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Summary: Directing groups work fmt in concert and then in competition to control the introduction of 
aryl and 2dimetltylaminoethyl groups by a sequence of two nucleophile additions to cationic hicarbonyl(q5- 
cyclohexadienyl)iron(l+) intermediates in a synthesis of O-methyljoubertiamine that employs an iterative 
approach. This synthesis provides an example of the successful use of directing group competition to effect the 
reversal of undesired directing effects in target oriented applications of electrophilic x-complexes. 

Electrophilic transition metal rc-complexes can react with complete sternocontrol but frequently offer 

several possible pathways which can lead to the formation of mixtures of regioisomers.3 In the case of I$- 

dienyl complexes, attack is precedented at any of the metal-bound carbon atoms,” and the widely used cationic 

q5-cyclohexadienyl tricarbonyliion complexes represent a special case where C-C bond formation is restricted 

to the ends of the dienyl system (C-l and C-5L5 These complexes ate chhal (Fig. 1, a: Rt / R2 / H; b: Rt = or / 

R2 / H) and are well suited for use in enantioselective synthesis, since they have been shown in a number of 

cases to be optically stable.6 and can be obtained in optically pure form by resolution7 or induction of 
asymmetry8 in the region of planar chirality of the transition metal x-complex. The transition metal exerts 

5649 



5650 G. R. STEPHENSON et al. 

complete control in the diastereoselective addition2 of nucleophiles to the x-bound l&and, which can thus be 

elaborated through a series of metal-mediated steps to become incorporated into the target molecule. This 

ligand can be termed the working ligand (since this is where the action takes place during the synthetic 

sequence). The other ligands (auxiliary ligands) are important to adjust the reactivity and stability properties of 

the complexes, and can be varied independently from the working ligand within a series of isoelectronic 

alternatives to the metal/ligand system. g Because the working ligand becomes incorporated into the target 

molecule, this is an inherently stoichiometric synthetic approach, but can, none-the-less, offer an attractive 

complementary alternative to the repeated use of asymmetric catalysis in multi-step sequences, provided one 

essential criterion is met. The metal must be retained on the working ligand to be brought into play at several 

key steps to impose stereocontrol at each juncture. By carrying the metal through a multi-step reaction 

sequence in this way, the need to optimise a stereocontml strategy at each stage is avoided; the same control 

technology can be employed at each chiral centre, with stable metal/working-ligand attachment serving to 

anchor the transfer of chirality as the target molecule is built up. Multiple use of the metal to control a series of 

reactions at the working ligand is an essential objective in the application of electrophilic transition metal 

complexes in asymmetric synthesis. lo 

When used in chiral form, electrophilic rr-complexes of this type must inevitably have an 

unsymmetrical substitution pattern on the working ligand. In the case of tricarbonyliron complexes, the two 

reactive termini of the unsymmetrical dienyl unit (e.g. Fig. lb) will lead to the formation of regioisomeric 

products. For efftcient application in enantioselective synthesis, it is essential to control the regioselectivity of 

nucleophile addition at the working ligand. The mapping of regiocontrol effects of unsymmetrically placed 

substituents has been an important objective of our work in Norwich in recent years.11*12 For the general 

application of electrophilic n-complexes in synthesis, however, there is a further requirement that goes beyond 

the simple need for regiocontrol. While powerful regiodirecting groups provide efficient access to a particular 

set of intermediates, they inevitably preclude access to the alternative regioisomer series. A second essential 

long-term objective in this field is thus the development of strategies to reverse natural regiodimcting effects of 

substituents, so opening up selective access to all regioaltemative classes of target structures. Two strategies to 

achieve this objective am currently under investigation in Norwich (Fig. 2). One approach (a) replaces a 
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directing group X with a functionally equivalent group l3 X’ with the opposite directing effect. The first 
example has been the subject of a recent preliminary communication, t2 but has yet to be applied in target- 
oriented synthesis. In the alternative strategy (b), regiocontrol groups X and Y are set in opposition to each 

other on the working ligand, so that control imposed by the stronger directing group Y will reverse the natural 
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influence of the lesser group. This method lies implicitly behind the control in successful applications14 of 

tricarbonyliron groups in the construction of quaternary centres (mgiocontrol competition between Calkoxy 

and 1-alkyl substituents), though the systematic ranking of the power of control groups that is needed for the 

general rational application of this technique is only just begting.lS As a step in this direction, we have 

examined regiocontrol competition in a synthesis of the Sceletium alkaloid, O-methyljoubettiamine (1). Thii 

synthesis makes use of the metal in two C-C bond-formation steps, and has been the subject of a preliminary 

communication.16 Although the synthesis has been successful, the synthetic route has been conceived as a 

model study to establish the practicality of the general approach for application with related but more difficult 

alkaloid target molecules, many of which will require that the metal controls a third bond-forming step in the 

closing stages of the route. In this paper, we report full details of our synthesis of 0-methyljoubertiamme,17 

and the design criteria that apply in the planning of synthetic routes of the type. 

