(10) 1112(3)  1047(4)  115.6(13) 114.4(13) 114.5(6)
C24-C14-C11  1109(3)  111.3(4)  112.6(4)  115.0(4)  111.6(8) 112.4(9) 1125(2)  110.6(4)  110.0(13) 109.5(11) 113.9(6)
C22-C21-C24  1249(3)  1256(4)  1252(5)  1247(5)  1252(10) 123.6(10) 123.1(3)  1158(4)  122.8(15) 1222(12) 122.0(7)
C23-C22-C21  1237(3)  1220(3)  1223(5)  1232(5)  122.5(10) 1251(10) 125.6(3)  1202(4)  127.4(12) 121.9(13) 119.9(6)
C13-C23-C22 112.4(3)  112.6(3)  112.3(4)  1144(5)  1104(9) 1137(9) 111.8(2)  1053(4)  132.0(14) 131.8(16) 125.9(6)
C21-C24-Cl4  1127(3)  1138(3)  113.1(4)  1147(4)  112.6(9) 1122(9) 113.03)  1089(4)  114.8(14) 111.5(13) 107.7(6)
RhINI-C52  98.79(18) 112.33(17) 113.1(3)  113.9(3)  1137(6) 1152(6) 119.52(18) 107.7(3)  107.3(5) 107.3(5)  116.0(4)
N1-C52-C51  112.6(3)  1158(2)  1172(4)  117.9(4)  1187(8) 116.0(8) 1204(3)  111.0(4)  121.4(8) 121.4(8)  115.0(5)
C52-C51N3  1121(3)  1112(2)  1104(4)  110.5(4)  109.3(8) 109.6(8) 1156(3)  112.1(4)  1195(7) 1195(7)  110.1(4)
C51-N3-Rhl  109.94(19) 108.77(16)  98.1(3) 99.4(3) 982(6)  97.5(5) 108.01(18) 1042(3)  1059(5) 105.9(5)  109.2(3)
Rh1-N2-C62  107.55(19) 111.12(17) 115.7(3)  1143(3)  114.8(6) 1158(6) 119.04(19) 101.7(3)  104.1(8) 104.1(8) 112.3(3)
N2-C62-C61  11203)  1164(2)  1180(4)  1152(4)  1166(8) 1195(8) 116.6(3)  110.9(4)  122.6(11) 122.6(11) 115.9(4)
C62-C61-N3  112.0(3)  112.5(2)  1127(4)  11L1(4)  112.4(9) 1156(8) 113.02)  111.9(4)  1203(11) 1203(11) 111.9(4)
C61-N3-Rhl  103.89(18) 111.08(16) 106.9(3)  107.4(3)  1053(5) 107.4(5) 103.43(17) 1104(3)  1082(7) 1082(7)  108.2(3)

[a] For atom labelling see Figures 1-5, 7, 8 and 9.

and the other double bond of cod (C21—C22) occupy the axial
positions.

Complex [3]" (Figure2) adopts an asymmetric square-
pyramidal geometry. The two cod double bonds (C11—C12
and C21—C22), one of the pyridine nitrogens, Np, (N1), and
NiLine (N3) are coordinated in the basal plane. The second Np,
(N2) is coordinated at the apical position.

The complexes [6*]*/[6®]* (Figure 3) and [7A]*/[7®]* (Fig-
ure 4) adopt an asymmetric trigonal-bipyramidal geometry. In
these complexes N,... (N3), together with one of the

2924
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2-methylpyridyl donors, Np,.\. (N2), and a cod double bond
(C11—C12) span the equatorial plane. The second Np, . (N1)
and the other cod double bond (C21—C22) are coordinated

axially.
The dinuclear complex [8]* (Figure5) adopts a
symmetric square pyramidal geometry. The two cod

double bonds (C11—C12 and C21—C22) and the two
Np, (N1 and N2) are coordinated in the basal plane. The
amine nitrogen, N 3%  (N3) is coordinated at the apical
position.
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Figure 3. X-ray structure of asymmetric trigonal bipyramidal complex
(6]

For d® metals in a trigonal-bipyramidal geometry, theoret-
ical and experimental results by Rossi and Hoffmann indicate
that the strongest o donor prefers the axial position and that
olefins bind more strongly in
the equatorial position.l'!] Ap-
parently, Np, . is a stronger o-
donor than NR, . (R =Bu, Bz)
in [6A]/[6B]* and [7A]*/[7%]*. In
accordance with the predictions
of Rossi and Hoffmann, the
equatorial metal—olefin inter-
actions in [2]* and [6A]*/[6®]*
are the strongest, as indicated
by the significantly shorter
Rh—C distances of the equato-
rial cod double bond (Rh1—C11
and Rh1—C12) relative to
the axial cod double bond

Chem. Eur. J. 1999, 5, No. 10
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Figure 4. X-ray structure of asymmetric trigonal bipyramidal complex
(7]

(Rh1-C21 and Rh1—C22). For [7A]* and [7B]* the Rh—C
distances for these two positions are not significantly different
(see Table 1). As expected, the axial C—C distance (C21—-C22)
in [2]* is shorter than the equatorial (C11—C12). Axial and
equatorial C—C distances are not significantly different for
[6A]7/[6B]" and [7A]*/[7B]*.

For d® metals in a square-pyramidal geometry, Rossi and
Hoffmann have shown that the strongest o-donor ligand
prefers the basal position and that olefins also interact more
strongly in the basal position.'!] The X-ray structure of [3]*
therefore seems to indicate that N .= (N3) is a stronger o
donor than N,,. Apparently, the tertiary amine N5, (N3) is
the weaker o donor in [8]**. Based on the X-ray data the
relative donor strength of the nitrogen atoms in the above
pyridine-amine-pyridine ligands appears to be: Nii;,. > Np, >
Ninine and Npy.ye > N = NI .

The equatorial Rh—N distances for N, (2.335-2.422 A)
and Np, v (2.273-2.302 A) of [2]*, [6*]/[6®]* and [TA]*/[73]*
are long relative to the reported Rh—N,,, (2.007-2.140 A)[12l
and Rh—N,; (2.111-2.178 A)l2¢ B distances for square
planar ['N,’Rh!(cod)] complexes. The few X-ray structures
of five-coordinate ['N;Rh!(cod)] and ['N5Rh!(nbd)] (nbd =
norbornadiene) complexes reported thus far are all trigonal
bipyramidal and contain only Ny, donors. Their Rh—Ng,
distances (axial: 2.096-2.166 A; equatorial 2.16-2.293 A)
compare quite well with the Rh—Nj,.y; distances in [64]/[6®]*
and [7A]*/[78]* (axial: 2.135-2.151 A; equatorial: 2.273—
2302 A).04

Figure 5. X-ray structure of symmetric square pyramidal dinuclear complex [8]>*. Left: relative position of the
two rhodium centres. Right: detailed coordination geometry of each rhodium centre.
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Electrochemical oxidation of the diolefin complexes: Electro-
chemical oxidation of the cod complexes [1]t-[9]*
(Scheme 1) was studied by means of cyclic voltammetry. For
complexes [1]F, [3]*, [6]* and [7]" in CH,CL, (0.1m TBAH) a
reversible, one-electron oxidation was observed at 100 mV's~'.
The other complexes were oxidised irreversibly at this scan
rate. Table 3 gives for each complex the 1*C chemical shift of

Table 3. EP .. and 0(“Cc)) for [(L)Rh'(cod)] + complexes.
L 6(13C((,L(‘)) Eﬁnode[a] El/z[a'b] AE®]

[y Cn 69.2 -5 —38 66
Bl BPA 723 119 86 66
[3]* +1 equiv H* ([18**) BPAH' 84.1 136 -
2] Cn* 742 225 - -
[4]* BuBPA 75.9 265 - -
[5]* BzBPA 762 296 - -
[6]* BuBLA 765 300 270 60
(7] BzBLA 772 341 307 68
[{Rh(cod)(u-CI)},] cr 78511 457 - -
[9]+ PA 82.6 597 -

[a] Measured in CH,Cl, (0.1m TBAH); Potentials in mV vs. the Fc/Fc*
couple. [b] In case of electrochemically reversible oxidations. [c] Average
of the four observed signals at —48°C. [d] Taken from ref. [15].

the olefinic cod fragments (6(*Cc—c) and the anodic peak
potential (EP ,.) of the observed oxidation wave. For the
reversible oxidations the halfwave potentials (E,,) and the
peak separations (AE) are also listed. The 1,5-hexadiene
complex [10]* (Scheme 2) is oxidised more easily (irrever-
sibly; E? .. =141 mV) than its cod analogue [2]" (irrever-
sibly; EP 4. =225mV).

Owing to its cationic nature, four-coordinate [9]*
(Scheme 1) is oxidised at a higher potential than four-
coordinate [{Rh!(cod)(u-Cl)],]. The cationic five coordinate
complexes [1]*—[7]" are oxidised at lower potentials than that
of [{Rh!(cod)(u-Cl)],]. Addition of one equivalent
[H(OEt,),]B(Ar(CF;),), (“HBAr,”)®! to [3]PF, converts
[3]* to square planar complex [18]>* (Scheme 5 see below).
Quite remarkably, this has virtually no effect on E? ... This
seems to indicate that the protonated xk*>-BPA deprotonates
upon one-electron oxidation and stabilises the resulting Rh"
centre by x* coordination.

Figure 6 shows a linear correlation between 6('*Cc) and
E? 4. The strong influence of the nitrogen-donor ligands on
E? i seems to indicate that the observed oxidations are
metal-centred.l') The linear relationship between 6(*Ce—)

anode

84 +
82 1+
80 +
78 4 ¢
76 T ®
74 4
72 4
70 +
68 t } } !
-50 150 350 550 750

EPanode (MV vs Fo/Fc)

5 UC(C=C)
(ppm)

Figure 6. Linear correlation between 6('*Ce) and EP . in a series of

anode
[(L)Rh'(cod)]* complexes.
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and E? .. suggests that both reflect the o-donor capacity of
the nitrogen-donor ligand; a higher donor capacity results in a
lower EP .. and a lower 0(**Cc). Lowering of 0(**Cc¢) on
going from four-coordinate to five-coordinate [ (trispyrazolyl-
borate)Rh!(cod)] complexes has previously been ascribed to
increased w back-bonding to the cod double bond;['l it seems
reasonable to assume that stronger N —Rh donation will
result in stronger Rh —C=C back-donation. 6(**Cc) and
E? . indicate the following order of donor capacity of the N
ligands:  Cn>BPA > Cn* > BuBPA > BzBPA ~BuBLA >
BzBLA > PA. From the combination of these relative
ligand-donor capacities with the relative o-donor strengths
of the individual nitrogen-donor atoms derived from the
X-ray data, we obtain the following refined order of o-donor
strengths: Nifine > Npy > Npyye > Nitine = Nz

The relative o-donor strengths of the amine and pyridine
nitrogens in the above ligands seems to be largely determined
by steric repulsion. The order of donor strength NI . >
NP 2NBz . and Np, > Np, , finds its parallel in the greater
Lewis basicities of secondary amines (R,NH) relative to
tertiary amines (R;N),l% and of Np, relative to Np, y,.[1

Oxidation of the diolefin complexes by H,0,: Upon reaction
of [2]PF, with an excess of 35% aqueous H,0, in methanol,
the colour of the solution immediately changed from bright
yellow to pale yellow. The 'H NMR spectrum of the pale
yellow powder that was obtained by evaporation of the
solvent indicated quantitative conversion of [2]PF to [12]PF,
(Scheme 4).

