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Solid-Phase Organometallic Synthesis

Katja Heinze*!?!

Abstract: A solid-phase synthesis approach for a class of molybdenum carbon-

yl complexes has been developed. The system can be used to perform metal-
complexation, ligand substitution reactions and oxidative eliminations on the solid
phase and to cleave the final complexes under mild and selective condi-
tions. Comparison is made to corresponding soluble complexes and liquid-phase

reactions.

Introduction

Solid-phase organic synthesis (SPOS, Scheme 1) has become
an increasingly useful method in synthetic organic and
biological (especially pharmaceutical) chemistry. Generally,
the compounds synthesised on the solid phase are organic

Scheme 1. Principle of solid-phase synthesis.

molecules, while “organometallic compounds are usually
generated on insoluble supports as synthetic intermediates
only, and not as target molecules™.['l A few exceptions are the
solid-phase syntheses of metal complex functionalised oligo-
nucleotides and oligodesoxynucleotides using standard DNA/
RNA syntheses,) metal complex functionalised peptides
using standard peptide chemistry,?! and an attempt to prepare
a 2,2'-bipyridine — dichloroplatinum derivative.!!

Metal complexes have found applications as linkersP! and
as cleavage reagents(: 9 in solid-phase chemistry, but the most
important and most frequent use of metal complexes in this
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context is catalysis. In this case the metal complex remains
bound to the solid support.

Coordination and organometallic chemistry on the solid
phase has not yet been extensively explored, usually only the
catalyst performance itself has been studied. Elementary
reaction steps such as ligand substitution have not yet been
investigated in detail under solid-phase reaction conditions
despite the fact that in some cases catalytic results, activity
and (enantio-) selectivity, are strikingly different when
compared with the homogeneous case.”)

In solid-phase chemistry the support can render increased
stability to reactive intermediates by blocking bimolecular
reaction steps®l and can even change reaction pathways from
ionic to radical mechanisms.”l With this background in mind it
appears useful and necessary to investigate elementary
inorganic reaction steps performed on the insoluble support
and to compare these results with conventional liquid-phase
inorganic chemistry.

For this purpose a system has been designed, which makes it
possible to perform standard reactions of coordination and
organometallic chemistry under solid-phase reaction condi-
tions and—for ease of reaction control and characterisation—
to cleave the metal complexes from the solid phase.

The target molecules investigated herein are molybdenum
carbonyl complexes, which have several important properties:
1) stability, 2) rich coordination chemistry, 3) CO ligands that
serve as a sensitive analytical probe (IR), and 4) an NMR-
active metal nucleus. In addition to these intrinsic properties
molybdenum carbonyl complexes with nitrogen donor ligands
have found applications as catalysts in allylic substitution
reactions,'”] as cocatalysts for olefin metathesis,’? and they
have proven useful for luminescence and electron transfer
studies.['!]

Results and Discussion

Solution chemistry, ligand synthesis: The ligands employed
are the bidentate nitrogen base 1a with a phenolic hydroxy

0947-6539/01/0713-2922 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 13



2922-2932

group for attachment on the solid support and the trimethyl-
silyl (TMS)-protected analogue 2a as a model for the
immobilised compounds (Scheme 2).
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Scheme 2. Syntheses of ligands 1a and 2a.

Schiff base condensation of p-aminophenol and pyridine-2-
carbaldehyde gives the chelating ligand 1a and silylation of 1a
with trimethylsilyl chloride and triethylamine as the base
resulted in the model analogue 2a (Scheme 2). Both com-
pounds are fully characterised (see Experimental Section).

Solution chemistry, model complexes: Common synthetic
approaches to complexes of the type (N~ N)Mo(CO)sL
(N""N’=symmetrical or asymmetrical bidentate nitrogen
donor ligand, L =monodentate ligand) are depicted in
Scheme 3.1 All of them use high temperature or give only
the tetracarbonyl compounds (L = CO), which then have to
be converted into the desired tricarbonyl compounds—again
using high temperature and rather harsh oxidative reaction
conditions.

For a successful use in solid-phase chemistry with polystyr-
ene resins, such harsh conditions have to be avoided as the
molybdenum precursors can react with the aromatic residues
of the support. Therefore a selective high-yield route using
mild reaction conditions was elaborated with [(CH;CN);Mo-
(CO);] as the “Mo(CO),” source (Scheme 3, lower right).

i [(CH3CN 3M0(CO)3]

—_—
CH3CN

=H
X T™MS
= polystyrene

la
2a
3a

Scheme 4. Syntheses of soluble and immobilised complexes.
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N N'= chelating dinitrogen ligand, e.g. bpy
NBD = norbornadiene

CHT = cycloheptatriene

Scheme 3. Synthetic approaches to complexes of the type [(N™ N')-
Mo(CO),L].

Reaction of 1a/2a with tris(acetonitrile)molybdenumtri-
carbonyl in acetonitrile at room temperature rapidly and
cleanly gives the intensely blue-coloured complexes 1b/2b in
good to excellent yields (Scheme 4).

When the same reactions are performed in CH,Cl, the
tetracarbonyl complexes 1¢/2¢ are formed as shown by IR,
UV/Vis/NIR, and NMR spectroscopy (Scheme 5). The latter
reaction is always observed when dissolving complexes 1b/2b
in CH,Cl,. CO scrambling promoted by dichloromethane has
been observed previously.['2]

UV/Vis/NIR spectroscopy indicates the stoichiometric
formation of 1¢/2¢ (final absorbance at 539 nm) plus an
unidentified side product without carbonyl groups (as shown
by IR spectroscopy; isosbestic point at 1821 cm™'; see
Supporting Information). The absence of well-defined iso-
sbestic points (Figure 1, top) additionally indicates a complex
reaction. From the absorbance changes at 500 and 539 nm a
pseudo-first-order rate constant for the formation of 2 ¢ can be
obtained k=0.9 x 10~*s7! (500 nm; R2=0.9993) and k=
1.1 x 10~*s7! (539 nm; R?>=0.9978) in good agreement (Fig-
ure 1, bottom). For complex 1b this reaction proceeds even
faster, precluding a reliable rate constant determination but
giving the same results with respect to the stoichiometry of the
reaction.
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L
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/
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=
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N
F

lc-e
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L = CO (c), CNtBu (d), PPhs ()

0947-6539/01/0713-2923 $ 17.50+.50/0 2923



FULL PAPER

K. Heinze

OX

OX
N N
AN CH,Cl, N
4 Mo(CO)3(NCCH3z) —— 3 Mo(CO), + ...
V4 ~ 7
[ ] ]
F P

X=H 1b 1c
X=TMS 2b 2c

Scheme 5. Reaction of 1b/2b to 1¢/2¢ in CH,Cl,.
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Figure 1. UV/Vis/NIR spectra of complex 2b in CH,Cl, (top) and the

course for the formation of 2¢ as a function of time (bottom).

o

Table 1. 'H NMR data for complexes 1b-1f and 2b-2e in CD,Cl,.[

The substitutional lability of the acetonitrile ligand in 1b
and 2b has been utilised for ligand-exchange reactions with
carbon monoxide, tert-butyl isonitrile, and triphenylphos-
phane giving the corresponding complexes 1¢—e and 2c—e,
respectively (Scheme 4). Reaction of 1c¢ with phenyltin
trichloride as an example of an oxidative elimination gives
the seven-coordinate molybdenum complex 1 f, while starting
from 2 ¢ does not produce the corresponding complex 2 f but
rather 1f, as the trimethylsilyl group is cleaved under these
conditions (Scheme 6). All complexes have been thoroughly
characterised by spectroscopic and analytical methods (Ta-
bles 1-3).

