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Oxidative addition of PhSnCl; or allyl halides to molyb-
denum tetracarbonyl complexes proceeds both in solution
and on polymer matrices. The structures of the soluble Mo
complexes have been determined by single-crystal X-ray dif-
fraction in the solid state and by NMR and IR spectroscopy
in solution. The identity and stability of the polymer-bound

complexes have been elucidated by spectroscopic tech-
niques directly on the solid support and by releasing the
complexes from the support.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Homogeneous organometallic catalysis has several ad-
vantages over heterogeneous catalysis as the activity and
selectivity can be tuned by the choice of suitable ligands.
On the other hand soluble catalysts are more difficult to
separate and to handle than the technically well-established
heterogeneous ones. A promising strategy to combine the
advantages of both catalyst types is the immobilisation of
active metal complexes on supports, which can be separated
by filtration. However, many of the heterogeneous systems
are very difficult to characterise and are not well under-
stood. Improved characterisation should lead to better re-
producibility, whereas understanding on a molecular level,
if possible, can help to improve existing concepts and to
develop new catalytic systems.!!) This is even more import-
ant as some stoichiometric and catalytic reactions per-
formed on polymer matrices give different results from the
reactions performed in a homogeneous phase.”) A polymer
matrix can confer higher stability to reactive intermedi-
ates,>4 can stabilise catalytically active species (“site iso-
lation” effect °~71) and thus lead to higher activity, but can
also reduce catalyst activity and influence catalyst selec-
tivity,®] even enantioselectivity.”) Thus it is desirable to
identify and control the species bound to the polymer sup-
port.

As part of our program to synthesise and characterise
metal complexes bound to a solid support!!®~!2! we investi-
gated the transformation of polymer-bound Mo° complexes
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to Mo complexes by oxidative addition of RX and elimin-
ation of carbon monoxide. The oxidative addition of RX to
Mo is one of the first steps in the synthesis of the precata-
lyst of the molybdenum(0)-catalysed allylic alkylation devel-
oped by Trost et al.l'3~ 151 This catalytic reaction has be-
come an important tool in asymmetric organic synthesis.
Control of catalyst regioselectivity and enantioselectivity
has been achieved by designing suitable ligands and using
suitable metal catalyst precursors.'3~ 161 Microwave flash
heating has been employed to improve catalyst activity and
the immobilisation of the nucleophile on a solid support
has been reported.['”) An allylpalladium phosphane com-
plex has been anchored to a polystyrene/poly(ethylene gly-
col) graft copolymer and has been used for the palladium-
catalysed allylic substitution."®! An allylmolybdenum com-
plex has been synthesised on a solid support and released
from the solid phase for biolabelling purposes.['”]

The solid-phase reaction system employed here allows
the synthesis of metal complexes on an insoluble poly-
styrene/divinyl benzene copolymer, the transformation of
these complexes on the support and finally release of the
product complexes from the support under mild conditions
to prove their identity and integrity.l'!-12!

Results and Discussion

The Solid-Phase Synthesis of 3a—6a via 3b—6b and
Solution Synthesis of 3a—6a

For the solid-phase synthesis the bidentate Schiff-base li-
gand 1a was attached to polystyrene/2% divinyl benzene by
a silyl ether linker to yield the immobilised ligand 1b
(Scheme 1).11°7 121 This silyl ether can be cleaved by fluoride
ions under mild conditions compatible with metal com-
plexes.l!!-12]
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Scheme 1. Immobilisation of ligand 1a and release of 1a from the
polymer
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Solid-State Structures of 3a-Et,O, 4a-THEFE, Sa-THF and 5a

The heterobimetallic complex 3a crystallises in the mono-
clinic space group P2,/c¢ with inclusion of one diethyl ether
molecule (Figure 1, Table 1). The solvent molecule is at-
tached to the complex by an O—H--O hydrogen bond
(O1---0100 2.74 A). Hydrogen bonds from the hydroxy
group of the Schiff-base ligand to solvent molecules have
been previously observed.’! The molybdenum atom is
seven-coordinate and the tin atom is five-coordinate with
one chlorine atom occupying a bridging position between
the two metal atoms. The coordination geometry around
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Scheme 2. Solid-phase and solution syntheses of 3—6 [a: R’

The synthesis of Mo complexes from Mo® complexes
on the solid phase and in solution is depicted in Scheme 2.
The tetracarbonyl complexes 2a and 2b were prepared from
the soluble ligand 1a or the immobilised ligand 1b and an
Mo(CO), source.''l Oxidative addition of RX gives the
seven-coordinate heterobimetallic complexes 3a and 3b with
concomitant loss of one equivalent of carbon monoxide
(RX = PhSnCl;)'"l and the allyl complexes 4a—6a and
4b—6b [RX = CH,CHCH,Cl, CH,C(CH;)CH,CI,
CH,CHCH,Br] with loss of two equivalents of carbon
monoxide.