Fiiure 3 Lmear and Iteratwe sequences for multlpb uaa of metal ~r-ccmplaxaa 

a) LINEAR SEQUENCE b) ITERATIVE SEPUENCE 

I?“]+ r-=1 [7”-=1+ Ir”-‘l I?“1 + r’l I7”l‘ r7”-‘I 

In general, two approaches to the multiple utilisation of the working ligand are possible (Fig. 3).t* The 

linear approach (a), in which the extent of hapticity of the working ligand decreases with each successive bond 

formation, and the iterative approach (b), in which ~\n cations and IJ”-’ neutral complexes alternate through 

the reaction sequence. The latter process requires reactivation by return to the initial cationic form, and in our 

work in the cyclohexadiene/cyclohexadienyl series we have found lg that the manipulation of leaving groups on 

the working ligand is particularly effective for this purpose. In linear sequences, several options are available. 

In principle, the same metal/ligand system can be employed in a series of reactions at the working ligand in 

which the charge on the complex varies in each step [dication to cation to neutral, or cation to neutral to anion, 

etc.], but in most cases tt is desirable to reactivate the neutral product arising from nucleophile addition, by 

replacement20 of an auxiliary ligand as illustrated in Figure 3a. We have employed this ligand replacement 

method in studies directed towards the synthesis of trldachiapyrones. and have evaluated dication and 
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monocation starting materials in a comparison of linear and iterative sequences towards the alkaloid 

hippeastie.21 In general (Fii. 4). in synthesis design with electrophilic x-complexes, a choice must be made 

between linear and iterative styles of elaboration of the working ligand. though within a given synthesis, the 

route can combine sections in the iterative mode, and sections that are linear. In enantioselective applications, 

it is the optirnisation of the regiocontrol strategy through a series of steps to meet the demands of elaboration of 

the working ligand into a section of the target structure, that is the arbiter in the choice between iterative and 

linear styles at each stage. For O-methyljoubertiamine. analysis of these considerations led to the choice of an 

iterative synthetic plan. 

Fiiure 5. A~cntenrfor~edlOlceOfrouter,tO Omethylpube~m~~e. 

..m *’ 
NMe2 

b) 

Figure 5 summarises the regiocontrol information that pertains in the selection of tricarbonyliron 

complexes as intermediates in the synthesis of O-methyljoubertiamine (1). Three approaches are possible. 

Alkyl nucleophile addition to an unsubstituted terminus of a dienyl system (a) has provided the original 

organoiron approach22 to O-methyljoubertiamine. In this route, the working ligand IS aromatized after 

removal of the metal. Alternatively (b), an aryl nucleophile can add to an alkyl-substituted terminus of the 

dienyl system. An example of this type of process has been reported by Knblker.23 in a 1.3 difunctionalisation 

reaction. Because the starting material has two electrophilic centres, the possibility arises that reaction fiit at 

the side-chain allows an intramolecular approach by the aromatic ring to the dienyl complex to help overcome 

steric effects at the substituted terminus. 24 The generallity of the addition of aromatic nucleophiles to form 
quaternary centres at the junction of aromatic and partially saturated six-membered rings tn intermoleculsr 

examples remains to be established. The third approach (c) envisages a 1-aryl substituted dienyl complex 2 as 

an attractive Ct2 precursor to structures of this type. 25 This requires nucleophile addition at the site on the 
working ligand that carries the aryl group. 

The regiocontrol implications of this approach (c) can now be addressed. While Donaldson has 
shown~ that an acyclic I-phenylpentadienyl complex 3 reacts preferentially at C- 1 (ipso attack), our work in 

the cyclohexadienyl series indicates 15 that m this cyclic case (4) the 1-phenyl group is w-directing (C-5 

attack). We have also shown that donor and acceptor groups on the aryl substituent can influence the 
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regiodirecting power, and that donor (OMe) substitution promotes stronger regiocontrol. while cases with 

electron wlthdrawittg groups (CF3) show reduced regioselectivity. This holds both for C-227 and C-l= aryl 

substiNents on cyclohexadlenyl complexes. The nature of the nucleophlle is also important for mgiocontrol. 

