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Experimental Section

General Aspects. 'H- and '*C-NMR spectra were recorded on a Bruker AC 200 ('H:
200 MHz, *C: 50 MHz) or a Bruker AC 250 (‘H: 250 MHz, '*C: 63 MHz) spectrometer with
CHCl; (8 7.26) for the 'H and CDCl, (8 77.0) for the "*C resonances as internal reference
standards. IR spectra were recorded on a Perkin—-Elmer 1600 spectrophotometer. GC-MS
analysis was conducted on a MD 800 mass spectrometer, coupled with a Fisons Instruments
GC 8000. A DB-Wax column was employed as stationary phase and He gas was used as

carrier: 50 °C (3 min isotherm) to 240 °C (4 °C/min).
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ESI-MS analysis was perforrhed by utilizing a TSQ 7000 tandem-mass spectrometer
system, equipped with an ESI interface (Finnigan MAT). Data acquisition and evaluation
were conducted with a ICIS 8.1 software (Finnigan MAT). For sample injection, a Rheodyne
8125 with 5-pl sample loop was used. Acetonitrile at a ﬂoW rate of 50 ul/min was employed
as solvent. For pneumatically assisted electrospray ionization, the spray-capillary voltage was
set to 4.0 kV and the temperature of the heated inlet capiliary was 200 °C. Nitrogen was used
as sheath gas (80 psi). Positive ions were defected with a total scan duration of 3.0 s for a
single full spectrum (mass range m/z 150 to 2000). The MS-MS experiments fof the product-
ion scans (mass range m/z 150 to 2000) were performed at a collision gas pressure of 260
mPa with Ar gas and the collisién energy was set to 25 or 35 eV with a total scan duration of

3.0 s for a single spectrum.

Materials. Iodosobenzene was prepared by hydrolysis of the corresponding diacetate
according to the literature method."® Iodosobenzene diacetate was obtained from Merck. The
alcohols 1a, 1¢, 1g and 1k were commercially available (Merck, Aldrich). The alcohols 1b**,
E-1d", Z-1d%, 1", lfls, E-1h", Z-1h"P 10", 1'%, 1%, 11_n21, 1n*® were synthesized in
analogy to known methods. The “30-labeled alcohol 0-1¢ was prepared by equilibrating the

alcohol 1¢ with highly enriched 0-labeled water (94.5 atom%) according to the literature

2
procedure.”

I

The chromium complex [Cr (salen)]Cl [A(Cl)] was obtained according to the literature

procedure’ and the complexes [Cr'(salen)]TfO [A(TfO)] and [Cr"(salen)]PE, [A(PF¢)]
were made from A(CI) by anion exchange according to the known procedure.? The authentic

oxo complexes [Cr"(salen)(O)]TfO [D(TfO] and [Cr" (salen)(O)]PFs [D(PFy)] were prepared

I

by oxidation of the respective [Cr (salen)]X complex with iodosobenzene or its diacetate
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derivative by following the literature method.™” Since the oxidation of the complex
[Crm(salen)]TfO [A(TfO)] by PhI(OAc), is not reported in the literature, the experimental

procedure of this reaction is described below.

Oxidation of [Cr™(salen)]TfO [A(TFO)] by PhI(OAc);. To a solution of the complex
A(.TfO), (51.0 mg, 0.100 mmol) in 5 ml. CH;CN was added PhI(OAc), (354 mg,
0.110 mmol at ca. 20 °C under an Ar gas atmosphere. After ca. 5 min, the yello'w solution
turned to darkfgreen; The reaction mixture was concentrated aftef 1hto 2 mL and dry Et,0
was added slowly. The black-green precipitate (37 mg, 79% ) was collected by filtration. The
IR spectrum of this solid material matched well with that of the authentic X0 compléx
[Crm(salen)(O)]TfO [D(TfO], which showed a characteristic stretching band at 995 cm™! for

