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Dioxygen activation in progress

Dioxygen reacts with ethene complexes to 3-rhoda-1,2-dioxolanes
and subsequently breaks its O—O bond.
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Exposure of a single crystal of a rhodadioxolane
to light results in topotactic transformation to a
rhodium formylmethyl hydroxy complex.

More about this rearrangement, which contradicts earlier proposed con-

versions of 3-metalla-1,2-dioxolanes, can be found on the lollowing pages.
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Rearrangement of 3-Rhoda-1,2-dioxolanes to
Rhodium Formylmethyl Hydroxy Complexes**

Monique Krom, Ruud G. E. Coumans, Jan M. M. Smits,
and Anton W. Gal*

3-Metalla-1,2-dioxolanes have been proposed as intermedi-
ates in catalytic oxidation of olefins by metals of Groups 6 and
8-10.1 We previously reported the formation of the stable
3-rhoda-1,2-dioxolanes 1a* and 1b* (Scheme 1) by reaction
of solid rhodium ethene complexes of the N, ligand tris-
(2-pyridylmethyl)amine (tpa) with air.”l We now report their
rearrangement to rhodium formylmethyl hydroxy complexes
upon exposure to light or protons.
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Scheme 1. Rearrangement of 3-rhoda-1,2-dioxolanes to rhodium formyl-
methyl hydroxy complexes.

Exposure of microcrystalline 1b-BPh, to glass-filtered
daylight under N, resulted in selective conversion to the
corresponding rhodium formylmethyl hydroxy complex 2b-
BPh, over several weeks (Scheme 1). Similarly, exposure of a
solution of 1b-BPh, in CD;CN to the glass-filtered light from
a high-pressure mercury lamp at —30°C resulted in con-
version to 2b-BPh,. The '"H NMR spectrum of the resulting
solution indicated that an optimum yield of 90 % 2b-BPh, was
obtained after 90 min of illumination.

The ESI-MS spectrum of 2b™ is the same as that of 1b™,?!
with the exception of a peak at m/z =435, which corresponds
to loss of water from the parent cation. Such loss of water in
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the gas phase was observed earlier for the transient formyl-
methyl  hydroxy complex [(MeCN)(x*-Bzbpa)Rh(x!'-
CH,CHO)(OH) |BPh,, the only formylmethyl hydroxy com-
plex reported thus far.[> 4

The '"H NMR and C NMR spectra of 2b-BPh, reveal the
presence of a formylmethyl fragment ['H NMR: 6 =2.69
(dd, 3J(H,H) =5.1, 2J(H,Rh) =2.9 Hz, RhCH,CHO) and 9.26
(t, *J(H,H)=5.1 Hz, RhCH,CHO); *C NMR: 6=26.9 (d,
1J(C,Rh) =21.0 Hz, RhCH,CHO) and 209.0 (RhCH,CHO)].
The 'H NMR signals for the formylmethyl group of 2b*
are comparable to those of [(MeCN)(«*-Bzbpa)Rh(x!'-
CH,CHO)(OH)|BPh, [0=3.37 (dd, 3J(HH)=523,
2J(H,Rh)=2.9 Hz, RhCH,CHO) and 10.3 (t, Y(HH)=
5.3 Hz, RhCH,CHO)]." Formylmethyl hydroxy complex
2b* shows a strong IR absorption for a carbonyl group at
1655 cm~L

After repeated attempts to obtain X-ray quality crystals of
2b-BPh, had failed, an attempt was made to photochemically
convert a single crystal of 1b-BPh, to a single crystal of 2b-
BPh,. The crystal that was used for X-ray structure determi-
nation of 1b-BPh, was exposed to glass-filtered daylight for
one week, and its crystal structure was re-determined.! It was
found that 1b* had been fully converted to 2b™ in a topotactic
transformation that left the crystal packing virtually un-
changed.ll The crystal structure of 2b* shows that the hydroxy
group forms a hydrogen bond with the formyl fragment in a
puckered six-membered ring (Figure 1). The bridging hydro-
gen atom H1 was localized at an O1—H1 distance of 0.80(5) A
(Rh-O1-H1 99(4)°) and an H1—O2 distance of 1.92(5) A (O1-
H1-02 168(5)°), well within the range of hydrogen bonding.
The puckering of the six-membered ring results from rotation
of the formyl group around the C1—C2 bond (torsion angle
Rh-C1-C2-02 —72(3)°).