though effects vary in differing situations. In the C-2 case, a stabilised enolate (malonate) was the most 

regiocontrolled example. but in the C-l series this showed poor control, a result that suggests the 

electronic/orbital effects may be of particular importance in the C-2 case, while sterlc effects could be more 

dominant at C-l. From these preliminary studies emerge the two crucial facts needed to guide our synthetic 

plan. First, for 0-methyljoubertiaminene, the donor substituent on the aromatic ring makes this the most severe 

test of regiocontrol reversal, since the natural directing effect of the p-anisyl substituent is particularly strongly 

m. Secondly, it is clear that the use of a stabilised enolate as the nucleophile gives the best chance to promote 

the minority regioisomer path to become the major pathway, since malonate addition is known to be at least 

capable of forming the quaternary centre as required at the junction of the two six-membered rings. In the 

event, a malononitrile nucleophile was selected to introduce a pre-formed CC-N building block for the two- 

carbon alkyl SubstiNent, and an easily removed silylalkyl ester protecting group was employed. The known 

suitability29 of this group for use in the presence of the tricarbonyliron complex was an important 

consideration, since the metal must be retained on the working ligand beyond the decarboxylation step, so that 

it can mask the diene/enone functional@ in the ring during hydrogenation of the nittile substituent. This final 

requirement appeared reasonable, since tricarbonyliron complexes am known30 to be resistant to hydrogenation 

conditions and this form of masking is precedented3l in other target oriented work. The end-game in the 

synthesis was also firmly rooted in precedent,32 since there are many examples of detachment of the metal from 

methoxydiene complexes and hydrolysis of the enolether to reveal enone functionality. The main features to be 

determined in our route to 0-methyljoubertlamine were thus the reversal of regiocontrol of the 1-p-anisyl 

substituent, and the use of the leaving group method’* for reactivation, following metal-mediated nucleophile 

addition to build the Cl2 intermediate. 

The most extensively applied directing group on tricarbonyliron dienyl complexes is the 2-alkoxy group 
(e.g. as in 5).33 This group is knowt? to attenuate the electrophilicity of the entire complex, but this 
deactivation effect is far more pronounced at near terminus than at far tetmlnus. Because of the relative 

placement of the quatemary centre and the ketone functional group in 0-methyljoubertiaminene. it is clear that 

this molecule suites the iterative mode (Figures 3b and 5) and that deactivation at C-5 by a 4-OMe substiNent 

offers an attractive strategy for regiocontrol reversal. Our successful construction of 0-methylloubertiamine 

by this approach demonstrates the power of the C-4 OMe substituent on the working ligand in the regiocontrol 

competition, even when put in opposition to the donor-substituted aromatic ring at C-l. 

The synthetic route began with the known 35 1,4dimethoxy substituted cyclohexadiene complex 7, a 

stating material which is prepared easily on a multi-gram scale from 1,4-dlmethoxybenxene. This complex is 

prochiral, so simple hydride abstraction with the normal triphenylcarbenium ion reagent, gives convenient 

access to the racemic cationic l&dimethoxycyclohexadienyl complex gsa as a single regioisomer in 90% 

yield. In this cationic intermediate, the two alkoxy directing groups work in concert (Fig. 5. cations 5 and 6), 

so regioselective nucleophile addition was anticipated at C-l. Organolithlum nucleophiles have been 

found1227 to be the most suitable for use with 1-alkoxy substituted dienyl complexes such as 6 and 8. The 

required aryl nucleophile is known, and was prepared by lithiation of 4-iodoanisole. essentially according to the 

procedure of Schlosser and Ladenberger. 37 It proved important to prepare this reagent in diethyl ether 
containing the minimum amount of THF to maintain solubllity. Addition of an excess of the nucleophile to a 

solution of 8 in dichloromethane at -78 ‘C resulted in the formation of the adduct 9 in 84% yield (Scheme 

1). Treatment of the product with TFA removed the methoxy leaving group in the expected15 fashion, and the 
salt 10 was precipitated from the reaction mixture in 94% yield by the addition of NH$Fe. Variations on this 
reaction sequence have been explored. When Cbromoanisole was employed in place of the iodoarene. a minor 
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product arising from competing o-metallation of the arene was isolated. The most efficient route used a one- 

pot procedure. in which hydride abstraction from 7 was followed by addition to the reaction mixture of an 

excess of the arylllthlum reagent generated from the iodoarene. In this way, 9 can be obtained from 7 in 85% 

yield in one step. 