For 2 e the *C resonance signals of the CO groups are split
into doublets by coupling to the 3P nucleus. Coupling of the
phosphorus atom is also observed to H’ (py=2.6 Hz;
confirmed by a 3P-'"H COSY experiment) and to C" (Jpc=
3.0 Hz) of the Schiff base ligand. Complexes 1e/2e each show

0 G

N N COCO
Z N\ PhSnCls Z N\ |/
Mo(CO); ——» Mo—CO
A / acetone X
| N -CO ‘ N Cl----SnCl,Ph
/ =
X=H 1c 1f
X=TMS 2c

Scheme 6. Synthesis of 1f.

a singlet in the 3P NMR spectrum, confirming the presence of
only one isomer.

The Mo NMR signals (Table 2) appear in the expected
region.l'?% 131 The different ligands L induce the expected high
field shift of the Mo resonances as well as of the '3C

1b 1c 1d le 11 2pl 2¢ 2d 2e
H*/H® 7.56 7.55 7.57 7.37 7.41 7.59 7.54 7.58 7.39

(d,85Hz) (d,87Hz) (d,82Hz) (d,82Hz) (d, 8.4 Hz) (d,88Hz) (d,81Hz) (d,85Hz) (d, 8.4 Hz)
H3/H? 6.91 7.00 6.99 6.92 6.87 6.97 7.01 6.98 6.94

(d,85Hz) (d,87Hz) (d,82Hz) (d,82Hz) (d,84Hz) (d,88Hz) (d,81Hz) (d,85Hz) (d, 8.4 Hz)
HEl 8.65 (s) 8.57 (s) 8.56 (s) 8.18 (bs) 8.64 (s) 8.68 (s) 8.58 (s) 8.57 (s) 8.18 (d 1)
Hol 7.9-8.1 7.92 7.89 7.44 8.09 7.94 7.9-8.0 7.9-8.0 7.45

(m) (d,74Hz) (d, 8.0 Hz) (d,80Hz) (d,7.2Hz) (d,72Hz) (m) (m) (d, 8.0 Hz)
HY 8.02 (pt) 7.91 (pt) 7.68 (pt) 8.21 (pt) 8.03 (pt) 7.68 (pt)
H! 7.50 (pt) 7.56 (pt) 7.42 (pt) 7.01 (pt) 7.78 (pt) 7.50 (pt) 7.52 (pt) 7.42 (pt) 7.03 (pt)
H®? 9.03 9.21 9.23 8.76 9.10 9.03 9.20 9.23 8.77

(d,50Hz) (d,48Hz) (d,4.6Hz) (d,44Hz) (d,48Hz) (d,52Hz) (d,3.8Hz) (d,4.8Hz) (d, 4.8 Hz)
OH/OTMS 7.1 (bs) n. o. n. o. n. o. 8.87 (s) 0.31 (s) 0.38 (s) 0.38 (s) 0.42 (s)
ligand L 1.92 - 1.33 7.19-7.23 7.38 1.93 - 1.33 7.1-73

(CHs, s) (CH;,5,9H)  (m, 15H) (C°+Cr,m,3H) (CHas,s) (CH;,5,9H)  (m, 15H)

8.00
(C™, m, 2H)

[a] pt = pseudo-triplet; bs =broad singlet; n. 0. =not observed. [b] In CD;CN. [c] In [Ds]THF. [d] #/py; =2.6 Hz. [e] The cisoid conformation of the Schiff
base ligand in the complexes is evidenced in solution by the observation of an NOE between H” and H® which is absent in the spectra of the free ligands.
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Table 2. ®C, Mo, *'P, and '"“Sn NMR data for complexes 1b, 1f, and 2b-2e in CD,CL,.1"

1b! 1 fiel 2bl! 2b 2¢ 2d 2e
C 145.5 149.8 146.8 145.9 146.4 146.9 146.6
Cce 124.7 124.4 124.6 123.6 123.8 123.8 124.4
c/cs 116.4 116.7 121.0 120.4 120.8 120.5 120.5
c 155.8 154.1 155.8 155.1 154.8 155.0 154.3
c’ 162.6 166.6 163.2 160.6 160.9 159.2 158.6 (d, 3Jpc=3.0 Hz)
(e 1583 157.9 156.6 156.2 156.6 156.2 156.3
c 129.2 130.4 129.3 128.1 128.6 128.1 128.0
cuo 138.7 141.7 138.7 137.3 137.4 136.4 135.3
cn 127.6 130.0 127.8 126.6 126.8 125.9 125.7
c2 152.7 154.3 152.8 152.3 153.4 152.5 152.3
OTMS - - 0.13 0.11 0.28 0.29 0.36
CB/Crs 2289/ 22490 228.8/ 228.8/ 2222/ 2272/ 227.8 (d, 2Jpc = 10.0 Hz)/
231.1 227.7t 231.1 230.7 224.8 230.3 230.7 (d, 2pc = 8.5 Hz)
cH 219.0 215.1 [ 218.8 217.0 203.6 210.4 213.5 (d, Upe=35.0 Hz)
ligand L 143.8 (CY 1.95 (CH3) 30.9 (CH,) 134.1 (C', d, Vp=28.0 Hz)
129.2 1169 (C,) 56.5 (Cy) 133.4 (C°, d, Upe=12.5 Hz)
(C°, snc=87 Hz 1)
136.2 128.4 (C™, d, 3Jpc=8.5 Hz)
(C™, 3, =61 Hz )
130.6 129.3 (Cv, s)
(Cv, *s,c=18 Hz I
%Mo & (Av,/ Hz)  —969 (50) n.o. L —953 (65)  —933 (80) —1160 (80)  —1095 (130) —1043 (80) ™
SIP 6 (Avy,/ Hz) - - - - - -

19Sn ¢ (Av,,,/ Hz) -

30 (265)

39.4 (4)

[a] Assignments are based on the intensity, chemical shifts, and DEPT and 2D NMR experiments. [b] In CD;CN. [c] In [Dg]THF. [d] Due to the long
acquisition time the *C and Mo NMR spectra in CD,Cl, additionally show signals of the tetracarbonyl complex 2¢ but these are easily distinguished from
those of 2b. [e] At 193 K; not observed at 303 K. [f] '“Sn satellites. [g] n. 0.=not observed. [h] Vy,p =138 Hz.

Table 3. IR, UV/Vis/NIR and CV data (E;, vs. SCE) for complexes 1b—1f and 2b-1e in CH,Cl,.