Release of the immobilised complexes from the solid sup-
port is accomplished by fluoridolysis of the silyl ether linker
followed by protonation of the anionic complexes with
acetic acid (Scheme 3).

3b, 4b, 5b, GbL» 3a, 4a, 5a, 6a
2)

+ polystyrene-Si(iPr),-F

Scheme 3. Cleavage of the complexes from the solid support

All soluble complexes 3a—6a have been completely
characterised by spectroscopic methods and the solid-state
structures of 3a—5a have been determined by X-ray crystal-
lography. The immobilised complexes 3b—6b have been
analysed by IR spectroscopy, diffuse reflection UV/Vis
spectroscopy and thermogravimetric analysis.

2054 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structure of 3a-Et,O in the solid state

molybdenum can be described as capped octahedral with
the tin atom occupying the seventh position above an octa-
hedral face defined by the bridging chloride Cll and two
carbon atoms (C13 and C15). The angles between the
atoms defining the capped face are larger (104—109°) than
the angles between the atoms defining the opposite triangu-
lar face (73—96°). Thus, the octahedral symmetry is dis-
torted to accommodate the seventh ligand — similar to the
structure of [(bpy)Mo(CO);Cl(SnCl,CH3)].2!
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Table 1. Selected bond lengths [A] and angles [°] of 3a-Et,O,
4a-THF, 5a-THF and 5a

3a-Et,O 4a-THF S5a-THF Sa
Mol—NI1 2.229(2) 2.2732(15) 2.291(2) 2.275(3)
Mol—N2 2.230(2) 2.2230(16) 2.219(2) 2.247(3)
Mol—-Cl13 1.982(3) 1.959(2) 1.962(3) 1.958(5)
Mol-Cl14 1.976(3) 1.970(2) 1.967(3) 1.955(5)
Mol —-Cl15 1.983(3) - - -
Mol—Cll1 2.5409(10) 2.5073(9) 2.5150(8) 2.5149(12)
Mol —Snl 2.7154(7) - - -
Mol-Cl6 - 2.322(2) 2.319(3) 2.325(4)
Mol-C17 - 2.208(2) 2.243(2) 2.248(4)
Mol-CI8 - 2.309(2) 2.315(2) 2.304(4)
NI-Mol—-N2 73.17(8) 73.31(5) 73.33(7) 73.43(12)
NI-Mol—-Cl13 91.10(10) 170.31(7) 169.31(9) 168.71(15)
NI-Mol—-Cl14 90.46(10) 106.44(7) 105.91(9) 105.30(15)
NI-Mol—-Cl15 154.33(10) - - -
NI-Mol-Cll 84.67(6) 80.97(4) 81.50(5) 79.54(9)
N1-Mol—-Snl 136.26(6) - -
N1-Mol-Cl16 - 114.18(7) 116.89(9) 117.39(15)
N1-Mol-C17 - 82.14(7) 85.11(9) 85.55(13)
N1-Mol—-C18 - 81.37(7) 83.41(09) 83.69(15)
N2—-Mol—-C13 162.57(10) 100.34(7) 100.69(9) 100.69(16)
N2—-Mol—-C14 95.91(11) 168.53(7) 168.21(8) 168.95(15)
N2—-Mol—-C15  86.96(10) - - -
N2—-Mol-Cll 81.99(6) 81.15(4) 80.17(5) 82.62(9)
N2—Mol—Snl 126.98(5) - - -
N2-Mol—-Cl16 - 81.16(7) 82.76(9) 82.58(16)
N2—-Mol-C17 - 86.90(7) 88.09(9) 87.49(14)
N2—-Mol—-Cl138 - 120.51(7) 121.71(8) 120.80(14)
Cl13—Mol—Cl14 76.34(13) 78.28(8) 78.08(10) 78.57(18)
C13—Mol—C15 105.69(13) - - -
C13—Mol—CI1 104.43(9) 90.91(6) 88.81(8) 90.24(12)
Cl13—Mol—Snl 69.74(8) - - -
Cl3—Mol-Cl6 — 71.1909) 70.19(10) 70.45(17)
Cl3—Mol-C17 - 105.12(8) 103.76(10) 104.04(16)
Cl3—Mol-C18 — 108.29(8) 107.26(10) 107.57(18)
Cl4—Mol—CI15 75.30(12) — - -
Cl4—Mol—CI1 175.07(8) 87.48(6) 88.07(7) 86.35(12)
Cl4—Mol—Snl 120.32(8) — - -
Cl4—Mol—-Cl6 — 108.80(8) 107.50(10) 107.27(18)
Cl4—Mol-C17 - 104.49(8) 103.62(10) 103.42(17)
Cl4—Mol—-C18 — 70.30(8) 69.38(9) 69.45(17)
C15—Mol—CI1 108.95(8) — - -
Cl15—Mol—Snl 68.94(8) — - -
Cl1-Mol—-Snl  64.20(2) - - -
Cl6—Mol—-C17 - 36.16(8) 35.73(10) 35.61(16)
Cl6—Mol—-CI18 — 61.76(9) 61.52(10) 60.95(18)
Cl7-Mol-C18 — 36.08(8) 36.32(9) 35.96(16)
Cl16—C17-C18 - 115.4(2) 114.1(2) 113.6(4)
HI1--A 1.92(3)lal 2.38(3)b 2.45(4)®! 2.37(4)*D
Ol-A 2.73812 3118 3.145M01 3.121M]
Ol—-Hl1-A 166(4)) 176(3)°) 179(4)01 175(4)t0)
C3-C4-0O1-H1 1.6 —-177.4 —178.7 -1.2
C7—-NI1-CI1-C2 123.4(3) —146.2(2) —147.9(2) —144.3(4)

