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Abstract: A series of anisoles are complexed by pentaammineosmium(ll), and the resufinganisole
complexes are treated with activated olefins or acetals in the presence of triflic acid to Heemigblium
complexes. These intermediates are capable of undergoing inter- or intramolecular nucleophilic addition
reactions at C3, and 2-methoxy-1,3-cyclohexadiene complexes are formed. These complexes are readily
converted into functionalized cyclohexenones, cyclohexadienes, and cyclohexenes. Wi@hBtHE used,

it is possible to form a M-anisolium complex with a pendent boron enolate, which can ultimately undergo
intramolecular addition to C1 to form the corresponding{2] cycloadduct. For cases in which an activated
alkyne is added to a C4-alkylated anisole, a migration of the vinyl group occurs, leading to 4-methyl-3-
vinylanisoles.

Introduction methodology has been the subject of an intense research effort

: g
Arenes are useful precursors to highly substituted alicyclic over _the past three decadesTypically, ths arene '?78'9
compounds as they constitute a cyclic array of fully unsaturated coordlnaiel% E’ a metal ferltzelrs such as C_f(@_OM”(CQ)s a
carbons-?2 Their aromatic nature makes them highly stable Fe(ArHy™, d or Fi”(cg.l?“ d d‘?‘.”d CooLd'nat'oT.aCt'Vat?Shthe
compared to other polyolefinic systems, and readily derivatized a"€n€ toward nucleophilic addition. The resulting cyclohexa-
through both electrophilic and nucleophilic substitution reac- di€ny! complex may be oxidized to provide a substituted arene

tions. However, arenes are much less susceptible to reaction®’ in se!ected cases treateq with Brgnsted aCi,d or othgr
with electrophiles than olefins, and when they do react, the electrophiles to provide disubstituted 1,3-cyclohexadienes. This

resulting arenium cation usually deprotonates to reform an Methodology has been applied to numerous organic syntfieses.
aromatic system. Methodologies that allow for the selective In a complementary approach, the metal center Og[&H
conversion of an arene to a diene such as the Birch reddétion  (6) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@ciples

; ; ; and Applications of Organotransition Metal Chemistend ed.; University
or the enzymatic dihydroxylation of arefebave become Science Books: Mill Valley, CA, 1987.

powerful t00|_5 of the synthetic chemist. o N (7) Semmelhack, M. FComprehensie Organometallic Chemistry ;li
Complexation of an arene by an electron-deficient transition Abel, E. W., Ed.; Pergamon Press: Oxford, U.K., 1995; Vol. 12, Chapters

i i i« 9.1 and 9.2, p 979.
metal center greatly modifies the arene reactivity, and this (8) Kane-Maguire, L. A. P.: Honig, E. D.: Sweigart, D. Shem. Re.

(1) Mander, L. N.Synlett1991, 134. 1984 84, 525.
(2) Bach, T.Angew. Chem., Int. Ed. Endl996 35, 729. (9) Pike, R. D.; Sweigart, D. ASynlett199Q 565.
(3) Birch, A. J.J. Chem. Socl944 430. (10) Astruc, D.Synlett1991 369.
(4) Mander, L. N.Comprehengie Organic SynthesisTrost, B. M., (11) Astruc, D.Tetrahedron1983 39, 4027.
Fleming, I., Ed.; Pergamon Press: Oxford, U.K., 1991; Vol. 8, p 489. (12) Pearson, A. J.; Zhu, P. ¥. Am. Chem. S0d.993 115 10376.
(5) Hudlicky, T.Chem. Re. 1996 96, 1195. (13) Moriarity, R. M.; Gill, U. S.; Ku, Y. Y.Tetrahedronl 998 29, 2685.
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forms n2-coordinate complexes with aromatic molecules and
activates them toward electrophilic addition reactishsOur
studies concerning electrophilic addition reactions with
coordinated phend!® and aniline¥ illustrate the ease with
which electrophiles can be added to C4 of an arene. However,
the resultingy?-4H-phenol and #-anilinium complexes are
unexpectedly resistant to nucleophilic addition at C3. To
develop a more general route to functionalized dienes from
arenes, we have shifted our attentiontanisole osmium
complexes, from which the corresponding-dnisolium species
were anticipated to be considerably more reactive than their
4H-anilinium or 2,5-dienone counterparts.

+

X
1 gt . 2
7Yy 2 d Nu 3@1
Mo — Mo | —_— Me—
I | !
Z 3 4 ~~
Nu

m--

Experimental Section

The synthesis and characterization of the compléxe®” and5—7
and22—24* have been previously reported. All complexes have been
isolated and characterized as triflate salts unless otherwise indicated
In some cases, the osmium salts were purified by ion exchange
chromatography (Sephadex SP) and analyzed by combustion analysi
as their tetraphenylborate salts. Triflate salts were used directly as
isolated for all synthetic procedures.