0z

Figure 1. X-Ray structure of rhodium formylmethyl hydroxy complex 2b*.
Selected bond lengths [A]: Rh1-N1 2.040(3), Rh1-N2 2.018(4), Rh1-N3
2.102(3), Rh1-N4 2.033(4), Rh1-C1 2.085(4), Rh1-O1 2.014(3), O2-C2
1.103(11), C1-C2 1.245(12), H1-O2 1.92(5), O1-H1 0.80(5).

We propose that the photochemical rearrangement of 1b*
to 2b* involves photolysis of the O—O bond followed by
abstraction of a f-hydrogen atom from CH,CH,O° by O°
(Scheme 2a). This B-hydrogen abstraction is probably facili-
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Scheme 2. Mechanisms for rearrangement of a 3-metalla-1,2-dioxolane:
a) photochemically to a formylmethyl hydroxy complex, b) proton-assisted
to a formylmethyl hydroxy complex, c) directly to an oxo complex and
acetaldehyde,[' 4 and d) directly to an oxo complex and ethylene oxide.!!!]

tated by the envelope structure of the 3-rhoda-1,2-dioxolane
moiety,”) which positions one 3-hydrogen atom close to O1.

Analogous to microcrystalline 3-rhoda-1,2-dioxolane 1b-
BPh,, the microcrystalline mixture of the isomeric 3-rhoda-
1,2-dioxolanes 1a-PF; and 1b-PF(? (1a-PF¢/1b-PF,) rear-
ranged photochemically to a mixture of the isomeric for-
mylmethyl hydroxy complexes 2a-PF¢ and 2b-PF, (2a-PF/
2b-PF,; Scheme 1). However, 1b-BPh, and 1a-PF./1b-PF,
reacted differently upon exposure to an N, atmosphere
saturated with H,O; whereas 1b-BPh, proved stable, 1a-
PF/1b-PF, rearranged to 2a-PF¢/2b-PF;. Since 1b-BPh, and
1a-PF¢/1b-PF, both proved stable under dry N,, this reactivity
must have been triggered by the presence of H,O. It may
result from protonation of the rhodadioxolane by traces of
HF, formed by hydrolysis of PF,".

As the 3P NMR spectrum (120 MHz) of the mixture of
formylmethyl hydroxy complexes did not reveal signals of the
hydrolysis product PF,0,, we decided to investigate proton-
assisted ring opening in solution. Therefore, 0.1 equiv of the
noncoordinating acid [H(OEt,),|B[C¢H;(CF;),], (HBATrY)
was added to a solution of 1b-BPh, in CD,CN. 'H NMR
spectroscopy showed that 1b* is converted within 1h to
formylmethyl hydroxy complex 2b* in approximately 70 %
yield. Likewise, addition of 1.1 equiv of HBAr} to a solution
of 1b-BPh, gave formylmethyl aqua complex 3b?* (that is,
protonated 2b") in approximately 85 % yield within 10 min
(Scheme 3).[ In the latter case any 2b* formed is apparently
directly protonated. This protonation results in a downfield
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Scheme 3. Protonation of rhodium formylmethyl hydroxy complex 2b* to
rhodium formylmethyl aqua complex 3b**.
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shift of the RhCH,CHO and RhCH,CHO 'H NMR signals
from 6=2.69 to 6=3.05 and from 6=9.26 to 6=9.51,
respectively. The base peak in the ESI-MS spectrum of the
obtained solution has the correct isotope distribution pattern
and m/z value (227) for 3b**. As evidenced by its formyl-
methyl '"H NMR signals, a trace of 3b’* also forms in the
conversion of solid 1a-PF¢/1b-PF, to 2a-PF,/2b-PF, under N,
saturated with H,O. This seems to confirm our hypothesis of
HF-catalyzed ring opening.

A possible mechanism for the acid catalyzed ring opening is
shown in Scheme 2b. Protonation of 1b* at O, induces
heterolytic splitting of the O—O bond, followed by formation
of a carbonyl double bond and deprotonation at C; by an
external base.

The isomeric 3-rhodadioxolanes 1a* and 1b* clearly differ
in their photoreactivity: upon exposure of a CD;CN solution
of 1a* and 1b* to glass-filtered daylight at room temperature,
the relative intensities of the 2-peroxyethyl "H NMR signals
show that the initial reaction rate of 1a* is three times higher
than that of 1b* (Figure 2).

1.2
1.1
1
1
Ita 09
0.8 .
A 1a
0.7 m b
0.6 + T . . -
0 50 100 150 200

t/min —
Figure 2. Relative intensities of the 2-peroxyethyl '"H NMR signals of 1a*
and 1b" on exposure to glass-filtered daylight.

