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Experimental details

Reactions were performed under a dry, oxygen-free, nitrogen atmosphere using
standard Schlenk techniques, unless otherwise stated. All solvents were dried and degassed
appropriately before use. Chemicals were obtained from commercial sources and used as
supplied. Ionic liquids C;mim-PF, were prepared according to literature procedures.' Infrared
spectra were recorded on a Perkin-Elmer Model 883 spectrophotometer (as either liquid film
supported on KBr discs or in pressed KBr pellets). NMR spectra were recorded using a
Bruker AMX-300 spectrometer with *C{'H} and 'H shifts referenced to the residual solvent
signals. All data are reported in ppm downfield from Me4Si. Gas chromatography was carried
out using a Varian CP-3800. Elemental analysis (C, H, N) were performed on an Elemental
LECO CHNS 93 analyser by the Microanalytical Service of the Universidad de Sevilla
(CITIUS).

Synthesis of [M040;4(dmpz)s] (1)

Solutions of 440 mM aqueous [Mo(O)(0,)(H;0),]* (2 mL, 0.877 mmol) and
3,5-dimethylpyrazole (170 mg, 1.75 mmol) in dichloromethane (5 mL) were stirred together
for 30 minutes. Stirring was then discontinued, observing the formation of a biphasic system
wherein the yellow colouration previously resident in the aqueous phase had now transferred
in large part to the organic. The latter was subsequently separated, dried (MgSQ,), filtered
and transferred to a small test tube which was sealed and stored at -15 °C in a freezer. After
several months the formation of crystals in a viscous orange oil was observed. The crystals
were separated, washed with cold acetone and dried in air. The product was thus obtained as

relatively large orange crystals as dichloromethane solvate 1-CH,Cl; (32 mg, 0.026 mmol, 12

! (a) S. Carda-Broch, A. Berthod and D. W. Armstrong, Anal. Bioanal. Chem., 2003, 375,
191; (b) C. M. Gordon, J. D. Holbrey, A. R. Kennedy and K. R. Seddon, J. Mater.
Chem., 1998, 8, 2627.

Prepared by dissolving MoOs in excess 30 % aqueous H,O; at 55 °C. Note that the
resultant solutions are actually composed of various molybdenum species in equilibrium
dependent on factors including concentration pH and temperature. See for example: (a)
L. J. Csainyi, Transit. Metal Chem., 1989, 14, 298. (b) L. J. Csanyi, 1. Horvath and Z.
M. Galbacs, Transit. Metal Chem., 1989, 14, 90. (¢) E. Richardson, J. Less-Common
Met., 1960, 2, 360. (d) G. M. Vol'dman, E. A. Mironova and L. V. Bystrov, Zh. Neorg.
Khim+., 1990, 35, 1306.
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%). IR (KBr, cm™): 631, 668, 745, 853, 903, 956, 967, 1027, 1051, 1151, 1180, 1272, 1299,
1374, 1410, 1472, 1572, 1616, 2856, 2926, 3132, 3420. Calc. Anal. for M04C3;Hs5oN120;6Cla:
C, 28.61; H, 3.87; N, 12.91. Found: C, 28.50; H, 4.25; N, 12.67 %.

Synthesis of [Mo(0)(02)2(pz):] (2)

A solution of [Mo(O)(0)2(H,0),] was produced by reaction of MoOs (5.00 g, 34.7
mmol) with 30 % aqueous hydrogen peroxide (14 equiv., 50 mL, 490 mmol) at 55 °C for 1 h.
Pyrazole (2 equiv., 4.72 g, 69.4 mmol) was then slowly added over 30 minutes whilst the
solution was stirred at 0 °C. The mixture was then stirred for several hours at 0 °C before the
resulting microcrystalline yellow solid was isolated by filtration (5.72 g, 16.6 mmol, 48 %
yield). From the solution, crystals of 2, suitable for X-ray studies, formed slowly over two
days at room temperature. IR (KBr, cm’l): 535, 580, 608, 652, 714, 762, 789, 852, 875, 912,
963, 1044, 1055, 1076, 1128, 1146, 1172, 1254, 1284, 1355, 1399, 1466, 2818, 2875, 2924,
2989, 3042, 3127, 3148, 3328. Calc. Anal. for MoCsHgOsN4: Mo, 30.74; C, 23.09; H, 2.58;
N, 17.95. Found: Mo, 29.05; C, 22.27; H, 2.58; N, 18.02 %.

Synthesis of [Mo(0)(02)2(dmpz),] (3)

Following the same experimental procedure as that employed in the synthesis of
[Mo(O)(0,)2(pz)2], but adding 3,5-dimethylpyrazole in place of pyrazole, the product was
obtained as a yellow microcrystalline solid (6.76 g, 18.4 mmol, 53 %). The product appears to
decompose, darkening considerably within several days. This process can be slowed, but not
prevented, by storing the product under nitrogen at low temperature. IR (KBr, cm™): 532,
586, 659, 668, 701, 742, 815, 860, 878, 957, 1023, 1040, 1061, 1096, 1150, 1230, 1276, 1413,
1576, 2872, 2929, 2973, 3039, 3140, 3206, 3325. Calc. Anal. for MoC,oH;c0sN4: Mo, 26.06;
C, 32.62; H, 4.38; N, 15.22. Found: Mo, 24.05; C, 32.01; H, 4.36; N, 14.54 %.