a1 A = 0100. P A = CIl.

The allyl complex 4a crystallises in the monoclinic space
group P2,/c with inclusion of one THF molecule. Unlike
the structure of 3a the solvent molecule is isolated from the
molybdenum complex. Instead, the hydroxy group of the
ligand forms a hydrogen bond to the chloro ligand of a
neighbouring molecule (Figure 2). The molecules are thus

Eur. J. Inorg. Chem. 2004, 2053—2061 www.eurjic.org

connected by O—H---Cl hydrogen bonds (O1---CIl1 3.12 A)
and form a chain consisting of alternating enantiomeric
complexes along the c-axis (¢ glide plane).

The methallyl complex 5a can be crystallised with and
without inclusion of solvent molecules (5a-THF and 5a). In
the former pseudo-polymorph the THF molecule is isolated
from the complex molecules which are connected by
O—H--Cl hydrogen bonds (O1---CIl 3.15 A) to give the
same motif as the allyl complex 4a with the chain going
along the crystallographic n axis. (Figure 3).

The solvent-free pseudo-polymorph of Sa also displays
an O—H-+Cl hydrogen bonding motif (O1--CIl 3.12 A,
Figure 4). Here the complexes form a helix along the crys-
tallographic twofold axis and thus the helices consist of
molecules with like stereochemistry (homochiral chain). A
further difference is observed for the orientation of the OH
group of the ligand in the pseudo-polymorphs 5a-THF and
5a: in the former structure the OH bond points away from
the metal centre (torsion angle C3—C4—0O1—H1 —178.7°,
Figure 3) and in the latter it points towards the metal centre
(torsion angle C3—C4—0O1—-Hl —1.2° Figure4) as a
consequence of the arrangement of the molecules. Obvi-
ously the mere presence (4a-THF, 5a-THF) or absence of
solvent molecules (5a) controls the hetero- or homochirality
of the chains without affecting the mode of connection. The
O—H--Cl hydrogen bond indeed appears to be the most
stable one in this system as no hydrogen bonds between the
OH group and solvent molecules {as found for example for
3a or [(1a)Mo(CO);(PPh;)]-Et,OP%} or metal-bound car-
bonyl groups [as found for example in complexes
{[(1a)M(CO);(CNR)];?>?2l M = Cr, Mo, W} are observed.
DFT calculations for 4a and 5a with a water molecule (as
a model hydrogen donor) hydrogen-bonded to chloride, to
the carbonyl ligands, and to the hydroxo group show that
the first hydrogen-bonded system is the most stable (al-
though the calculated relative energies might not be be very
accurate due to the basis set superposition error BSSE,[?3
see Supporting Information).