The observed rearrangement of 3-rhoda-1,2-dioxolanes to
formylmethyl hydroxy complexes is in marked contrast to the
direct rearrangement of a 3-metalla-1,2-dioxolane to a metal
oxo complex and acetaldehyde (as proposed for 3-rhoda-1,2-
dioxolanes and calculated for 3-molybdena-1,2-dioxolanes;
Scheme 2 c)l'> 8 or to a metal oxo complex and ethylene oxide
(as proposed for 3-molybdena-1,2-dioxolanes).'l The reac-
tivity of the rhodium formylmethyl hydroxy and formylmethyl
aqua complexes is currently being investigated.

Experimental Section

The NMR spectra were recorded on Bruker DPX200 and AMS00
spectrometers. Shifts are reported relative to CD;CN: 6(‘H)=1.94,
0(3C)=118.1. ESI-MS spectra were recorded on Finnigan TSQ 7000 and
MAT 900S mass spectrometers. Infrared spectra were recorded on a
Perkin-Elmer 1720X spectrometer.

Compounds [{(CH,CH,),RhCl},] ! tpa,l'] [ (tpa)Rh(x*C' 0>~ OOCH,CH,) -
BPh,/PF,,2 and [H(OEt,),|B[CH;(CF;),], (HBArE)M! were prepared
according to literature procedures.

2a-PFy2b-PF,: Solid 1a-PF¢/1b-PF, was exposed to an N, atmosphere
saturated with H,O for 3 d at room temperature. A mixture of 2a-PF and
2b-PF, was obtained in an approximate ratio of 1:1. 2a-PF,;: 'H NMR
(500 MHz, CD;CN, 243K): 6=998 (t, 1H, 3/(HH)=49Hz,
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RhCH,CHO), 8.68 (d, 2H, 3/(HH)=5.5Hz, Py,-H6), 8.53 (d, 1H,
3J(H,H) =5.5 Hz, Py,-H6), 7.84 (m, 2H, Py,-H4), 7.66 (dt, 1H, 3J(H,H) =
77, %J(H,H) = 1.5 Hz, Py,-H4), 748 (d, 2H, 3J/(H,H) = 8.2 Hz, Py,-H3), 7.36
(t, 2H, 3J(H,H) = 6.6 Hz, Py,-H5), 728 (t, 1H, 3/(H,H) = 6.6 Hz, Py,-H5),
717 (d, 1H, 3J(H,H)=8.8Hz, Py,-H3), 539 (d(AB), 2H, Y(HH)=
15.0 Hz, NCH,Py,), 4.88 (s, 2H, NCH,Py,), 4.76 (d(AB), 2H, J(H,H) =
15.0Hz, NCH,Py,), 347 (dd, 2H, *(HH)=438, 2/(HRh)=2.9 Hz,
RhCH,CHO); BC{!H} NMR (125 MHz, CD,CN, 243 K): 6=210.8 (d,
2J(C,Rh)=9.6 Hz, RhCH,CHO), 165.0 (Py,-C2), 163.5 (Py,-C2), 151.5
(Py,-C6), 150.2 (Py,-C6), 139.6 (Py,-C4), 138.8 (Py,-C4), 125.4 (Py,-C5/C3),
125.1 (Py,-C5/C3), 124.4 (Py,-C5/C3), 122.1 (Py,-C5/C3), 66.4 (NCH,Py,),
66.2 (NCH,Py,), 34.5 (d, 'J(C,Rh)=25.0Hz, RhCH,CHO); ESI-MS
(CH;CN): 453 [M — PF,]*.