General catalytic procedure for the olefin epoxidation
The reactor (a 50 mL vial equipped with a Young valve and containing a stirrer flea)

was charged with 0.5 M aqueous [Mo(O)(O)>(H,0),] (50 uL, 0.025 mmol), N-donor base
additive (0.1 mmol), reaction solvent (2 mL), 30 % aqueous hydrogen peroxide (350 uL, 3
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mmol) and the olefin substrate (1 mmol) in the aforementioned order. The reactor was sealed
and heated at 60 °C, maintaining constant stirring in a thermostatted oil bath over 4 h. After
the reaction time was complete the reactor was immediately cooled to 0° C and the products
extracted with petroleum ether (3 x 3 mL). The resulting solution was dried (MgSO,) and
analysed by GC.

Recycling the [Mo]/IL mixture

To investigate the efficiency of catalyst immobilisation in the IL phase in the
Cgmim-PF¢/dmpz system, parallel catalytic studies were carried out wherein the IL and
immobilised catalyst were recycled in further catalytic cycles. Studies were run with both 4 h
cycles, which give effectively complete conversion on the first cycle thus allowing
assessment of the maximum achievable TONs, and 2 h cycles, which give incomplete
conversion and permit clearer analysis of changes in catalytic efficiency. In each case the
importance of refreshing the base additive in between cycles was also investigated. Up to the
product extraction the experimental procedure for each cycle was conducted as detailed
above. Afterwards the reactor was stirred and heated at 60 °C under vacuum for around 30
minutes to remove any volatile residues remaining in the reaction mixture. The reactor was
then cooled and 30 % aqueous hydrogen peroxide (350 puL, 3 mmol) and olefin substrate (1
mmol) were again charged to the reactor, which was sealed before repeating the epoxidation
reaction in the manner detailed above. In the specified experiments 3,5-dimethylpyrazole (0.1

mmol) was also added between cycles at the same time as the oxidant and substrate.

100% N
;
. 80% A i
X
5 60% |
>
ﬁt;) 20% | —a— dmpz added (4 h)
g ® | —x%No base added (4 h)
K 20% | TR dmpz added (2 h)
—x— No base added (2 h)
0% T T T T T T T T
1 2 3 4 5 6 7 8 9 10

Catalytic cycle
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Computational details

The electronic structure and geometries of the model compounds were computed using
density functional theory at the B3LYP level.* The Mo atom was described with the
LANL2DZ basis set’® while the 6-31G(d,p) basis set was used for the C, O, N and H atoms.
The DFT calculations were performed using the Gaussian 03 suite of programs.” The nature
of the optimised geometries of all the compounds were characterised by the calculated

number of imaginary frequency at the same level of theory, i.e., energy minimum structures
without imaginary frequencies (NImag=0). Transition states TS; and TS, were located using
the quadratic synchronous transit (QST2) approach8 and frequency calculations were

performed in order to check the stationary states (NImag=1).

3 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.

4 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.

T. H. Dunning, Jr. and P. J. Hay, Modern Theoretical Chemistry, Plenum, New York,

1976, p. 1.

6 P.J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299.

! Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G.
Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene,
X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford,
J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez,, J. A.
Pople, Gaussian, Inc., Wallingford CT, 2004.

8 C. Peng, P. Ayala, H. Schlegel and M. Frisch, J. Comput. Chem., 1996, 17, 49.
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Fig. S1 Colour changes during stoichiometric epoxidation with [Mo(O)(0O,).(pz)a].
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Fig. S2 Energy profile for the model epoxidation reaction with [Mo(O)(O;).(dmpz)] showing
the formation of the intermediate dioxoperoxo C, with zero point corrected electronic energies

and Gibbs free energies (italics) (kcal mol ™).
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Fig. S3 Selected structural parameters of the optimised transition structures TS; and TS;.
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Fig. S4 X-ray structures of [M04O1¢(dmpz)s] (1) and [Mo(O)(0O2)2(pz)2] (2) (30 % probability

thermal ellipsoids; H atoms have been omitted for clarity).
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Table S1 Selected bond distances (A) and angles (°) in experimental [Mo40,¢(dmpz)] (1) and
calculated [M04O6(dmpz)s], [M0(O)2(0O,)(dmpz),] and [M0,0s(dmpz),].