the Cr=0 group.”*®

ESI-MS Characterization of Cr(salen) Complexes. An aliquot of 5 pL from a 1.2 mM
stock solution of the complex [Cr'"'(salen)]TfO [A(Tf0)] in CH;CN was analyzed by ESI-
MS. It showed the ion peaks of m/z 318.2 [Cr"(salen)]*, m/z 359.4 [Cr™(salen){CH,CN}]*
and m/z 400.2 [CrI"(salén){CH3CN}2]+. The ESI-MS analysis of the authentic oxo complex
[Crv(salen)(O)]TfO [D(TfO)], which was prepared by oxidation of A(TfQ) -with PhIO
according to the literature procedure **°, showed the ion peak m/z 333.8 [Crv(salen)(O)]+.
The complex obtained from the oxidatioﬁ of A(TfO) with PhI(OAc), also showed the ion

peak m/z 333.8 (Figure 1).
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Figure 1 Electrospray mass spectrum of the reaction mixture of the [Crm(salen)]TfO

complex with PhI(OAc), in CH;CN.

To characterize additional chrdmium épeéies formed in the reaction of A(TfO) with
PhI(OAc);, a 1.2 mM solution of the complex A(TfO) and PhI(OAc), (1.5 equiv) in CH;CN
was stirred at 20 °C for 12 min. A 5-pL sample ffom this solution was analyzed by ESI-MS
(Figure 1). The following ion _peaks were observed: m/z 6404 (8%)
[Cr'(salen){PhI(OAC),}]* (B*), m/z 377.4 (31%) [Cr"(salen)(OAC)]* (C*), and m/z 333.8
(100%) [Cr"(salen)(0)]* (D*), together with the three ion peaks detected in the CH;CN

solution of the complex A(TfO) without oxygen source.
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General Procedure for the Oxidation of Alcohols 1 with Iodosobenzene Diacetate

Catalyzed by Chromium(III)(salen) Complexes

To a solution of the substrate 1 (0.3-0.5 mmol) and 0.1 equiv of the catalyst
[Crm(salen)]X in 3-5 mL of CH,Cl, was added 1.5 equiv of PhI(OAc),. After stirring for the
time specified in the Table 1, the reaction mixture was adsorbed on silica gel (2-3 g) by
careful evaporation of the solvent (20 °C, 300-400 mbar). The adsorbed material was
transferred to a small Buchner funnel, on which had been placed a silica-gel (4-5 g) pad, and
washed unaer suction (300-400 mbar) first once with petroleum ether (30-50 mL) to remove
iodobenzene and then once with Et;O (40-60 mL) to obtain the carbonyl products 2 and
unreacted alcohols as mixture. This treatment was necessary to remove the paramagnetic
chromium species, which cause severe line broadening in the NMR spectrum and prevent
quantitative product analysis. After evaporation (20 °C,-100-400 mbar) of the’solverit, the
crude product mixture was analyzed by 'H-NMR s'pe‘ctro,scopy for conversions, mass

balance, yields and chemoselectivities.

The carbonyl products 2a, ¢, e, f, g and k were identified by comparison with the authentic
samples (commercially available). The carbonyl compounds 2b%, E-2d*, 7247,
E-2h*, Z-2h%, 2i%, 2§% 21°, 2m*, 20 and the epoxy alcohol E-3h’" were characterized by

comparison of their NMR data with those reported in the literature.

Preparative Oxidation of the Alcohols E-1h, 1k, 1m and 1n
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The preparative oxidations were performed in the presence of a catalytic amount of NaOAc

(0.2 equiv), because this external base enhanced the conversion at decreased reaction time.