Abbreviations: DDQ = 2,3-dichloro-5,6-dicyanobenzoquinone;
DME = 1,2-dimethoxyethane; DMA= N,N-dimethylacetamide; TBAC
= tetran-butylammonium cyanoborohydride; TBStert-butyldimeth-
ylsilyl; OTf~ = CRSG;~ (triflate); MMTP = 1-methoxy-2-methyl-1-
(trimethylsiloxy)propene; TBAH= tetran-butylammonium hexaflu-
orophosphate; MVK= methyl vinyl ketone; CAN= Ce(NG;)s(NH.)o.

Selected Examples of Compound Syntheses. [Os(Nk(3,4492-
2-methoxy-6-(1-carbomethoxy-1-methylethyl)-1,3-cyclohexadiene)]-
(OTf)2(9). Complex 1 (253 mg, 0.37 mmol) was dissolved in{CHl
(5.0 g), and the solution was cooled+al0 °C. Cold triflic acid (168
mg, 1.12 mmol) in CHCN (2.5 g) was added, and the solution
immediately turned purple. After20 min, cold MMTP (645 mg, 3.71
mmol) dissolved in CBCN (2.7 g) was added, and the solution was
allowed to stand for-1.5 h. 2,6-Lutidine (625 mg) was added, and
the solution was precipitated inte200 mL of a 1:1 hexanes/GBI,
solution. The resulting slurry was filtered and rinsed with,CH and

then hexanes, and the product was isolated as a white solid (266 mg,

92%). *H NMR spectra revealed formation of a single diastereomer.
IH NMR (CDsCN): 6 4.49 (d, 1H,J = 4.5 Hz), 4.14 (br s, 3Hrans
NHs), 3.78 (d, 1H,J = 8.1 Hz), 3.61 (s, 3H), 3.58 (m, 1H), 3.49 (s,
3H), 3.02 (br s, 12 Heis-NH3), 2.45 (m, 1H), 1.92 (m, 1H), 1.55 (m,
1H), 1.15 (s, 3H), 1.13 (s, 3H)3C NMR (CDsCN): 6 178.3 (C), 161.4
(C), 89.9 (CH), 54.2 (CH), 51.7 (CH), 48.0 (C), 45.4 (CH), 44.6 (CH),
41.7 (CH), 25.7 (CH), 22.3 (CH), 21.0 (CH). Electrochemistry
(TBAH, CH3CN, 100 mV/s): E,a= 0.66 V.
[Os(NHz)s(3,4472%-2-methoxy-6-(2-(1-methylpyrrolyl))-1,3-cyclo-
hexadiene)](OTfy (11). Complex 1 (253 mg, 0.37 mmol) was
dissolved in CHCN (4.3 g), and the solution was cooledtal0 °C.
Cold triflic acid (172 mg, 1.15 mmol) dissolved in GEN (2.5 g) was
added, and the solution immediately turned purple. Af&0 min, a
cold solution ofN-methylpyrrole (306 mg, 3.78 mmol) in GBN (2.8
g) was added, and the solution was allowed to stanet4Q °C for
~18 h. After this time, 2,6-lutidine (204 mg, 1.91 mmol) was added,
and the solution was added te100 mL of a 1:1 hexanes/CBI,

(14) Kopach, M. E.; Gonzalez, J.; Harman, W. D.Am. Chem. Soc.
1991, 113 8972.

(15) Kopach, M. E.; Harman, W. 0. Am. Chem. Sod994 116, 6581.

(16) Kolis, S. P.; Gonzalez, J.; Bright, L. M.; Harman, W. Organo-
metallics1996 15, 245.

(17) Kaolis, S. P.; Kopach, M. E.; Liu, R.; Harman, W. D.Org. Chem.
1997, 62, 130.

(18) Kopach, M. E.; Harman, W. DOl. Org. Chem1994 59, 6506.

Kopach et al.