Experimental Calculated
[M0,0,4(dmpz)s] [M0,40,6(dmpz)s] | [M0(0)2(0,)(dmpz),] | [M0,Og(dmpz),]

Mo(1)-0(1) 1942(15) | Mo-O | 1.948 1.876
Mo(1)-002) 1.9560(16) | Mo-0 | 1.976 1.952
Mo(1)-0(3) 19547(16) | Mo-O | 1.989 1.952
Mo(1)-0(4) 16760(16) | Mo=0 | 1.693 1.703
Mo(1)-005) 23455(15) | Mo-O | 2.534

Mo(1)-0(1)#1 19597(14) | Mo-O | 1.998 2.037
Mo(1)-N(1) 2.1979(18) | MoN | 2.247 2271
0(2)-003) 14472) 0-0 1.426 1.426
Mo(2)-0(8) 17072(17) | Mo=0 | 1.731 1724

Mo(2)-005) 1763315 | Mo=0 | 1.779 1777

Mo(2)-0(6) 1.9240(17) | Mo-O | 1.954 1.959

Mo(2)-0(7) 19255(17) | Mo-O | 1.954 1.959

Mo(2)-NG3) 22066(19) | MoN | 2.250 2252

Mo(2)-NG5) 220702) MoN | 2255 2252

0(6)-0(7) 145102) 0-0 1.425 1429

O(#1-Mo(1)-N(1) _ 15477(7) | O-MoN | 1552 155.7
O@)Mo(1)-0(5) __173.24(7) | O-Mo-0 | 169.7

0(8)-Mo(2)-0(5) ___118.198) | 0=Mo=0 | 1155 1177

NG)Mo2)NG)  163.66(7) | N-MoN | 16438 159.6
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Table S2 Selected bond distances (A) and angles (°) in [Mo(O)(02)2(pz)2] (2).

Mo(1)-O(1)
Mo(1)-0(2)
Mo(1)-0(3)
Mo(1)-O(4)
Mo(1)-0(5)
Mo(1)-N(1)
Mo(1)-N(3)
0(2)-0(3)

0(4)-0(5)

O(1)-Mo(1)-O(5)
O(1)-Mo(1)-O(3)
0(5)-Mo(1)-0(3)
O(1)-Mo(1)-O(4)
0(5)-Mo(1)-O(4)

1.6778(12)
1.9620(12)
1.9357(12)
1.9401(13)
1.9189(13)
2.1594(13)
2.3886(13)
1.4807(16)
1.474(2)

104.25(6)
102.04(6)
91.52(6)
103.24(6)
44.90(6)

0(3)-Mo(1)-0(4)
0(1)-Mo(1)-0(2)
0(5)-Mo(1)-0(2)
0(3)-Mo(1)-0(2)
0(4)-Mo(1)-0(2)
O(1)-Mo(1)-N(1)
0(5)-Mo(1)-N(1)
0(3)-Mo(1)-N(1)
0(4)-Mo(1)-N(1)
0(2)-Mo(1)-N(1)
0(1)-Mo(1)-N(3)
0(5)-Mo(1)-N(3)
0(3)-Mo(1)-N(3)
0(4)-Mo(1)-N(3)
0(2)-Mo(1)-N(3)

133.79(6)
100.53(6)
133.46(6)
44.65(5)
155.36(5)
90.55(6)
129.25(6)
132.97(5)
84.66(6)
88.72(5)
172.30(5)
82.77(5)
80.68(5)
79.37(5)
76.24(5)
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Table S3 Coordinates of computed compounds.

C,H4

c 0.000000 0
c 0.000000 0
H 0.000000 0
H 0.000000 0
H 0.000000 -0
H 0.000000 -0
()(hll4

c 0.000000 0.
c 0.000000  -0.
H 0.920300 1.
H -0.920300  -1.
H -0.920300 1.
H 0.920300  -1.
0 0.000000 0.
dmpz

H -1.148700 1.
N -0.620600 1.
N 0.733600 1.
H -3.076400  -0.
H 3.180300 0
H -3.069100  -0.
c -1.105400  -0.
c -2.568500 -0
¢ 1.126900  -0.
c 2.585800 -0
H 2.860000  -1.
c 0.011800  -0.
H -2.719800  -1.
H 2.859900  -1.
H 0.019700  -2.

[Mo(0)(02)2(dmp2),] (3)

Mo -0.239500 -1.

-1.580400 -2

(©]

1.050200 -2.

.000000
.000000
.923300
.923300
.923300
.923300

734700
734700
273500
273500
273500
273500
000000

973700
115500
181200
047300

.480900

076900
157400

.468900

092900

.435300

023800
971600
550200
024900
052100

352900

.281900

620000

-0
-0

-0
-0
-0

-0
-1

.665100
.665100
.238100
.238100
.238100
.238100

.371600
.371600
.596400
.596400
.596400
.596400
.855600

.000500
.000200
.000100
.874900
.000300
.893800
.000600
.000500
.000100
.000300
.883100
.000500
.016900
.881800
.000800

.556400
.030900
.157800
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