2b-BPh,: Method A: A stirred solution of 1b-BPh, in CD;CN under
nitrogen was exposed to the glass-filtered light from a high-pressure
mercury vapor lamp!'? for 90 min at —30°C. 2b-BPh, was obtained in
>90% yield, as determined by 'H NMR spectroscopy. Method B: HBAr§
(5.5 mg, 5.4 umol) was added to a solution of 1b-BPh, (41.8 mg, 54 umol) in
CD;CN (1 mL) under N,. 2b-BPh, was obtained in approximately 70 %
yield after about 1 h, as determined by '"H NMR spectroscopy. 'H NMR
(200 MHz, CD;CN, 300K): 6=926 (t, 1H, 3/(HH)=5.0Hz,
RhCH,CHO), 9.21 (brd, 1H, 3/(H,H) =6.0 Hz, Py,-H6), 8.62 (brd, 2H,
3J(H,H) =5.6 Hz, Py,-H6), 7.84 (dt, 2H, 3J(H,H) =78, “J(H,H) =1.6 Hz,
Py,-H4), 773 (dt, 1H, 3J/(H,H) =78, “/(H,H) = 1.6 Hz, Py,-H4), 732 (m,
6H, Py-H3, Py-H5), 727 (m, 8H, BAr-H2), 6.99 (t, 8H, *J(H,H) =74 Hz,
BAr-H3), 6.83 (t, 4H, ¥(HH)=72Hz, BAr-H4), 501 (d(AB), 2H,
2J(HH)=15.9 Hz, NCH,Py,), 471 (d(AB), 2H, %(HH)=149Hz,
NCH,Py,), 4.67 (s, 2H, NCH,Py,), 2.69 (dd, 2H, 3J(HH)=5.1,
2J(H,Rh)=2.9 Hz, RhCH,CHO); BC{IH} NMR (125 MHz, CD,CN,
243 K): 6=209.0 (RhCH,CHO), 163.9 (q, J(C,B)=49.2 Hz, BAr-C1),
162.4 (Py,-C2), 159.0 (Py,-C2), 149.9 (Py,-C6), 147.2 (Py,-C6), 139.3 (Py,-
C4), 139.2 (Py,-C4), 135.7 (BAr-C2), 126.1 (q, *J(C,B) =2.7 Hz, BAr-C3),
125.4 (Py,-C5/C3), 124.9 (Py,-C5/C3), 124.4 (Py,-C5/C3), 122.1 (BAr-C4),
121.2 (Py,-C5/C3), 70.7 (NCH,Py,), 68.3 (NCH,Py,), 26.9 (d, 'J(C,Rh) =
21.0 Hz, RhCH,CHO); ESI-MS (CD;CN): 453 [M —BPh,]*, 435 [M —
H,0 — BPh,]*, 425 [M — C,H,—BPh,]*, 409 [M — C,H,O — BPh,]* 393
[M - CH,0,-BPh,]", 391 [M-CH,0,—H,—BPh]"; IR (KBr):
1655 cm™.

3b-BPh,/BArf: HBAr} (57 mg, 0.11 mmol) was added to a solution of 1b-
BPh, (40 mg, 0.1 mmol) in CD;CN (1.0 mL) under N,. 3b-BPh,/BAr} was
obtained in approximately 85% yield as determined by 'H NMR spectro-
scopy. 'H NMR (200 MHz, CDsCN, 300 K): 6=9.51 (t, 1H, 3/(HH)=
4.8 Hz, RhCH,CHO), 8.96 (d, 1H, 3J(H,H) = 5.5 Hz, Py,-H6), 8.52 (d, 2H,
3J(H,H) =5.7 Hz, Py,-H6), 7.95 (dt, 3J(H,H) =78, “/(H,H) = 1.6 Hz, Py,-
H4), 781 (dt, 3/(H,H) =7.8 Hz, *J(H,H) = 1.6 Hz, Py,-H4), 773 (m, 8H,
BArE-H2), 7.68 (s, 4H, BAri-H4), 76 - 74 (m, 5H, Py,-H3, Py,-H5, Py,-H3/
5), 733 (m, 8H, BAr-H2), 721 (m, 1H, Py,-H3/5), 7.01 (t, 8H, 3/(H,H) =
74 Hz, BAr-H3), 6.85 (t, 4H, 3J/(H,H) = 6.9 Hz, BAr-H4), 5.15 (d (AB), 2H,
2J(H,H) =16.4 Hz, NCH,Py,), 4.82 (s, 2H, NCH,Py,), 4.69 (d(AB), 2H,
2J(H,H) =16.6 Hz, NCH,Py,), 3.05 (dd, 2H, ¥(H,H) =49, 2/(H,Rh) =
2.7Hz, RhCH,CHO); “C{'H} NMR (125 MHz, CD;CN, 243K): 6=
206.7 (d, 2J(C,Rh)=1.9 Hz, RhCH,CHO), 164.0 (q, J(C,B)=49.2 Hz,
BAr-C1),161.9 (q, 'J(C,B) =49.8 Hz, BArF-C1), 161.6 (Py,-C2), 158.0 (Py,-
C2), 151.5 (Py,-C6), 148.7 (Py,-C6), 140.9 (Py,-C4), 140.4 (Py,-C4), 135.8
(BAr-C2), 134.9 (BArf-C2), 129.0 (qq, 2J(C,F) =31.4 Hz, 3J(C,B) =2.9 Hz,
BArf-C3), 126.4 (Py,-C5/C3), 126.2 (q, 3/(C,B) =2.6 Hz, BAr-C3), 125.8
(Py,-C5/C3), 125.4 (Py,-C5/C3), 124.6 (q, 'J(C,F)=271.9 Hz, BAr"-CF;),
122.3 (BAr-C4), 122.1 (Py,-C5/C3), 73.5 (NCH,Py,), 69.6 (NCH,Py,), 27.8
(d, J(C,Rh) =20.4 Hz, RhCH,CHO). The signal for BAr-C4 is obscured
by one of the solvent signals. ESI-MS (CH;CN): 227 [M — BPh, — BArf]**,
218 [M — H,0 — BPh, — BArf >~
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The search for extended structures based on linked nano-
sized stable building blocks especially with well-defined
electronic and magnetic properties is an extremely worthy
task because such multidimensional networks could result in
new types of functionalized materials.!l In this context we are
involved in the synthesis of ever larger well-defined metal-
oxide-based nanoparticles with unique host properties and
their linking through M—O—M- or M—O—M'-type bonds to
obtain a wide range of architectures.?! For instance, spherical
metal-oxide-based Keplerate-type clusters with icosahedral
symmetry, which exhibit an internal cavity (diameter) large
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enough to even encapsulate Keggin-type -clusters—thus
leading to remarkable composites—can be generated in a
facile synthesis.®! The Keplerate-type clusters also display
interesting topologies. So far there has been no report on the
linking of such large spherical objects to form a chain
structure (for very interesting fullerene-type systems see
ref. [S]). Here we report the synthesis and structure of an
unusual mixed-valence compound(® containing discrete
{MoY!{(MoYh)s},{Moy Fell}-type Keplerate clusters and their
one-dimensional linking by a novel type of solid-state reaction
at room temperature to form chains. We also present a
theoretical model based on a modification of a
{MoYi(MoY")s},,{Felll} prototypel” that helps to explain the
measured magnetic properties of the chain compound.