Properties of 3a, 4a, S5a and 6a

The hydrogen bonding present in the solid-state struc-
tures of 3a, 4a and 5a is also confirmed by the signals of
the vop vibrations at 3444, 3265 and 3256 cm ™! in the IR
spectra. For the bromo derivative 6a this band is found at
3173 cm ! which also indicates a hydrogen-bonded struc-
ture in the solid state.

Complex 3a shows three vco absorption bands both in
solution (Figure 5) and in the solid state, at similar energies,
proving that only one isomer is present in solution which
most likely has the same geometry as in the solid state (Fig-
ure 1).

The signals of the symmetric and asymmetric carbonyl
stretching vibrations of the allyl complexes 4a—6a are
found at around 1950 and 1874 cm ™! (Table 2) at similar
energies to the signals of complexes with phenanthroline
ligands where the bidentate ligand occupies two equatorial
positions, but at considerably higher energies than the sig-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2055
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Figure 2. Structure of 4a-THF in the solid state

Figure 3. Structure of 5a-THF in the solid state

Figure 4. Structure of 5a in the solid state

nals of complexes where the bidentate ligand occupies one
equatorial and one axial position.? Thus the IR data sug-
gest that 1a exclusively coordinates at two equatorial posi-
tions in 4a—6a in solution.l?*23!

For the allyl complexes 4a—6a the symmetric and asym-
metric carbonyl stretching vibrations are shifted slightly to
lower energy in the solid state than in solution (Table 2;
AVgymiasym = 3/6, 7/11 and 14/11 cm™! for 4a, 5a and 6a).
The same shift is predicted by DFT calculations on 4a and

2056 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5a upon addition of a water molecule hydrogen bonded to
the chloro ligand — AVym/asym = 5/9 and 5/10 cm™! for 4a
and 5a, respectively — explaining the shift by the hydrogen
bond to the rather remote chloro ligand. For hydrogen
bonds to metal-coordinated carbonyl groups larger shifts
are observed experimentally and predicted theoreti-
cally?%-22] (for water attached to carbonyl groups of 4a and
5a AVgym/asym = 9—10/30—36 cm ™! are calculated, see Sup-
porting Information).

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2053—2061
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Figure 5. IR spectra of 3a—6a in THF

Table 2. Characteristic IR absorptions of 3a—6a

Veo (cm™Hi Veo (cm™HP! Von (cm™ 1P

3a 2003, 1925, 1907 2009, 1926, 1905! 3444
4a 1950, 1871 1947, 1865l 3265
5a 1951, 1874 1944, 1863!d 3256
6a 1952, 1874 1938, 1863!d! 3173

[l In THFE. ™ In CsI. [ Totally symmetric vibration of all three
CO ligands, symmetric vibration of the equatorial CO ligands,
asymmetric vibration of the equatorial CO ligands, respectively. []
Symmetric vibration of the equatorial CO ligands, asymmetric vi-
bration of the equatorial CO ligands, respectively.

In the UV/Vis spectra all complexes display n-n* tran-
sitions of the Schiff-base ligand at around 356 nm (Figure 6,
Table 3). The seven-coordinate complex 3a has an MLCT

30000 1

20000

g/M tem™

]

10000

300 400 500 600 700 800
Al nm

Figure 6. UV/Vis spectra of 3a—6a

Table 3. UV/Vis spectroscopic and cyclovoltammetric data of 3a—6a

absorption band at 4 = 474 nm and is irreversibly reduced
at £ = —850 mV (Table 3). The allyl complexes 4a—6a
show MLCT absorption bands between 500 and 620 nm
(Figure 6). The allyl and halide ligands influence the energy
of the MLCT absorption according to their electron-donat-
ing and -withdrawing properties. The same consideration
applies for the potentials of the metal-centred oxidations,
as Sa and 6a are easier to oxidise than 4a.

The solution structures of the complexes 4a—6a, i.e. the
orientations of the allyl ligands with respect to the Schiff-
base ligands, have been determined by 'H and '*C NMR
spectroscopy (Table 4 and 5). In the 'H NMR spectra the
allyl complexes 4a and 6a display an ABCDX pattern for
the signals of the allyl ligand and 5a shows an ABCD pat-
tern, both of which suggest static structures in solution (e.g.
absence of n°-n'-n? rearrangements of the allyl ligands). In
the NOESY spectra, in addition to cross-peaks between in-
traligand protons (allyl and Schiff-base ligand), cross-peaks
between allyl protons and Schiff-base ligand protons are
observed (Figure 7). These observations show that the 13-
allyl ligands are oriented with the open face towards the
carbonyls, which is the same orientation as found in the
solid state for 4a and 5a. This is substantiated by the similar
solution and solid state IR spectra of 4a, 5a and 6a
(Table 2).