With the salt 10 in hand, it was possible to study the mgiocontrol of the crucial second nucleophile 

addition step (Scheme 2). The required protected malononitrlle reagent (24rirnethylsilylethyl cyanoethanoate) 

was prepared by the literature procedure. j8 Deprotonation was performed with sodium hydride. The 1-aryl 

substituted dienyl complex was added to a slight excess of the enolate 11 in ‘II-IF to form the nucleophile 

addition, product 12 as a single regioisomer, in essentially quantitative yield. This complex was produced as 

the expected 1 : 1 mixture of diastereoisomers at the malononitrile unit (since addition of prochiral nucleophiles 

to cyclohexadienyl complexes typically lacks control at the centre induced in the nucleophile) but a single 

Me0 

2) TBAF 

scheme 2 

Me0 

w-w 
98% 

relative stereochemistry was achieved within the cyclrc portion of the working ligand. The lack of 
stereocontrol in the side-chain was not a problem, since this additional chiral centre is not present in the target 

molecule, and was to be removed in the decarboxylation step. De-silylation with tetra-n-butylammonium 

fluoride effected de-esterification and decarboxylation in a single procedure to give the anticipated 

cyanomethyl adduct 13 in 91% yield. The product was shown by *H NMR to be a single diastexeoisomer, as 
expected because of the normal2 completely stereoselective tran~ addition of nucleophiles to tricarbonyliron 

complexes. Combination of the malononitrile addition and deprotection into a single-step procedure was also 

examined, but proved to be less efficient than the two step process. In this case it pays to purify the 

intermediate. Removal of the metal was examined at this stage, since this would afford a known compound3g 



Transition metal mediated asymmetric synthesis-XV 5655 

and so conftrm that all the preceding steps had been performed correctly. The expected decomplexation 

product was obtained in 46% yield. 

Me0 

WU3) 

40% overall (7 steps) fro+ll 

1,4dlmethoxyd&ne complex 

W-(14) 
1) Me3N0 

2) W@)2 

l+P” 

16% (9 steps) hum Lmethoxybnzene 

scheme 3 NM-2 

W(l) 92% 

The closing stages of the synthetic route are illustrated in Scheme 3. An attempt to reduce the nitrile 

group with DIBAL was unsuccessful, but catalytic hydrogenation performed with hydrogen and excess Raney 

nickel in the presence4o of dimethylamine furnished directly the complex 14 in 60% yield.41 The best results 

were obtained in a concentrated (cu. 5.6 M) solution of diiethylamine in ethanol. Three methods were 

compared for the removal of the metal. Reaction with either pyridinium chlorochromate (27% yield) or cupric 

chloride (47% yield) afforded the enone in one step, but the most efficient procedure was the two step method 

in which demetallation of 14 was performed using anhydrous trimethylamine N-oxide in N,N- 

dimethylacetamide. This reaction gave a sample of the crude dienol ether, which was hydrolysed without 

purification, by reaction with oxalic acid. In this way, 0-methyljoubertiamine (5$-l was obtained in 92% 

yield from 14. Our racemic sample from this route gave physical data which were identical to those reported 

for the natural and synthetic materials l7 (with the exception of optical rotation). Overall, O- 
metbyljoubertiamiue was obtained in 40% yield42 in 7 steps from the 1Pdimethoxydiene complex 7, or 16% 

iu 10 steps from 1 &limethoxybenxene. 
This reaction sequence illustrates the importance of the use of regiocontrol information in the planning 

of synthetic routes employing electrophilic organometallic n-complexes as key intermediates. Two 
regiocontrol situations have been encountered in this work. In the first nucleophile addition, the two control 

groups worked in concert to promote regiocontrol. The second case, however. illustrates the success of 

planning tegiocontrol by placing a particularly strong directing group to defeat a weaker one. While it seems 

reasonable to rely on predictable regiochemistry in cases where directing effects of substituents reinforce each 

other, the prediction of regiocontrol in cases where groups are in opposition is far less secure. Detailed 

competition studies employmg representative selections of nucleophiles are needed to map the potential of this 

second situation. This will be one of our objectives in Norwich in the coming years. At present, research 

teams utilismg electrophilic n-complexes must concentrate on cases where unsymmetrrcally placed 

substituents act in concert, if the safe realisation of anticipated regiocontrol effects is an essential requirement 

in a synthetic route. The results reported here also show the feasibility of the tterative approach to tire many 

Sceletium and Amaryllidaceae alkaloids 43 which contain structural units derived from a 4-aryl-4-alkyl-2- 
cyclohexen-l-ones. Of particular importance in current target-oriented work in Norwich, are structures which 

will require a third metal mediated bond-formation. The two nucleophile additions described here in our route 

to 0-methyljoubertiamme take place at the same carbon atom on the working ligand. This is an example of 

1. 144 relative regiochemistry (a l,l-dicatton equivalent) (Fig. 6a). In our work towards a tricyclic model (15) 
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for hippeasaine. we have teported21 results in the complementary 1.2 regiochemistry series (Fig. 6b). Our 

future work towards the enantioselective syntheses of Scektiutn and Amuryllidaceae alkaloids (e.g. Fig. 6c) 

will go further towards achieving the full potential of the multiple use of the tricarbonyliron control group in 6- 

membered rings, by combining the 1.1 and 1.2 regioisomer patterns to construct two adjacent chiral centres 

with a sequence of three metal mediated steps. Since the relative stereochemistry between the planar chiiality 

of attachment of the metal control group and the chii centre resulting from the sequence of two 1,l 

nucleophile additions, depends on the order in which these nucleophiles are employed, the complementarity 

between our regiocontrol reversal approach (allcyl nucleophile addition to an aryl-substituted terminus) and the 