The X-ray structure of [12]* shows that oxygenation of both
double bonds of the cod fragment in [2]" has resulted in a
9-oxabicyclo[4.2.1]nona-2,5-diyl (oxabicyclononadiyl) frag-
ment (Figure 7). Oxidation of [2]* by H,0, in [D¢]acetone
or CD;CN gave the same result.

The oxabicyclononadiyl fragment is a tetrahydrofuran
derivative. It is connected to rhodium(i11) through two Rh—C
bonds and a dative O.y.,—Rh bond. The structure of
oxidation product [12]* is unprecedented, but has some
structural similarity to the 14-cycloaddition product of
[{(cod)Rh(u-Cl)},] with hexafluorobut-2-yne.l'] Selected
bond lengths and angles are summarised in Tables 1 and 2.
The coordination geometry of the thodium atom is pseudooc-
tahedral. The Rh—C distances (2.052(4) A and 2.069(4) A) are
normal for Rh™ as are the Rh—N distances. The Rh—N3
distance (2.098(3) A) is shorter than the Rh—N11 and
Rh—N21 distance (2.228(3) A and 2.219(4) A). This reflects
the smaller trans influence of Oy, relative to the hydrocarbyl
carbons. The Rh™—O,,., distance (2.077(3) A) is short
relative to previously observed Rh'™—O,y,., distances (2.11-
2.28 A), whereas the O.,,—C distances (1.515(5) A and
1.503(5) A) are long relative to those for other Rh"-coordi-
nated ethers (1.35—1.49 A).2% The observed oxidation bears
some resemblance to the stoichiometric permanganate oxi-
dation of 1,5-hexadienes to tetrahydrofurans.?!l

Similar oxidation of [3]Cl by H,O, in methanol at room
temperature results in the instantaneous selective formation
of the oxabicyclononadiyl complex [13a]Cl (Scheme 4).
Treatment of the resulting solution with NaBPh, results in
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Scheme 4. Selective oxidation of Rh'(cod) complexes by H,0,; formation of Rh™-oxabicyclo-nonadiyl

complexes and their rearrangement to Rh™-hydroxycyclooctenediyl complexes.

Figure 7. X-ray structure of oxabicyclononadiyl complex [12]*.

precipitation of [13a]BPh,. The structure of [13a]" was
derived from 'H and *C NMR data.

The 'H NMR spectrum obtained upon addition of H,0, to
[4]PF; in [Dglacetone at room temperature indicated the
presence of two isomeric oxabicyclononadiyl complexes
[14a]PF, (asymmetric) and [14b]PF, (symmetric), in a molar
ratio 5:1.2 Selective formation of asymmetric [14a]" was
observed when the reaction was carried out at —10°C. We
observed no isomerisation of [14a]* to [14b]* (or visa versa)
at room temperature in [Dglacetone. The formation of
isomers [14a]* and [14b]" upon oxidation of [4]" probably
results from H,O, attack at stereoisomeric five-coordinate
species (e.g., the trigonal bipyramidal and square pyramidal
isomers of Scheme 3). Apparently, the preference for oxida-
tion of one specific stereoisomer is higher for [3]* than for
[4]".

'"H NMR and FAB-MS spectra indicate that oxidation of
complex [5]PF, by H,O, is analogous to that of [4]PF,. At

Chem. Eur. J. 1999, 5, No. 10

room temperature a 1:5 mixture
of the analogues of [14a]" and
[14b]* is formed, whereas at
—10°C only the analogue of
[14b]* is formed. 'H NMR
spectroscopy shows that instan-
taneous oxidation of the dinu-
clear complex [8][PF¢, in
CD;CN by H,0, results in a
mixture of three isomers; one
containing two symmetric rho-

© WILEY-VCH Verlag GmbH, D-69451 Weinheim,

dium(tr)oxabicyclononadiyl
sites, one containing a symmet-
ric and an asymmetric site, and
one containing two asymmetric
sites.

In contrast to the instantane-
ous, selective, oxidation of com-
plexes [2]*, [3]F, [4]*, [5]" and
[8]*, oxidation of the sterically
=~ hindered complexes [6]" and
[7]* (see Scheme 1) with H,O,
is very slow and nonselective. In
the presence of a tenfold excess
of H,0,, solutions of both [6]*
and [7]" proved stable for at
least two hours. After 20 hours,
"H NMR spectroscopy indicated the formation of a complex
mixture of reaction products. The methylgroups at the pridine
6-position apparently prevent attack of H,O, at the rhodium(1)
centre.

The obtained oxabicyclononadiyl complexes [12]PF¢ and
[14a]*/[14b]PF, are stable at room temperature. However, at
this temperature the analogous complex [13a]BPh, slowly
converts to the 2-hydroxycycloocta-4-ene-1,6-di-yl (hydroxy-
cyclooctenediyl) complex [16a]BPh,, both in solution and in
the solid state (Scheme 4). The hydroxycyclooctenediyl frag-
ment contains a 2-hydroxyalkyl and a #3-allyl moiety. The
structure of [16a]* has been determined by single-crystal
X-ray crystallography (Figure 8). The solution structure, as
determined by '"H NMR and 'C NMR, and 'H NOESY, 'H
COSY and 'H-"C correlation techniques, is in accordance
with the X-ray structure.

The rearrangement of [13a]" to [16a]" is accelerated by
acid, as observed in 'H NMR spectroscopy. In the absence of
added acid, conversion in CD,Cl, at room temperature

[16a]*: R=H
[17a]*: R=Bu

[17b]*: R= Bu
not observed with R=H

Figure 8. X-ray structure of hydroxycyclooctenediyl complex [16a]*.
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proceeds to approximately 1% in two hours, whereas in the
presence of 0.2 equivalents of the noncoordinating acid
[H(OEt,),]B(C¢H;(CF;),), (HBAT,)?! conversion is quanti-
tative within two hours.

The observed N(3)—O(1) distance of 3.007 A in the X-ray
structure of [16a]* (Figure 8) is indicative for the presence of
a N-H:-- O hydrogen bridge.? The selective formation of
[16a]" from [13a]" might have been controlled by the
formation of this hydrogen bridge. However, heating of the
analogous [14a]PF, (obtained by oxidation of [4]* at —10°C)
in CD;CN at 80°C for 12 hours results in the selective
formation of hydroxycyclooctenediyl complex [17a]PF,, ac-
cording to 'H NMR and 'H NOESY spectra. This implies that
the hydrogen bridge in [16a]" is not responsible for the
observed selectivity. Heating a 5:1 mixture of [14a]PF; and
[14b]PF, (obtained by oxidation of [4]" at room temperature)
in CD;CN results in a 5:1 ratio of [17a]* and a second
complex, which according to 'H NMR is isomer [17b]*
(Scheme 4). Likewise, oxabicyclononadiyl complex [12]X
(X~ =PF¢/BPh,”) rearranges upon heating in CH;CN to
hydroxycyclooctenediyl complex [15]X (Scheme 4). Complex
[15]PF; was isolated in quantitative yield by evaporation of
the solvent. The structure of [15]PF, has been determined by
X-ray crystallography (see Figure 9). The structure showed

Figure 9. X-ray structure of hydroxycyclooctenediyl complex [154]* (same
orientation as [16 a]*).

disorder, which could adequately be refined as a superposition
of two cations [154]* and [15B]*. The solution structure of
[15]*, as determined by 'H NMR and *C NMR spectroscopy,
and 'H NOESY, 'H COSY and 'H-"C correlation techni-
ques, is in accordance with the X-ray structure.

The coordination geometry of the rhodium atoms in [16a]*
and [15]*/[158]" is pseudooctahedral and very similar to that

Table 4. Conditions and results of oxidation of Rh!(cod) complexes by O,.

of [(P30,)Ir"™(2-hydroxycycloocta-4-ene-1,6-di-yl) >~ report-
ed by Klemperer et al.’l Selected bond lengths and angles are
summarised in Tables 1 and 2. In both complexes the #3-allyl
fragment is symmetrically coordinated. In [16a]* the Rh—N2
distance is longer than the Rh—N1 and Rh—N3 distances,
reflecting the larger trans influence of the S-hydroxy-alkyl
fragment relative to the allyl fragment. A similar difference is
observed for the Ir—O distances in [(P;0,)Ir™(2-hydroxy-
cycloocta-4-ene-1,6-di-yl) |*~.

In contrast to the oxidation of [2]PF,, oxidation of complex
[1]PF, in CD;CN at room tempreature with aqueous H,0,
proceeds directly to a hydroxycyclooctenediyl complex in
70% selectivity (according to '"H NMR spectroscopy; 30 %
unidentified products) without detectable formation of an
oxabicyclononadiyl intermediate. Oxidation of four-coordi-
nate [9]PF, by aqueous H,O, in [D4]acetone at room temper-
ature also results in direct formation of the hydroxycyclooc-
tenediyl complex. The selectivity in this case is 100 %, as was
concluded from 'H NMR spectroscopy.*!

Attempts to oxidise the hed complexes [10]" and [11]*
(Scheme 2) by aqueous H,0O, in various solvents (acetone,
CH;CN or CH,Cl,) resulted in elimination of hed. For both
[10]" and [11]" this reaction is accompanied by evolution of
gas. This seems to indicate rhodium-catalysed disproportion-
ation of H,O, into H,O and O, (catalase activity). Such H,O,
decomposition was not observed in reaction of H,O, with any
of the cod complexes. The reaction of H,O, with [11]* was
much slower than with [10]*, probably because the methyl
groups at the pyridine 6-position in [11]" hamper attack of
H,0, at the rhodium() centre (Scheme 2).

Oxidation by O, (air): In the absence of added acid, none of
the above cod complexes reacts with O,. In the presence of
HBAT!,, some of them are oxidised by O, (air) to the same
products as obtained by oxidation with H,O, (Scheme 4). The
selectivities in oxidation by O, proved to be critically
dependent on the nitrogen-donor ligand and the solvent.
Table 4 summarises the results.

Selective oxidation of the cod fragment by O, is only
observed for [3]* in CH,Cl,. It results in formation of the
hydroxycyclooctenediyl complex [16a]*. In the same solvent,
complex [1]* is oxidised to [(Cn)Rh™(hydroxycyclo-
octenediyl) |* in only 70 % selectivity. Oxidation of complex
[4]" in CH,Cl, results in consumption of the added H" under
elimination of cod. The clear differences between BPA
complex [3]" and BuBPA complex [4]" upon oxidation in
CH,Cl,, disappear upon oxidation in CH;CN; for both
complexes 50 % of the cod dissociates and 50 % is oxidised.