Polymer-Bound Complexes 3b—6b

All polymer-bound complexes were characterised by IR
and diffuse reflection UV/Vis spectroscopy and thermogra-
vimetric analysis (Table 6).['1-12]

The IR spectra of the immobilised complexes 3b—6b are
shown in Figure 8. In addition to the intense signals of vi-
brations of the polymer backbone, signals in the character-
istic vco region are observed. These data compare well with
those for the soluble complexes 3a—6a (Table 2 and 6) con-
firming the presence of immobilised carbonyl complexes
with the same stereochemistry as found in the solid state
and in solution.

The UV/Vis absorption maxima of resins 3b—6b (Fig-
ure 9) are shifted to lower energy than their solution
counterparts (Table 3 and 6) but the trend of the MLCT
transitions Agnax(3) << Apax(@) < Amax(6) < Apmax(5) is the
same for the soluble and polymer-bound complexes. A simi-
lar behaviour has been observed for soluble and immobi-
lised Mo complexes.[!1-12]

The thermal stability of 3b—6b has been investigated by
thermogravimetric analysis. For 3b a larger weight loss of

Amax/nm (e/M~! cm™1)

E] /z/mV (AE/mV)[d]

3a 358 (9755)Mt! 474 (2515)1
4a 354 (7710) 501 (1220
5a 356 (5920) 510 (1400)l
6a 357 (10600)! 507 (1500)l

—850 mV (irr.; reverse scan: +40 mV)

590 (1175)k 610 (100)
620 (1010) 515 (110)
594 (1480)! 605 (90)

a1 103 M in 0.1 M (nBuyN)PF¢/CH,Cl,, vs. SCE. ™ In CH,Cl,. [ In THFE.

Eur. J. Inorg. Chem. 2004, 2053—2061 www.eurjic.org
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Table 4. 'TH NMR spectroscopic data of 3a—6a

3al® 4al®! 5al®l 6al’!
Ph 7.38 (m), 8.00 (m) - - -
Hi - 2.5 220 (d, J = 3.2 Hz) 2.5
HP - 1.00 (d, J = 8.7 Hz) 1.04 (s) 1.04 (d, J = 8.0 Hz)
He - 1.22 (d, J = 8.7 Hz) 1.22 (5) 1.28 (d, J = 8.0 Hz)
He - 3.14 (bs) 2.84 (d, J = 3.2 Hz) 3.15 (bs)
R - 3.3-3.4 (m)d 1.30 (s)el 3.37 (bs)
H3S 6.87 (d, J = 8.4 Hz) 6.90 (d, J = 7.9 Hz) 6.91 (d, J = 8.4 Hz) 6.90 (d, J = 8.0 Hz)
H26 7.41 (d. J = 8.4 Hz) 747 (d. J = 7.9 Hz) 732 (d. J = 8.4 Hz) 7.51 (d, J = 8.0 Hz)
H!! 7.78 (pt) 7.71 (bs) 7.68—7.75 (m) 7.70 (bs)
HomI10 8.09 (d, J = 7.2 Hz), 8.21 (pt) 8.1-8.2 (m) 8.2—8.3 (m) 8.2-8.3 (m)
H!? 9.10 (d, J/ = 4.8 Hz) 8.82 (d, J = 3.8 Hz) 8.79 (d, J = 5.4 Hz) 8.82(d, J = 4.0 Hz)
H’ 8.64 (s) 8.71 (s) 8.82 (s) 8.71 (s)
OH 8.87 (s) 9.90 (s) 9.93 (s) 9.89 (s)

