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cis-Dihydroxylation and epoxidation of alkenes are key chemical \ w12 N Cly / T2+ N PN
transformations in synthetic organic chemistrigr which both NN MO X /° ] Q_ WPe™ o hj\_\N_
stoichiometric oxidants (e.g., peracids, MOOsQ)2 and second- ‘Q;}M"\'87M{7Tﬂ M '/V' o NX Aror TS
and third-row transition metal-based oxidation catafydtave / N ’ X cc;| N N O\C'/C? N
proven to be very effective. In recent years, considerable advances 1 ) - 3 ’
have been ma_lde in the de\_/elopment of atom-t_afflment and envi- Figure 1. Structures of complexek 2, ands3.
ronmentally friendly catalytic methods employing.®$,' most
notably in the use of Mhsalts and Fé complexe°®in the catalytic ool &1 - ool a1
epoxidation of alkenes. In contrast, first-row transition metal- *. 2 : e 2 ke
catalyzed cis-dihydroxylation of alkenes remains a considerable S 60, =3 e <] 60/ 3 . -
challenge. Nevertheless, the recent report by De Vos et al. with il . ; §
heterogenized Mn-tmtachQue et al. with F& pyridyl-amine-based 3 - . { o -
complexes, and our resulfson the use of the oxidation catalyst g 1 . .. _ = 30 - Py
[Mn'V,04(tmtacn}]?" (1),°1%in the presence of electron deficient -~ i A - " e et a

. . [|F T S Sy e § (IS Y e )

aldehydes, demonstrate the potential of these metals toward cis- 00 05 10 15 00 05 10 15
dihydroxylation. time (h) time (h)

We describe here the carboxylic acid-promoted cis-dihydrox- Figure 2. Product formation (81.5 h) for reaction witHl, 2, and3 (1.0
ylation and epoxidation of alkenes catalyzedlbymploying HO, mol % CCkECOzH; see Table 1, entries 1, 7, and 8) with cyclooctene. See

as oxidant. The use of carboxylic acids at cocatalytic levels (Table Figure S1 for complete (7 h) time trace.
1, entries +3 and 7#10) not only is effective in suppressing the

: - " Table 1. Oxidation of Cyclooctene to cis-Diol and Epoxide?
inherent catalase activity df'! but also enables the tuning of the

catalyst's selectivity toward cis-dihydroxylation and epoxidation. enty Catalxzfrt]/;o;stalyst i T.oéﬁgxf;sédml
Spectroscopic studies and X-ray anal{stonfirm that the control
arises from the in situ formation of carboxylate-bridged dinuclear 1 LCCLCOeH (1.0) o1 B 245
2 1/CCI;CO.H (0.2) 59 340 145
complexes, for example, complaX [Mn" ;O(CCKLCO,),(tmtacn)]>*} 3 1/CCLCOM (0.1) 9 65 25
and complex3 {[Mn';(OH)(CCkCO;) (tmtacn}y]*}, during ca- 4 1— 3 10 5
talysis (Figure 1). 5 UHPFs (1.0) 3 10 20
Preliminary experiments employinty (0.1 mol %) and CGH g g(_:CI oM (L0) ‘;é %78% 12%%
CO,H demonstrated _|mproved activity tpyvard the oxidation of 8 3/CCIzCOZH (1:0) 9 380 280
alkenes compared with the electron-deficient aldehydes reported g 1/2,6-CbPhCQH (3.0) 67 525 75
earlier? albeit with slightly reduced selectivity toward tlees-diol 10 Vsalicylic acid (1.0) 82 60 695
(entries 12 and 13). In stark contrast, however, the use of carboxylic E 5&%?@&%(1{;5 (1.0 963 32%0 40%55
. . el : 5
acids at lower (cocatalytic) concentrations—( equiv wrt 1, 13 1/chloral hydrate (25) 88 370 310

entries 1 and 2) resulted in an increase in selectivity toward cis-
dihydroxylation®2 A significant decrease in activity was observed aReaction conditions:1/cyclooctene/HO, 1/1000/1300, KO, added
only at <0.2 mol % CCICO,H (less than two carboxylate ligands  over 6 h, reported data after 7 h, geneljal procedure A AII values within
wrt 1, entries 2-5). This acid concentration dependence suggests égz’}z;’v{tzglfsb;ggg ;?gjg{g_g?ggggéﬂ_slCg_git;.er 40‘5);'/%%?;22?&”?3’
that the active catalyst contains two GCO,~ ligands. The activity ' ' ' ' '
of 2 in the absence of CECOH (entries 2-6) supports this
conclusion. tively during the lag phase via a net two-electron reductioh loy

A lag time (~1 h) is observed in the oxidation of cyclooctene H,0, and exchandé of two x-O ligands with two carboxylates.
catalyzed byl/CCLCOH (entry 1 and Figure 2). Spectroscopic  This confirms thatl is not the active catalyst and thats either
analysis (UV-vis and ESI-MSY confirms that2 forms quantita-  he immediate precursor of the catalytically active species and acts