solution. The slurry was filtered, and the product was isolated as an
off-white powder (259 mg, 92%)*H NMR (acetoneds): 6 6.51 (t,J
= 2.1 Hz, 1H), 5.88 (m, 2H), 4.79 (br s, 3tdis-NH3), 4.11 (d,J =
8.7 Hz, 1H), 3.85-3.89 (m, 1H), 3.68 (br s, 12HransNHj3), 3.59 (s,
3H), 3.56 (s, 3H), 2.882.97 (m, 1H), 2.722.85 (m, 1H), 2.18 (dgJ
= 3.0, 15.0 Hz, 1H)}*C NMR (acetoneds): ¢ 161.6 (C), 138.3 (C),
122.3 (CH), 107.2 (CH), 106.6 (CH), 93.2 (CH), 55.0 (§3H6.4 (CH),
44.8 (CH), 34.3 (Ch), 32.9 (Ch), 32.8 (CH). Electrochemistry
(TBAH, CH3CN, 100 mV/s): Eya= 1.40 V,E1, = 0.67 V.
[Os(NH3)s(2,39%-(methyl 5-(1-carbomethoxy-1-methylethyl)-2-
cyclohexen -1-onium)](OTf} (13). Complex9 (220 mg, 0.28 mmol)
was dissolved in CECN (1.6 g), and the solution was cooled-t@0
°C. A cold solution of triflic acid (62 mg, 0.41 mmol) in GBN (398
mg) was added, and the solution color immediately darkened. After
~10 min, the solution was added t6100 mL stirring ether, and the
slurry was filtered. The resulting filter cake was rinsed with ether and
dried in vacuo to yield the productl, 240 mg, 92%) as a purple
powder. 'H NMR (CDsCN): ¢ 5.76-5.79 (m, 1H), 5.13 (dJ = 7.2
Hz, 1H), 5.00 (br s, 3HfransNH3), 4.29 (s, 3H), 3.84 (br s, 12H,
cis-NHs3), 3.66 (s, 3H), 3.08 (d] = 23.7 Hz, 1H), 2.7#2.87 (m, 2H),
1.99-2.02 (m, 1H), 1.00 (m, 1H), 1.12(s, 3H), 1.10(s, 3HC NMR
(CDsCN): 6 214.5 (C), 178.0 (C), 64.0 (G} 62.7 (CH), 54.1 (CH),
53.3 (CH), 46.0 (C), 38.4 (CH), 32.0 (Chi 27.6 (CH), 23.9 (CH),
22.8 (CH).
[Os(NH3)s(2,34-5-(1-carbomethoxy-1-methylethyl)-2-cyclohexen-
"1-one)](OTf)2 (14). Compoundl3 (60 mg, 0.65 mmol) was dissolved
in CH;CN and treated with a drop of @ (18 mg, 1.2 mmol). The

Feaction mixture immediately changed color to light orange. Upon

addition to ether{40 mL) a light tan precipitate was collected, washed

with ether, and dried in vacuo (42 mg, 85%) NMR (CDsCN): &
4.65 (br s, 3HtransNHs), 3.95 (m, 1H), 3.85 (d, 1H) = 7.5 Hz),
3.51 (s, 3H), 3.35 (br s, 12 His-NH3), 2.61 (m, 1H), 1.752.0 (m,
3H), 1.40 (m, 1H), 1.12 (s, 3H), 1.10 (s, 3H)C NMR (DMSO-de):
0 214.2 (C), 177.9 (C), 52.5 (G 51.6 (CH), 50.0 (CH), 45.7 (CH),
45.2 (C), 38.1 (CH), 26.7 (CH), 23.2 (2x CHs). Electrochemistry
(TBAH, CHsCN, 100 mV/s): E;a= 0.97 V.
5-(1-Carbomethoxy-1-methylethyl)-2-cyclohexen-1-one (15Com-
pound14 (214 mg, 0.23 mmol) was dissolved in water (3.5 g). After
~15 min, ether (5 mL) was added followed by CAN (256 mg, 0.47
mmol) in water (1.5 g). The mixture was allowed to stir fot5 min,
and the aqueous phase was separated off. The organic phase was
washed with 10 mL of brine solution, and the organic phase was
separated off and dried (A®0O,). The solvent was evaporated, and
the residue was purified on a preparative TLC plate (9:1 petroleum
ether/EtOAc). The product was isolated as a clear liquid (34 mg, 75%).
H NMR (CDsCN): 6 6.96 (m, 1H), 5.98 (d, 1H] = 9.6 Hz), 3.64 (s,
3H), 2.0-2.4 (m, 5H), 1.15 (s, 3H), 1.14 (s, 3H})C NMR (DMSO-
ds): 6199.0 (C), 176.5 (C), 149.4 (CH), 128.9 (CH), 51.4 (LH4.3
(C), 41.8 (CH), 39.3 (Ch), 27.0 (CH), 21.8 (CH), 21.4 (CH). The
spectrum of this compound matches the spectrum of the previously
synthesized materia¥.
[Os(NH3)s(1,2,343-5-(1-carbomethoxy-1-methylethyl)-4H-1,3-cy-
clohexadienium)](OTf); (17). Complex16 (150 mg, 0.20 mmol) was
dissolved in CHCN (1.7 g), and triflic acid (40 mg, 0.27 mmol) was
added. After~5 min, the solution was added t0100 mL of stirring
ether, and the resulting slurry was filtered. The solid was rinsed with
ether and dried in vacuo (155 mg, 86%). Partial characterization only.
IH NMR (CDsCN): 6 5.62-5.65 (m, 2H), 5.25 (br s, 3H;is-NHj3),
5.17-5.22 (m, 1H), 3.97 (br s, 12HransNHs), 3.62 (s, 3H), 2.66
(dd,J = 12.6, 16.8 Hz, 2H), 1.721.81 (m, 2H), 1.09 (s, 6H), 0.40
0.52 (m, 1H).
[Os(NH3)s(5,64%-7-methoxy-4a-methyl-3,4,4a,8a-tetrahydrdtH-
naphthal-2-one)](OTf), (21). Complex20 (830 mg, 0.906 mmol) was
dissolved in CHOH (5.6 g) containing triflic anhydride (799 mg, 2.832
mmol). After being stirred for 0.25 h, the purple color of the reaction
mixture disappears and the solution is precipitated by addition to ether
to give a dark solid (677.3 mg). This solid was dissolved in;CN
and cooled to-40 °C. Excess pyridine was then added, and after 15