[a] In [D]THF. I In [Dg]DMSO. [l Under solvent signal. [41 H'7, [l H!?,

Table 5. '3C NMR spectroscopic data of 3a—6a

3al 4al®! 5alb! 6al!
Ph 143.8,¢1 129.2,d1 - - -

130.6,1 136.211
cle  — 56.6 54.2 55.6
cl7 - 74.2 82.9 74.7
cr - 53.8 52.7 53.1
cr o - - 19.6 - 2 '
C! 149.8 142.8 142.7 143.0 b
C26 1244 124.3 124.5 124.4 |
Cc3 1167 116.3 116.4 116.2 l_,
c* 154.1 153.9 154.0 154.0 .
C7 166.6 164.4 164.2 164.3 ' P » HI r 19
cs 1579 158.8 159.0 158.8 g # i
C? 130.4 129.9 130.2 130.0 : T f' ' a
Clo 1417 140.0 140.0 139.9 . ' '+ i p DMsO
Cc'' 130.0 128.3 128.3 128.2 2 ; i
C2 1543 152.8 152.5 153.0 l’ 4 THF
CO  215.1/224.9/227.7 227.6/228.2 227.6/228.4  226.8/227.4 44 '
(8] Tn [D]THF. ! In [Dg]DMSO. [ C-ipso. 9 C-ortho, 2Js,c = 87 &3 #
Hz. © C-para, *Js,c = 18 Hz. ! C-meta, 3Js, - = 61 Hz. ,

‘.
e
74 Ll &

6.1% is observed at 200 °C, which can be accounted for by - / ¢ - 26
a loss of three carbon monoxide ligands and one chloro L& T I
ligand, while the immobilised allyl complexes 4b—6b only L =" ! »
lose coordinated carbonyl ligands up to 200 °C (Table 6). "
Carbon monoxide loss has also been detected for immobi- » F H ‘ i H H 2 H

lised Mo® carbonyl complexes.l'?l These data show that
these complexes are formed quantitatively on the solid sup-
port and that allyl complexes are thermally more stable
than the seven-coordinate molybdenum-tin complex.

Treating the resins 3b—6b with tetra-n-butylammonium
fluoride in dichloromethane (Scheme 3) results in deeply
coloured solutions of the deprotonated complexes
3a~—6a~ which were characterised by IR spectroscopy
(Table 7). The signals of the vco vibrations of 3a~—6a™ are
shifted to lower energy relative to the signals of the neutral
parent complexes 3a—6a (Table 2), as expected.

2058 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 7. Relevant NOE contacts and distances [A] (solid-state
structure) between protons of the allyl ligand and the Schiff-base
ligand in complex Sa (top); NOESY spectrum of S5a-THF in
[D]DMSO (bottom)

After washing the resins and concentrating the filtrates
careful acidification with acetic acid yields solutions of the
complexes 3a—6a. In all cases no spectroscopic evidence
was observed for the formation of side products, confirming
the identity and stability of the polymer-bound complexes.

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2053—2061



Oxidative Addition of RX to Molybdenum Carbonyl Complexes

FULL PAPER

Table 6. Analytical data of polymer-bound complexes 3b—6b

veo (em™ 1) Amax (NM) Amim (exp.) (Yo)i! Am/m (calcd.) (Yo)®!
3b 2008, 1930, 1912 449, 533 (sh) 6.1 6.03
4b 1953, 1871 460 (sh), 673 32 3.24
Sb 1953, 1878 460 (sh), 708, 810 (sh) 3.1 3.21
6b 1952, 1872 460 (sh), 699 3.1 3.16

[al At 200°C. [l The theoretical amount of weight loss is calculated according to the following formula: Am/m = 100 * (nco * Mco +
ncy * MCI)/(Mresin + Mcomplex fragmenl) with Hco = 3 and nep = 1 (3b), nco = 2 and nep = 0 (4b, Sb, 6])), MCO = 28 g mol’l, MC] =355

g mol’l, Mresin =

1500 g mol~! (resin loading 0.5 mmol g7'), Mcomplex fragment =

482.1 [3b: PhSnCl;Mo(CO);], 228.5 [4b:

C;H;5CIMo(CO),], 242.5 [5b: C4H,CIMo(CO),] and 272.9 [6b: C;HsBrMo(CO),] g mol™! giving Am/m = 6.03, 3.24 , 3.21 and 3.16%,

respectively.
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Figure 8. IR spectra of resins 3b—6b
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Figure 9. Diffuse reflection UV/Vis spectra of resins 3b—6b

Table 7. Characteristic IR absorptions of 3a~—6a~ in THF

Veo (em™1)
3a 1992, 1915, 1895l
4a 1943, 1861
Sa 1945, 1864
6a 1946, 1864

[al Totally symmetric vibration of all three CO ligands, symmetric
vibration of the equatorial CO ligands, asymmetric vibration of the
equatorial CO ligands, respectively. ! Symmetric vibration of the
equatorial CO ligands, asymmetric vibration of the equatorial CO
ligands, respectively.
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Conclusion

Oxidative addition of RX (PhSnCl; or allyl halides) to
the molybdenum tetracarbonyl complexes 2a/2b furnishes
the molybdenum(ir) complexes 3a—6a/3b—6b.