Vo [em ] Ven Von Amax [nm] Eyp [mV]

(CH,CL/CsI) (CH,CL/CsI) (CH,CL/CsI) (&max [M~em™1]) (AE,; [mV])
1b 1909 (vs), 1835 (sh), 1794 (vs)ll/ - - 589 (4400)! +185

1898 (vs), 1833 (sh), 1782 (vs) 3230 (br) [624 in CH,Cl,] (110, grev.)
1c 2016 (m), 1910 (vs), 1889 (sh), 1839 (s)/ - - 537 (4700) +650

2018 (m), 1898 (vs), 1876 (vs), 1835 (vs), 1814 (vs) 3550 (m) (100, grev.)
1d 1917 (vs), 1833 (s), 1803 (s)/ 2138 (s)/ - 618 (6740) +250

1935 (vs), 1919 (vs), 1867 (vs), 1763 (vs)"! 2122 (s) 3434 (s) (85, grev.)
1le 1919 (vs), 1827 (s), 1800 (s)/ - - 615 (6145) +365

1911 (vs), 1823 (vs), 1765 (vs) 3448 (m) (120, grev.)
1t 2010 (vs), 1930 (m), 1907 (s)/ - - 474 (2515) — 850 mV

2009 (vs), 1926 (m), 1905 (vs) 3444 (m) (irrev.; +40 mV)
2b 1910 (vs), 1835 (w), 1794 (s) - - 592 (4340)1 +215

1894 (vs), 1774 (vs) [628 in CH,Cl,] (90, grev.)
2¢ 2016 (m), 1910 (vs), 1889 (sh), 1839 (s)/ - - 539 (5820) +660

2020 (m), 1911 (vs), 1866 (vs), 1830 (s), 1804 (vs) (115, grev.)
2d 1917 (vs), 1834 (s), 1804 (s)/ 2127 (s)/ - 619 (6890) +270

1912 (vs), 1830 (s), 1802 (s) 2129 (s) (115, qrev.)
2e 1918 (vs), 1827 (s), 1800 (s) - - 616 (6160) +355

1911 (vs), 1826 (s), 1795 (s) (100, grev.)

[a] In CH;CN. [b] Splitting of CO absorptions in the solid state probably due to hydrogen bonding.

resonance signals of the carbonyl group trans to L according
to their wt-acceptor strength CO > CN/Bu > PPh; > CH;CN.[¥
The correlation of Mo and *C (trans to L) chemical shifts is
acceptably linear (R>=0.9584; see Supporting Information),
while no linear correlation is observed between the Mo shift
and other *CO resonance signals. Neither does there exist a
linear correlation between 3(**Mo) and the lowest energy
absorption 1., (Table 3), suggesting that the paramagnetic
shielding term o, is not only influenced by the average

Chem. Eur. J. 2001, 7, No. 13
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electronic excitation energy AE but also by nephelauxetic
contributions.'? 151 This is not unexpected as very different
ligands concerning electronic and steric properties are con-
sidered.l'y The linewidth of the Mo signal allows the
detection of the scalar coupling to 3'P in complex 2e, giving
a doublet with Jy,,p =138 Hz similar to that of comparable
complexes.[25 13

The seven-coordinate complex 11! is fluxional at room
temperature preventing the observation of *C NMR signals
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of the carbonyl groups at 300K, while at 193 K three
resonance signals are observed. The resonance signal of the
tin atom in 1f can be seen in the '""Sn NMR spectrum at =
30 both at 300 and 193 K. The coordination shift amounts to
334 ppm relative to phenyltin trichloride (6= —304). No
signal from the molybdenum nucleus could be observed in the
%Mo NMR spectrum of 1f at 300 K or at 193 K.

The IR spectra in solution (Table 3) are consistent with a
disturbed local C;, symmetry of the fac complexes 1b,1d-f,
2b, 2d-e (splitting of the “E” band) and with disturbed local
C,, symmetry of the cis-tetracarbonyl complexes 1¢ and 2c.
For 1f only one set of absorption bands is observed indicting
that only one isomer is formed in solution.!'”}

The electronic spectra of 1b-1e show metal-to-ligand
charge transfer (MLCT) absorption bands in the 590-630 nm
range (Table 3). According to the literaturel!?l these bands can
be assigned to the (ligand-mt*) — (metal-d) transition. Sub-
stitution of CO by L shifts this band to lower energy, as the
metal d-orbitals are more destabilised by L than by CO. For 1 f
the MLCT band""7 is found at 474 nm.

The same argument holds for the interpretation of the cyclic
voltammograms: the destabilisation of the metal d orbital is
reflected in lower oxidation potentials for complexes with L+
CO (Table 3). The seven-coordinate Mo complex 1f is
irreversibly reduced at —850 mV (vs. SCE) with a new
oxidation wave appearing in the reverse scan at +40 mV (vs.
SCE).

Reactivity studies in solution show that ligand exchange
reactions proceed in a facile way (Scheme 7). The order of
increasing lability CN7/Bu < CO <PPh; < CH;CN has been
established by IR and NMR spectroscopy.

OTMS OTMS
/N\ N
L
Mo(CO)3L —_— Mo(CO)3L'
X L
‘ N ‘ N
/ /

Scheme 7. Ligand-exchange reactions.

Solid-phase chemistry, resin functionalisation: Before starting
to study organometallic reactions on the solid phase it is
necessary to introduce a linker between the resin and the
metal complex (see Scheme 1). This linker has to fulfil several
requirements: 1) stability during all reactions performed on
the solid phase and 2) mild cleavage conditions with reagents
compatible with the final metal complex. One possible
candidate is a linker based on a silyl ether!’® 'l that is stable
under basic and acidic reaction conditions but can be cleaved
with fluoride ions, which are expected to be unreactive
towards most metal complexes.

The polystyrene resin was functionalised with a silyl
chloride group (Scheme 8) according to a literature proce-
dure.['® Loading with the phenolic ligand 1a is accomplished

2926 ——
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1. nBuLi
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2. ClLSi(iPr), NEt(/Pr),
DMAP
CH,Cl,

O—(ﬁ

IR C

\ 7/ \

Scheme 8. Synthesis of resin 3a.

under basic conditions (Scheme 8). The yellow ligand modi-
fied resin 3a was studied by gel-phase *C NMR, IR, diffuse
reflectance spectroscopy, and mass spectrometry to character-
ise the attached ligand and by differential scanning calorim-
etry, thermogravimetry, and studies of the swelling properties
to characterise the bulk material. Quantitative loading with
ligand 1a was determined by elemental analysis (nitrogen
content; 0.56 mmol 1la per gram polymer) and metal ion
uptake (CoCl, in THF; measured spectrophotometrically at
590 and 683 nm; 0.52 mmolg~'). The (within error) identical
results obtained by both methods indicate that all ligand sites
within the polymer are accessible for metal complexation (in
THF). The loading of about 0.5 mmolg~! corresponds to a
statistical substitution of every tenth styrene residue with the
ligand 1a.

