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ABSTRACT

Tetracarbonylmolybdenum(0) complexes of the tgme{Mo(CO)4(L)] containing chiral 7-
(1-pyrindanyl) amine ligands were prepared and dotm be effective precatalysts for the
epoxidation of achiral dfs-cyclooctene) and prochiral b-limonene and transp-
methylstyrene) olefins at 55 °C. Epoxides were tmy products formed froncis
cyclooctene (100% vyield) andransp-methylstyrene (100% selectivity at 82-85%
conversion), and the main products formed framlimonene (80-82% 1,2-epoxide
selectivity at 85% conversion). Characterizationretovered catalysts revealed that the
precatalysts were transformea situ to stable polyoxomolybdate salts containing fhe

octamolybdate anionFMogO.¢*, which was responsible for the catalytic reaction.

Keywords:Molybdenum; Tetracarbonyl complexes; Olefin epakiah; Chiral ligands; 1-

pyrindane derivatives; Oxidative decarbonylation



1. Introduction

The family of group 6 metal carbonyl complexes éssatile and effective for several
catalytic reactions such as hydrogenation, hydragibn, hydrogermylation, hydroxylation,
isomerization, olefin metathesis and metathesisyrpetization, radical reactions, and
(ep)oxidation (e.g. of alkenes, amines, alcohol$ suifides) [1-5]. The application of these
carbonyl complexes in catalysis first arose inléte 1960’s [6,7] with the use of Mo(C§£gs
a precatalyst for the epoxidation of olefins (mdefios [6], diolefins and functionalized
olefins [7]), using an organic hydroperoxide asdaxit, namelytert-butylhydroperoxide
(TBHP) or cumene hydroperoxide. Halcon (later OxasaArco Chemical, and Lyondell
Petrochemical [7]) claimed the application of Mo(g@r the industrial catalytic production
of the bulk chemical propylene oxide, which is uged variety of plastics, foams and paints
[3,8-10]. More recently, in 2007, Dow Global Teclogies Inc. claimed the application of
various families of molybdenum compounds as homeges catalysts to produce epoxides
via liquid-phase reaction of olefins with organidnoperoxides [11].

Since the turn of the century, there has been gwmiterest in the use of molybdenum
carbonyl complexes as precursors to'Meatalysts for oxidation reactions, with most o th
research being focused on dicarbonyl and tricarbeoynplexes [2-5,12-14]. From 2010
onwards some of us have been investigating tetraogl complexes of the typeis-
[Mo(CO)4L] (L = N,N-ligand) for the epoxidation of aliphatic and cgclolefins (e.qg.
terpenes), using TBHP as oxidant [15-19]. The’Momplexes can be used directly as
catalyst precursors since they undergo oxidativad®nylationn situ (by reaction with the
oxidant) to give oxomolybdenum compounds in higfesually +6) oxidation states. A
variety of oxidized compounds have been isolated amclude the one-dimensional
molybdenum oxide/bipyridine polymer [Ma@@,2'-bipy)] from cis[Mo(CQO)4(2,2'-bipy)]
(2,2'-bipy = 2,2'-bipyridine) [15], the octanucleduster [M@O.4(di-tBu-bipy)] from cis-
[Mo(CO)4(di-tBu-bipy)] (di4tBu-bipy = 4,4'-ditert-butyl-2,2'-bipyridine) [15], and the
tetranuclear species [MO:1(pypzH)] from cis[Mo(CO)4(pypz)] (pypzH = 2-[3(5)-
pyrazolyllpyridine) [16].

To the best of our knowledge, tetracarbonylmolyhsiercomplexes containing chiral
organic ligands have not yet been studied in citatyefin epoxidation. Herein we report on
the synthesis of twohiral tetracarbonylmolybdenum pyrindanyl amine pteres and their

use as precatalysts for the epoxidatiorcisfcyclooctene (used as a benchmark substrate),
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pL-limonene andransp-methylstyrene. The catalytic performances of tbhenglexes are
compared with results reported previously for edlatcomplexes. Characterization of
recovered catalysts established that the tetrangtb@omplexes are oxidized to
octamolybdate salts of the type (LdHM03O,g] (rather than to hybrid complexes or materials
where the organic ligand remains coordinated tante&al center, which has been reported in

the literature for different tetracarbonylmolybdemorgano complexes).

2. Experimental

2.1. Materials and methods

Molybdenum hexacarbonyl (Flukagjs-cyclooctene (95%, Alfa AesarpL-limonene
(>95%, Merck) trans-B-methylstyrene (99%]Jert-butylhydroperoxide (5.0-6.0 M in decane),
a,a,0-anhydrous trifluorotoluene>09%), anhydrous acetonitrile (99.8%), hexane (99%2;
dichloroethane (99%h-pentane (>95%, Carlo Erba), diethyl ether (99.8%§lecane (99%),
(R)-(+)-o-methylbenzylamine  (98%), Sf-(—)-a-methylbenzylamine  (98%), 37%
formaldehyde solution, and sodium triacetoxyborolual (97%) were purchased from
Sigma-Aldrich unless otherwise indicated, and wsedeceived.