Solvent Acid (equiv) Conv. Oxabicyclo- Hydroxycyclo- Free COD Unknown
[%] nonadiyl [%] octenediyl [%] [%] [%]
[1]PF; Cn CH,Cl, HBAT, (0.2) 100 - 70 - 30
[3]PF; BPA CH,Cl, HBAT, (0.2) 100 - 1009 - -
[4]PF; BuBPA CH,Cl, HBAT, (0.3) 30 - - 30 -
[3]PF; BPA CH,CN - 100 - 50 50 -
[4]PF; BuBPA CH,CN NH,PF; (0.2) 100 50 - 50 -

All experiments under 1.6 bar O,. Percentages conversion and yield are based on 'H NMR integral ratios [a] [16a]*. [b] 40% [14a]* and 10% [14b]*.
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Upon treatment of [2]* with [H(OEt,),|BF, and O, in CH,Cl,,
the peaks in the '"H NMR spectrum shift, but oxidation of the
cod fragment is not observed. Like BuBPA complex [4]",
BuBLA complex [6]* reacts stoichiometrically with O, and
HBAUT!, in CH,Cl, under dissociation of cod. Exposure of the
hed complexes [10]PF, or [11]PF, to O, or air leads to slow
dissociation of hed, similar to that in the reaction of these
complexes with H,0,.

We investigated the oxidation of [3]* by O, in more detail.
As indicated by 'H NMR spectroscopy, exposure of a CD,Cl,
solution of [3]PF, at room temperature to air or O, results in
the slow formation of a mixture of [13a]PF, and [16a]PF;
(Scheme 4), which subsequently converts to [16a]PF, in four
days. From this reaction mixture we isolated pure [16a]PF in
90% yield. Under these conditions a CD,Cl, solution of
[3]BPh, proved to be stable. Apparently, oxidation of [3]" is
mediated by traces of acid (e.g., NH,PF;) that are scavenged
by reaction with BPh,~.[*]

The oxidation rate of [3]* under 1.6 bar of O, as a function
of added HBAr!, was followed by 'H NMR spectroscopy
(Figure 10). The plots of In[A/A,] versus time result in

0.01 equiv H*

<
S5 -
<
[ =g
£ L1 -

25 1 Lo

- 0.2equivH 0.05 equiv H*
a4 -
35 : f y ’ ;
0 5 10 15 20 25

time (hours)

Figure 10. Plot of In(A/A,) versus time in the oxidation of [3]* by O,; the
figure indicates first-order kinetics in [3]* and the influence of added
HBAT!, on the reaction rate.

straight lines that are characteristic for first-order kinetics in
[3]* (A,= concn [3]* at time ¢, A, =1initial concn [3]*).?7! Clearly
the oxidation rate increases with the amount of HBAr, added
(Figure 10). Upon addition of >0.05 equivalents of HBArf,,
only minor amounts of [13a]" were detectable during the
reaction of [3]* to [16a]". This is consistent with our previous
observation that the transformation of [13a]* to [16a]"
acid-catalysed (see above).

x
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Addition of one equivalent HBAr, to [3]PF in CD,Cl,
under N, results in broadening of the pyridyl signals at room
temperature. At —48°C the square-planar dicationic (pyridi-
nium-amine-pyridine)Rh!(cod) complex [18]** can be identi-
fied from '"H and '*C NMR spectra (Scheme 5).?8 Exposure of
the resulting solution to O, at room temperature results in
quantitative conversion to [16a]* within one hour.

Addition of equimolar amounts of a radical-trapping
compound such as ethanol or 2-fert-butyl-4-methylphenol®!
had no effect on the oxidation of [3]* by O,. Reaction of
[3]PF, with O, in CH,Cl, in the presence of approximately
50 equivalents of H,'®O showed no significant incorporation
of 8O in the final product [16a]*. Volumetric gas burette
measurements for the reaction of [3]* with O, indicated a
consumption of one mole of O, per mole of [3]".

Discussion

2-Rhodaoxetane rearrangement: It seems reasonable to
assume that oxidation of Rh'-cod to Rh'-oxabicyclonondiyl
proceeds via an intermediate 2-rhoda(iimoxetane that sub-
sequently undergoes insertion of the second double bond of
cod into the Rh™M-O bond (Scheme 6). An analogous
trimethaphosphate-2-irida(iinjoxetane has been isolated from
the reaction of dioxygen with [(P;O,)Ir'(cod)]*~.1"! For this
2-iridaoxetane, insertion of the second double bond of cod
into the Ir—O bond was not observed.
_I .

il
h

\
« ~

Rh!-oxabicyclononadiyl

| Qv IH/
/
Rh ——— Rh
+
(e}
.. 5~
2-rhoda(lll)-oxetane Rh

HO
Rhll-hydroxycyclooctenediyl

Scheme 6. a) Formation of Rh™-oxabicyclononadiyl by olefin insertion
into the Rh—O bond of a 2-rhoda(ii)oxetane intermediate. b) Rearrange-
ment to Rh'-hydroxycyclooctenediyl via abstraction of an allylic hydro-

Scheme 5. Protonation of [3]* to [18]?*. Oxidation of [3]* via proposed hydroperoxo intermediate [19]**.
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We propose that rearrangement of the oxabicyclononadiyl
fragment to the hydroxycyclooctenediyl fragment proceeds
via formation of the intermediate 2-rhoda(ii)oxetane and net
abstraction of an allylic proton by the nucleophilic oxygen of
the 2-rhodaoxetane (Scheme 6). This would be similar to the
rearrangement observed for the above mentioned 2-iridaox-
etane.’l We cannot exclude that the hydroxycyclooctenediyl
fragment is formed directly from the oxabicyclononadiyl
fragment by an elimination reaction, but the route via a
2-rhodaoxetane seems more feasible. The faster rearrange-
ment of [13a]* to [16a]* in the presence of acid could well be
the result of protonation of the 2-rhodaoxetane oxygen.
Subsequent electrophilic attack of the Rh!' centre at the
allylic C—H bond would thus complete acid-catalysed for-
mation of [16a]".

Mechanism of oxygenation by H,0,: The relative stability of
[6]* and [7]" towards H,O, suggest that the bulky Py-Me
donors prevent H,0, attack at rhodium(1). The nature of the
oxidation products also suggests a mechanism involving O
transfer via rhodium (O transfer through endo attack of “O”
at cod double bond). Direct O transfer to the olefin would
have resulted in exo attack, as in the Wacker oxidation of Pd —
olefin complexes.’”) One could imagine a mechanism involv-
ing electrophilic attack at Rh! by H,O,, resulting in transfer of
OH* to Rh.P! Insertion of a cod double bond into the thus
obtained Rh"—OH bond and abstraction of a proton from the
resulting 2-hydroxyalkyl fragment would provide the 2-rho-
daoxetane intermediate. However, alternative mechanisms,
such as O transfer from H,0O,*? to Rh! can not be excluded.

Mechanism of oxygenation by O,: The reaction of the
dianionic Ir' complex [(P;0y)Ir'(cod) ]~ with O,, reported
by Klemperer et al,l"l is to our knowledge the only previous
example of the oxidation of a metal-cod complex to a
metal — hydroxycyclooctenediyl complex. This reaction was
proposed to proceed through the dinuclear activation of O, in
an [Ir]-O-O-[Ir] intermediate on the basis of volumetric gas
burette measurements; these indicated consumption of
0.5 moles of O, per mole of [(P;0,)Ir'(cod)]*~.

With Klemperer’s dinuclear mechanism in mind, we
designed the dinuclear complex [8]*". We argued that, for
reasons of entropy, dinuclear complex [8]*" might be more
prone to oxidation by O, than its mononuclear analogue [4]*
(or [3]*).*l However, we observed no differences between
[8]** and [4]* in the rate of reaction with O,. We have
observed selective oxidation only for the mononuclear BPA-
complex [3]* in CH,CL,. In contrast to the O, uptake reported
for [(P;0,)Ir'(cod)]*-, our volumetric gas burette measure-
ments for the reaction of [3]" with O, indicate consumption of
one mole of O, per mole of [3]".

As the reaction of [3]* with O, in the presence of
approximately 50 equivalents of H,®O showed no significant
incorporation of '®O-labeled oxygen in the final product
[16a]*, the oxygen atom in oxygenation of [3]" must stem
from O,. Therefore a mechanism involving nucleophilic
attack of H,0O (Wacker-type mechanism) on an initially
formed [Rh™(cod)]** fragment can be excluded.
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The reaction of [3]* with O, is clearly catalysed by H*. The
kinetic data suggest that the reaction proceeds via a mono-
nuclear complex in the rate-determining step. It is tempting to
propose that [3]*, O, and H* form the hydroperoxo complex
[(BPA)RKh™M(OOH)(cod)]** [19]** as the initial oxidation
product from the reaction of [18]** with O, (Scheme 5).
Precedents for this type of reaction have been reported for a
similar "Ny Rh!(diphos) complex.* The observed dissociation
of cod (vide supra) in the reaction of [3]PF, with O, in CH;CN
could be the result of substitution of cod in [19]** by CH;CN.

In view of the observed consumption of one mole of O, per
mole of [3]*, the hydroperoxo intermediate [19]** must lose
one oxygen atom in formation of a 2-rhodaoxetane. The fate
of this oxygen atom is presently obscure. Other mechanisms,
for example, involving one-electron oxidation of Rh! to Rh™
by O, cannot be ruled out completely. However, the
observation that a radical-trapping compound such as 2-fert-
butyl-4-methylphenol has no influence on the oxidation of
[3] by O, indicates a nonradical pathway.

Experimental section

General methods: All procedures were performed under N, with standard
schlenk techniques unless indicated otherwise. Solvents (p.a.) were
deoxygenated by bubbling through a stream of N, or by the freeze-
pump-thaw method. The temperature indication room temperature (RT)
corresponds to about 20°C. NMR experiments were carried out on a
Bruker DPX200 (200 MHz and 50 MHz for 'H and '3C, respectively), a
Bruker AC300 (300 MHz and 75 MHz for 'H and *C, respectively) and a
Bruker WM400 (400 MHz and 100 MHz for 'H and *C, respectively).
Solvent shift reference for '"H NMR: [Dg]acetone 6y =2.05, CD;CN oy =
1.98, CD,Cl, 0y =5.31, [Dg]DMSO 06y =2.50. For *C NMR: [Dg]acetone
0c=29.50, CD;CN 6-=1.28, CD,Cl, 6.=54.20, [Ds]DMSO d.=39.50.
Abbreviations used are s=singlet, d=doublet, dd = doublet of doublets,
ddd = doublet of doublets of doublets, t = triplet, dt =doublet of triplets,
q = quartet, dq =doublet of quartets, m =multiplet and br=broad. Ele-
mental analysis (C,H,N) were carried out on a Carlo Erba NCSO analyser.
Mass Spectra (EI, FAB) were recorded on a VG 7070 mass spectrometer or
on a JEOLJMSSX/SX102A four sector mass spectrometer (NBA =3-
nitrobenzyl alcohol). Cyclic voltammetry measurements were performed
with an Eco Chemie Autolab PGSTAT?20. A conventional three-electrode
cell, with Pt working and auxiliary electrodes and 0.1m [(nBu),N]PF,
(TBAH) electrolyte was used. An Ag/Agl reference electrode (grain of
Agl, 0.02m [ (nBu),N]I (TBAI) and 0.1m TBAH) was employed. The ligand
TPBN was prepared according to a literature procedure.*! 1,4,7-trimethyl-
1,4,7-triazacyclononane (Cn*) was generously supplied by Unilever
Research. [{(cod)Rh(u-Cl)},]and [{(hed)Rh(u-Cl)},] were prepared accord-
ing to literature procedures.® All other chemicals are commercially
available and were used without further purification, unless stated
otherwise.