The stereochemistry of the complexes has been elucidated
by single-crystal X-ray diffraction in the solid state and by
NMR and IR spectroscopy in solution. The bimetallic mol-
ybdenum-tin complex 3a has a capped octahedral coordi-
nation geometry with the tin occupying the seventh position
above an octahedral face. The allyl complexes 4a—6a have
an octahedral coordination geometry with the bidentate
Schiff-base ligand occupying two equatorial positions and
the n3-allyl ligand oriented with the open face towards the
carbonyl ligands.

The reactions with polymer-bound complexes proceed
quantitatively, as shown by IR spectroscopy and thermo-
gravimetric analysis. The stereochemistry of the polymer-
bound complexes 3b—6b is the same as for the soluble com-
plexes 3a—6a in solution and in the solid state. The stability
and identity of polymer-bound complexes has been demon-
strated by release of the complexes from the polymer. These
results pave the way for the immobilisation of active and
selective molybdenum catalysts for (enantioselective) allylic
alkylation reactions on polymeric supports.

Experimental Section

Unless noted otherwise, all manipulations were carried out under
argon by means of standard Schlenk techniques. All solvents were
dried by standard methods and distilled under argon prior to use.
Complexes 1la—3a and 1b—3b were prepared by a literature
method.l'">!?1 All other reagents were used as received from com-
mercial sources.

NMR: Bruker Avance DPX 200 at 200.15 MHz ('H), 50.323 MHz
(3C) at 303 K; chemical shifts (8) in ppm with respect to residual
solvent peaks as internal standards: [Dg]DMSO ('H: & = 2.49 ppm;
13C: 8 = 39.7 ppm), [Dg]THF ('H: & = 1.73, 3.58 ppm; *C: § =
25.5, 67.7 ppm). IR spectra were recorded on a BioRad Excalibur
FTS 3000 spectrometer using CaF, cells or CsI disks. UV/Vis/NIR
spectra were recorded on a Perkin—Elmer Lambda 19 instrument
with 0.2 cm cells (Hellma, suprasil). DRS-UV/Vis spectra were
measured with the same instrument using the Perkin—Elmer inte-
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grating sphere and poly(tetrafluoroethylene) as reference. Cyclic
voltammetry was performed using a glassy carbon electrode, a
platinum electrode and an SCE electrode, 1073 M in 0.1 ™M
nBuyNPF¢/CH,Cl,, potentials are given relative to that of SCE.
Mass spectra were recorded on a Finnigan MAT 8400 spectrometer
with a matrix of 4-nitrobenzyl alcohol (FAB). Elemental analyses
were performed by the microanalytical laboratory of the Organic
Chemistry Department, University of Heidelberg. Thermogravi-
metric measurements were carried out on a Mettler TC 15; heating
rate: 10 K min~! under argon from 30—800 °C.

Solution Syntheses of 4a—6a: The appropriate 3-halopropene
(2 mmol) was added to a solution of 2a (406 mg, 1 mmol) in THF
(30 mL). The solution was heated under reflux until IR spec-
troscopy indicated disappearance of the bands of 2a and complete
formation of the product (3—4 h). The solvent was removed under
reduced pressure and the crude product was washed with diethyl
ether and recrystallised from THF/diethyl ether or CH,Cl,/diethyl
ether.

4a: Yield: 311 mg, 0.73 mmol (73%). C;7H,;sCIMoN,O; (426.71):
caled. C 47.85, H 3.54, N 6.57; found C 48.04, H 3.79, N 6.40. MS
(FAB): mlz (%) = 428 (100) [M* + H], 393 (41) [M* — CI], 372
(97) [M* — 2CO].

5a: Yield: 366 mg, 0.83 mmol (83%). C,sH;7CIMoN,Os; THF
(440.73-THF): caled. C 51.52, H 4.91, N 5.46; found C 51.32, H
5.20, N 5.86. MS (FAB): m/z (%) = 442 (42) [M" + H], 407 (21)
[M* — 1], 386 (100) [M* — 2CO].

6a: Yield: 419 mg, 0.89 mmol (89%). C;;H,;sBrMoN,O3:0.5THF
(471.16°0.5THF): calcd. C 44.99, H 3.78, N 5.52; found C 45.18,
H 4.02, N 5.27. MS (FAB): m/z (%) = 472 (12) [M* + H], 393
(100) [M™* — Br], 416 (23) [M* — 2CO].