Microanalyses for C, H and N were carried out & fhepartment of Chemistry,
University of Aveiro, with a Truspec Micro CHNS 6200-200 elemental analyzer. FT-IR
spectra in the 300-4000 chrange were collected using KBr (Sigma-Aldrich, 999%-IR
grade) pellets and a Mattson-7000 infrared spebbtmmeter. Attenuated total reflectance
(ATR) FT-IR spectra were measured using a Specdde@aGate Mk Il ATR accessory
having a diamond top plate and KRS-5 focusing len@56 scans, resolution 4 ¢
Solution'H and *C NMR spectra were measured with Bruker CXP 300péBenent of
Chemistry, University of Aveiro), Avance-300 (Depaent of Chemistry, University of
Aveiro) or Avance lll 400 (Centro de Materiais danitkrsidade do Porto — CEMUP)
instruments. Chemical shifts are quoted in ppm fiidvis. Mass spectra were recorded on a
LTQ Orbitrap XL mass spectrometer (Thermo Fishere@tdic, Bremen, Germany)
controlled by LTQ Tune Plus 2.5.5 and Xcalibur @. {CEMUP). Optical rotations were
measured on a thermostated Jasco P-2000 digitatipeter using a sodium lamp. Flash
chromatography was performed on silica gel (Mer@kZB80—240 mesh), and analytical TLC
was carried out on pre-coated silica gel platesr¢M&0 Fs4 0.25 mm) using UV light



and/or an ethanolic solution of phosphomolybdicdafollowed by gentle heating) for

visualization.

2.2. Synthesis

2.2.1. General protocol for reductive amination

In a round bottomed flask, the appropriate amins diasolved in anhydrous GEl,
(20 mL) followed by addition of anhydrous }¥0, and the carbonyl compound (ketaher
formaldehyde) (Scheme 1). The reaction was lefteundagnetic stirring for 4 h at room
temperature. After that period, the reducing agedaBH(OAc), was carefully added and the
reaction allowed to proceed for a further 20 h. Thaction mixture was filtered under
reduced pressure and saturated Nakl(D mL) was added to the filtrate. The phases were
transferred to a separating funnel and the agupbase was washed with @El, (3 x 20
mL). The organic extracts were combined and drieet anhydrous N&O,, filtered, and the
solvent removedn vacuo The crude oil was chromatographed using AcOEtlagnt,

affording the desired amine.

2.2.1.1. (R,R)-N-(1-phenylethyl)-6,7-dihydro-5H4openta[b]pyridin-7-amine 4)

Following the general protocol for reductive amioaf (R)-(+)-a-methylbenzylamine
(0.73 mL, 5.6 mmol) was reacted with keto®€0.500 g, 3.75 mmol) and NaBH(OAc)
(1.193 g, 5.63 mmol). After the work-up procedund purification, aminé was obtained as
a brown oil (0.715 g, 80%JH-NMR (CDCl, 400 MHz):6 = 8.40 (dJ = 4.9 Hz, 1H, H-2),
7.50-7.39 (m, 3H, ArH), 7.35-7.28 (m, 2H, ArH), 7-2.20 (m, 1H, ArH), 7.05 (dd,= 7.5,
5.0 Hz, 1H, H-3), 4.24 (q] = 6.6 Hz, 1H, NHCH(CHPh), 4.12 (tJ = 7.7 Hz, 1H, H-7),
2.79 (dddJ = 16.1, 8.9, 2.9 Hz, 1H, Hsp), 2.68-2.57 (m, 1H, H&;), 2.53 (br s, 1H, NH),
1.97 (dtd,J = 12.8, 7.8, 3.0 Hz, 1H, Hsf), 1.58 (dddJ = 17.1, 12.8, 8.9 Hz, 1H, Hs&),
1.47 (d,J = 6.6 Hz, 3H, NHCH(CH)Ph) (see Fig. 1 for atom labellingfC-NMR (CDCE,
101 MHz):6 = 165.5 (C-7a), 147.8 (CH, C-2), 146.5 (G, 136.5 (C, C-4a), 132.6 (CH,
C-4), 128.4 (2CH, X Cpety, 127.4 (2CH, 2¢ Conno), 127.1 (CH, Gara), 122.2 (CH, C-3),
62.5 (CH, C-7), 58.7 (CH, NHCH(G§Ph), 33.8 (CH, C-6), 28.3 (CH, C-5), 24.4 (CH,
NHCH(CHs)Ph). ESI-MS: calculated for fgH1oN2]*, 239.15; obtained, 239.182°°¢ = +
28.6 €1, CHCE).



2.2.1.2. (S,S)-N-(1-phenylethyl)-6,7-dihydro-5Htogentalb] pyridin-7-amine §)

Following the general protocol for reductive amioat (9-(—)-a-methylbenzylamine
(0.73 mL, 5.6 mmol) was reacted with ketoB&0.500 g, 3.75 mmol) and NaBH(OAc)
(1.193 g, 5.63 mmol). After the work-up procedund purification, amin& was obtained as
a brown oil (0.751 g, 84%JH-NMR (CDCl, 400 MHz):6 = 8.40 (d,J = 4.9 Hz, 1H, H-2),
7.50-7.41 (m, 3H, ArH), 7.36-7.28 (m, 2H, ArH), 7=Z.20 (m, 1H, ArH), 7.05 (ddd, =
7.5, 4.9, 0.4 Hz, 1H, H-3), 4.25 (g~ 6.6 Hz, 1H, NHCH(CRPh), 4.12 (tJ = 7.7 Hz, 1H,
H-7), 2.80 (dddJ = 16.1, 8.8, 2.9 Hz, 1H, HsB), 2.73-2.45 (m, 2H, H:&; + NH), 1.97
(dtd,J =12.8, 7.8, 3.0 Hz, 1H, Hs®), 1.60 (dddJ = 17.1, 12.8, 8.8 Hz, 1H, Hx&), 1.48 (d,
J = 6.6 Hz, 3H, NHCH(CR)Ph). *C-NMR (CDCk, 101 MHz):6 = 165.2 (C, C-7a). 147.8
(CH, C-2), 146.0 (C, fs0), 136.7 (C, C-4a), 132.7 (CH, C-4), 128.8¢EZH, ArC), 127.5 (2
x CH, ArC), 127.2 (CH, ArC), 122.3 (CH, C-3), 62GH, C-7), 58.6 (CH, NHCH(C§JPh),
33.6 (CH, C-6), 28.2 (CH, C-5), 24.5 (CH, NHCH(CHs)Ph). ESI-MS: calculated for
[C16H10No] ", 239.15; obtained, 239.383° = — 27.9 €1, CHCE).