X-ray diffraction: Crystals of [2]BPh, and [12]PF, were obtained from
methanol by slow evaporation (RT) of the solvent. Crystals of [3]BPh, and
[16a]BPh, suitable for X-ray diffraction studies were obtained from
CH;CN by slow cooling of a hot, saturated solution. Crystals of [6]PF and
[7]PF, - acetone suitable for X-ray diffraction studies were obtained from
acetone by slowly cooling a saturated solution at RT to —20°C. Crystals of
[8][PF], were obtained by slow diffusion of Et,O into a CH;CN solution.
Crystals of [15]PF were obtained from acetone by slow evaporation (RT)
of the solvent.

The structures were solved by the program system DIRDIFF by using the
program PATTYP! to locate the heavy atoms. Unit-cell dimensions were
determined from the angular setting of 25 reflections for [2]BPh,, [6]PF;,
[8][PFq],, [15]PF; and [16a]BPh,, 15 reflections for [3]BPh,, 9 reflections
for [12]PF,; and 7 reflections for [7]PF,-acetone. Intensity data were
corrected for Lorentz and polarisation effects. For all structures except for
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[3]BPh,, semiempirical absorption correction (i-scan)i*! was applied. The
structures were refined with standard methods (refinement against F2 of all
reflections with SHELXL9710) with anisotropic parameters for the
nonhydrogen atoms. All hydrogen atoms were placed at calculated
positions. For [2]BPh,, [12]PF; and [16a]BPh, the hydrogen atoms were
subsequently freely refined. Selected bond lengths an angles are summar-
ised in Tables 1 and 2. Other relevant crystal data are summarised in
Table 5. Drawings were generated with the program PLATON.1!

Complex [8][PF,],: The PF¢~ ion was threefold disordered about one F-P-F
axis. The P—F and F—F bonds were restrained to target values with an
estimated standard deviation of 0.03. The occupation factors of the
disordered fluorine atoms were also refined.

Complex [16 a] BPh,: The hydrogens attached to atoms N3, C11, C12, C21,
C22 and C24 were taken from a difference Fourier map and were freely
refined subsequently. The hydrogen attached to atom O1 could not be
localised and is therefore not included in the model. All other hydrogens
were placed at calculated positions and were refined riding on the parent
atoms.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-14725
([2]BPh,), 114726 ([3]BPh,), 114727 ([6]PF,), 114728 ([7]PF,.acetone),
114729 ([8][PF4],), 114730 ([12]PF,), 114731 ([16a]BPh,), and 114732
([15]PFy). Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).

Synthesis

N-Benzyl-N,N-di(2-pyridylmethyl)amine (BzBPA) and N-butyl-N,N-di(2-
pyridylmethyl)amine (BuBPA): The ligands BzBPA and BuBPA were
prepared by procedures similar to that reported for TPEN,®! by using
benzylamine and n-butylamine, respectively, instead of 1,4-diaminobutane.

For both BzZBPA and BuBPA, the crude product, obtained as a brown oil,
was purified by column chromatography (silica 60 H; CH;Cl/MeOH 100:10
v:v). The isolated products (red-brown, viscous oils) were pure according to
'"H NMR spectroscopy.

BzBPA: 'H NMR (200.13 MHz, CDCl,, 298 K): 0 =8.48 (d, J(H.H) =
4.7 Hz, 2H; Py-H6), 7.60-7.05 (m, 11 H; Py-H4, Py-H3, Py-H5, Ph), 3.80 (s,
4H; N-CH,-Py), 3.67 (s, 2H; N-CH,-Ph); ¥C NMR {'H} (50.32 MHz,
CDClL, 298 K): 6 = 160.07 (Py-C2), 149.37 (Py-C6), 139.23 (Ph-C1), 136.87
(Py-C4), 129.27 (Ph-C2), 128.75 (Ph-C3), 127.50 (Ph-C4), 123.20 (Py-C3),
12239 (Py-C5), 60.35 (N-CH,-Py), 58.88 (N-CH,-Ph).

BuBPA: 'H NMR (200.13 MHz, CDCl;, 298 K): 6 =8.57 (d, 3J(H.H) =
4.7 Hz, 2H; Py-H6), 7.66-7.00 (m, 6 H; Py-H4, Py-H3, Py-H5), 3.87 (s, 4H;
N-CH,-Py), 2.60 (t, 3J(H,H) =72 Hz, 2H; N-CH,-C;H,), 1.58 (m, 2H;
N-CH,-CH,-C,Hs), 1.35 (m, 2H; N-C,H,-CH,-CH,), 0.89 (1, *J(H,H) =
72 Hz, 3H; N-C;H,-CH,); EI-MS: miz (%): 255 (1.3) [M]*, 212 (3.28)
[M — CyH,]*, 198 (0.95) [M — C,H,]*, 163 (100.0) [M — CH,Ph]*, 93 (45.2)
[CH,Py+H]".

N-Benzyl-N,N-di[ (6-methyl-2-pyridylmethyl) Jamine (BzBLA): 2-Chloro-
methyl-6-methylpyridine hydrochloride!*? (1.50 g, 8.5 mmol), benzylamine
(0.43 g, 401 mmol) and (12 g, 140 mmol) Na,CO; dissolved in water
(10 mL) were added to CH;CN (100 mL). The resulting suspension was
heated to reflux for 16 hours. The mixture was filtered, and the filtrate was
evaporated to yield a yellow oil, to which Et,O (100 mL) was added. Partial
evaporation of the solvent resulted in precipitation of BzZBLA as a white
solid, which was recrystallised as a white crystals from a saturated hexane
solution at —20°C. Yield 36 % (0.44 g, 1.39 mmol); m.p. 76.9°C; '"H NMR
(200.13 MHz, CDCl;, 298 K): 6 =7.62-7.00 (m, 11H; Py-H4, Py-H3, Py-
HS5, Ph-H), 3.86 (s, 4H; N-CH,-Py), 3.75 (s, 2H; N-CH,-Ph), 2.54 (s, 6H;
Py-CH;); BC {'H} (75.47 MHz, [Dg]acetone, 298 K): 6 =160.4 (Py-C2),
158.5 (Py-C6), 140.6 (Ph-C1), 137.7 (Py-C4), 130.0 (Ph-C2,Ph-C3), 128.1
(Ph-C4), 122.3 (Py-CS5), 120.6 (Py-C3), 61.0 (N-CH-Ph), 59.3 (N-CH,-Ph),

Table 5. Crystallographic data for [2]BPh,, [3]BPh,, [6]PF,, [7]PF,.(acetone), [8][PF],, [12]PF, [15]PF, and [16a]|BPh,.

[2]BPh,

[3]BPh,

[6]PF,

[7]PFs.(acetone)

formula
crystal size [mm]
M

W

C,Hy;N,BRh
0.18 x 0.17 x 0.09
701.58

C,H,sN,BRh
0.38 x 0.32 x 0.17
729.55

CyHzN;RhPF
0.44 x 0.18 x 0.17
639.47

C,,H,,N;ORhPF,
0.24 x 0.17 x 0.13
731.56

T [K] 208(2) 293(2) 208(2) 208(2)

crystal system monoclinic monoclinic monoclinic monoclinic

space group P2,/n P2,/c P2,/n P2,

a[A] 10.5435(4) 13.6402(8) 16.0922(3) 10.4858(11)

b [A] 21.4531(8) 13.9322(11) 17.6350(4) 25.150(10)

c[A] 15.5482(6) 19.017(4) 18.9795(4) 12.094(10)

a[°] 90 90 90 90

BI°] 92.233(3) 100.125(7) 94.5930(17) 100.931(10)

v [°] 90 90 90 90

V [A%] 3514.2(2) 3557.7(8) 5368.8(2) 3132(3)

Peatea [gem ™) 1.326 1.362 1.582 1.552

V4 4 4 8 4

diffractometer (scan) Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius
CAD4 (6-20) CAD4 (6-20) CAD4 (6-20) CAD4 (w)

Radiation Cug, Cuyg, Cug, Cug,

2 [A] 1.54184 1.54184 1.54184 1.54184

F(000) 1480 1520 2624 1504

0 range [°] 3.51 to 69.96 3.29 to 69.97 3.43 to 69.96 3.51 to 70.18

index ranges —12<h<12 —-16<h<16 —-19<h<0 —-12<h<0
0<k<26 0<k<16 —-21<k<0 -30<k<0
0<I<18 0<1<23 —-23<1<23 -14<1<14

range of relative

transmission factors 0.887/1.141 - 0.904/1.125 0.968/1.043

measured reflections 6894 6948 10544 6420

unique reflections 6644 6731 10166 6080

observed refl. [1,>20(1,)] 5415 6372 9506 5191

parameters 627 447 673 830

goodness-of-fit on F? 1.030 1.118 1.059 1.051

R [1,>20(1,)] 0.0350 0.0427 0.0660 0.0474

wR?2 [all data] 0.0873 0.1112 0.1971 0.1271

Psn (max/min) [e A3 1.002/ - 1.371 1.556/ —1.330 1.258/ —3.971 2.506/ —0.769
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Table 5. (Continued).