Knolker methodology23 (aryl nucleophile addition to an allcyl-substituted terminus) is particularly important 

This gives selective access to both possible diastereoisomers of the 1,2 arrangement of chiral centres. When 

optically pure complexes are employed6 with these methods, the complete stereoselectivity imparted by the 

transition metal will be available to control the absolute configuration at each position.45 
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Experimental 

General.- All reactions were performed in oven- or flame-dried glassware under an atmosphere of dry, oxygen- 
free nitrogen, 
Suffert4 

Aryllithmm reagents were titrated immediately before use according to the procedure described by 
Low resolution EI mass spectrometry (Xratos MS25 mass spectrometer) and elemental analyses were 

performed by at the the Umversny of East Anglia by Mr A.W.R Saunders. Other mass spectra were measured at the 
SERC Mass Spectromeiry Centre at Universrty College of Swansea. IR spectra were recorded as a thin film or as a 
solution in the specified solvent, using a Perkin-Elmer 1720X FT-IR spectrometer, NMR spectra were recorded on Jeol 
PMX60 (IH, 60 MHz) or Varian EM390 (1~. 90 MHz) spectrometers. High field spectra were recorded by either the 
spectroscopists of Glaxo Group Research on Brnker AM250 (IH, 250 MHz; 13C, 62.5 MHz) or Vanan Unity 400 MHz 
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(lH, 400 MHZ, l3C, 100 MHZ) spectrometers, or were measused in Nonvrch using Jeol HX90 (lH, 90 MHZ ‘3c. 22.5 
MHz) or Jeol GX4OO (tH, 400 MHz) spectrometers. 

Tricarbonyl[(l~,3,4-~)-l,4-dimelhoxy-l.3-cycloheMdiene]i(O) (7).- ‘this complex was prepared essenually 
according to the procedure of Birch and co-workers. *35 LithtumAunmonta reduction of 1,4dtmethoxybenxene (100 g) in 
ethanol gave a mixture (72 g) containing lp-dtmethoxy-l&cyclohexadiene and unreacted aromatic (~10%). 
Conjugation of a portion (11 g) of thts mtxture. usmg Wilkinson’s catalyst or tosic acid, gave a mixture (11 g) contatntng 
1.3~diene and 1.4diene (cn. 3 : l)P7 and aromatic material (~10%). This mixture was heated under reflux with 
pentacarbonyliron (25 ml) in di-n-butyl ether (freshly filtered through basic alumina) at 155-165 ‘C for 20 h. After the 
work-up and chromatography, the tide complex was obtained as a low melting yellow solid (12.8 g), which lH NMR 
analysis showed was contaminated wrth aromatic material (9%). The yield of the complex (by lH NMR) was 81% from 
the 1.3 diene (40% over the three steps from dimethoxybenxene). The product was re-purified in small batches as 
required. 

Tricnrbonyl[(l~,3.45-~)-l,~dime~oxy-2,4-cyclohexodien-l-yl]iron(l+) hexqfltwrophosphote(l-) (S).- A 
solution of the 1.4-dimethoxy substituted complex 7 (3.25 g, 11.6 mmol) in dry dichtoromethane (5 ml) was added to a 
soluhon of triphenylmethylium hexafluorophosphate (5.70 g, 14.7 mmol) m the minimum of dry dichloromethane. The 
mixture was stirred for 2 h at r.t., and was then poured into ether (800 ml). The yellow prectpnate was collected by 
fihation and dried in a stream of mtrogen, then m vucuo, to gave the fitk salt (4.45g.W%) as a yellow powder (Found: 
C, 31.2; H, 2.6. C11HllF6Fe05P requires C, 31.25; H. 2.5%); vrnax ( CH3CN) 2099 and 2044 cm-l (CO); S, (60 
MHz; acetone-dg; TMS) 3.00 (1 H. dm, J 16 Hz, 6u-H). 3.43 (1 H, dd. J 16 and 6 Hz. 68-H). 3.92 (3 H. s, 4-OMe). 4.00 
(3H,s,l-OMe),4.ll(lH,m,5-H),4.80(lH,d, J6Hx,2-H),and6.82(lH,dd, J6and3Hz.3~H). 