The swelling properties of polystyrene resins have been
shown to be crucial for rapid and complete transformations.
The most suitable solvents (Table 4) for resin 3a were CH,Cl,,
THEF, and toluene (2.5 mL g™") followed by N,N-dimethylacet-
amide (DMA) (22mLg™!), ethyl acetate, and CH;CN
(2.0 mLg™"). In contrast to polystyrene (with 2% divinylben-
zene (DVB)) the swelling of 3a is much poorer, probably
because of additional cross-linking during the reaction with
CL,Si(iPr), (Scheme 8). It has been proposed that swelling
values greater than 4 mL g~! indicate good and values of 2.0 -
4.0 mL g ! indicate only moderate swelling properties.?’]

Although swelling of 3a is rather poor, a gelphase *C NMR
spectrum could be obtained in [Dg]THF, which only shows
signals of the linker group and the attached ligand (Table 4) as
these residues are the most mobile groups.

The covalent attachment of the linker and the ligand is also
confirmed by EI mass spectrometry!'®! as characteristic signals
of styrene fragments containing the linker and the ligand are
observed, for example [CgH;Si(iPr),OL]* at m/z 415 (see
Experimental Section).

The IR spectrum of 3a (as CsI disk) shows signals in
addition to the signals of the polystyrene backbone due to the

0947-6539/01/0713-2926 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 13
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Table 4. Analytical data for resins 3a—f.
Color 3a 3b 3¢ 3d 3e 3f
yellow blue purple blue blue —green orange-red
DRS-UV (PTFE) Ay [nm] 396 407, 775 404, 604 404, 681 412, 681 449, 533 (sh)
IR (CsI) CHipine 2726 (w) 2726 (w) 2727 (w) 2728 (w) 2722 (w) 2728 (w)
v/ C=-Ninine 1627 (m) 1627 (m) 1627 (m) 1627 (m) n.o. 1637 (m)
[em™] pyridine 1584 (m) 1584 (m) 1584 (m) 1586 (m) 1586 (sh) 1584 (sh)
CO - 2013 (s) la]
- 1911 (vs) 1909 (vs) 1921 (vs) 1911 (vs) 2008 (s)
- 1850 (s) 1896 (sh) 1848 (s) 1847 (s) 1930 (s)
- 1811 (s) 1851 (s) 1821 (s) 1813 (s) 1912 (s)
CN/Bu - - - 2112 (m) - -
BC NMR Si—-CHCH; 18 dl 18 18 18 16
o ([Ds]THF) C?, C,C,Co,Ct 121-125 120-125 120-126 121-123 br
7 158 155 159 n. o. n.o.
C 129 129 129 129 130
Clo 136 137 138 138 138
Ccre 151 149 n. o. n.o. n. o.
ligand - - 31 (CH,) 126, 129, 134 126, 130, 138
SIP 6 (Avyy) - - - - 40 (1000) -
19Sn 6 (Avy),) - - - - - 50 (9140)L!
DSC T [°C]® 382 (sh) 385 (sh) 381 (sh) 381 (sh)
[kIg™] 434 (—0.48) 421 (—-0.23) 421 (—0.33) 422 (—0.35) 421 (—0.33) 425 (—0.34)
TG T [°C] 117 (6) 111 (3) 104 (4) 119 (3) 113 (6)
(weight 323 (25) 331 (25) 343 (32) 339 (27) 344 (40)
loss/ %) 358 (59) 390 (13) 399 (15) 401 (12) 402 (18) 394 (7)
448 (19) 464 (19) 486 (15) 480 (15)
565 (33) 502 (30) 546 (31) 531 (30) 582 (30) 512 (40)
8% residue 7;% residue 7% residue 7% residue 7% residue 7% residue
swelling dry 1.6 1.6 1.6 1.5 1.5 1.5
[mLg™'] THF 2.5 2.3 2.2 2.3 2.2 2.2
toluene 2.5 2.2 2.2 2.2 2.1 2.0

[a] In some preparations a band at 2013cm™" is observed indicating partial formation of the tetracarbonyl complex 3e¢. [b] Peak maximum. [c] Inflection
point. [d] Side reaction in THF prevents acquisition of NMR spectra. [e] At 203 K.

attached ligand at 2726cm™! (CH,yine), 1627 cm™ (C=Nipine)
and 1584cm™! (pyridine vibration). In the diffuse reflectance
spectrum (measured in polytetrafluoroethylene, PTFE) a
band around 400 nm is observed which is responsible for the
yellow colour of the resin (Table 4, Figure 2).

The TG measurement of 3a shows a two-step weight loss at
358°C (59%) and 565°C (33%); the remaining material
(8 %) being SiO,.["® Differential scanning calorimetry (DSC)
of 3a shows an endothermic process at 434°C (—0.48 kJg™).
Both measurements indicate that attachment of the linker and
the ligand to the polystyrene has an influence on the thermal
properties (depolymerisation) of the bulk polymer.['®!

Solid-phase chemistry, resin complexation: Although CH,Cl,
was found to be a “good solvent” for swelling resin 3a,
performing the complexation of the polymer in this solvent
leads to formation of the immobilised tetracarbonyl complex
3¢ instead of the desired tricarbonyl complex 3b (Scheme 4).
This behaviour is analogous to the solution reaction
(Scheme 5). The use of pure acetonitrile—a rather poor
solvent for resin 3a—Ileads to formation of the tricarbonyl
complex 3b but only with a low yield as shown by IR
spectroscopy. This can be explained by the assumption that
not all ligand sites are available when the resin is swollen in
acetonitrile. Therefore a 1:1 mixture of toluene/acetonitrile
was used (swelling 2.3 mLg™!) for preparing the tricarbonyl
complex 3¢ on the solid phase. Immediately after the addition
of the precursor complex [(CH;CN);Mo(CO);] to the swollen
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Figure 2. UV/Vis/NIR spectra of soluble (top) and immobilised complexes
(bottom).

resin 3a at room temperature the colour of the resin changes
to deep blue, indicating formation of the immobilised com-
plex while the solution remains yellow—the colour of the
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starting material—demonstrating the stability of the resin-
linker-ligand bonds.

As mild reaction conditions are used, formation of [(#°-
polystyrene)Mo(CO);]?! is effectively prevented as evi-
denced by IR spectroscopy of resin 3b and by a blank
experiment using unmodified polystyrene and
[(CH;CN);Mo(CO);] at ambient temperature.

Stirring resin 3b in CH,Cl, for 7 h gives the immobilised
tetracarbonyl complex 3¢ (according to colour and IR
spectroscopy) in close analogy to the model reactions in
solution (Scheme 5)—even the rate is similar (90 % yield at
6.4 h in solution). Ligand substitution reactions were there-
fore performed in pure toluene, which is a suitable solvent for
both the resin and the ligands L (Scheme 4).

Bubbling carbon monoxide through a suspension of 3b in
toluene causes a gradual colour change of the polymer from
blue to purple, giving resin 3¢ while the solution remained
colourless. The isonitrile ligand CNfBu and the phosphane
ligand PPh; do not cause a significant colour change of the
resin. The formation of the corresponding immobilised
complexes 3d and 3e is evidenced by spectroscopic means
(see below). In all cases the toluene solution remained
colourless, indicating the stability of the resin—linker and
linker —ligand bonds under these conditions. From the resin-
bound tetracarbonyl complex 3¢ the seven-coordinate com-
plex 3f is formed by reaction with phenyltin trichloride
(analogous to Scheme 6) again under colour change of the
resin from purple to orange-red and CO evolution. In this
case—unlike the solution model complex—the silyl linkage
remains intact, probably because of the higher stability of the
diisopropyl silylether compared with that of the trimethyl silyl
group.