[8][PFq], [12]PF, [15]PF, [16a]BPh,
formula C,HssNgRh,PF,, C,;H3;N;ORNPFE, C,;H3;N;ORWPF, C,H;sN;BORK
crystal size [mm] 0.15 % 0.20 x 0.50 0.45 % 0.10 x 0.05 0.71 x 0.62 x 0.62 0.28 x 0.26 x 0.13
M, 1164.71 543.34 543.34 745.55
T [K] 293(2) 150(2) 293(2) 208(2)
crystal system triclinic monoclinic monoclinic monoclinic
space group Pl P2/c P2/c P2)/c
a[A] 9.1097(8) 10.2472(10) 9.3418(2) 12.7629(4)

b [A] 10.3543(13) 13.0331(8) 15.0175(7) 15.1669(9)
c[A] 12.7799(12) 15.5345(8) 15.5792(5) 19.1220(5)
al’] 87.247(12) 90 90 90

£ 1] 70.953(10) 90.012(6) 92.450(2) 104.681(3)

v [°] 89.428(15) 90 90 90

V [A3] 1138.1(2) 2074.7(3) 2183.61(14) 3580.6(3)
Pearea [gem 3] 1.699 1.740 1.653 1.383

V4 1 4 4 4
diffractometer (scan) Enraf-Nonius Nonius CADAT Enraf-Nonius Enraf-Nonius

CAD4 (w) rotating anode (w) CAD4 (6-20) CAD4 (6-20)
Radiation Moy, Mok, Cug, Cug,

1 [A] 0.71073 0.71073 1.54184 1.54184
F(000) 590 1112 1112 1552

0 range [°] 1.69 to 29.99 1.99 to 27.46 4.09 to 70.04 3.58 to 69.88
index ranges —-12<h<10 0<h<13 0<h<11 —-15<h<15

—-14<k<14 —-16<k<0 —-18<k<18 —18<k<0

-17<1<17 —-20<1<20 —-18<1<18 —23<1<0
range of relative transmission factors 0.970/1.051 0.973/1.025 0.826/1.327 0.869/1.216
measured reflections 12418 5204 8616 6997
unique reflections 6624 4761 4139 6781
observed refl. [1,>20(1,)] 5573 3399 4023 6147
parameters 427 394 255 475
goodness-of-fit on F? 1.045 1.026 1.048 1.029
R[I,>20(1,)] 0.0380 0.0441 0.0709 0.0680
wR2 [all data] 0.0926 0.0915 0.1987 0.1723
O (Max/min) [e A3 0.905/ — 0.826 0.682/ — 0.662 1.701/ — 1.494 3.082/ —3.053

24.8 (Py-CH;); EI-MS: m/z (%): 317 (1.3) [M]*, 226 (25.9) [M — CH,Ph]*,
211 (100.0) [M —CH,Ph—CH;]*, 107 (78.2) [CH,PyCH;]*; C,;Hx;N;
(317.43): caled C 79.46, H 7.30, N 13.24; found C 79.26, H 7.29, N 13.02.
N-Butyl-N,N-di[ (6-methyl-2-pyridylmethyl) Jamine (BuBLA): The ligand
BuBLA was prepared by a method similar to the synthesis of BZBLA from
n-butylamine. The crude product, obtained as a brown oil, was purified by
column chromatography (silica 60H; CH;Cl/MeOH 100:10 v:v). The
isolated light brown powder was pure according to 'H NMR spectrsocopy
(Yield 33 %). '"H NMR (200.13 MHz, CDCl;, 298 K): 6 = 7.54-7.00 (m, 6 H;
Py-H4, Py-H3, Py-H5), 3.82 (s, 4H; N-CH,-Py), 2.55 (t, *J(H,H) = 6.70 Hz,
2H; N-CH,-C;H;), 2.51 (s, 6H; Py-CH;), 1.53 (m, 2H; N-CH,-CH,-C,Hj5),
1.31 (m, 2H; N-C,H,-CH,-CH,), 0.83 (t, */(H,H) =721 Hz, 3H; N-C;H,-
CH;).
(3*-Cycloocta-1,5-diene)-(«*-1,4,7-triazacyclononane)rhodium(dhexafluo-
rophosphate ([1]PF): Cn (100 mg, 0.78 mmol) and [{(cod)Rh(u-Cl)},]
(192 mg, 0.39 mmol) were stirred in MeOH (25 mL) for 1 hour. Subse-
quently, NH,PF (350 mg, 2.15 mmol) was added. Partial evaporation of the
solvent caused the precipitation of [1]PF, as a yellow powder, which was
filtered and vacuum dried. Yield 75% (284 mg); 'H NMR (200.13 MHz,
[Dglacetone, 298 K): 6 =5.00 (s, 3H; NH), 3.44 (m, 4H; —CH=CH—), 3.25-
3.00 (m, 6H; N-CH,—), 2.95-2.65 (m, 6 H; N-CH,—), 2.32 (m, 4H; —C=C-
CH,-exo0), 1.69 (m, 4H; -C=C-CH,-endo); “C{'H} NMR (50.33 MHz,
[DgJacetone, 298 K): 6 =69.2 (d, J(Rh,C) =12.9 Hz; -CH=CH-), 48.7 (N-
CH,—), 31.7 (C=C—CH,);. FAB-MS (NBA/CH;CN): m/z: 340 [M — PF]*,
825 [2M — PF4]*+; C,,H,;N;RhPF; (485.28): calcd C 34.65, H 5.61, N 8.66;
found C 34.62, H 5.67, N 8.52.

(1*-Cycloocta-1,5-diene)-(i*-1,4,7-trimethyl-1,4,7-triazacyclononane)rho-

dium(@hexafluorophosphate/tetraphenylborate ([2]PF¢/BPh,): Cn*
(92 mg, 0.54 mmol) and [{(cod)Rh(u-Cl)},] (134 mg, 0.27 mmol) were
stirred in MeOH (25mL) for 1h. Subsequently, NH,PF, (354 mg,
2.16 mmol) was added. Partial evaporation of the solvent caused the
precipitation of [2]PF; as a yellow powder, which was filtered and vacuum
dried. Yield 71 % (202 mg). By a similar procedure, using NaBPh, instead
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of NH,PF;, [2]BPh, was obtained. (NMR data given for [2]PF;) 'H NMR
(200.13 MHz, [Dg]acetone, 298 K): 6 =3.56 (m, 4H; -CH=CH-), 3.1 -2.85
(m, 12H; N—CH,-), 3.00 (s, 9H; N—CH), 2.46 (m, 4 H; ~C=C-CH,-ex0),
1.67 (m, 4H; —C=C-CH,-endo); *C{'"H} NMR (50.33 MHz, [D¢]acetone,
298 K): 6 =74.2 (d, J(Rh,C) = 13.8 Hz; ~CH=CH-), 58.4 (N-CH,-), 51.2
(N-CH,), 30.7 (C=C-CH,). FAB-MS (NBA/CH,CN): m/z: 382 [M — PF,]*,
909 [2M — PF,]*; C};H;NsRhPF, (52733): caled C 38.72, H 6.31, N 7.97;
found C 38.47, H 6.22, N 7.85; C,;H5;N;RhB (701.60): caled C 70.19, H 7.61,
N 5.99; found C 69.86, H 7.44, N 5.85.

(*-Cycloocta-1,5-diene)-[>-fac-N,N-di(2-pyridylmethyl)amine Jrhodium@-
hexafluorophosphate/tetraphenylborate  ([3]PF¢/BPh,): Compounds
[3]PF, and [3]BPh, were prepared by procedures similar to those described
for [2]PF, and [2]BPh,, but with the ligand BPA. (NMR data given for
[3]BPh,). 'H NMR (200.13 MHz, CD,Cl,, 298 K): 6 =8.69 (d, *J(H,H) =
5.4 Hz, 2H; Py-H6), 7.51 (m, 2H; Py-H4), 7.36 (m, 8 H; BAr-H2), 7.45-6.80
(m, 4H; Py-HS5, Py-H3), 7.01 (t,J(H,H) =74 Hz, 8H; BAr-H3), 6.86 (t,
3J(HH)=74Hz, 4H; BAr-H4), 400 (dd[AB], %(HH)=171Hz,
3J(NH,H)=72 Hz, 2H; N-CH,-Py), 3.56 (m, 4H; —CH=CH-), 3.32
(d[AB], 2J(H,H)=171Hz, 2H; N-CH,-Py), 2.50 (m, 4H; —C=C-CH,-
exo), 1.85 (m, 4H; —C=C-CH,-endo); "“C{'H} NMR (50.32 MHz,
[Dg]DMSO, 298 K): 0 =163.4 (q, J(C,B) =49.0 Hz; BAr-C1), 159.6 (Py-
C2), 148.9 (Py-C6), 1379 (Py-C4), 135.6 (BAr-C2), 1254 (q, J(C,B) =
2.8 Hz; BAr-C3), 124.0 (Py-C3), 122.5 (Py-C5), 121.6 (BAr-C4), 72.3 (d,
J(Rh,C) =13.0 Hz; -CH=CH-), 59.4 (N-CH,-Py), 31.0 (C=C-CH,); FAB-
MS (NBA/CH;CN): m/z: 410 [M]*; C,H,sN;RhPF¢ (555.30): C 43.26, H
4.54, N 7.57; found C 42.86, H 4.29, 7.52; C,,H,sN;RhB (729.58): caled C
72.44, H 6.22, N 5.76; found C 72.41, H 6.32, N 5.83.