Reaction of the l&dimetho~ substituted salt 8 with 4-methoxyphenyllithbun &rived from 4-brontoa&&.- n- 
Butytthhtum (2.76 ml of a 1.45 M solution in hexanes. 4.00 mmol) was added to a soluuon of 4-bromoanisote (748 mg, 
4.00 mmol) in dry ether (5 ml) at -78 ‘C, and the mixture was stured at that temperature for 10 mtn, then warmed to r.t. 
A p’bOn (3.1 ml) of the resulting solution of 4methoxyphenytlithium was then reacted with a solution of the satt 8 (391 
mg, 0.92 mmol) in dry dichloromethane (15 ml) in the usual way. After the work-up, flash chromatography with 5% 
ethyl acetate in hght petroleum as the eluant gave, m order of eluuon: ticarbonyl[(l,2,3A-q)-2,5~-dimethoxy-5a-(4- 
mefhoxyphenyl)-1,3_cyclohexadieneliron(O) 9 (202 mg, 57%) as a viscous yellow oil (Found: C, 56.0; H, 4.7. 
C@1#eO6 requires C. 56.1; H, 4.8%); vruax (C6Ht2) 2 052, 1990, 1988, and 1973 cm-l (CO); S, (250 MH~; 

CDCl3;TM8)2.16(1 H,dd. /14.5and3Hz,6a-H),2.21(1 H,dd, Jl4.5and4Hx,6&H),2.79(1 H,d. 37Hz,4~), 
3.02 (3 H. s. 5-OMeh 3.39 (1 H, m, 1-H). 3.65 (3 H, s, 2-OMe), 3.79 (3 H, s. 4’-OMe), 5.03 (1 H. dd, J 7 and 2.5 Hz. 3- 
H), 6.83 (2 H, dm, J 9 Hz. 3’- and 5’-H), and 7.19 (2 H, dm, J 9 Hz, 2’- and 6-H); m/z (HI) 330 (M+ - 2CG,O.4%), 302 
(2), 270 (5). and 214 (100); m/z (FAB) 386 (M+. 7%), 355 (60), 327 (27). 302 (97). 271 (98), and 215 (100); and pi- 
curbonyl[(l,2,3,~tl)-2.5B-dimeto~-5a-(5-bromo-2-~~ho~phe~y~)-l,3-~c~ohexadiene]iron(O) (62 mg, 14%) as a pale 
yellow oil which solidified, m.p. 96.5-98.5 ‘C; v_ (C6Ht2) 2 054, 2 050, 1992, 1986, and 1973 cm-l (CO); S, 
(250 MHZ; Cml3; TMS) 2.21 (1 H, dd, J 15 and 4 HZ, 68-H), 3.34 (1 H, dd, J 15 and 2.5 Hz, 6a-H), 2.87 (1 H, d, J 7 
Hz. 4-H), 3.00 (3 H, s. 5-OMe), 3.31 (1 H, m, I-H), 3.65 (3 H, s, 2-OMe), 3.77 (3 H, s, 2’-OMe), 5.07 (1 H, dd. J 7 and 
2.5 Hz. 3-H), 6.72 (1 H, d J 9 Hz, 3-H). 7.32 (1 H, dd. J 9 and 2.5 Hz, 4-H). and 7.57 (1 H, d, _I 2.5 Hz, (7-H); dz 

@I) 4W436 (w - CO, 0.2%), 410/408 (0.3), 350/348 (8). 294/292 (84). 214 (22). and 198 (100) [Found m/z (~1) kf+ - 

MeOH. 432.9374. C18H17BrFeG6 requnes M+ - MeOH. 432.93741. 

Preparation of 4-methoxyphenyllrthium from 4-wdoamsole.- 
and Ladenberger,37 

Based on the procedure described by S&tosser 
n-butyllithium (8.33 ml of a 1.20 M solunon m hexanes, 10.0 mmol) was added to a solunon of 4- 

iodoanisole (2.69 g, 11.5 mmol) in hexane (20 ml), and the nuxture was snned 20 min at r.t. The whrte prectpitate which 
formed was allowed to settle, and the supernatant was removed by filtration through the side-arm frit. Hexane (20 ml) 
was added to the residue, the mrxture was stirred for 5 mm, and the white solid was once agan allowed to settle and the 
supematant removed. The resrdue was then dissolved in dry ether (20 ml) plus the nummum amount of dry THF (<O 7 
ml) necessary to give a homogeneous solunon. This solution of 4-methoxyphenyltitium was used directly. 

Reaction of salt 8 with 4-merhoxyphenyllithrwn derived from I-iodoanisok- The solution of 4-methoxy- 
phenyllithium prepared from 4-mdoamsole (11 5 mmol) and n-butyl-hthmm (10 mmol) in ethenTHF was reacted wnh a 
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solution of salt 8 (1.80 g, 4.25 mmol) in dry dichloromethane (80 ml) in the usual way. After the work-up, flash 
chromatography with 5% ethyl acetate in light petroleum afforded the producr 9 (1.38 g, 84%) as a vmcous yellow 011, 
nienttcal to that prepared above. 