2.2.1.3. (R,R)-N-methyl-N-(1-phenylethyl)-6,7-diayBH-cyclopenta[b]pyridin-7-amine
[(R,R)-pyGHsN(CHs)CH(CHs)Ph)=L1]

Following the general protocol for reductive amioat amine4 (0.700 g, 2.94 mmol)
was reacted with an aqueous 37% solution of forafaide (0.33 mL, 4.4 mmol) and
NaBH(OAc) (1.869 g, 8.82 mmol). After the work-up procedunel gurification, amine. 1
was obtained as a brown oil (0.579 g, 78%i:NMR (CDCl, 400 MHz):6 = 8.60-8.38 (m,
1H, H-2), 7.55-7.48 (m, 2H, ArH), 7.45 (ddi= 7.6, 1.3 Hz, 1H, ArH), 7.35-7.28 (m, 2H,
ArH), 7.26-7.20 (m, 1H, ArH), 7.05 (dd,= 7.5, 4.9 Hz, 1H, H-3), 4.57 3,= 7.7 Hz, 1H,
H-7), 4.16 (dJ = 5.0 Hz, 1H, N(CH)CH(CHs)Ph), 2.88 (ddd) = 16.2, 8.8, 4.7 Hz, 1H, H-
Seyn), 2.74 (ddd,J = 16.2, 8.4, 7.7 Hz, 1H, Hs&), 2.14-1.93 (m, 5H, H, + H-Gnii +
N(CHs)CH(CHg)Ph), 1.49 (d,J = 6.7 Hz, 3H, NHCH(CHPh). *C-NMR (CDC}, 101
MHz): 6 = 164.6 (C, C-7a), 148.2 (CH, C-2), 145.8 (Gusd; 137.1 (C, C-4a), 133.0 (CH, C-
4), 128.4 (2CH, % Cpetg, 127.8 (2CH, 2 Corho), 126.9 (CH, Gara), 121.8 (CH, C-3), 65.2
(CH, C-7), 63.0 (CH, N(CECH(CHgs)Ph), 33.3 (CH, N(CH3)CH(CHz)Ph) 28.3 (CH, C-6),
24.3 (CH, C-5), 21.3 (CH, N(CHs)CH(CHs)Ph). ESI-MS: calculated for [GH»:1N2]",
253.17; obtained, 253.1632° ¢ = + 26.2 €1, CHC}).



2.2.1.4. (S,S)-N-methyl-N-(1-phenylethyl)-6,7-dibysH-cyclopenta[b]pyridin-7-amine
[(S,S)-pyGHsN(CHs)CH(CHs)Ph)=L2]

Following the general protocol for reductive amioat amine5 (0.700 g, 2.94 mmol)
was reacted with an aqueous 37% solution of forataide (0.33 g, 4.4 mmol) and
NaBH(OACc) (1.869 g, 8.82 mmol). After the work-up procedunel gurification, amine.2
was obtained as a brown oil (0.549 g, 74%:NMR (CDCl, 400 MHz):6 = 8.52—8.46 (m,
1H, H-2), 7.55-7.48 (m, 2H, ArH), 7.45 (ddi= 7.6, 1.2 Hz, 1H, ArH), 7.35-7.28 (m, 2H,
ArH), 7.26-7.20 (m, 1H, ArH), 7.05 (dd,= 7.5, 4.9 Hz, 1H, H-3), 4.57 @,= 7.7 Hz, 1H,
H-7), 4.16 (br s, 1H, N(CEICH(CHs)Ph), 2.88 (dddJ) = 16.1, 8.8, 4.7 Hz, 1H, Hsp), 2.74
(ddd, J = 16.3, 8.1, 7.7 Hz, 1H, Hi&), 2.15-1.97 (m, 5H, H«6 + H-Gi +
N(CHs)CH(CHs)Ph), 1.49 (d,J = 6.7 Hz, 3H, NHCH(CHPh). *C-NMR (CDC}, 101
MHz): 6 = 164.2 (C, C-7a), 148.2 (CH, C-2), 145.9 (Gusd; 137.1 (C, C-4a), 132.5 (CH, C-
4), 128.4 (2CH, % Cpetg, 127.9 (2CH, Z Corho), 126.9 (CH, Gara), 121.9 (CH, C-3), 65.2
(CH, C-7), 63.0 (CH, N(CECH(CHs)Ph), 33.4 (CH, N(CHs)CH(CHs)Ph), 28.3 (CH, C-6),
24.3 (CH, C-5), 21.3 (CH, N(CHs)CH(CHs)Ph). ESI-MS: calculated for [GH»1N2]",
253.17; obtained, 253.182°°C = — 27.3 €1, CHC}).