The easy formation of the immobilised complexes indicates
that the metal moieties on the resin are accessible even for
bulky ligands such as PPh; and PhSnCl; so that all discussed
reactions on the solid phase proceed similarly to their solution
counterparts.

The stability of the different resin bound complexes 3b-3e
towards ligand exchange follows the same trend of increasing
lability as the soluble complexes CN¢Bu < CO < PPh; <
CH;CN as shown by IR and 3P NMR spectroscopy and
cleavage from the resin (see below).

Solid-phase chemistry, resin characterisation: Unlike the pure
organic resin 3a with solely covalent bonds between main
group elements, mass spectrometry of the metal complex
functionalised resins 3b—3f did not prove useful as the
complexes decompose prior to resin depolymerisation.['®!
Also elemental analysis has proven unreliable for metal
containing resins as has been shown previously.??)

For characterising the bulk material TG and DSC was used:
DSC shows a shift of the peak maximum to lower temperature
(9-13°C; see Table 4) compared with that of 3a and the TG
experiments show multistep weight losses starting around
100°C, indicating the lower thermal stability of 3b-3e
compared with resin 3a. The swelling of the bulk material is
slightly lower than that of the organic polymer 3a but this
might only reflect the increased mass of the polymer. Again
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THF and toluene are the most suitable solvents for these
resins.

The most useful spectroscopic method for studying the
metal complex functionalised resins 3b—3f is IR spectros-
copy (Table 4), especially in combination with a comparison
to the spectra of the corresponding soluble complexes. In all
cases the IR spectra (carbonyl region) of the immobilised
complexes closely resemble those of the model complexes in
solution (Figure 3). The similarity of corresponding spectra is
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Figure 3. IR spectra of selected soluble and immobilised complex pairs
(top: 2¢/3¢; middle: 2d/3d; bottom: 1{/3 f). Bands marked with an asterisk
belong to vibrations of the polystyrene.

much less when comparing the solid-state spectra indicting a
“solution-like” environment for the immobilised complexes.

In addition to the strong carbonyl absorptions of the metal
complexes the characteristic absorptions of the ligand-func-
tionalised polymer are also seen around 2727, 1627, and
1584 cm~! (Table 4). For resin 3d the vy of the coordinated
isonitrile ligand is observed at 2112 cm~.

In the diffuse reflectance spectra of the resins 3b—3f the
MLCT bands are observed in the visible region (Table 4).
Compared with their solution counterparts all absorption
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bands are shifted to lower energy by 1500-3000cm~! but
preserve the trend Ap.(b) > A (d) =1, (€)>,..(c)>
Amax(f) (Tables 3 and 4, Figure 2). The linear correlation
between 7, of the soluble and the immobilised complexes
and ligands is very good v, (immobilised molecules)=
Pmax(soluble  molecules) x 0.83+924 cm™! (R?=0.9801; see
Supporting Information).

The gel-phase *C NMR spectra of the polymers 3¢-3f
show signals due to the linker and the attached ligand
(Table 4). For 3d-3f signals due to the monodentate ligands
CN¢Bu, PPh;, and PhSnCl; are also seen. In the gel-phase 3'P
NMR spectrum of 3e the signal of coordinated phosphane
ligand appears at 6 =40 as a broad signal (Figure 4). The half

394

2e

250 150 50 -50 -150 -250

250 150 50 -50 -150 -250

[
Figure 4. 3'P NMR spectra of 2e (in CD,Cl,) and 3e (in[Ds]THF).

width at half height is 250 times higher than in the P NMR
spectra of the soluble complexes 1e and 2e, indicating that
this signal indeed corresponds to a polymer-bound species
with much lower mobility.

An attempt to observe the '"“Sn signal of 3f at room
temperature failed. At —70°C a broad signal occurs around
0 =50. Its half width at half height is 35 times larger than that
of the soluble analogue 1f, again indicating the observation of
a polymer-bound species.

Attempts to obtain reliable *Mo NMR spectra of the resin
bound complexes failed because of the low sensitivity of the
%Mo nucleus and the significant “baseline ringing” in these
experiments.['3

In summary TG, DSC, and elemental analyses are not
especially helpful in characterising the polymer-bound com-
plexes as most of the measured quantities arise from the
polymer backbone and not from the complexes of interest. In
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Figure 5. °Sn NMR spectra of 1f and 3 f (in[Dg]THF).

contrast IR, diffuse reflectance, and NMR spectroscopy
combine specificity for the metal complexes with the required
sensitivity.

Solid-phase chemistry, cleavage: After having characterised
the polymer-bound complexes directly on the solid support,
we obtained indirect proof of identity through the possibility

of mild cleavage of the complexes from the insoluble polymer
(Scheme 9). Treating resins 3¢—3f with two equivalents of

\[5;\ Tk
\ril\r OH

TBAF
e
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N N
Z N\ Z N\
Mo(CO)sL Mo(CO)sL
x /7 ? x /
] ]
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\

Scheme 9. Cleavage of the complexes from solid support.
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tetra-n-butylammonium fluoride in CH,Cl, gives deeply
coloured solutions of the deprotonated complexes. After
washing the resins and concentrating the filtrates, careful
acidification (at low pH the complexes start to decompose) of
the solutions with acetic acid gives solutions of the respective
complexes as evidenced by UV/Vis/NIR and IR spectroscopy
in 30—40 % yield over all steps based on the loading of 3a. In
all cases only the desired complexes are isolated with no
indication of side products.

The IR spectra of the remaining slightly coloured resins
prove the absence of carbonyl groups confirming quantitative
cleavage from the resin. Additionally, mass spectrometry of
the resins (Scheme 9) confirms the absence of attached
ligands and the presence of silyl fluoride groups on the
polymer.

Conclusion

Inorganic chemistry on the solid organic polystyrene phase is
similar to solution chemistry of the investigated substitution
and oxidative elimination reactions. Resin-bound ligands and
complexes can be prepared and analysed and are readily
cleaved from the solid support. Ligand substitution reactions
and oxidative eliminations proceed somewhat more slowly on
solid support compared to the homogeneous reaction. Care
has to be taken when choosing the optimal solvent. The
relative stability trend of the polymer-bound complexes is
identical to that of the solution analogues. IR, DRS-UV, and
NMR prove valuable to monitor the solid-phase reaction and
to characterise the resin bound complexes. Finally, the
investigated cleavage conditions are mild enough to obtain
the free complexes from the solid support without major
decomposition. With this knowledge it should now be possible
to prepare inorganic and organometallic complexes on the
solid phase, which might be accessible only with difficulty or
even not at all in the homogeneous phase. Additionally, this
methodology might be useful for combinatorial catalyst
libraries when the catalysts must be tested in solution and
therefore be cleaved from the support.