One-pot procedure for the preparation of complex 9 from complex 7.- A solution of the lp-dimethoxy 
substituted complex 7 (868 mg, 3.10 mmol) in dry dichloromethane (15 ml) was added to a solutton of triphenylmethyl- 
mm hexafhrorophosphate (1.32 g, 3.41 mmol) in dry dichloromethane (25 ml), and the rmxture was shrred at r.t. for 2 h. 
lhe mixture was then cooled to -78 ‘C, and a solution of 4-methoxyphenyllithmm [prepared horn 4-mdoamsole (11.5 
mmol) and n-butyllithium (10 mmol) as detatled above] in ether/THF was added at such a rate that the lntemal 
tempermre of the reaction mixture remained below -60 ‘C. After the addmon of the lithium reagent was complete, the 
reaction nuxture was stured for 30 min at -78 ‘C. Saturated aqueous ammonium chloride (30 ml) was then added and 
the reaction mixture was warmed to r.t. and poured into a separating tunnel charged with ether (100 ml) and water (20 
ml). ‘lhe layers were separated and the aqueous layer was extracted with ether (3 x 30 ml). lhe combined organic 
fractions were washed with brine (2 x 30 ml), then dried (MgS04) and filtered, and the solvent was removed under 
reduced pressme to give the crude product. 
eluant afforded the 

Flash chromatography with 40% dichloromethane in light petroleum as the 
product (9) (1.02 g, 85%), which was identical to that prepared above. 

Reaction of comph?z 9 with TFA.- Complex 9 (1.35 g, 3.50 mmol) was stured with trifluoroac&c acid (‘WA) 
(2.70 ml, 35.0 mmol) for 30 mtn. Addition of ammommn hexatluorophosphate (1.35 g, 8.28 mmol) afforded tichonyl- 
[(1.2.3,45-~)-4-me~~l-(~~f~o~p~ny~2~~~c~o~~~n-l-y~]i~n(l+) hex@uwophosphare(l-) (10) (1.64 g, 
94%) as a yellow powder (Pound: C, 40.9; H, 3.0. Cl7H15F6FeOgP reqmres C, 40.8; H, 3.0%); v_ (CH3CN) 2 103 
and 2 054 cm-l (CO); S, (250 MHZ; acetone-dg; TMS) 2.87 (1 H, d, J 16 Hz, 6a-H), 3.94 (3 H, s, 4’-OMe), 4.03 (1 H, 
ddd, J 16.6.5, and 1.5 Hz, 68-H). 4.10(3 H, s.4-OMeL4.53 (1 H, ddd, J6.5,3, and 1.5 Hz,5-H). 6.61 (1 H. dm, J6.5 
Hz, 2-H), 7.13 (2 H, dm, J 9 Hz, 3’- and 5’-H), 7.36 (1 H, dd, J 6.5 and 3 Hz, 3-H), and 7.71 (2 H, dm, J9 Hz, 2’- and 
61-H). 

2-Trimethylsilylethyl cyanoerhanoare.- Based on the procedure of Hassner and Alexanian.38 freshly distilled 
cyanoethanoic acid (851 mg, 10.0 mmol), DCC (2.27 g. 11.0 mmol), and 4-pyrrolidinopyridin (148 mg, 1.00 mmol) 
were added in that order to a solution of 2-trimethylsilylethanol (1.30 g, 11.0 mmol) in dry ether (100 ml). The reaction 
mixture was shaken intermittently during 3 h, and then the urea which had formed was removed by filtration. ‘lhe tUtate 
was washed with water (3 x 50 ml), 5% aqueous acetic acid (3 x 50 ml), and water (3 x 50 ml), then dried (MgS04), 
filtered, and the solvent was removed under reduced pressure. Hexane (10 ml) was added and the mtxture was re-filtemd. 
Removal of the solvent under reduced pressure gave the. crude product as a pale yellow 011. Bulb-to-bulb distillation of 
this crude product afforded the title compound (1.62 g, 88%) as a colourless oil, b.p. ca. 60-80 ‘C/O.01 mmHg (Found: 
C, 52.1; H, 8.35; N. 7.5. C8H15N02Si requires C, 51.9; H, 8.2; N, 7.6%); v_ (film) 2 956 (C-H), 2 358 (CN), and 
1 747 cm-l (ester carbonyl); S, (60 MHz; CDCl3; TMS) 0.06 (9 H, m, SiMeg), 1.07 (2 H, m, OCH2C&Si), 3.43 (2 H. 
s, NCCH2CO). and 4.32 (2 H, m, OC&CH2Si). 