(19) Pearson, A. J.; Khetani, V. D.; Roden, B. A.Org. Chem1989
54, 5141.
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min, the reaction mixture was added to ethertCH to give a tan Scheme 1.Electrophilic Addition Reactions at C4 of an
precipitate which was collected, washed with ether, and dried in vacuo 7?-Anisole Complex

(530.7 mg, 95%).'H NMR (CDsCN): 6 4.40 (m, 1H), 4.19 (br s, 3H,
cis-NHj), 3.75 (m, 1H), 3.69 (d, 1H] = 8.1 Hz), 3.58 (d, 1HJ = 8.1

O/Me Me
Hz), 3.47 (s, 3H), 3.17 (br s, 12 HransNHs), 1.10-2.90 (m, 6H), N XOTf
1.40 (s, 3H). ®C NMR (acetones): o 210.7 (C), 161.8 (C), 90.9 [Os]** mmt OsPrmtt |

Z

1 X

+o/

(CH), 58.2 (CH), 55.0 (Ch), 45.2 (CH), 44.8 (Ch), 43.0 (C), 42.0
(CH), 41.1 (CH), 38.6 (CH), 23.1 (CH). Anal. Calcd for GoH710,-
NsB,Os2H,0: C, 63.10; H, 6.62; N, 6.13. Found: C, 63.36; H, 6.76;
N, 6.43.

[Os(NHg)s(5,649%-(methyl 4,4a,8,8a-tetrahydro-4a-methyl-H,3H-
naphthaldionium)](OTf) 5 (22). Compound21 (588, mg, 0.642 mmol)
was dissolved in CEOH (1 g) and cooled to 0C. This solution was
added dropwise to a solution (MeOH, 1.0 g) of triflic acid (195 mg,
1.30 mmol), and the reaction mixture was warmed to room temperature
and stirred for 2.5 h. Addition to ether (350 mL) gave a gray precipitate
which was collected, washed with ether, and dried in vacuo to yield
22 (523 mg, 90% mass recovery}H NMR (CDsCN): ¢ 5.87 (d, 1H,
J=7.2 Hz), 5.35 (d, 1HJ = 7.2 Hz), 5.04 (br s, 3Hgis-NHs), 4.30
(s, 3H), 3.93 (br s, 12 HransNH3), 2.05-2.90 (m, 9H), 1.52 (s, 3H).
3C NMR (CDsCN): ¢ 211.3 (C), 210.3 (C), 69.3 (CH), 64.0 (Gl
54.5 (CH), 42.2 (CH), 41.2 (C), 41.0 (CH), 38.2 (CH), 37.1 (CH),

33.7 (CH), 21.7 (CH). _ _

[0S(NH3)s(5,641>(4,4a,8,8a-tetrahydro-4a-methyl-H 3H-naph- Results and Discussion

thaldione)](OTf) (23). Compound22 (593, mg, 0.648 mmol) was The one-electron reduction of Os(W{OTf)s in the presence
dissolved in CHOH (2.0 g) and cooled to @C. H0 (100 mg) was ¢ \arigus anisole ligands yields complexes of the form [Os-
added, a_n_d the reaction was stirred at room tempgra_ture ovgrnlght (12(NH3)5(172-L)](OTf)2 [L = anisole (), 3-methylanisole %)
h). Addition to ether (400 mL) gave a tan precipitate which was ! o . N 97
collected, washed with ether, and dried in vacuo to yR3d473 mg, 4-methylanisoleg), and 3,4 dlmethylanlgoldl] in high yield: .
97% mass recovery)*H NMR (CDsCN): & 4.44 (br s, 3Hgis-NHs), In all cases, the metal preferentially binds to the unsubs_tltuted
4.23 (d, 1H,J = 8.1 Hz), 4.12 (d, 1HJ = 8.1 Hz), 3.39 (br s, 12 H, ortho and meta carbons, and all complexes appear static at 20
transNHs), 2.10-2.90 (m, 9H), 1.49 (s, 3H)23C NMR (CD:CN): & °C in a 300-MHz proton NMR spectrum.
213.8 (C), 211.3 (C), 62.3 (CH), 51.1 (CH), 43.4 (§H41.2 (CH), When a solution of the anisole compleX) (in CDsCN is
40.8 (CH), 39.9 (C), 38.6 (Ch), 38.5 (CH), 22.9 (CH). Anal. Calcd cooled to—40°C and treated with HOTf or DOTf, the reaction
for CsgHesO2NsBOsH,0: C, 63.84; H, 6.45; N, 6.31. Found: C, solution changes from yellow to deep blue indicating the
63.71; H, 6.25; N, 6.36. formation of then2-4H-anisolium 6) and #72-4Dexsanisolium
[Os(NHa)4(2,3,5,65*1-methoxy-4-methyl-7-acetyl[2.2.2]bicycloocta- (6) cations, respectively (Scheme 2).Correspondingly, the