2.2.2. General procedure for synthesis of tetraoasth complexes

In a Schlenk tube, Mo(C@pand organic ligand.1 or L2 were reacted in refluxing
anhydrous CBCN (40 mL) for 30 min under nitrogen. Solvent wasnoved from the
resultant brown mixture by evaporation under redupeessure, giving a brown solid that

was washed with hexane X240 mL) and pentane (20 mL), and finally vacuunedri

2.2.2.1. cis-[Mo(CQ)L1)] (1)

Mo(CO) (0.31 g, 1.17 mmol) was reacted witi (0.30 g, 1.19 mmol), giving in
54% vyield (0.29 g). Anal. Calcd for,@,0N.M0QO, (460.33): C, 54.79; H, 4.38; N, 6.08.
Found: C, 54.40; H, 4.45; N, 6.10%. Selected F{KRBr, cm%): 359 (m), 705 (m), 796 (m),
944 (m), 1455 (m), 1822 (vs), 1868 (vs), 1892 2§)13 (s), 2854 (w), 2927 (m)H NMR
(CDCls, 300 MHz):6 = 8.58 (d, 1H, H-2), 7.6-7.2 (overlapping signat&l multiplets, 6H,
aryl-H and H-4), 7.14 (dd, 1H, H-3), 4.71 (t, 1H;7 4.48 (g, 1H, N(CEHCH(CHs)Ph),
2.93-2.63 (overlapping multiplets, 2H, Hypand H-%:), 2.6-2.0 (m, 5H, H-§n + H-6ani +
N(CHs)CH(CHg)Ph), 1.95 (d, 3H, N(CEICH(CHs)Ph).



2.2.2.2. cis-[Mo(CQYL2)] (2)

Mo(CO) (0.27 g, 1.02 mmol) was reacted witf2 (0.26 g, 1.03 mmol), giving in
64% yield (0.29 g). Anal. Calcd for,@,0N.M0QO, (460.33): C, 54.79; H, 4.38; N, 6.08.
Found: C, 54.57; H, 4.79; N, 6.13%. Selected F{KRr, cm%): 363 (m), 705 (m), 795 (m),
944 (m), 1454 (m), 1822 (vs), 1868 (vs), 1893 26)1.3 (s), 2857 (W), 2927 (mH NMR
(CDCls, 300 MHz):6 = 8.58 (d, 1H, H-2), 7.6—7.2 (overlapping signahs multiplets, 6H,
aryl-H and H-4), 7.14 (dd, 1H, H-3), 4.71 (t, 1H;7 4.48 (g, 1H, N(CECH(CHs)Ph),
2.93-2.63 (overlapping multiplets, 2H, Hypand H-%:), 2.6-2.0 (m, 5H, H-§n + H-6anii +
N(CHs)CH(CHs)Ph), 1.95 (d, 3H, N(CEJICH(CHs)Ph).

2.3. Catalytic tests

The catalytic reactions were carried out at 55 AGen autogenous pressure in 10 mL
borosilicate reactors possessing a Teflon valvesénpling, under magnetic stirring (1000
rpm). The reactor containing the catalyst (k8ol), substrate (1.8 mmol) and 2 mL of co-
solvent was immersed in a thermostated oil batd€uatirring) and, after 10 min, 2.75 mmol
of oxidant (also pre-heated) was added (correspgnhi the initial instant of the reaction).
cis-Cyclooctene (Cy),bL-limonene 0L-Lim), transp-methylstyrene tbms) were the
substrates; 1,2-dichloroethane (DCE) amd,a-trifluorotoluene (TFT) were used as co-
solvents (other than the decane present in theaokisblution) for reactions of Cy amd-
Lim/tbms, respectively.

The reactions were monitored by analysis of samigllesn at different reaction times
using a Varian 3900 GC equipped with a flame iamradetector and a capillary column
(J&W Scientific DB-5, 30 m x 0.25 mm x 0.28n). Undecane was used as internal standard
(experimental range of error of less than 5%). fideetion products were identified by GC-
MS (Trace GC 2000 Series Thermo Quest CE Instrisn@@; Thermo Scientific DSQ II)
using He as the carrier gas.

A biphasic solid/liquid reaction mixture was ob&inhfor all systems after 24 h and,
with the objective of identifying the active spesii¢he liquid phase was separated from the
solid phase by centrifugation (3000 rpm). The soliere thoroughly washed with diethyl
ether (3x 10 mL) and pentane (2 10 mL), dried at ambient temperature overnight] an
finally vacuum-dried (ca. 0.1 bar) at 60 °C for .1These recovered solids are denoted as

sub-runl, where=1 or 2, and sub = CypL-Lim or tbms.



The recovered solid$-Cy-runl and2-Cy-runl were tested for Cy reaction using the
same mass ratio of molybdenum compound:olefin:oxida that used for the typical reaction
conditions; after a 24 h batch run, the correspupdiolids were recovered (denotedy-
run2 and2-Cy-run2) using the same procedure described aftoovbe original compounds.

3. Resultsand discussion
3.1. Catalyst preparation

LigandsL 1 andL 2 were prepared from ketoe(Scheme 1), which was obtained from
2,3-cyclopentenepyridine using an optimized protqareviously developed by some of us
[20-22]. The reductive amination of ketoBewith (R)-(+)-a-methylbenzylamine R)-PEA]
and §-(—)-a-methylbenzylamine |B)-PEA] using NaBH(OAg) (STAB) as reducing agent
proceeded diastereoselectively, affordidg(R,R) and 5-(S,S), respectively, as major
diastereopure amines in good Yyields (80-84%). ThbsequentN-methylation of the
secondary amined and5 under the same protocol was accomplished usingoaeous
solution of formaldehyde, yielding the title terftaaminesL 1 andL 2 (74-78%).