Alcohol E-1h. To a solution of the alcohol E-1h (0.148 g, 1.00 mmol) in CH,Cl, (10 mL),
the complex A(CI) (0.039 g, 0.10 mmol), NaOAc (0.017 g, 0.200 mmol) and PhI(OAc),
(0.483 g, 1.50 mmol) were added successively. The reaction mixture was stirred at 20 °C for
4 h to achieve full conversion of the alcohol. The work-up of the reaction mixture according
to the general procedure and subsequent flash silica-gel chromatography (80 : 20 mixture of
petroleum ether/Et,O as eluent) afforded the ketone £-2h (0.13 g, 89%) and the epoiide E-3h

(0.06 g, 3.6%) as colorless oil.

Alcohol 1k. The above procedure was applied for the oxidation of the alcohol 1k (0.116 g,
0.750 mmol) with PhI(OAc), (0.362 g, 1.12 mmol) in the‘presence of the complex A(CI)
(0.029 g, 0.075 mmol) and NaOAc (0.011 g, 0.160 mmol). Thé reaction was completed after
3 vh, and the respective aldehyde 2k was formed as the only product. Since 2k is a low boiling
product, the yield (91%) was determined by '"H-NMR analysis with dimethyl isophthalate as
internal standard. For this purpose, the crude product was purified by flash silica-gel
chromatographym (85 : 15 mixture of petroleum ether/Et,O as eluent), the solution was
concentrated under vacuum (20°C, 3507mbar) and é sample of the concentrated solution was

analyzed by '"H-NMR spectroscopy.

Alcohol 1m. A sample of 0.103 g (0.600 mmol) 1m was oxidized with PhI(OAc); (0.290 g,
0.900 mmol) in the presence of the complex A(CD) (0.023 g, 0.060 mmol) and NaOAc
(0.010 g, 0.120 mmol) in CH,Cl, (10 mL). After work-up according to the general procedure,

the lH-NMR analysis of the crude reaction mixture showed the enones Z/E-2m in a ratio of
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86:14. Silica-gel chromatography afforded 0.015 g (14.6 %) of Z-2m and 0.067 g (65%) of

E-2m (Z:E ratio 19 : 81), and 6.00 mg (5.8%) of the starting alcohol 1m was recovered.

Alcohol In. A sample of 1n (0.121 g, 0.600 mmol) was oxidized with PhI(OAc), (0.290 g,
0.900 mmol) in the presence of the complex A (CI) (0.023 g, 0.060 mmol) and NaOAc
(0.010 g, 0.120 mmol) in CH2C12'( 10 mL). After standard work-up, the 'H-NMR analysis of
the crude reaction mixture showed the enones ZE -2n in a ratio of 95:5. Silica-gel
chromatography afforded 0.015 g (12.4%) of Z-2n and 0.076 g (62.8%) of E-2n (Z/E ratio

17: 83), and 10.0 mg (8.2%) of the starting alcohol 1n was recovered.

Product Studies in Oxidation of the Allylic Alcohol E-2h

Stoichiometric Oxidation. To a solution of the alcohol E4lh (7.40 mg, 0.050 mmol) in
CH,Cl; (2 mL) was added 0.060 mmol of the authentic oxo complex D(TfO) or D(PF;;) in
the absence or presence of PPNO (0.120 mmol) and the reaction mixture was stirred at ca.
20 °C for 0.5 h or 1 h. After work-up according to the géneral procedure, the crude reaction
mixture was analyzed by 'H-NMR spectroscopy with <“1i<mett;yl i‘sophthalate as an iafemal
standard for conversion, mass balance and product distribution (chemoselectivity). The data

are given in Table 2.

Catalytic Oxidation. To a solution of the alcohol E-1h (14.8 mg, 0.100 mmol) and
0.10 mmol of the Cr"'(salen) complex (specified in Table 2) was added either PhI(OAc), or
PhIO (0.15 mmol) in the presence or absence of PPNO (0.02 mmol). The reaction mixture

was stirred at ca. 20 °C for 0.5 h or 1 h. After work-up according to the general procedure,
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the crude reaction mixture was analyzed by 'H-NMR spectroscopy with dimethyl

isophthalate as an internal standard (data in Table 2).
180-Labeling Experiments |

Stoichiometric Oxidation. To a solution of 12.4 mg (0.100 mmol) “80-1¢ (%0 content
90 £ 5%) in CH,Cl; (3 mL) was added the oxo complex D(TfO) (62.5 mg, 0.120 mmol). The
reaction mixture was stirred at ca. 20 °C and monitored by TLC. After 50 h, the reaction was
worked up according to the general procedure, except no petroleum-ether wash was

employed.