(*-Cycloocta-1,5-diene)-[>-fac-N-butyl-N,N-di(2-pyridylmethyl)amine]-
rhodium(@hexafluorophosphate ([4]PF,): Compound [4]PF, was prepared
by a procedure similar to that described for [1]PF,, but with the ligand
BuBPA. 'H NMR (200.13 MHz, [Dglacetone, 298 K): 6=9.20 (d,
3J(HH) =5.4 Hz, 2H; Py-H6), 774 (m, 2H; Py-H4), 7.37-727 (m, 4H;
Py-H5, Py-H3), 4.62 (d[AB].2/(H,H)=16.3 Hz, 2H; N-CH,-Py), 4.25
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(d[AB], 2J(HH)=16.3 Hz, 2H; N-CH,-Py), 4.06 (m, 2H; N-CH,-CH,-
CH,-CHj,), 3.83 (m, 4H; -CH=CH-), 2.65 (m, 4H; —C=C-CH,-ex0), 2.12
(m, 2H; N-CH,-CH,-CH,-CHj;), 1.86 (m, 4H; —C=C-CH,-endo), 1.59 (m,
2H; N-CH,-CH,-CH,-CH,), 1.09 (t, 3/(H,H) =74 Hz, 3H; N-CH,-CH,-
CH,-CH;); “C{'H} NMR (50.33 MHz, [D¢]acetone, 298 K): 6 =160.4 (Py-
C2), 151.5 (Py-C6), 139.0 (Py-C4), 124.9 (Py-C3), 123.7 (Py-C5), 75.9 (d,
J(Rh,C)=13.8 Hz; —-CH=CH-), 64.1 (N-CH,-CH,-CH,-CH3;), 63.4 (N-
CH,-Py), 31.4 (C=C-CH,), 27.2 (N-CH,-CH,-CH,-CH,), 21.0 (N-CH,-CH,-
CH,-CHj;), 14.0 (N-CH,-CH,-CH,-CH;); FAB-MS (NBA/CH;CN): m/z:
466 [M]", 1077 [2 M+PF]"; C,yH33N;RhPF (611.41): caled C 47.15, H 5.44,
N 6.87; found: C 46.43, H 5.33, N 6.84.
(n7*-Cycloocta-1,5-diene)-[1:>-fac-N-benzyl-N,N-di(2-pyridylmethyl)amine ]-
rhodium@hexafluorophosphate ([S]PF,): Compound [5]PF, was prepared
by a procedure similar to described that for [1]PF,, but with the ligand
BzBPA. 'H NMR (200.13 MHz, [Dglacetone, 298 K): 6=9.30 (d,
*J(H,H) =5.2 Hz, 2H; Py-H6), 7.90-7.10 (m, 11H; Py-H5, PyH4, Py-H3,
Ph), 5.43 (s, 2H; N-CH,-Ph), 4.98 (d[AB], 2J(H,H) =16.0 Hz, 2H; N-CH,-
Py), 403 (m, 4H; —~CH=CH-), 3.86 (d[AB], */(H,H)=16.0 Hz, 2H;
N-CH,-Py), 2.76 (m, 4H; —C=C-CH,-ex0), 1.91 (m, 4 H; ~C=C-CH,-endo);
BC{'H} NMR (50.33 MHz, [Dglacetone, 298 K): 0 =159.8 (Py-C2), 151.8
(Py-C6), 138.9 (Py-C4), 134.3 (Ph-C1), 131.6 (Ph-C2), 129.1 (Ph-C3), 129.0
(Ph-C4), 124.8 (Py-C5), 123.9 (Py-C3), 762 (d, J(Rh,C)=14.7 Hz;
—CH=CH-), 673 (N-CH,-Ph), 629 (N-CH,Py), 314 (C=C-CH,);
'H NMR indicates the presence of 0.5mol H,O permol
[(BzBPA)Rh(cod)]*; FAB-MS (NBA/CH,CN): miz: 500 [M]*, 1145
[2M+PF¢]*. C;;H3,0,sN;RhPF, (654.44): caled C 49.55, H 4.93, N 6.42;
found: C 49.31, H 4.50, N 6.41.
(n*-Cycloocta-1,5-diene)-{i>-fac-N-butyl-N,N-di[ (6-methyl-2-pyridyl)-
methyl]amine}rhodium@®hexafluorophosphate ([6]PF,): Compound [6]PF,
was prepared by a procedure similar to that described for [1]PFg, but with
the ligand BuBLA. '"H NMR (200.13 MHz, [Dg]acetone, 298 K): 6 =7.75 (t,
3J(H,H) =76 Hz, 2H; Py-H4), 7.45 (d, °*J(H,H) =7.5 Hz, 2H; Py-H3), 7.32
(d, 3/(H,H) =7.6 Hz, 2H; Py-HS5), 478 (d[AB], %/(H,H)=16.0 Hz, 2H;
N-CH,-Py), 4.03 (d[AB], 2/(H,H) =16.0 Hz, 2H; N-CH,-Py), 3.55 (s, 6 H;
Py-CH;), 3.94 (m, 2H; N-CH,-C;H;), 3.55 (s, 6H; Py-CH;), 3.50 (m, 4H;
—CH=CH-), 2.64 (m, 4H; —~C=C-CH,-ex0), 1.92 (m, 2H; N-CH,-CH,-
C,H;), 1.73 (m, 4H; —C=C-CH,-endo), 1.53 (m, 2H; N-C,H,-CH,-CH,),
1.06 (t, *J(H,H) =73 Hz, 3H; N-C;H,-CH;); BC{'H} NMR (75.47 MHz,
[Dglacetone, 298 K): 6 =162.2 (Py-C2), 161.4 (Py-C6), 139.6 (Py-C4), 126.9
(Py-CS5), 122.3 (Py-C3), 76.5 (brs, -CH=CH-), 61.7 (N-CH,-Py), 60.4 (N-
CH,-C;H,), 31.7 (C=C-CH,), 29.7 (Py-CH};), 26.1 (N-CH,-CH,-C,H5), 21.8
(N-C,H,-CH,-CH,), 14.7 (N-C;H-CH;); FAB-MS (NBA/CH;CN): m/z:
494 [M]*, 386 [M — cod]*t; C,sH3N;RhPF (639.46): caled C 48.84, H 5.83,
N 6.57; found C 48.19, H 5.78, N 6.45.
(1*-Cycloocta-1,5-diene)-{«3-fac-N-benzyl-N,N-di[ (6-methyl-2-pyridyl)-
methyl]aminejrhodium(@hexafluorophosphate  ([7]PFg):  Compound
[7]PF¢ was prepared by a procedure similar to that described for [1]PF,,
but with the ligand BzZBLA. '"H NMR (200.13 MHz, [Dg]acetone, 298 K):
0="775-745 (m, Ph-H2, Ph-H3, Ph-H4), 7.72 (t, *J(H,H) = 7.6 Hz, 2H; Py-
H4), 742 (d, *J(H,H) =75 Hz, 2H; Py-H3), 7.27 (d, *J(H,H) =7.6 Hz, 2H,
Py-H5), 5.06 (s, 2H; N-CH,-Ph), 4.88 (d[AB], ¥/(H,H)=15.8 Hz, 2H;
N-CH,-Py), 3.82 (d[AB], 2/(H,H) =15.8 Hz, 2H; N-CH,-Py), 3.55 (s, 6 H;
Py-CH;), 3.94 (m, 2H; N-CH,-C;H,), 3.57 (m, 10H; -CH=CH—, Py-CH,),
2.71 (m, 4H; —C=C-CH,-¢x0), 1.75 (m, 4H; —C=C-CH,-endo); *C{'H}
NMR (75.47 MHz, [DgJacetone, 298 K): 6 =162.6 (Py-C2), 160.7 (Py-C6),
139.7 (Py-C4), 133.7 (Ph-C1), 133.3 (Ph-C2), 129.9 (Ph-C3), 129.8 (Ph-C4),
127.1 (Py-C5), 122.6 (Py-C3), 772 (brs, -CH=CH-), 62.7 (N-CH,-Ph), 60.5
(N-CH,-Py), 31.8 (C=C-CH,), 29.8 (Py-CH;); FAB-MS (NBA/CH;CN):
miz: 528 [M]*, 420 [M — cod]*; CyH;sN;RhPF (673.48): caled C 51.72, H
5.24, N 6.34; found C 51.83, H 5.16, N 6.25.

Bis-(7*-cycloocta-1,5-diene)-[ #-(bis-x>-fac)-N,N,N',N'-tetrakis-(2-pyridyl-
methyl)-1,4-butanediamine ]bis-rhodium @bis(hexafluorophosphate)
([81[PFg],): The dinuclear complex [8]*F was prepared by the reaction of
[{(cod)Rh(u-Cl)},] with the ditopic ligand TPBNP in a 1:1 ratio, and
isolated as [8][PF4], by a procedure similar to that described for [1]PF;.
"H NMR (400.14 MHz, CD;CN, 298 K): 0 =9.16 (d, 3J(H,H) =5.1 Hz, 4H;
Py-H6), 7.64 (m, 4H; Py-H4), 723 (m, 4H; Py-H5), 716 (d, 3/(H,H) =
7.8 Hz, 4H; Py-H3), 4.48 (d[AB], 2/(H,H) =16.3 Hz, 4H; N-CH,-Py), 4.12
(d[AB],%/(H,H) =16.3 Hz, 4H; N-CH,-Py), 4.08 (m,4H; N-CH,), 3.79 (m,
8H; —CH=CH-), 2.64 (m, 8H; —C=C-CHj-ex0), 2.24 (m, 4H; N-CH,-
CH,—), 1.86 (m, 8H; —C=C-CH,-endo); “C{'H} NMR (100.614 MHz,
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CD;CN, 298 K): 0 =160.5 (Py-C2), 152.0 (Py-C6), 139.4 (Py-C4), 125.3 (Py-
C3), 124.1 (Py-C5), 76.6 (d, J(Rh,C)=13.4 Hz; —CH=CH-), 64.3 (N-
CH,~), 63.8 (N-CH,-Py), 31.9 (C=C-CH,), 23.4 (N-CH,-CH,—); FAB-MS
(NBA/CH;CN): m/z: 1019 [M — PF,]*, 663 [M — Rh — cod — 2PF,]*, 437
[M12]7+; CyyHsgNgRh,P,F;, (1164.70): caled C 45.38, H 4.85, N 7.22; found C
44.98, H 4.62, N 7.31.

(*-Cycloocta-1,5-diene)-(i>-2-pyridylmethylamine)rhodium () hexafluoro-
phosphate ([9]PF,): Compound [9]PF, was prepared by a procedure
similar to that described for [1]PFg, but with the ligand PA (yield 67 % ). An
alternative preparation of [9]PFg, and the characterisation of this complex
has been reported previously.’ In addition we now provide the *C NMR
data for [9]PF,. “C{'H} NMR (75.47 MHz, [D¢]acetone, 298 K): 6 =165.8
(Py-C2), 148.5 (Py-C6), 140.6 (Py-C4), 124.6 (Py-C3), 122.7 (Py-C5), 82.6
(br, -CH=CH-), 51.2 (NH,-CH,-Py), 30.5 (C=C-CH,).

(7*-1,5-Hexadiene)- (i>-1,4,7-trimethyl-1,4,7-triazacyclononane)rhodium@)-

hexafluorophosphate  ([10]PF;): Cn* (100 mg, 0.58 mmol) and
[{(hed)Rh(u-CD)},] (129 mg, 0.29 mmol) were stirred in MeOH (25 mL)
for 1 hour. Subsequently, NH,PF, (350 mg, 2.15 mmol) was added. Partial
evaporation of the solvent caused the precipitation of [10]PF; as a yellow
powder, which was filtered and vacuum dried. Yield 69% (200 mg);
"H NMR (200.13 MHz, CD;CN, 298 K): 6 =4.24 (m, 2H; —~CH=CH,), 3.0-
2.65 (m, 12H; N-CH,™), 2.78 (d, *J(Rh,H) =0.6 Hz, 9H; N-CH,), 2.41 (m,
2H; C=C-CH;-ex0), 2.02 (ddd, *J(H,H), =79 Hz, 2J(HH),., = 0.5 Hz,
J(Rh,H)=2.1Hz, 2H; -CH=CHH,), 1.76 (ddd, *J(H,H),,,,=12.3 Hz,
%J(HH),e,, =0.5 Hz, J(Rh,H) =0.9 Hz, 2H; —-CH=CH.H,), 1.55 (m, 2H;
—C=C-CH,-endo); “C{'H} NMR (50.33 MHz, CD;CN, 298 K): 6 =83.8 (d,
J(Rh,C)=12.8 Hz; —CH=CH,), 58.1 (N-CH,—), 50.5 (N-CH;), 44.9 (d,
J(Rh,C)=14.4Hz; —CH=CH,), 33.6 (C=C-CH,); FAB-MS (NBA/
CH;CN): miz: 356 [M—PF]*, 909 [2M —PF4]*; C;sH;N;RhPF,
(501.296): caled C 35.94, H 6.23, N 8.38; found: C 35.48, H 5.88, N 8.25.