The tetracarbonyl complexess-[Mo(CO)4(L1)] (1) andcis-[Mo(CO)4(L2)] (2) were
obtained as brown solids in fair yields by reactiMg(CO) directly with the respective
organic ligand_1 or L2 in refluxing CHCN. Complexed and?2 display long-term stability
in the solid-state if stored under inert atmosphel@wvever, in solution (the complexes are
soluble in ethanol, acetone, diethyl ether, acétitaitoluene, ethyl acetate, chloroform and
dichloromethane), the complexes present Ilimitedbilgty being susceptible to
decarbonylation reactions. Both complexes are uidelin hexane, pentane and water. IR
spectra ofl and2 in the solid-state (KBr pellets) display four C®esching bands in the
region 1810-2020 ciin a pattern consistent withcis-tetracarbonyl geometry. The solution
'H NMR spectra confirm the presence of the orgaigiandsL 1 andL2 and furthermore
display peak shifts that can be attributed to cmatitbn of the ligands to the metal center.
For example, the resonances for the pyridyl ringtgors H-2 and H-3 shift downfield from
8.5 and 7.05 ppm for the free ligands to 8.58 ardd ppm for complexe$ and2 (CDCl
solvent). Similarly, the resonances for the methpnatons at 4.58 (H-7) and 4.16 ppm
(N(CH3)CH(CHg)Ph) for the free ligands shift to 4.71 and 4.4&dpr the complexes.

3.2. Catalysis



3.2.1. General considerations using cis-cyclooci@mnenodel substrate

Complexesl and2 promoted the epoxidation ofs-cyclooctene (Cy) with TBHP at 55
°C (DCE as cosolvent), and 1,2-epoxycyclooctané(Gyas the only product formed (100%
selectivity) (Fig. 2). Without molybdenum speciesdeor TBHP, olefin conversion was
negligible, and thus metal species and the oxidamtrequired for the formation of active
species. There is consensus across previouslytegporechanistic studies that the active
oxidizing species involves the coordination of thedant to the metal center [23-29]he
kinetic curves forl and2 are roughly coincident, suggesting that the two poamds possess
similar catalytic activity and stability, despitieet chiral differences. High conversions were
reached at 6 h (92-94%), and the reaction was amplithin 24 h.

A comparison of the catalytic results fband2 with literature data (based on epoxide
yields at 6 h, where CyO selectivity was always %00or neutral or ionic molybdenum
tetracarbonyl compounds bearing pyridine-containihngands (L), under somewhat
comparable reaction conditions, indicates thatpémormances of and2 are far superior to
the complexes with L = 2,2-bipy (71% CyO yield)5[1 di-tBu-bipy (84%) [15] pypzH
(51%) [16], or ethyl[3-(2-pyridyl)-1-pyrazolyl]acate (70%) [16] (Table 1). N-heterocyclic
carbene (NHC) complexes of the type [Mo(G@HC),] (NHC = 1,3-dibenzylimidazol-2-
ylidene or 1,3-dipropylimidazol-2-ylidenen = 2), or 3-methyl-1-picolylimidazol-2-ylidene
(n=1)) led to poorer catalytic results (ca. 9-354Cyield at 24 h, 55 °C; Table 1) [30]. At
the higher reaction temperature of 70 °C, the cemdMo(CO)L] with L = N-[3-
(trimethoxysilyl)propyl]lethylenediamine led to 47@yO yield at 50% conversion, at 24 h
(catalyst:olefin:oxidant = 1:159:317, mesitylene aasolvent), which is much poorer than
that forl and2 [31].

The catalytic results fot and2 are on a par with some of the best results regonte
the literature for complexes of the type [Mo(GQ)tested as precatalysts for Cy reaction, at
55 °C, specifically with L = 2-(1-pentyl-3-pyrazdjyyridine (93% CyO vyield at 6 h) [19]
andN-(n-propyl)-2-pyridylmethanimine (100% CyO vyield ahp[17].

3.2.2. Epoxidation of prochiral olefins

Compoundsl and 2 were further explored for the epoxidation of priogholefins,
namelytrans-p-methylstyrenetbms) andc-limonene 6L-Lim) with TBHP at 55 °C (TFT as
cosolvent) (Fig. 2 and 3). Witlhms as substrate, complexieand?2 led to similar catalytic
results (62%/85% and 59%/82% conversion at 6 h/2fbhl and 2, respectively), which
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parallels that observed with Cy as substrate. Tdalyic reaction oftoms was 100%
selective towards the epoxide isomers33)-2-methyl-3-phenyloxirane and RZBR)-2-
methyl-3-phenyloxirane, which were formed in appnoately equimolar amounts
(enantiomeric excesed was always< 1%). Hence, asymmetric induction was negligible.