2,5,7-triene]](OTH), (30). Compound3 (250 mg, 0.360 mmol) was  reaction of thep?-anisole complexl with various carbon
dissolved in CHCN (3.0 g), and 3-butyn-2-one (190.0 mg, 2.79 mmol) electrophiles and triflic acid provides a number of 4-substituted
was added. The reaction mixture was cooled-#0 °C, and cold 4H-anisolium complexes. The scope of electrophiles includes
BFs-OEt (53 mg, 0.373 mmol) was added. The reaction mixture g variety of Michael acceptors and acetals, all of which react
instantly turned dark purple. After 2 h, addition of excessz;CH with nz_aniso|e Comp|exes to form 4-substituteHl-dnisoli-
(650 mg) caused the purple _cc_JIor to fade to orange. Addition to eth_er ums?? Although these highly electrophilic intermediates are
(50 mL) gave an orange precipitate (260 mg, 95% mass recovery) which yenerally unstable at 2@, they can be observed in solution at
was collected, washed with ether, and dried in vactd NMR (CDs- reduced temperatures-40 °C). Two examples include the
g’;l)l'_'f) 657;8(7’(11gh;f%@ﬁz’fg)&g'g’ gb;)s,sssz),(ztl).rlg (??H?H?: 10 addition products _oN-methyImaIeimide 08 an(_j diethoxy-

. T ' ’ "o M i omn methane &) shown in Scheme 1. Whereas arenium complexes

(br s, 3H), 2.28 (s, 3H), 1.73 (s, 3H):3C NMR (CDsCN): 6 196.4- - .
(C), 157.2 (CH), 145.5 (C), 97.2 (C), 54.5 (g)51.2 (2x CH), 50.8 produced fromy2-aniline or72-phenol complexes are highly

(C), 50.4 (2x CH), 28.2 (CH), 20.2 (CH). Electrochemistry (TBAH resistant to addition of carbon nucleophiles at'&%anisolium

5: X=H
6: X=D

Me

CH:CN, 100 mV/s): Epa = 1.70 V. Anal. Calcd for GoHeeO:N4Bo- complexes such &B-8are co_nside_rably more electrop_hilic at
Os2H,0: C, 64.17: H, 6.28: N, 4.99. Found: C, 64.43: H, 6.30: N, C3 and undergo reactions with mild carbon nucleophiles.
5.67. C4—C3 Tandem Addition Reactions. When complext is
[Os(NH3)s(5,647%3-(3-0xobutenyl)-4-methylanisole)](OTH) (32). combined with triflic acid and the silyl ketene acetal MMTP at
Compound3 (60.0 mg, 0.086 mmol) was dissolved in GEN (1.5 g), —40 °C, a new speciesd] is obtained (92%) whoséH and

and 3-butyn-2-one (50.0 mg, 0.734 mmol) was added. The reaction **C NMR and electrochemical data support the assignment of
mixture was cooled te-40 °C, BF:*OEb (12.4 mg, 0.087 mmol) was 9 as the methoxydiene complex shown in Scheme 2. Irradiation
added, and the reaction mixture turned purple. After 4 h, addition of of the sample at theisammine frequency results in a moderate
excess CHOH (400 mg) caused the purple color to fade to orange. NOE (4%) with the proton at C3 indicating that addition of the
Addition to ether (50 mL) gave an orange precipitate (57 mg, 86%) silyl ketene acetal occurs anti to the metal center. In a similar
which was collected, washed with ether, and dried in vacltoNMR fashion, when the anisolium speciésis prepared at low
(CDCN): 0 7.70 (d, 1H,J = 15.9 Hz), 6.38 (d, 1HJ = 15.9 H2), temperature and then combined with eitiemethylpyrrole
5.83 (s, 1H), 5.20 (d, 1H] = 7.8 Hz), 5.05 (d, 1H) = 7.8 Hz), 420 (_40°C) or 2-trimethylsiloxyfuran {80 °C), addition products
(br's, 3H), 3.71 (s, 3H), 3.03 (br s, 12H), 2.47 (s, 3H), 2.27 (s, 3H). 11 anq12are formed. In all three casédC andH NMR and