If a strongly acidified aqueous solution of sodium molyb-
date is treated with ferrous chloride in the presence of air and
a rather high concentration of acetic acid, black crystals of 1
containing {MoY{(MoY)s},{Mo{Fel}-type anionic clusters
precipitate, which upon drying at room temperature get
linked to chains, yielding (the black) compound 2 (see also
Experimental Section).

Na,[{MoY(Mo"))s};,{Mog Felf}(CH;CO0)0,55(H,0)sy] - ca. 150H,0 1
(=Na,1a-ca. 150H,0)

Na,[{Mo"(Mo")s},,{Moy Felf ( CH;CO0)0,55(H,0)s,] - ca. 80H,0 2
(=Na,2a-ca. 80H,0)

During the formation process, the Fe! ions partly reduce
the MoV! centers though most of the Fe! cations are oxidized
by air to Fe'l. In any case the presence of Fe!! is necessary, as
beginning the synthesis with Fe!ll as starting material in the
presence of a reducing agent leads immediately to a non-
crystalline precipitate.

Whereas compound 2 was characterized to a full extent by
elemental analysis, thermogravimetry (to determine the
crystal water content), bond valence sum (BVS) calcula-
tions,®l spectroscopic methods (IR, resonance Raman, VIS-
NIR, ’Fe Mossbauer) as well as magnetic measurements and
single-crystal structure analysis,/) compound 1, which contains
discrete spherical clusters, could only be identified by single-
crystal X-ray structure analysis of the non-dried crystals.
These crystals were cooled immediately to liquid nitrogen
temperature to block any further release of water and
subsequent condensation reactions which would lead to the
formation of 2.1

Both the spherical cluster anion 1a and the spherical
building blocks of the anion chain 2a comprise 12 pentagonal
fragments of the type {MoY(MoY'O,,)} (containing a central
pentagonal MoO; bipyramid edge-sharing with five {MoOg}
octahedra) which are connected by 24 {Fe'(H,0),}**['"! and
six {MoYO(H,O)}** linkers (the six Mo(4d) electrons are also
partially delocalized over the Mo positions of the pentagonal
{Mo(Mos)} building groups, cf. ref. [11]) statistically distrib-
uted over the 30 vertices of an icosidodecahedron. The acetate
ligands are located inside the sphere and are coordinated in a
bidentate fashion to the metal centers, preferentially bridging
Fe and Mo sites. In crystals of 2 the icosahedral spherical
building blocks, that is {Mo(Mo)s};,{MogFe,,}-type spheres,
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