Poor asymmetric induction ability was reported &mveral molybdenum carbonyl
complexes (withtbms as substrate), excluding chiral molybdenuna¢anbonyl complexes,
which, to the best of our knowledge, have not beeviously explored in catalytic olefin
epoxidation [32-36]. This feature may be partly dogoartial ligand dissociation and/or the
pronounced distance between the olefin molecule ted chiral centers of the active
oxidizing species (negligible stereochemical caists for chiral induction ability), and/or
involvement of radicals in the epoxidation reacti¢83-36]. The catalytic results farand?2
with tbms as substrate are comparable with results falolisor the chiral complex 4€)-
menthylCp]Mo(CO3CI (84% epoxide yield; 24 h, 55 °C, CHYJ32], molybdenum carbonyl
complexes withansabridgeds;°-cyclopentadienyl ligands where the stereogenidetsrare
located in side chains (50-66% vyield; 4 h, 55 °@udne) [33], and the complexN{
benzyloxycarbonylprolyl)cyclopentadienyl]Mo(CéMe (84% yield; 24 h, 57 °C, CHgI
[34] (in all these studies, total epoxide seletyivie 100% and Mo:olefin:oxidant =
1:100:200). Among these studies the maximaemeported was 19-20% for tlamsabridged
complexes (the enantiomer in excess was not spdtifd3]and the methyl-derived complex,
which favored formation of the R3R)-2-methyl-3-phenyloxirane enantiomer [3Elurther
comparisons of thébms epoxidation results fat and 2 with literature data for other
molybdenum carbonyl complexes are difficult dughe broad range of reaction conditions
used. The best result reported for the compleRp€ M (1*-C3Hs)(CO), (M = Mo, W) and
[(R)-Cp”Mo(CO)(NCMe)]BF,; (Cp™ = chiral oxazoline pendant group) was 58% conwversi
(100% epoxide selectivity) after 6 h reaction atbaéent temperature (Mo:olefin:oxidant =
1:100:200, CHG)) [36]. The complexes CpMo(C&} with X = CHRRCO(OR)) (R* = ethyl,
menthyl or bornyl, R= H; R' = ethyl, R = methyl or phenyl) led to 62-70% epoxide yield
(100% selectivity) after 8.3 h reaction at ambidemperature (Mo:olefin:oxidant =
1:100:200, CHCIy) [35]. The two latter works reported negligil#es.

Complexesl and2 were further tested for the epoxidation of the-dévived olefinbL-
limonene pL-Lim). Limonene is produced via distillation of de turpentine, and is a
valuable by-product of pine oil and camphor proessd.imonene epoxidation leads to
valuable products, such as limonene-1,2-monoepdit®nene oxide, abbreviated as LO)

and 1,2:8,9-diepoxp-menthane (limonene dioxide, abbreviated as LDO)e Telative
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abundance, low cost, and structural similarity yolahexene oxide, make LO an attractive
choice as a biorenewable epoxide monomer for copalization with CQ, giving a
biodegradable polycarbonate (LDO may also be used), consequently, providing an
attractive green route to non-isocyanate polyurethawithout requiring the use of either
toxic isocyanate monomers or phosgene [37-39hdnseme way, LO can give polyesters by
reaction with succinic anhydride [40]. LO/LDO care lused as intermediates for the
manufacture of perfumes, flavors and fragrancegjresn solvents, and as reactive diluents
in cationic and UV cure applications [39,41-4GBpoghegan and Evans employed LO as a
starting material for the synthesis of (+)-perilgdcohol [44], which may be useful as a
“chiral pool” starting material and as an anti-canagent [45].

The reaction of (racemi@L-Lim with TBHP, in the presence dfor 2 at 55 °C, led to
similar catalytic results, in parallel to that ohsl for the two complexes with Cy tiims as
substrates. TheL-Lim conversions were 85% and 96-97% at 6 h antd,Zéspectively (Fig.
3). The main reaction products were LO isomers, elganflS4S)-(—)-cis-limonene-1,2-
epoxide and ([&,49-( —)-translimonene-1,2-epoxide (diastereomers formed fr@n( )-
limonene (S-Lim)), and @&4R)-(+)-cis-limonene-1,2-epoxide and RUR)-(+)-trans
limonene-1,2-epoxide (diastereomers formed fr&p(¢)-limonene (R-Lim)), which were
formed with total (LO) selectivity of 80-82% and-89%, at 6 h and 24 h, respectively
(Scheme 2).

Slight enantiomeric excesse=e(s)of the (+) LO isomers were obtained at 24 h (éa. 4
of isomer Il relative to Il and 14-16% of isomerdlative to 1ll). On the other hand, slight
diastereomeric excesdd) of trans limonene-1,2-epoxide isomers was obtained at 23-h
4% of isomer | relative to Il and 6-9% of isomdrrilative to V).

Other products of theL-Lim reaction included LDO (selectivities of 12-13866 h and
19-20% at 24 h) and 1-methyl-4-(1-methylethenylgtoliexane-1,2-diol (LDOH,;
selectivities of 0-2% at 6 h and 8-9% at 24 h). Tate LO/(LO+LDO) was in the range 0.8-
1, indicating high chemoselectivity in favor of tepoxidation of the endocyclic double bond.
LO selectivity decreased with time, and LDO selattiincreased (Fig. 3). On the other
hand, 8,9-epoxy-menth-1-ene was not formed, suggesting that LDOfoisned via
consecutive epoxidation of LO.

To the best of our knowledge, there are no repamtghe use of chiral molybdenum
carbonyl complexes as precatalysts for the reaabomacemicoL-Lim, although it was
reported that they may promote the reaction ofpghee isomers of limonene with TBHP.
Specifically, the complex [Mo(CQx(4,4'-dimethyl-2,2'-bipyridine)] led to 56% convins
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of R-(+)-Lim and 91% selectivity to the monoepoxideS4R)-(+)-cis- (1) and (IR4R)-(+)-
translimonene-1,2-epoxide (I), ande was less than 5% (24 h, 55 °C, Mo:olefin:oxidant =
1:100:200, CHCI,) [46]. The complexesR)-Cp”M(#>-CsHs)(CO), (M = Mo, W) and [R)-
Cp”Mo(CO)%(NCMe)]BF; led to quantitative conversion @&-(+)-Lim to LO after 1 h
reaction at 55 °C [36]; an approximately equimahaxture of LO isomers was obtained for
the neutral complex, while 20%e of the (+)cis isomer was obtained for the cationic
complex (Mo:olefin:oxidant = 1:100:200, CH{l