13C NMR (CDsCN): 6 198.6 (C), 166.1 (C), 154.4 (C), 139.2 (CH), , —
123.8 (CH), 122.7 (C), 89.9 (CH). 63.9 (CH). 56.0 (CH), 55.1 @oH DEPT data as well as electrochemical data support the assign

27.0 (CH), 19.9 (CH). Electrochemistry (TBAH, CECN, 100 mV/ (20) Winemiller, M. D.; Kopach, M. E.; Harman, W. D. Am. Chem.
S): Epa= 0.55 V. Soc.1997, 119, 2096.
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Scheme 2. Nucleophilic Addition Reactions at C3 of Scheme 3.Elaboration of anj>-Methoxydiene Complex To
n3-4H-Anisolium Complexes Form a Substituted Cyclohexenone and Cyclohexene
HC ~ OMe
>=< OMe 3 OMe OMe
H,C  OTMS N 2 I A
[OS]2+-—-: (o] [OS]2+-—; (o] [OS]2+I—: (o]
OMe ! ‘}(ILOMe 4 7<AI\OMe
: M e
R Me Me (76%) 16 Me 0 Me
9: R =H (92%) HOTI ° HOTI
10: R = CH,OFEt (50%) CH,CN 2% > CH4CN; -40°C
e ’
* OMe N OMe [05]2" * OMe
(\ /7 2 }” 2
RS ospretl ' Me @ 9 [osf?* o
‘ 4 N 3 ; 5"%0Me 3 ‘]eLOMe
A 11 (92% L @17 Me Me M
(92%) COMe 13 (92%)
8: R = CH,OFt < 2 H,0
5:R=H COMe CH,CN; 20°C
@/OTMS OMe DIEA; GH,CN; -40°C
[Os]2+ o]
ospretl LA .
o0 MeO,C O (s —
= 002 W' ~}(u\OMe ‘KKOMe
12 (42%) CoMe Me M Me M©
t o,
. . i(:c(;lated) 18 14 (85%)
ment of 9—12 as 6-substituted 2-methoxy-1,3-cyclohexadiene AgoTt g"(g‘/azo
complexes. All complexes are formed as single diastereomers :
(>10:1) which are assumed to correspond to the product of exo
o i el o}
nucleophilic addition, as observed fgf-anisolium system&
For 12, the additional stereogenic center created in the hetero- o o
cycle is also formed stereoselectively. The reaction with the Meo,c_ . < < ]ek
: . . . OMe OMe
silyloxy furan yields a mixture o2 and the anisole complex Come v Me ) Me
2Me e e

(1), indicating that deprotonation at C4 is competitive with
nucleophilic addition at C3 in this case. Although the yields 19 Overall: 57% from 9 15 (75%)
are >90% for complexe® and11, these species also contain
small amounts of, 'arjd separation of the product§ from starting purple solid £3) is isolated whoséH NMR spectrum exhibits
gnaterlal proved difficult. N(_)netheless, accordln_glfd z_and a methoxy (4.29 ppm) and cis (3.84 ppm) and trans (5.00 ppm)
H NMR, and electrochemical data, the only impurity for 5mmine resonances shifted downfield from their positions in
complexes9—12is 1. Nucleophiles which fail to react with e gpectrum 08. 13C NMR data include a carbonyl resonance
the anisolium complex under these conditions include furans, 51 2145 ppm as well as other signals consistent with the
p-diketones, allylsilanes, and stannanes. structure proposed in Scheme 3. In contrast to the sluggish
The vicinal addition of two carbon substituents can also be ra¢e of hydrolysis observed foHsanisolium complexes (vide
achieved, provided that the electrophile and nucleophile are nOtinfra) the methyl cyclohexenonium complés readily hydro-
too sterically encumbering. For example, when the 4-(ethoxy- y;es in acetonitrile to produce the cyclohexenone complex
Lnethyl)_—4—|-an|sfol|um complex§) is generated from at —40 Finally, when complexi4is treated with CAN in a water/ED
Candis com?lned Wl'th MMTP, an ivory solid is isolated from  inhasic mixture, the cyclohexenogis isolated in 75% yield.
solution. The'H and**C NMR and electrochemical data are  Thjs represents a 51% overall yield from anisole for six isolated
consistent with 'Fhe formation of a single dlastereome_l((:l) steps (Scheme 3; 89%fstep).  If the methy! cyclohexenonium
of the methoxydiene complet0. Homonuclear decoupling and  jyiermediatel 3is treated with a hydride reagent (TBAC) a new
HETCOR data further support the structure depicted in SChemeproduct is isolated whos# NMR spectrum is consistent with
2. . . the methoxycyclohexene compled6 shown in Scheme 3.
2-Methoxy-1,3-diene complexes such as those shown in gjgnificant*H NMR features include three proton signals in
Scheme 2 are expected to have the methoxy group oriented inpe range 4.64.7 ppm assigned to the bound olefin protons
the plane defined by the uncoordinated olefin (C2, C1, H1) 4n4 the methine proton adjacent to the methoxy group. These
pointingawayfrom the pentaammineosmium(ll) system. This teatyres are similar to those of the 3-methoxycyclohexene
expectation is gained from inspection of molecular models which complex obtained from hydrogenation of the anisole complex
predict a significant steric interaction between the ammine 1).21 As initially demonstrated for the latter compound
ligands and the methoxy group, if the latter was oriented .toward complex 16 readily reacts with acid to form an allyl species
the metal.. Correspondlngly, these complexes are can|derany17_ 7-Allyl complexes of pentaammineosmium(ll) are consid-
less reactive at C1 with carbon electrophiles than thearene erably more stable with respect to deprotonation than the