(n*-1,5-Hexadiene)-{i>-fac-N-benzyl-N,N-di[ (6-methyl-2-pyridyl)methyl]-
amine}rhodium()hexafluorophosphate ([11]PF): Compound [11]PF, was
prepared by a procedure similar to that described for [10]PF, but with the
ligand BzZBLA. '"H NMR (200.13 MHz, [Dg]acetone, 298 K): 6 =7.80-7.50
(m, Ph-H2, Ph-H3, Ph-H4), 7.73 (t, *J(H,H) = 7.6 Hz, 2H; Py-H4), 741 (d,
3J(H,H) =75 Hz, 2H; Py-H3), 731 (d, *J(H,H) = 7.6 Hz, 2H; Py-H5), 5.15
(brs, 2H; N-CH,-Ph), 4.98 (d[AB], 2/(H,H) =15.8 Hz, 2H; N-CH,-Py),
4.43 (m,2H; —~CH=CH,), 3.78 (d[AB], 2J(H,H) = 15.8 Hz, 2H; N-CH,-Py),
3.51 (s, 6H; Py-CH;), 2.77 (m, 2H; C=C-CHjyexo0), 2.48 (m, 2H;
—CH=CHH,), 220 (m, 2H; —CH=CH_H,), 1.83 (m, 2H; —C=C-CH,-
endo); BC{'H}-NMR (75.47 MHz, [Dg]acetone, 298 K): 6 =161.7 (Py-C2),
160.1 (Py-C6), 139.0 (Py-C4), 133.3 (Ph-C1), 133.5 (Ph-C2), 129.3 (Ph-C3),
129.2 (Ph-C4), 126.3 (Py-C5), 122.1 (Py-C3), 84.5 (br, -CH=CH,), 64.0 (br,
N-CH,-Ph), 61.1 (N-CH,-Py), 49.9 (d, J(C,Rh) =13.9 Hz, -CH=CH,), 34.4
(br, C=C-CH,), 29.8 (Py-CH;); FAB-MS (NBA/CH;CN): m/z: 502 [M]*,
420 [M — (hed)]*; C;;H33N3RhPF (647.44): caled C 50.09, H 5.14, N 6.49;
found C 49.92, H 5.01, N 6.49.

(9-Oxabicyclo[4.2.1]nona-2,5-diyl)- (>-1,4,7-trimethyl-1,4,7-triazacyclono-

nane)rhodium(m)hexafluorophosphate  ([12]PF;): Compound [2]PF,
(37 mg) was dissolved in MeOH (5 mL) and 35% aqueous H,O, solution
(0.1 mL) was added. The solution was stirred at RT for 1 hour. Addition of
Et,0 caused the precipitation of [12]PF; as a light yellow powder, which
was filtered, washed with Et,0, and vacuum dried. Yield 100 % (38 mg). A
similar reaction with [2]BPh, gave [12]BPh,. 'H NMR (200.13 MHz,
[Dglacetone, 298 K): 6=5.95 (m, 2H; O-CH-), 3.35-3.15 (m, 4H;
N-CH,—), 3.18 (s, 6H; N-CHj;), 3.15-3.05 (m, 4H; N-CH,—), 2.95-2.73
(m, 4H; N-CH,™), 2.68 (m, 2H; Rh-CH-), 2.63 (d, *J(Rh,H) = 1.7 Hz, 3H;
N-CHj;), 2.29-1.96 (m, 4H; Rh-CH-CH,-ex0/O-CH-CH-exo), 1.53 (m,
2H; O-CH-CH,-endo), 1.41 (m, 2H; Rh-CH-CH,-endo); “C{'H} NMR
(50.33 MHz, [DgJacetone, 298 K): 6 =107.3 (d, 2/(Rh,C) =4.6 Hz; O-CH-),
62.3,58.3 and 56.1 (N-CH,—), 54.5 and 49.6 (N-CH3), 28.1 and 27.0 (Rh-CH-
CH,—/O-CH-CH,~), 21.7 (d, 'J(Rh,C)=23.0 Hz; Rh-CH-); FAB-MS
(NBA/CH;CN): m/z: 398 [M]*, 941 [2M+PF]*; C;H3;N;ORhPF,
(543.33): caled C 3758, H 6.12, N 7.73; found C 37.26, H 5.93, N 7.65.

(9-Oxabicyclo[4.2.1]nona-2,5-diyl)-[ «>-fac-N,N-di(2-pyridylmethyl)amine]-
rhodium(@m)tetraphenylborate ([13a]BPh,): BPA (160 mg, 0.80 mmol) and
[{(cod)Rh(u-Cl)},] (192 mg, 0.39 mmol) were stirred in MeOH (25 mL) for
1 hour. The solution was cooled to —10°C, and 35% aqueous H,O,
solution (0.2 mL) was added. Subsequently, NaBPh, (290 mg, 0.85 mmol)
was added, resulting in the precipitation of [13a]BPh, as a white/light
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yellow powder, which was filtered and vacuum dried. Yield 77 % (459 mg);
'"H NMR (200.130 MHz, CD,Cl,, 298 K): 6 =8.86 (d, 3J(H,H)=5.0 Hz,
1H; Py-H6), 8.11 (d, *J(H,H) = 5.0 Hz, 1 H; Py-H6), 744 (m, 8 H; BAr-H2),
7.80-6.75 (m, 6H; Py-H4, Py-H5, Py-H3), 7.06 (t,*J(H,H) =74 Hz, 8H;
BAr-H3), 6.84 (1, *J(H,H) =74 Hz, 4H; BAr-H4), 5.98 (m, 1 H; O-CH-),
5.83 (m, 1H; O-CH-), 424 (dd[AB], 2(HH)=174 Hz, J(NHH)=
74 Hz, 1H; N-CH,-Py), 3.93 (dd[AB], %/(H,H) =16.7 Hz, 3J(NH,H) =
6.8 Hz, 1H; N-CH,-Py), 3.75 (m, 1H; NH), 3.48 (dd[AB], Y(H,H)=
174 Hz, *J(NHH) =13 Hz, 1H; N-CH,-Py), 329 (d[AB], ¥(HH)=
16.7 Hz, 1H; N-CH,-Py), 3.02 (m, 1H; Rh-CH—-), 2.98 (m, 1H; Rh-
CH-), 2.3-2.0 (m, 4H; Rh-CH-CH,-ex0/O-CH-CH,-ex0), 1.85-1.4 (m,
4H; O-CH-CH,-endo/Rh-CH-CH,-endo), 145 (s, ~2H; H,0); *C{'H}
NMR (50.33 MHz, CD,Cl,, 298K): 6=164.9 (q, J(C,B)=49.0 Hz;
BAr-Cl1), 162.3 (Py,-C2), 161.0 (Py,-C2), 152.6 (Py,-C6), 150.0 (Py,-C6),
138.4 (Py,-C4), 137.0 (Py,-C4), 136.9 (BAr-C2), 126.5 (q, J(C,B) =2.8 Hz;
BAr-C3), 124.8 (Py,-C3), 124.6 (Py,-C3), 123.1 (Py,-C5), 122.7 (BAr-
C4),122.6 (Py,-C5), 1079 (O-CH,—), 106.8 ( O-CH,—), 59.9 (N-CH,-Py,),
59.0 (N-CH,-Pyy), 29.6, 29.2, 274 and 26.6 (Rh-CH-CH,—/O-CH-CH,~),
25.6 (d, J(Rh,C)=20.8 Hz; Rh-CH,-), 20.8 (d, 'J(Rh,C)=19.4 Hz;
Rh-CH,); FAB-MS (NBA/CH;CN): m/z: 426 [M]"; C,,H;sN;ORKB - H,O
(763.59): caled C 6921, H 6.20, N 5.50; found C 69.18, H 5.66,
N 5.58.

(9-Oxabicyclo[4.2.1]nona-2,5-diyl)-[1>-fac-N-butyl-N,N-di(2-pyridyl-
methyl)amine]rhodium(@i)hexafluorophosphate ([14a]PFy): Compound
[14a]PF, was prepared by a method similar to that described for [12]PF,,
except that the reaction was carried out at —10°C. 'H NMR (200.13 MHz,
[DgJacetone, 298 K): 6 =9.23 (d, 3J(H,H) =5.4 Hz, 1H; Py-H6), 8.50 (d,
3J(H,H) =5.6 Hz, 1H; Py-H6), 7.10-8.10 (m, 6 H; Py-H4, Py-H5, Py-H3),
6.08 (m, 1H; O-CH-), 6.04 (m, 1H; O-CH-), 4.85 (d[AB], 2J(HH)=
15.6 Hz, 1 H; N-CH,-Py), 4.67 (d[AB], 2J(H,H) = 17.2 Hz, 1 H; N-CH,-Py),
4.53 (d[AB], 2J(H,H) =15.6 Hz, 1H; N-CH,-Py), 4.16 (d[AB], 2J(H,H) =
172 Hz, 1H; N-CH,-Py), 3.90-3,45 (m, 2H; N-CH,-CH,-CH,-CH3), 3.42
(m, 1H; Rh-CH-), 2.91 (m, 1H; Rh-CH-), 2.3-2.0 (m, 4H; Rh-CH-CH,-
exo/O-CH-CHj-exo0), 1.85-1.05 (m, 8H; O-CH-CH,-endo/Rh-CH-CH,-
endo/N-CH,-CH,-CH,-CH,/N-CH,-CH,-CH,-CH3), 091 (t, 3(HH)=
7.4 Hz, 3H; N-CH,-CH,-CH,-CHj3); BC{'H} NMR (50.33 MHz, [Dg]ace-
tone, 298 K): 6 =162.5 (Py,-C2), 161.5 (Py,-C2), 153.8 (Py,-C6), 150.8 (Py,-
C6), 139.0 (Py,-C4), 137.6 (Py,-C4), 125.2 (Py,-C3), 125.0 (Py,-C3), 123.6
(Py,-C5), 122.2 (Py,-C5), 106.6 (d, 2/(Rh,C) =4.0 Hz; O-CH,~), 105.7 (d,
2J(Rh,C)=4.0 Hz; O-CH,~), 66.4 (N-CH,-CH,-CH,-CHj;), 63.3 (N-CH,-
Py,), 63.2 (N-CH,-Py,), 28.8 (N-CH,-CH,-CH,-CH3), 28.2, 27.7, 26.7 and
26.6 (Rh-CH-CH,—/O-CH-CH,~), 25.2 (d, 'J(Rh,C) =19.4 Hz; Rh-CH,—),
23.5 (d, J(Rh,C) =19.4 Hz; Rh-CH,—), 20.9 (N-CH,-CH,-CH,-CH3), 13.9
(N-CH,-CH,-CH,-CH;); FAB-MS (NBA/CH;CN): m/z: 482 [M]*;
C,,H33N;OROPF, (627.41): caled C 45.95, H 5.36, N 6.76; found C 44.29,
H 5.07, N 6.45.