Experimental Section

Polystyrene (2% DVB), brominated polystyrene (2% DVB, 2.5 mmol
Brg!), CLSi(iPr),, nBuLi in toluene (2.5M), diisopropylethylamine,
(dimethylamino)pyridine (DMAP), and nBu/NF-3H,0 (TBAF) were
purchased from Fluka, phenyltin trichloride from Strem. The polystyrene
resins were washed prior to use with CCl,, acetone, acetone/H,O (2:1),
acetone, benzene, MeOH, CH,Cl,, and diethyl ether and dried under
vacuum. 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. All other reagents
were used as received from commercial sources. For the solid-phase
reactions a flask with a nitrogen inlet and a coarse porosity fritted glass
filter that allows addition and removal of reagents and solvents without
exposure of the resin to the atmosphere was used.

NMR spectra were obtained on a Bruker Avance DPX 200 (200.15 MHz
('H),50.323 MHz (**C), 81.015 MHz (*'P), 13.029 MHz (**Mo), 74.630 MHz
("Sn)) at 303 K if not noted otherwise; chemical shifts (0) are reported in
ppm with respect to residual solvent peaks as internal standards: [Dg]THF
('H: 6=1.73; 3C: 0=25.5), CD;CN ('H: 0 =1.93; 3C: 6 =1.3), CD,Cl,
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(*H: 6=5.32; 3C: 6=53.8); [d]DMSO (‘H: 6 =2.50; 3C: 6 =39.4). 3'P
chemical shifts (6) in ppm with respect to 85% H;PO, (*'P: 6 =0), Mo
chemical shifts (d) in ppm with respect to 1M Na,MoO, in D,0 (*Mo: d =
0) and "“Sn chemical shifts (8) in ppm with respect to SnMe, in THF (*"Sn:
0=0) as external standards. IR spectra were recorded on a BioRad
Excalibur FTS 3000 spectrometer using caesium iodide disks or CaF, cells.
UV/Vis/NIR spectra were recorded on a Perkin Elmer Lambda 19 in
0.2 cm cells (Hellma, suprasil). DRS spectra were measured with the same
instrument using the Perkin Elmer integrating sphere and polytetrafluoro-
ethylene (PTFE) as reference. Mass spectra were recorded on a Finnigan
MAT 8400 spectrometer, electron energy 70 eV (EI), 4-nitrobenzyl alcohol
matrix (FAB). Elemental analyses were performed by the microanalytical
laboratory of the Organic Chemistry Department, University of Heidel-
berg. Cyclic voltammetry was performed on a Metrohm “Universal Mef-
und Titriergefda”, Metrohm GC electrode RDE 628, platinum electrode,
SCE electrode, Princeton Applied Research potentiostat Model 273;
substrate concentration 10°m in 0.lM nBu,NPF/CH,Cl, or in 0.1m
nBu,NPF,/CH;CN. All potentials are given relative to that of SCE.
Differential scanning calorimetry measurements were carried out on a
Mettler DSC 30, heating rate 10 Kmin~!, under argon from 30-600°C.
Thermogravimetric measurements were carried out on a Mettler TC 15,
heating rate 10 Kmin~! under argon from 30-800°C. Swelling measure-
ments were performed by weighing a known amount of resin into a
calibrated NMR tube and adding excess solvent. The volume of the swollen
resin was measured after 3 h.

4-[ (Pyridine-2-ylmethylene)aminoJphenol (1a): Pyridine-2-carbaldehyde
(15 g, 140.2 mmol), p-aminophenol (15.3 g, 140.2 mmol), MgSO, (8 g) and
ethyl acetate (120 mL) were heated under reflux for 2 h. The solvent was
removed under reduced pressure and the yellow residue was taken up in
water and extracted with n-butanol (3 x ). The alcohol was removed under
reduced pressure and the yellow solid residue washed with water (3 x ) and
diethyl ether (3 x ) and dried in vacuo, yielding 1a (25 g, 126 mmol; 90 % ).
"H NMR (200 MHz, [D¢]DMSO): 6 =6.86 (d, *Jy; 5y = 8.7 Hz, 2H; H*®), 7.32
(d, 3y =8.7 Hz, 2H; H?%), 749 (pt, 1H; H'), 793 (pt, 1H; H'), 8.14 (d,
Jun=78Hz, 1H; H’), 8.62 (s, 1H; H’), 8.70 (d, Jyy=4.6 Hz, 1H; H?),
9.63 (s, 1H; OH); 3*C NMR (50 MHz, [Ds]DMSO): 6 =116.7 (s; C>%), 121.6
(s; C7), 123.8 (s; C*9), 125.9 (s; C1), 137.7 (s; C), 142.4 (s; C), 150.4 (s;
C12),155.5 (s; C*), 157.8 (s; C7), 158.0 (s; C®) All signals were assigned on the
basis of DEPT, CH-COSY and NOESY experiments. The conformations in
solution are transoid as no cross peaks between H’ and H® (numbering
scheme shown in Scheme 2) are observed in the NOESY spectra; IR (Csl):
7=3040-2472 (m, br, OH, CH), 1626 (m), 1601 (m), 1581 (s), 1510
(s)em™;  UV/Vis  (CH,ClL): g, (e)=286 (15560), 340 nm
(19740 m~'em™'); MS (EI, 70eV): m/z (%): 198 (100) [M]*, 181 (2)
[M*—OH]*, 171 (45) [M —HCN]*, 154 (3) [M — OH —HCN]*, 79 (26)
[CsHsN]*; elemental analysis (% ) caled for C,,H,(N,O (198.22): C 72.71, H
5.08, N 14.13; found: C 72.62, H 5.09, N 14.08.

Pyridine-2-ylmethylene-(4-trimethylsilanyloxyphenyl)amine (2a): A sus-
pension of 1a (2.97 g, 15 mmol) in THF (30 mL) was cooled to 0°C. NEt;
(1.57 g, 15.5 mmol) was added through a cannula. After the mixture had
been stirred for 10 min, TMSCI (1.68 g, 15.5 mmol) was added and the
suspension was stirred for 1 h at 0°C and 1 h at 25°C. The solvent was
removed under reduced pressure and the yellow residue dissolved in
diethyl ether. The yellow solution was filtered and the solvent removed
under reduced pressure to give 2a as an orange-yellow oil (3.53 g, 87 %).
'H NMR (200 MHz, CD,Cl,): 6 =0.38 (s, 9H; CH3), 6.99 (d, *Jy;;; = 8.8 Hz,
2H; H*), 736 (d, 3Jyyu = 8.8 Hz, 2H; H>®), 7.40 (pt, 1H; H"), 7.84 (pt, 1H;
H"), 828 (d,/Jyu=8.0Hz, 1H; H°),8.71 (s, 1H; H"), 8.74 (d, Jy y = 4.6 Hz,
1H; H"?); BC NMR (50 MHz, CD,Cl,): 6 =0.37 (s; CH;), 121.1 (s; C*),
121.6 (s; C%), 123.0 (s; C*), 125.2 (s; C'), 136.9 (s; C'?), 144.9 (s; C'), 149.9
(s; C?), 155.1 (s; C*), 155.5 (s; C¥), 159.1 (s; C7); IR (Csl): #=3060 (w,
CH,,), 2960 (m, CH;), 1627 (m), 1597 (w), 1583 (s), 1503 (vs) cm~'; UV/Vis
(CH,CL,): Apay () =285 (21810), 337 nm (23230m~'cm~1); MS (EL 70 eV):
m/z (%): 270 (100) [M]*, 269 (70) [M —H]", 255 (12) [M — CH;]";
elemental analysis (%) caled for C;sH;sN,OSi (270.41): C 66.62, H 6.71, N
10.36; found: C 66.52, H 6.67, N 10.59.