The few published studies that report the Mo-catdyreaction obL-Lim with TBHP
use chiral oxomolybdenum compounds as (pre)catal(yiEble 2). In general, compountls
and?2 studied in this work led to comparable resultstéinms of LO yields at 24 h) to those
obtained with the polymeric compound [((M@henthyl)Sn)MoO4(H-0)s5 [47], and
slightly better results than those for the compléMoO{(—)-2,2-bis[(4559-4-
hydroxymethyl-5-phenyl-1,3-oxazolin-2-yl]propane}] [48]. The hybrid  polymer
[M0,O¢(trethb?,]-H,O (trethbz= (S-4-(1-phenylpropyl)-1,2,4-triazole) led to highgelds
(82%) [49]. The (+)eis and (+)trans LO isomers were predominantly formed relative-+9-(
cis and &)-trans respectively, using all Mo compounds, with thetless observed forl
and2 and also [MgOs(trethb2,]-H,O as (pre)catalysts. The dioxomolybdenum(VI) comple

containing the chiral oxazoline ligand led to thghestde (18-20% oftransisomers) [48].

3.2.3 Nature of active species

Complexesl and2 are converted into active oxidizing species (dsed aboveh situ
during the catalytic process. Structural modifioatof the starting complexes is somewhat
supported by the fact that the color of the Cy tieac mixtures containing 1( or
2)/olefin/TBHP changed from greenish to light browpon addition of the oxidant to the
reactor. The metal species were isolated after b Bdtch run, giving the solidsCy-runl
and 2-Cy-runl, and characterized by ATR FT-IR spectrpycg¢Fig. 4). Indicators for
oxidative decarbonylation of the precatalysts dre disappearance of the CO stretching
bands in the region 1810-2020 ¢nand the appearance of several new bands in thédMo
stretching region of 650-950 ¢ Similar spectra were obtained for the solidsasad after
catalytic reactions with the other substrates (Big. The pattern of bands in the M
stretching region is highly characteristic of tffeoctamolybdate anion3[MogO.¢*, as
supported by the literature data given in Tabler3cbmparison. This polyoxomolybdate had

previously been identified as the product of oxidatdecarbonylation of the complexes

12



[Mo(CO)sloLy] (L = pyridine or 4tert-butylpyridine), which gave the salts (L4Y10502¢]
[50]. The Cy/TBHP reaction in the presence 18€y-runl or2-Cy-runl led to similar
catalytic results to the respective parent compsdrahd?2 (Fig. 2). Compound4-Cy-run2
and2-Cy-run2 exhibited similar ATR FT-IR spectraleCy-runl an®-Cy-runl, suggesting
that the polynuclear species formed is chemicd#ple during the catalytic reaction (Fig. 4).
On the other hand, these results suggest thatcthe @pecies formed from the precursbrs

and?2 are responsible for the catalytic epoxidation pssan the first and second batch runs.

4. Conclusions

The efficacy of molybdenum carbonyl complexes a&atalysts for olefin epoxidation
reactions has motivated some efforts to preparmlcbatalyst precursors in the hope that
these may promote asymmetric induction. In the gortesvork we have described the first
report of the application of chiral molybdenum aetrbonyl complexes in catalytic olefin
epoxidation. Although epoxides were either the mainonly products formed frongis-
cyclooctene trans-f-methylstyrene andL-limonene, stereoselectivities were low with the
prochiral olefins. The lack of success in asymmegpoxidation may be partly due to the
labile behavior of the 7-(1-pyrindanyl) amine ligisn which decoordinate upon oxidative
decarbonylation of the precursors to gfgectamolybdate salts in which the protonated
organic ligand is present as charge-balancing mat©Our previous work withcis-
[Mo(CO)4(L)] catalyst precursors has indicated that chegpligands such as bipyridines and
pyrazolylpyridines tend to remain coordinated tce timetal center upon oxidative
decarbonylation to give either discrete polynucleao-complexes or hybrid molybdenum
oxide/organic polymers, and therefore better sigcdasasymmetric epoxidation may be

achieved by employing chiral derivatives of thegees of ligands.
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Figure captions

Scheme 1. Preparation of the ligandsL{ and L2) and corresponding tetracarbonyl

complexes and2).
Scheme 2. Products formed fromL-limonene epoxidation.
Fig. 1. Atom labelling used in the NMR peak assignments.

Fig. 2. Kinetic profiles for the catalytic reactiod$Cy (A), 2/Cy (o), 1-Cy-runl/Cy (+),2-
Cy-runl/Cy (-),Y/tbms @) and2/tbms (), using TBHP as oxidant at 55 °C.

Fig. 3. Kinetic profile of the reaction ajL-Lim with TBHP, in the presence a&f(+) or2 (%),
at 55 °C, and selectivity to the products L®,4), LDO (e,0) and LDOL f@,o ) for reactions
of 1 (closed symbols) a2 (open symbols).

Fig. 4. FT-IR spectra in the range 500-2100 ¢rof L1 and complexi, and ATR FT-IR

spectra of solids recovered after catalytic reastio
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Tablel

cis-Cyclooctene epoxidation at 55 °C in the preserfi@mmpoundsl and2, and comparison

with literature data for molybdenum tetracarborgmplexes.