[1,4,5,6-n4-(2-Hydroxycycloocta-4-ene-1,6-di-yl) ]-(«3-1,4,7-trimethyl-1,4,7-
triazacyclononane)rhodium(ihexafluorophosphate/tetraphenylborate

([15]PF¢/BPh,): Compound [15]PF, was obtained by heating [12]PF; to
80°C for 12 hours in CH;CN, followed by evaporation of the solvent under
reduced pressure, yield 100 %. Similarly, [15]BPh, was prepared by heating
[12]BPh,. Assignment of NMR signals of the Rh™(cycloocta-2-hydroxy-
4,5-ene-1,6-di-yl) fragment is in accordance with the atom labelling in
Figure 9. 'TH-NMR (400.136 MHz, [D¢]DMSO, 298 K): 6 =7.31 (m, 8H;
BAr-H2), 7.03 (t,*J(H,H) =73 Hz, 8H; BAr-H3), 6.87 (t, *J(H,H) = 7.3 Hz,
4H;BAr-H4),4.64 (s,1H; OH), 4.47 (m, 1 H; allyl-H21), 422 (m, 1 H; allyl-
H23), 4.04 (t,*J(H,H) = 8.5 Hz, 1H; allyl-H22), 3.45 (s, 3H; N-CH3;), 3.35—
2.2 (m, 12H;N-CH,—), 3.10 (s, 3H; N-CH,), 3.06 (m, 1 H; CH(OH) (H12)),
2.43-2.35 (m, 2H; Rh-CH (H11), Rh-CH-CH-exo (H14B)), 2.24 (s, 3H;
N-CHs;), 2.08 (m, 1H; allyl-CH,-exo (H13B)), 1.80 (m, 1H; allyl-CH,-exo
(H24B)), 1.74 (m, 1 H; allyl-CH,-endo (H13A)), 0.90 (m, 1 H; Rh-CH-CH,-
endo (H14A)).0.71 (m, 1H; allyl-CH,-endo (H24A)); “C{'H} NMR
(100.614 MHz, [D¢]acetone, 298 K): 6 =163.3 (q, 'J(C,B) =49.2 Hz; BAr-
C1), 135.5 (BAr-C2), 125.3 (q, *J(C,B) =2.8 Hz; BAr-C3), 121.5 (BAr-C4),
949 (d, J(Rh,C)=5.8 Hz; allyl-C22), 84.0 (CHOH (C12)), 70.6 (d,
1J(Rh,C) =122 Hz; allyl-C21), 63.9 (N-CH,~), 633 (d, J(Rh,C)=
12.7 Hz; allyl-C23), 61.2 (N-CH,—), 58.5 (N-CH,~), 58.0 (N-CH,—), 57.1
(d, YJ(Rh,C) =24.8 Hz; Rh-CH— (C11)), 56.3 (N-CH3), 56.0 (N-CH,—), 55.0
(N-CH,), 53.4 (N-CH,—), 49.2 (N-CH;), 41.0 (RhCH-CH,— (C14)), 37.3
(allyl-CH,— (C13)), 23.7 (allyl-CH,~ (C24)); FAB-MS (NBA/CH;CN):
miz: 398 [M — PF4]*, 941 [2M — PF4]*; [15]BPh, C,;Hs;N;ORIB (717.61):
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caled C 68.62, H 744, N 5.86; found C 68.07, H 749, N 5.91; [15]PF,
C,;H;;N;OROPF; (543.33): caled C 37.58, H 6.12, N 7.73; found C 37.23, H
6.05, N 7.68.

[1,4,5,6-p*-(2-Hydroxycycloocta-4-ene-1,6-di-yl) ]-[ <>-fac-N,N-di(2-pyridyl-
methyl)amine]rhodium(@u)tetraphenylborate ([16a]BPh,): Compound
[16a]BPh, was obtained by heating [13a]BPh, to 40°C for 5 hours in
CH,Cl,, followed by evaporation of the solvent under reduced pressure,
yield 100 %. Assignment of NMR signals of the Rh"!(cycloocta-2-hydroxy-
4,5-ene-1,6-di-yl) fragment is in accordance with the atom labelling in
Figure 8. 'H NMR (400.136 MHz, [Dg]acetone, 298 K): 0=9.34 (d,
3J(H,H)=5.4Hz, 1H; Py-H6), 821 (d, *J(HH)=5.2 Hz, 1H; Py-Ho6),
8.00 (m, 1H; NH), 7.77 (m, 1 H; Py-H4), 7.66 (m, 1 H; Py-H4), 7.36 (m, 8H;
BAr-H2), 740730 (m, 3H; Py-H5 and Py-H3), 7.18 (m, 1 H; Py-H5), 7.01
(t,3J(H,H) = 7.4 Hz, 8H; BAr-H3), 6.86 (t, *J(H,H) = 7.4 Hz, 4H; BAr-H4),
5.14 (m, 1Hj; allyl-H21), 5.00 (dd[AB], 2J(H,H)=18.05 Hz, *J(NH,H) =
8.42 Hz, 1H; N-CH,-Py), 4.90 (dd[AB], 2/(H,H) = 16.38 Hz, 3J(NH,H) =
6.45 Hz, 1H; N-CH,-Py), 4.62 (s, 1H; OH), 4.61 (m, 1H; allyl-H23), 4.42
(dd[AB], %(H,H) =16.38 Hz, 3/(NH,H) = 1.02 Hz, 1H; N-CH,-Py), 4.37
(ddd, 3J(H,H)=8.5 Hz, *J(H,H) =772 Hz, 2J(Rh,H) =1.6 Hz, 1H; allyl-
H22), 432 (d[AB], ¥(H,H)=18.05 Hz, 1H; N-CH,-Py), 3.60 (m, 1H;
CH(OH) (H12)), 2.33 (m, 1 H; Rh-CH (H11)), 2.14 (m, 1H; allyl-CH,-exo
(H24B)), 2.07 (m, 1H; allyl-CH,-exo (H13B)), 1.97 (m, 1H; Rh-CH-CH,-
exo (H14B)), 1.54 (m, 1H; allyl-CH,-endo (H13A)), 1.42 (m, 1H; allyl-
CHy-endo (H24A)), 1.15 (m, 1H; Rh-CH-CH,-endo (H14A)); “C{'H}
NMR (100.614 MHz, [D¢]acetone, 298 K): 6 =165.1 (q, J(C,B) =48.6 Hz;
BAr-Cl), 162.7 (Py,-C2), 160.0 (Py,-C2), 154.8 (Py,-C6), 149.9 (Py,-C6),
139.6 (Py,-C4), 1377 (BAr-C2), Py,-C4 obscured by BAr-C2 signal, 126.0
(Py,-C3), 126.7 (q, 3J(C,B) =2.8 Hz; BAr-C3), 125.9 (Py,-C3), 123.8 (Py,-
C5), 123.7 (Py,-C5), 122.9 (BAr-C4), 99.0 (d, 'J(Rh,C) = 5.3 Hz; allyl-C22),
88.5 (CHOH (C12)), 744 (d, J(Rh,C)=12.4 Hz; allyl-C21), 66.7 (d,
1J(Rh,C) =12.2 Hz; allyl-C23), 64.1 (N-CH,-Py), 61.0 (N-CH,-Py), 52.0 (d,
1J(Rh,C) =21.1 Hz; Rh-CH- (C11)), 39.8 (RhCH-CH,— (C14)), 36.8 (allyl-
CH,~ (C13)), 252 (allyl-CH,~ (C24)); FAB-MS (NBA/CH,;CN):
C,HsN;ORhK:  caled  426.1053; found 426.1062 [M — BPh,]*;
C,H,sN;ORIB (745.58): caled C 70.88, H 6.08, N 5.64; found C 70.92, H
5.61, N 5.82.

[1,4,5,6-17%-(2-Hydroxycycloocta-4-ene-1,6-di-yl) ]-[ 3-fac-N-butyl-N,N-di-
(2-pyridylmethyl)amine Jrhodium(m)hexafluorophosphate ([17 a]PFy):
Compound [17a]PF, was obtained by heating [14a]PF¢ to 80°C for
12 hours in CH,Cl,, followed by evaporation of the solvent under reduced
pressure. Yield 100%; '"H NMR (200.13 MHz, [DgJacetone, 298 K): d =
9.40 (d, 1H; 3/(H,H) =5.3 Hz; Py-H6), 8.20 (d, 1H; 3/(H,H) =5.5 Hz; Py-
H6), 8.00-7.00 (m, 6H; Py-H3, Py-H4, Py-HS5), 5.20-4.50 (m, 8 H; N-CH,-
Py, allyl-H21, -H22, -H23, OH), 4.20-3.80 (m, 2H; N-CH,-C;H;), 3.50 (m,
1H; CH(OH) (H12)),2.80-0.7 (m, 14 H; Rh-CH, allyl-CH,-exo, allyl-CH,-
endo, —CH,~CH,-CH;); BC{'H} NMR (75.48 MHz, [Dg]acetone, 298 K):
0=159.7 (Py,-C2), 158.0 (Py,-C2), 155.7 (Py,-C6), 148.3 (Py,-C6), 138.8
(Py,-C4), 138.5 (Py,-C4), 125.0 (Py,-C3), 123.5 (Py,-C3), 122.7 (Py,-C5),
122.2 (Py,-C5), 98.3 (d, 'J(Rh,C) = 5.3 Hz; allyl-C22), 89.0 (CHOH (C12)),
71.2 (d, 'J(Rh,C) =11.6 Hz; allyl-C21), 70.4 (d, 'J(Rh,C) =12.6 Hz; allyl-
C23), 684 (N-CH,-Py), 68.1 (N-CH,-Py), 671 (N-CH,-C;H;), 53.2 (d,
1J(Rh,C) =22.1 Hz; Rh-CH— (C11)), 38.1 (RhCH-CH,— (C14)), 34.1 (allyl-
CH,— (C13)), 26.6 (N-CH,-CH,-C,Hs), 25.6 (allyl-CH,— (C24)), 20.9 (N-
C,H,-CH,-CHs;), 14.0 (N-C;H4-CHj).

(n*-Cycloocta-1,5-diene)- (- (N-(2-pyridiniumylmethyl)-2-pyridylmethan-
amine Jrhodium(@hexafluorophosphate-tetra[ 3,5-di(trifluoromethyl)phe-
nyl]borate ([18][PFI[BAr',]): Compound [18][PF¢][BAr',] was prepared
by addition of HBATr,/**! (91 mg, 0.09 mmol) to a solution of [3]PF, (50 mg,
0.09 mmol) in CH,Cl, (10mL), followed by evaporation of the
solvent. 'H NMR (400.14 MHz, CD,Cl,, 225 K): 6 =15.9 (brs, PyH), 8.49
(dd, J(H,H) =78 Hz, JJ(H,H) =76 Hz, PyH-H6), 8.60-725 (19H; Py,
PyH, B(Ar),), 4.72 (brm, NH), 4.51 (m, 1H; HC=CH), 4.37 (m, 1H;
HC=CH), 427 (d[AB], %(H,H)=16.6 Hz, N-CH,-Py), 419 (m, 1H;
HC=CH), 4.12 (d[AB], ¥(H,H) = 14.0 Hz, N-CH,-PyH), 4.01 (m, 1H;
HC=CH), 3.96 (d[AB], %(H,H)=14.0 Hz, N-CH,-PyH), 3.80 (d[AB],
3J(H,H) = 16.6 Hz, N-CH,-Py), 2.50— 1.75 (§H; C=C-CH,-); *C{'H} NMR
(100.61 MHz, CD,Cl,, 225 K): 6 =157.9, 1479, 1475, 1473, 142.7, 140.6,
129.1, 1277, 125.1 and 1229 (Py and PyH), 85.3, 84.6, 83.9 and
82.6 (br, CH=CH), 55.5 and 50.5 (N-CH,-Py,), 30.7, 29.7, 29.5 and 28.7
(C=C-CH,).
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