fac-Tricarbonyl(2 a)(acetonitrile)molybdenum(0) (2b): [(CH;CN);Mo-
(CO);] (303 mg, 1 mmol) was treated with 2a (270 mg, 1 mmol) in CH;CN
(20 mL) to give an intensely turquoise-coloured solution. After stirring for
3 h at room temperature the solution was concentrated to about 5 mL and
petroleum ether (PE) 40/60 (40-50mL) was added. After 24 h the
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coloured solution was removed with a cannula and the dark residue was
washed with PE 40/60 and dried in vacuo to give 2b as a purple powder
(417 mg; 85%). The reaction can also be performed on a 10 mmol scale.
MS (FAB): m/z (%): 452 (78) [M — CH;CN]*, 424 (20) [M — CH;CN —
COJ*, 396 (60) [M — CH,CN —2 COJ*, 368 (100) [M — CH;CN — 3 COJ*;
elemental analysis (%) caled for C,)H,;N;0,SiMo (491.43): C 48.68, H 4.29,
N 8.52; found: C 48.30, H 4.33, N 8.50.

cis-Tetracarbonyl(2 a)molybdenum(0) (2¢): Carbon monoxide was bub-
bled into a solution of 2b (491 mg, 1 mmol) in CH,Cl, (20 mL) until the IR
spectrum showed only the presence of 2 ¢ resulting in a purple solution. The
reaction mixture was stirred under a CO atmosphere for 1 h. Removal of
the solvent in vacuo left 2¢ as a purple powder (477 mg; 100 % ). MS (FAB):
m/z (%): 480 (45) [M]*, 452 (100) [M — CO]*, 424 (20) [M —2 CO]*, 396
(30) [M —3 COJ*, 368 (40) [M — 4 CO]"; elemental analysis (%) calcd for
CyH 3sN,05SiMo (478.39): C 47.70, H 3.79, N 5.86; found: C 4730, H 3.87, N
6.07.

Jac-Tricarbonyl(2a)(tert-butyl isonitrile)molybdenum(0) (2d): rert-Butyl
isonitrile (0.11 mL, 1 mmol) was added to a solution of 2b (491 mg,
1 mmol) in CH,Cl, (20 mL) to give a deep blue solution. After stirring for
3 h at room temperature the solution was concentrated to about 5 mL and
PE 40/60 (40-50 mL) was added. After 24 h the coloured solution was
removed with a cannula and the dark blue residue was washed with PE 40/
60 and dried in vacuo to give 2d as a blue powder (470 mg; 88%). MS
(FAB): m/z (%): 535 (10) [M]*, 507 (50) [M — CO]*, 479 (18) [M —2 COJ*,
451 (30) [M —3 COJ+, 368 (100) [M — 3 CO — CNBu]*; elemental analysis
(%) caled for C,3H,,N;0,SiMo (533.51): C 51.78, H 5.10, N 7.88; found: C
50.55, H 4.86, N 7.78.

Jac-Tricarbonyl(2 a)(triphenylphosphane)molybdenum(0) (2e): Triphenyl-
phosphane (262 mg, 1 mmol) was added to a solution of 2b (491 mg,
1 mmol) in CH,Cl, (20 mL), giving a deep blue solution. After stirring for
3 h at room temperature the solution was concentrated to about 5 mL and
PE 40/60 (40-50 mL) was added. After 24 h the coloured solution was
removed with a cannula and the dark blue residue was washed with PE 40/
60 and dried in vacuo to give 2e as a blue powder (640 mg, 90%). MS
(FAB): m/z (%): 714 (33) [M]*, 686 (80) [M — CO]*, 658 (30) [M —2CO]J*,
630 (100) [M — 3 CO]*; elemental analysis (% ) caled for C3,H3;3N,0,SiPMo
(712.67): C 60.67, H 4.66, N 3.93, P 4.35; found: C 60.40, H 4.75, N 4.01, P
4.30.

Jac-Tricarbonyl(1a)(acetonitrile)molybdenum(0) (1b): The preparation
was similar to that of 2b but 1a (198 mg, 1 mmol) was used. The washing
solution was almost colourless. Yield: 385 mg (92 %). MS (FAB): m/z (% ):
380 (100) [M — CH;CNJ*, 352 (24) [M — CH,;CN — COJ*, 324 (46) [M —
CH;CN -2 COJ*; elemental analysis (%) caled for C;;H;sN;O,Mo
(419.25): caled: C 48.70, H 3.13, N 10.02; found: C 48.08, H 3.15, N 9.87.

cis-Tetracarbonyl(1 a)molybdenum(0) (1¢): The preparation was similar to
that of 2¢ but 1b (419 mg, 1 mmol) was used instead of 2b. Yield: 405 mg
(100%). MS (FAB): m/z (%): 408 (47) [M]*, 380 (100) [M —COJ*;
elemental analysis (% ) caled for C;¢H;(N,OsMo (406.21): C47.31, H2.48, N
6.90; found C 46.90, H 2.80, N 6.85.

Jfac-Tricarbonyl(1a)(tert-butyl isonitrile)molybdenum(0) (1d): The prepa-
ration was similar to that of 2d but 1b (419 mg, 1 mmol) was used instead of
2b. Yield: 435 mg (94 %). MS (FAB): m/z (%): 463 (65) [M]*, 435 (100)
[M — CO]J*; elemental analysis (%) caled for C,yH;(N;O,Mo (461.33): C
52.07, H 4.15, N 9.11; found: C 51.37, H 4.12, N 9.00.
Jfac-Tricarbonyl(1a)(triphenylphosphane)molybdenum(0) (1e): The prep-
aration was similar to that of 2e but 1b (419 mg, 1 mmol) was used instead
of 2b. Yield: 430 mg (93 % ). Recrystallisation from CH,CL/Et,O afforded
dark blue crystals. MS (FAB): m/z (% ): 642 (48) [M]*, 614 (80) [M — CO]",
586 (100) [M —2 COJ*, 557 (91) [M — 3 CO — H]*; elemental analysis (%)
caled for C3;HypsN,O,PMo (640.49)-0.5Et,0: C 62.05, H 4.46, N 4.13, P
4.57; found: C 61.73, H 4.53, N 4.23, P 4.52.

p-Chloro-(dichlorophenyltin)—(1 a)tricarbonyl molybdenum@) (1f): Phe-
nyltin trichloride (606 mg, 2 mmol) was added with syringe to a solution of
1c (406 mg, 1 mmol) in acetone (20 mL). The solution was stirred for 5 h at
room temperature until IR spectroscopy indicated completeness of the
reaction. The colour turned from deep purple to orange-red. The solvent
was removed under reduced pressure and the residue was washed with
diethyl ether (6 x20mL) and dried to give a yellow-orange powder
(550 mg; 81%). Recrystallisation from THF/Et,O afforded orange-col-
oured crystals. MS (FAB): m/z (%): 645 (51) [M — Cl]*, 561 (24) [M — Cl —
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3 COJ*, 380 (100) [M —SnCLPh]*; elemental analysis (%) calcd for
C,,H,5sN,0,SnCl;Mo (680.35) - 1.0 Et,O: C 39.80, H 3.34, N 3.71; found: C
39.48, H 3.43, N 3.77.