Complex Reaction conditions Corf %) Select. (%) Ref.
Mo:Cy:TBHP Cosolverit t (h)
1 1:100:153 DCE 6/24 92/100 100/100 This work
2 1:100:153 DCE 6/24 94/100 100/100 This work
[Mo(CO)4(2,2-bipy)] 1:100:153 DCE 6 71 100 [15]
[Mo(CO)4(di-tBu-bipy)] 1:100:153 DCE 6 84 100 [15]
[Mo(CO)4(pzpyH)] 1:100:152 None 6/24 51/78 100/100 [16]
[Mo(CO)4(pzpyE)] 1:100:152 None 6/24 70/92 100/100 [16]
[Mo(CO)4(pzpyP)] 1:113:172 DCE 6/24 93/100 100/100 [19]
[Mo(CO)4(pyim)] 1:100:153 None 5 100 100 [17]
[Mo(C0O)4(1Bz),] 1:100:200 None 4/24h  ~7/~35 100/100 [30]
[Mo(CO)4(IPr),] 1:100:200 None 4/24h  ~10/~32  100/100 [30]
[Mo(CO)4(PyNHC)] 1:100:200 None 4/24h  ~2/~9 100/100 [30]

42,2'-bipy = 2,2'-bipyridine, diBu-bipy = 4,4'-ditert-butyl-2,2"-bipyridine pzpyH = 2-[3(5)-

pyrazolyl]pyridine, pzpyE = ethyl[3-(2-pyridyl)-1ypazolyl]acetate, pzpyP = 2-(1-pentyl-3-
pyrazolyl)pyridine, pyim =N-(n-propyl)-2-pyridylmethanimine, IBz = 1,3-dibenzylidazol-2-
ylidene, IPr = 1,3-dipropylimidazol-2-ylidene, PyllH= 3-methyl-1-picolylimidazol-2-ylidene.
® Other than decane from oxidant solution.
¢cis-Cyclooctene conversion.
4Selectivity to the epoxide (CyO).
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Table?2

Limonene epoxidation with TBHP and chiral Mo compds at 55 °C.

Compound Sub®  Mo:Sub:TBHPSolvS C(%)' Y (%)° ee(%) de(%) Ref.
1 pL-Lim 1:100:153 TFT 96 67 4(l) 6() This work
140 3()
2 pL-Lim 1:100:153  TFT 97 68  4(l) 9(l)  This work
16() 4()
[(Me,RSNpM0O,(H;0)s DL-Lim 1:100:150  CHCl, 90  65-67 - ‘ [47]
R-Lim 85 - 5"
SLim 97 - 5"
[Mo,Og(trethb,]-H,0  pL-Lim 1:100:153  TFT 90 82  12(l) 3(V) [49]
18() 8 ()
[MoO,(oxazol)] pi-Lim 1:138:211  DCE 90 59  13(lll) 18 (I)
25 () 20 (llly
R-Lim 87 68 - 22()  [48]
SLim 88 60 - 19(1l)

%R = menthyltrethbz= (9-4-(1-phenylpropyl)-1,2,4-triazole; oxazol =)-2,2-bis[(45,59)-4-
hydroxymethyl-5-phenyl-1,3-oxazolin-2-yl]propane.

® SubstratesoL-Lim = DL-limonene;R-Lim = R-(+)-limonene;S-Lim = S(—)-limonene.

¢ Solv. = cosolvent added (other than decane froigiamt solution).

dConversion of the substrate after 24 h.

°Total yield of 1,2-epoxides after 24 h.

" Enantiomeric excess at 24 h; the isomer in exisdsslicated within brackets (pairs of enantiomers

I/l and 11/1V).

9Diastereomeric excess at 24 h; the isomer in exseasdicated within brackets (pairs of

diastereomers I/l and 11I/1V).

"The isomer in excess was not specified.
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Table3

Comparison of infrared bands observed for the re@/compounds-Cy-runl and-Cy-

runl in the range 650-950 chwith bands exhibited b§-octamolybdate salts.

Compound IR bands (cr) Ref.
1-Cy-runi,2-Cy-run® 942 903 844 701 659  This work
(pyH)[M05O%d] 946 912 839 709 675 [50]
(tBUpyH)[M0O%d 949 914 837 708 659  [50]
(Hbiim)[MogOsd 944 919 838 686 670  [51]
(HDBU)3(NH4)[M0gOz¢]- H2O 939 910 842 720 669 [52]
(HMiM),[M0gOs] 946 910 841 710 665 [53]
(Dhmim),[M0gOsd] 956 911 837 714 650 [53]
(HPy)[M05Ozq- H;0 947 911 836 717 632  [53]
(Bmim)[MogOx] 939 913 842 714 661  [54]
(dMIimX))IM0gO5g]o(H30)s+ H:O 944 902 841 711 651  [55]
(4,4"-Hbipy)ay[M0gO2q"° 935 910 836 699, 657 [56]

& pyH = pyridinium;tBupyH = 4tert-butylpyridinium; Hbiim = 2,2"-biimidazole; DBU = 1,8-
diazabicyclo[5.4.0]undec-7-enétmim = 1-hexyl-3-methylimidazolium; Dhmim = 1,2-dathyl-3-
hexylimidazolium; Hpy = 1-hexylpyridinium; Bmim =Hutyl-3-methylimidazolium; dmimX =
bis(1,2-dimethylimidazolium) p-xylenedichloride44bipy = 4,4'-bipyridine.

® ATR FT-IR bands.
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1) Two chiral tetracarbonylmolybdenum pyrindanyl amine complexes have been synthesized.
2) The tetracarbonyls can be used catalyst precursors for olefin epoxidation with TBHP.
3) Epoxides were obtained as the main/only products from achiral/prochiral olefins.

4) Oxidative decarbonylation of the precursors with TBHP gives S-octamolybdate salts.