precursors. However, they are easily protonated to fofm corresponding arenium sytems and undergo reactions with a
(methyl cyclohexenonium) complexes. When an acetonitrile

solution of compleX is treated with triflic acid at-40 °C, a (21) Harman, W. D.; Taube, H.. Am. Chem. Sod989 111, 2261.
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Scheme 4.MichaelMichael Ring-Closure Reaction To Scheme 5.C1-C4 Cyclization Reactions of Anisoles with
Form a Decalin Core Olefins or Alkynes
OMe MVK OMe
N (HOTY) . ¢ )
[Os]* =3 [Os**=—j OsF*=¢ _L _~_me
5 3
Me Me Me (o}
3 R=H; 20 32 (86%) Os(NHo)s 30 (70%)
(99%) j 1. CHyOH (H") T(Hzo)
2. py 1 -NH;
o
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OMe OMe Me
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R (CH.CN) L 1.R ; OBF,
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Me Me R Me
o 4= Oy N\ =0
o e 1R*=H l <'r
R=H; 23 R = H; 24 Overall 31% from 3 *oMe

R = Me; 25 Overall 17% from 3

[OS]2+"'
wide range of nucleophiles that include phosphines, pyridines,
alkoxides, and stabilized enolat®s.For example, the allyl o
speciesl7 reacts with dimethyl malonate to form a single N—"ogr,
diastereomer of the cyclohexene compl&which is oxidized 26 M -
in situ to liberate the 1,3-disubstituted cyclohexene prodift (
Scheme 3). Although the overall yield is poor if each 24 in an overall yield of 31% from3. Electrochemical
intermediate is isolated (due to incomplete precipitation), evaluation of the series of complex28—24 indicates that the
repeating the reaction sequenwighoutisolation of intermedi-  majority of the product loss is due to a competing metal-centered
ates starting from complex3 delivers the substituted cyclo-  oxidation that occurs during the cyclization step. THeNMR
hexene productl®) in 62% yield. This represents an overall of the organic decalin produc24) shows an angular methyl
yield from anisole of 50% (or 57% from compougjifor eight resonance at 1.38 ppm indicative afis-decalin ring juncturé?
chemical stepsX91%/step). Mostimportantly, by starting from  \When this reaction sequence is repeated using ethyl vinyl ketone
the arene complet, the sequence to generel® represents  as the Michael acceptor, the methyl-substituted analog@d of
the sequential addition of two electrophiles and three nucleo- js obtained 25) as a 6:1 ratio of diastereomers (overall yield
philes to the aromatic ring. All but one of the original arene from 3: 17%). H NMR data of25 again are supportive of a

27 (94%)

carbons have undergone addition reactions. cis-decalin with an angular methyl group.

An important extension of this methodology includes in-  [4 + 2] Cycloaddition Reactions. When a Lewis acid is
tramolecular nucleophilic additions to synthesfi¢etralones. used to promote the Michael addition betwéémethylmale-
For example, the Michael addition produ@0) of MVK and imide and the anisole compleg)( it is possible to observe the

the 4-methylanisole complex) offers the possibility of an initial intermediate #-anisolium species trapped as a boron
intramolecular nucleophilic addition at C3 (Scheme 4). When enolate 26; Scheme 5). As we have previously describid,