" University of Groningen. as a “catalyst reservoir” during the reaction or is the resting state
;ggﬁ/;sp?];m Chemicals of the catalyst during the catalytic cycle. Indeed, the spectroscopic
U Unilever R&D Vilaardingen. properties and activity observed during the cyclooctene oxidation
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Scheme 1 activation and/or allylic oxidation}® For cyclooctene, in the later
HO  ©OH o] stages of the reaction, the low alkene concentration results in
1/ acid oxidation of thecis-diol as a competitive process, and continued
© + addition of excess KD, leads to complete oxidation of thués-diol
H20,, 0°C formed initially. Maintaining cyclooctene concentration at pseudo-
2 8-dichlorobenzoic acid (3 mol%) 7 1 steady-state levels, however, suppresses overoxidation (Figure S5)
salicylic acid (1 mol%) 1 " and allows for up to 2000 turnover numbers (TONs)disdiol.12
1/ acid HQ  OH O For other substrates, this approach also resulted in an increased
CHo o O:C - +c ; yield of cis-diol and epoxide?
) 22 419 4tie In summary, carboxylic acids as cocatalysts allow for both the
2 6-dichlorobenzoic acid (3 mol%) 3.5 1 . . :
salicylic acid (1 mol%) 1 33 suppression of catalase activity and, through the formation of

carboxylate-bridged dinuclear Mn complexes, control over the
selectivity and activity toward cis-dihydroxylation and epoxidation.
To the best of our knowledge, the systdi?,6-dichlorobenzoic
acid (2000 TONs forcis-cyclooctanediol) is the most active Os-
free cis-dihydroxylation catalyst reported to date.

catalyzed by comple (Mn'"',) or 3 (Mn'!,) (entries 7 and 8) were
remarkably similar to that of the parenl/CClLCOH" system
(entry 1)12

Overall, only a very modest effect of the catalyst employed (i.e.,
1, 2, or 3) on reactivity and selectivity was observed (entries 1, 7,  Acknowledgment. We thank Ms. T. D. Tiemersma-Wegman,
and 8). In contrast, the effect observed on the lag time and selectivity Mr. C. Smit, and Ms. A. van Dam for assistance with GC and ESI-
during the initial phase of the reaction is striking (Figure 2). For MS analysis, Prof. J. Reedijk for useful discussion, and the Dutch
both 2 and 3, a significant reduction in the lag time is observed Economy, Ecology, Technology (EET) program for financial

together with a reduced selectivity toward cis-dihydroxylation (until
~90 min) compared witli. Moreover, a distinct difference in the
reactivity of 2 and 3 during the first~90 min of the reaction was
observed, after which all three complexes exhibit similar kinetics
and almost identical spectroscopic featueghe results indicate
that the reaction involves low-valent dinuclear Mn complexes (e.g.,
2 and3).

Identification of the involvement of C@CO, as a ligand in
the catalytically active species implied that both the selectivity and
reactivity may be tunable. This prompted a screening program of
more than 30 substituted alkanoic and benzoic acids, which led to
the identification of more selective cocatalysts than {OCLH
toward the cis-dihydroxylation or epoxidation of cyclooctene, that
is, 2,6-dichlorobenzoic acid and salicylic acid (entries 9 and 10
and Scheme 1). As for C&IO,H, for both 2,6-dichlorobenzoic
and salicylic acid carboxylate complexes are formed during the lag
period, indicating that the differences in selectivity and reactivity
observed can be related directly to the nature of the ligating
carboxylate and not to nonspecific pH effettsThe role of the
proximal hydroxyl group of the salicylate as a hydrogen bonding
or proton source may be key to the increased epoxide selectivity.

Together with CGICO.H, these two acids were employed in
the oxidation of a series of alkenes representing key structural
classes (Table S2). As for cyclooctene, ¢&2-heptene either the
cis-diol or thecis-epoxide is obtained as the major product using
2,6-dichlorobenzoic or salicylic acid, respectively (Scheme 1).
Furthermore, retention of configuration (R€¥or both thecis-
diol (RC > 96%) and epoxide (R€ 95%) is observed, indicating

that the reaction between the alkene and the activated catalyst

proceeds via a concerted pathwayhile high conversion is
achieved with electron-rich alkenes, electron-deficient alkenes (i.e.,
dimethyl maleate and dimethyl fumarate) give only low reactivity,
indicating that the catalyst is electrophilic in nature.

The very high activity of the present system was found to be its
Achilles’ heel as exemplified in the oxidation of several of the
substrates (e.g., 1-octene, cycloheXénen contrast to electron-
deficient alkenes (vide supra), the reduced yieldgsisfdiol and
epoxide with several of these substrates are not due to low catalys
activity. Indeed high conversions (790% based on substrate) were

support.

Supporting Information Available: Analytical, experimental, and
X-ray data for2 and 3. Mass and UV-vis spectral data. Catalytic
protocols (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.
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