GC-MS analysis éf the crude mixture revealed a 1:1 mixture (51: 49) of the ketone and
starting alcohol, and the 0 contents were ‘84% for 1%0-2¢ and 91% for the unreacted alcohol
B0-1c (error + 5%) . The 80 content was dgtermined by the GC-MS analysis from the
relative intensities of the molecular ions m/z 122 and 124 fo;' the carbonyl compounds 2¢ and

80-2¢ and m/z 126 and 124 for the alcohols 1¢ and 80-1c.

Catalytic Oxidation. To a solution of “%0-1c (12.4 mg, 0.100 mmol) and the complex A(Cl)
(5.00 mg, 0.100 mmol) in CH,Cl, (3 mL) was added either PhI(OAc), or PhIO (0.15 mmol).
The reaction mixture was stirred at 20 °C and the conversion monitored by TLC. Work-up
after 6 h, and analysis of the crude reaction mixture as above gave "°0 contents of 90% and

87% (error * 5%) for the '80-2¢ with PhI(OAc); and with PhIO.
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Control Experiménts

To assess whether PhI(OAc); may oxidize the alcohol 1 directly, a solution of the alcohol
E-1h (29.6 mg, 0.200 mmol) and PhI(OAc), (97.0 mg, 0.300 mmol) in CH,Cl, (4 mL) was

M(salen) complex at 20 °C for 6 h. The reaction mixture was worked

stirred without any Cr
up according to the general procedure and directly submitted to '"H-NMR spectroscopy. The

analysis showed < 5% conversion of the alcohol E-1h and a high mass balance (> 95%).

To scrutinjze the effect of the base NaOAc on the catalytic oxidation of the alcohol, the
oxidation of the alcohol E-1h (44.5 mg, 0.300 mmol) with PhI(OAc), (145 mg, 0.450 mmol)
and the complex A(CH) (11.0 mg, 0.030 mmol) was carried out in the presence of catalytic
amounts of NaOAc (11.0 mg, 0.060 mmol) in 4 mL CH,ClI, at 20 °C. TLC analysis revéaled
complete conversion of E-lh within 3 h. After work-up according to the general procedure,
the quantitativ¢ 'H-NMR analysis of the crude reaction mixture showed a high yield (98%)

of enone E-2h and high mass balance (98%).

Acid-Catalyzed Z/E Isomerization of the Enones 2d and- 2h A 90:10 or >95:5 mixture of
Z/E isomers of the enone 2d or 2h was dissolved in normal CDCl, (contains traces of HCI) or
in acid-free CDCl; (filtered through basic Al,03), and the Z/E ratio was determined at
different time intervals by 'H-NMR spectroscopy (Tabie 4). The enone Z-2h was also
isomerized on silica gel during chromatographic pufification. The crude enone product,
obtained by catalytic oxidation of Z-1h, showed a Z/E ratio of 91:9 (Table 1, entry 10). After

silica-gel chromatography of the crude product, the Z/E ratio changed to 15:85.
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Table 4 Acid-Catalyzed Z/E Isomerization of the Enones 2d and 2h.

substrate _ solvent time (min) Z : E ratio
O CDCl, 0 90:10
| CDCL, » 50 32:68
>d CDClL; 40 _ 90:10
CDCl, 0 >95:05
i CDCl, 30 75:25
Eu\ CDCl, .300 10:90
zl;,h CDCl 20 ‘ >95:05
CDClL}! _ 300 ‘ >95:05

*CDCI, was filtered through basic ALO,.
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