a sample oR0is dissolved in acidic methanol (generated from the enolate is left undisturbed, it reacts with the highly
triflic anhydride to ensure anhydrous conditions), the dark blue electrophilic C1 to give what is formally a DietsAlder
color discharges over a 15-min period to give a brown solution. cycloadduct?7. Oxidation of this material (DDQ) renders the
After treatment with pyridine and addition to ether/&Hp, a intact organic cycloaddu@8. Cycloadducts are successfully
light tan solid @1) is obtained.H NMR, 13C NMR, and DEPT formed from N-methylmaleimide andl (94%), 2 (88%), 3
data support the assignment2if as a complex of 1,2,3,4,4a,-  (89%), 4 (65%), and5 (98%)24 Although the [4 + 2]
8a-hexahydro-7-methoxy-4-methylnaphthalene, the product of cycloaddition reaction appears general with respect to the range
an intramolecular nucleophilic addition at C3. Treatment of a of alkylated anisoles, the scope of dienophiles is limited. Under
solution of21 with triflic acid in methanol results in conversion  reaction conditions similar to those used for maleimides, the
to the cyclohexenonium specigg, and subsequent hydrolysis  potential dienophiles MVK, 3-butyn-2-one, and maleic anhy-
to 23 and oxidative decomplexation yields the organic decalin dride all react withl to form C4-alkylated anisolium species.

(22) Harman, W. D.; Hasegawa, T.; Taube,|rbrg. Chem.1991 30, (23) Boger, D. L.Tetrahedron Lett1978 17.
453. (24) Kopach, M. E. Ph.D. Dissertation, University of Virginia, 1995.
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Scheme 6.Formation of C3 and C4-Vinylanisole The synthesis of the*-barrelene30 was never successfully
Complexes from the Michael Addition of 3-Butyn-2-one carried out in greater than 70% yield, despite extensive efforts
OCH, OCH, to optimize the yield of this reactiotf. In the presence of a
A 2 N proton source (e.g., trace;@8), the boron enolate is probably
o= OsP = I, quenched, and the resulting 4,4-disubstitutdd-ahisolium
, Ot 2 S R RP-H 3 species 31, inferred) appears to undergo a C4-to-C3 alkyl
o ) R%=CHy; 4 migration. The structure of the resulting disubstituted anisole
:—(CHJ l HOTH complex32was confirmed byH, 13C, and'H/*H coupling data

for the complex as well as its linkage isom8&8, which forms
when32is treated with acid. The corresponding organic ligand
34 may be obtained by the air oxidation 88. A 'H NMR
spectrum o84 (trans-4-(5-methoxy-2-methylphenyl)-3-buten-
2-one) reveals W coupling between the two ortho protons
consistent with a 3,4-disubstituted anisole. To rule out a product
resulting from methyl migration, the pentaammineosmium(ll)

*ocH,

{R®=H; 31} complex oftrans4-(4-methoxy-2-methylphenyl)-3-buten-2-one
R® = CHg; 36 (81%) (35) was independently prepared through the reactichwith
3-butyn-2-one. 'H and 13C NMR for both the complex and
J'W ligand confirm that32 is a 3,4-disubstituted anisole complex
OCH,4 with the same substituents as, but different from, the arene ligand
N of 35 (Scheme &) Finally, when the osmium complex of 3,4-
osP=— CH, dimethyl anisole is combined with 3-butyn-2-one and acid, a
e I para alkylation product3g) is formed that resists rearrangement
to a 3,4-disubstituted anisole.
35 (93%) 32 (86%)
l Conclusion
OCHs OCH; 4H-Anisolium complexes of pentaammineosmium(ll), pre-
o on _ [OsPP* pared directly from anisole, are shown to be exceptional
¢ "’YCHa synthons to a diverse array of functionalized mono- and
Chs 0 CHs, o polycyclic systems. Both electrophilic and nucleophilic addition
34 (69%) 33 (97%) reactions occur with an exceptional level of both regio- and

stereocontrol with yields averaging between 80 and 90% per
However, after workup, C4-substituted anisole complexes are chemical transformation. The low number of carbons required
the only products isolated. For less reactive dienophiles suchfor #2 coordination allows for the sequential addition to multiple
as methyl acrylate or acrylonitrile, only starting materials are carbons of the arene system with a single application of the
recovered. However, when the 4-methylanisole compléx metal?
treated with 3-butyn-2-one and BPEL at —40°C, a [4+ 2]
cycloaddition readily occurs (Scheme 5). Apparently the  Acknowledgment. Acknowledgment is made to the Camille
putative intermediat@9 readily loses an ammonia ligand. After and Henry Dreyfus Foundation, the National Science Foundation
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a carbonyl signal (196.4 ppm). A cyclic voltammogram taken
immediately after isolation reveals a reversible oxidation wave — (25) we note that OsPmay be purchased at an economical price

at+0.80 V that likely corresponds to the pentaammineosmium (Colonial Metals) and may be converted to OsglDTf) in 98% overall

2_ 18 i ; _ yield. Using these procedures, the cost of any of the final organic products
n=-cycloadduct £9)." After 15 m"?’ a second cyclic yoltam . gresented in this text fall in the range $380 per gram. This reflects the
mogram reveals complete conversion to the tetraammine speciegost of osmium over the entire process (taking into account yields) and

(30) (Epa=1.70 V). assumes no recovery of the metal.