Reaction of [(CH;CN);Mo(CO);] with polystyrene: [(CH;CN);Mo(CO);]
(455 mg, 1.5 mmol) dissolved in CH;CN was added to polystyrene (1 g;2 %
DVB) swollen in CH;CN/toluene (1:2). The suspension was slowly stirred
at room temperature for 3 h. The solvent was removed by filtration and the
resin was washed repeatedly with CH;CN, toluene, and Et,O until the
washings were colourless. The IR spectrum (absence of v, bands)
indicated no formation of [(polystyrene)Mo(CO);].?!

Resin 3a: The resin was prepared from brominated polystyrene (2% DVB,
2.5 mmol Brg!) according to a published procedure!' using the ligand 1a
to give a yellow-coloured polymer. MS (EIL, 70 eV, 407 °C): m/z (%): 104
(100) [CgHg]™, 329 (11) [CH,;SiOL +H]*, 343 (43) [CH,SiMeOL]", 372
(84) [CeH,Si(iPr)OL]*, 415 (69) [CgH,Si(iPr),OL]*; elemental analysis
(%) caled for (CgHyg),)(CaosHs,SION,);(CsH,,Si0),: C 81.32, H 8.23, N 1.66;
found C 78.93, H 7.38, N 1.56; which corresponds to 0.56 mmol 1a per gram
polymer. Uptake of CoCl, corresponds to 0.52 mmol per gram polymer.

Uptake of CoCl,: A standard solution of CoCl, in THF was treated with a
weighed amount of resin 3a. From the decrease of the absorbances at 590
and 683 nm of the solution the loading was calculated by extrapolation to
t—00.

Resin 3b: [(CH;CN);Mo(CO);] (303 mg, 1.0 mmol) dissolved in CH;CN
(5 mL) was added to resin 3a (1 g; corresponding to 0.56 mmol 1a) swollen
in toluene (5 mL). The suspension was allowed to stand at room temper-
ature for 24 h with occasional stirring. The solvents were removed by
filtration and the polymer was washed with CH;CN (4 x 10 mL), toluene/
CH;CN (10 mL), toluene (2 x 10 mL), and finally with diethyl ether (2 x
10 mL). The blue resin was dried in vacuo to give a blue powder or was
directly allowed to react with the ligands L (see below). Elemental analysis
(%) caled for (CgHg)y(CsH33S10,N3Mo0)5(C;sH,,Si0),: C 75.05, H 7.51, N
2.20; found: C 77.41, H 732, N 1.68.

Resin 3 ¢: CO was bubbled for 15 min into a suspension of resin 3b (starting
from 1 g of 3a,0.56 mmol) swollen in toluene (6 mL). The blue resin turned
purple. The suspension was allowed to stand at room temperature under
CO for 24 h with occasional stirring. The solvents were removed by
filtration and the polymer was washed with toluene (1 x 10 mL) and diethyl
ether (2 x 10 mL). The resin was dried in vacuo giving a purple powder.
Elemental analysis (%) calcd for (CgHyg),o(Cs0H33S105N,Mo),(C;5sH,,Si0):
C 74.94, H 740, N 1.48; found: C 77.53, H 7.06, N 1.42.

Resin 3d: To resin 3b (starting from 1g of 3a, 0.56 mmol) swollen in
toluene (6 mL) CNBu (0.11 mL, 1.0 mmol) was added with a syringe. The
suspension was allowed to stand at room temperature for 8h with
occasional stirring. The solvents were removed by filtration and the
polymer was washed with toluene (5x 10 mL) and diethyl ether (2 x
10 mL). The dark blue-green resin was dried in vacuo giving a dark blue-
green powder. Elemental analysis (%) calcd for (CgHg)ao(CssH30S104N5-
Mo);(C;sH,,S10),: C 75.28, H 7.66, N 2.15; found: C 78.61, H 7.45, N 1.66.

Resin 3e: PPh; (262 mg, 1.0 mmol) dissolved in toluene (3 mL) was added
with a syringe to resin 3b (starting from 1 g of 3a, 0.56 mmol) swollen in
toluene (3 mL). The suspension was allowed to stand at room temperature
for 24 h with occasional stirring. The solvents were removed by filtration
and the polymer was washed with toluene (5 x 10 mL) and diethyl ether
(2 x 10 mL). The dark blue resin was dried in vacuo to give a dark blue
powder. Elemental analysis (%) caled for (CgHg)(CyHysSiO4N,P-
Mo);(C;sH,,S10),: C 76.28, H 7.30, N 1.31, P 1.46; found: C 76.71, H 6.85,
N 1.29, P 0.87.

Resin 3 f: Phenyltin trichloride (303 mg, 1 mmol) was added with a syringe
to resin 3¢ (starting from 1 g of 3a, 0.56 mmol) swollen in toluene (6 mL).
The suspension was allowed to stand at room temperature for 24 h with
occasional stirring. The solvents were removed by filtration and the
polymer was washed with toluene (4 x 10 mL) and diethyl ether (2 x
10 mL). The resin was dried in vacuo giving an orange-red powder.
Elemental analysis (%) calcd for (CgHyg),o(C3sH3sSiO,N,MoSnCly);(CsH,y-
Si0);: C 68.25, H 6.70, N 1.29; found: C 69.13, H 6.59, N 1.33.

Cleavage of the resin-bound complexes: Tetra-n-butylammonium fluoride
(TBAF-3H,0, 315 mg, 1 mmol) in CH,Cl, (5mL) was added to the
appropriate resin (starting from 1 g of 3a, 0.56 mmol) swollen in CH,Cl,
(3 mL). The suspension was stirred slowly for 12 h. The coloured solution
was removed by filtration and the resin was washed thoroughly with
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CH,CL,/Et,0 mixtures until the solutions remained colourless. The
combined filtrates were dried in vacuo. Dissolving the dark residue in
CH,Cl, (100 mL) and careful acidification with degassed acetic acid
(0.1 mL) gave intensely coloured solutions of the respective complexes.
The yields were determined by UV/Vis spectrophotometry and the
identities were confirmed by IR spectroscopy. Overall yields (metallation,
substitution, cleavage, and acidification) based on the loading of 3a were
between 30 and 40 % . After cleavage, samples of the remaining resins were
subjected to mass spectrometry, which showed complete removal of the
complexes. MS (EI 70 eV, 400°C): m/z (%): 104 (100) [CgHg] ™, 151 (18)
[CsH,SiF+H]*, 165 (80) [CsH,SiMeF]*, 193 (60) [CeH,Si(iPr)F]*, 236 (22)
[CsH,Si(iPr),F]*.
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