Solid-Phase Synthesis of 4b—6b: The appropriate 3-halopropene
(1 mmol) was added to a suspension of 2b (500 mg, 0.25 mmol) in
THF (30 mL). The suspension was heated under reflux until IR
spectroscopy of a polymer sample indicated formation of the prod-

uct and complete conversion of the starting complex (8—10 h). The
dark polymer was isolated by filtration, washed with THF and di-
ethyl ether and dried in vacuo.

Cleavage procedure: A solution of tetra-n-butylammonium fluoride
TBAF-3H,O (2 equivalents) in THF was added to a suspension of
the appropriate resin in THF (10 mL). The suspension was stirred
for 6 h at room temperature. IR spectroscopy of the solution indi-
cated release of the anionic complexes 4a~—6a~. The mixture was
filtered and the polymer was washed with THF until the solution
was colourless. The combined filtrates were acidified with acetic
acid giving 4a—6a in 60%, 52% and 71% yield, respectively, based
on the loading of 1b. After cleavage, mass spectrometry of the re-
maining silyl fluoride polymer indicated complete removal of the
complexes. ¥}

Computational Methods: Density functional calculations were car-
ried out with the Gaussian98/DFT?®l program series. The B3LYP
formulation of density functional theory was used employing the
LanL2DZ basis set.?’l Harmonic vibrational frequencies and infra-
red intensities were calculated by numerical second derivatives
using analytically calculated first derivatives. Frequencies are not
scaled.

Crystallographic Structure Determinations: The measurements were
carried out on an Enraf—Nonius Kappa CCD diffractometer using
graphite monochromated Mo-K, radiation. The data were pro-
cessed using the standard Nonius software.[*”] All calculations were
performed using the SHELXT PLUS software package. Structures
were solved using direct or Patterson methods with the SHELXS-
97 program and refined with the SHELXL-97 program.?$! Graphi-
cal handling of the structural data during refinement was per-
formed using XMPA°l and WinRay.* Atomic coordinates and
anisotropic thermal parameters of the non-hydrogen atoms were
refined by full-matrix least-squares calculations. Data relating to
the structure determinations are collected in Table 8.

Table 8. X-ray crystallographic data of complexes 3a-Et,0, 4a-THF, Sa-THF and 5a.

3a-Et,O0 4a-THF 5a-THF 5a
Formula C25H25C13N205$HMO C21H23C1N204M0 C22H25C1N204M0 C18H17C1N203M0
Molecular mass 754.45 498.80 512.83 440.73
Crystal dimension/mm 0.20 X 0.10 X 0.10 1.00 X 0.50 X 0.25 0.30 X 0.30 X 0.20 0.25 X 0.10 X 0.10
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group (no.) P2,/c (14) P2,/c (14) P2,/n (14) P2,/n (14)
a (A) 7.6940(15) 10.568(2) 13.128(3) 8.939(2)
b (A) 31.704(6) 10.403(2) 10.566(2) 16.163(3)
c(A) 12.171(2) 19.905(4) 15.603(3) 12.729(3)
B () R 101.09(3) 103.32(3) 91.73(3) 103.45(3)
Cell volume (A%) 2913.4(10) 2137.9(7) 2163.3(7) 1788.3(6)
Molecular units per cell 4 4 4 4
i (mm~") 1.599 0.768 0.761 0.902
Density (caled.) (g cm™3) 1.720 1.550 1.575 1.637
T (K) 200 200 200 200
Scan range (20) 3.6—60.1 3.9-30.1 4.0-61.1 4.1-55.0
Scan speed (sec frame™") 10 8 6 30
Measured reflections 16483 14311 11494 6728
Unique reflections 8499 6158 6206 3971
Obs. reflections (I = 20) 5933 4945 5096 2670
Parameters refined R 398 354 371 294
Max. resid. elec. density (e*tA™3) 0.64/—0.72 0.71/-0.67 1.10/—=0.95 0.72/—-0.57
Agreement factors R, = 3.9% R, = 3.1% R, = 4.5% R, = 4.7%
(F? refinement) R, = 7.8% R, = 71.7% R, = 12.0% R, = 11.4%

2060 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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CCDC-225156—225159 (3a-Et,0, 4a-THF, 5a-THF and 5a) con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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