Tricarbonyl(2’-timerhylsilylerhy1[(2,3,4.5-~)4merhoxy-l~-(4”-methoxyphenyl)-2,4-cycloheMdien-1a-yl]~~o- 
erhanoare]iron(O) (12).- Sodium hydnde (17.2 mg of a 60% wrsion 1n rmneral oil, nominally 0.43 mmol) was 
washed with hexane (1 ml) and stured as a suspenston in dry ‘D-IF (1 ml) at 0 ‘C. A solunon of 2-tr1methyls1lylethyl 
cyanoethanoate (79 mg, 0.43 mmol) in dry THF (1 ml) was then added, and the mixture was stirred at 0 ‘C for 5 mm to 
give a colourless solution of the enolate 11. ‘the salt 10 (195 mg, 0.39 mmol) was then added against nitrogen back- 
pressure, and the reaction mixture was shrred for a further 30 mm at 0 ‘C. The reachon mrxture was poured into a 
separaung funnel charged with ether (50 ml) and saturated aqueous sodmm hydrogen carbonate (30 ml), and the layers 
were separated. The orgamc layer was washed wnh water and brine, then dried (MgSOS and tihered. and the solvent 
was removed under reduced pressure to give the crude product. Punticahon by flash chromatography wnh 15% ethyl 
acetate in tight petroleum as the eluant afforded the firle complex (195 mg, 93%) (inseparable 1 . 1 rmxture of 
dmstereo1somers), as a very viscous yellow oil (Pound: C, 55.8; H, 5.7; N, 2.8. C25H#eN07Si reqmres C, 55.6; H, 5.4; 
N, 2.6%); vmax (C6Hl2) 2 255 (CN), 2 052, 1979 (CO), and 1 718 cm-l (ester carbonyl); 8H (250 MHz; CDC13; 
CHC13) -0.04 and 0.02 (9 H, 2 x s, SiMe3),0.66 and 0.86 (2 H, 2 x m, OCH2CH2S1). 2.40 and 2.41 (1 H, 2 x dd, J 15.5 
and 4 Hz, 68-H). 2.66 and 2.80 (1 H, 2 x dd, J 15.5 and 2.5 Hz, 6a-H), 3.10 and 3.16 (1 H. 2 x d, J 7 Hz, 2-H). 3.35 (1 
H, m, 5-H). 3.56 and 3.57 (1 H, 2 x s, COCHCN), 3.68 and 3 73 (3 H. 2 x s. 4-OMe), 3 78 and 3.79 (3 H, 2 x s, 4”-OMe), 
3 92 and 4 06 (2 H, 2 x m, OCH2CH2S1), 5 23 and 5 32 (1 H, 2 x dd, J 7 and 2.5 Hz, 3-H), 6 84 and 6.86 (2 H, 2 x d, J 9 
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Hz. 3”- and Y-H), and 7.20 and 7.23 (2 H. 2 x d, J 9 Hz, 2”- and 6”-H); m/z (CD 557 (MNH~+, 21%). 357 (40), 203 
(67), and 90 (100). 

Tricarbonyl~(l3,3,4-~)-5~~omcthyl-2-methoxyd-(4_merh-1,3-cyclohexadiene]iron(O) (13).- 
Tetra-n-butylammomum fluoride (TBAR) (0.14 ml of a 1.0 M solution m THF, 0.14 mmol) was added to a solution of 
complex 12 (70.0 mg, 0.13 mmol) in dry THF (5 ml) under reflux, and reflux was matntatned for 2 h. The cooled 
reaction mrxture was then poured into a sepamtmg funnel charged with saturated aqueous ammomum chloride (5 ml), 
water (5 ml) and ether (20 ml), and the layers were separated. The. orgamc layer was washed with water (10 ml) and 
brine (IO ml), dried (MgS04) and filtered, and the solvent was removed under reduced pressure to gve the crude product. 
Purification by flash column chromatography with 30% ethyl acetate in light petroleum as the eluant afforded the. title 
complex (50.0 mg, 98%) as a pale yellow VISCOUS oil which solrdified. m.p. 124.5-125.5 ‘C (from ether) (Found: C, 57.6; 
H. 4.3; N, 3.5. C19H17FeN05 requires C. 57.75; H, 4.3; N, 3.5%); 
1977 cm-l (CO); vmax ( CHBr3) 2 246 cm-l (CN); 

vmax (C6H12) 2 054.2 051, 1990,1985,1981, and 
S, (60 MHz; CDC13; TMS) 2.28 (2 H, m, CH2CN), 2.53 (2 H, m, 

6-H). 3.08 (1 H, d, J 7 Hz, 4-H), 3.36 (1 H, m, I-H), 3.72 (3 H, s, 2-OMe), 3.80 (3 H, s, 4’-OMe), 5.30 (1 H, dd, J7 and 
2.5 Hx, 3-H), 6.91 (2 H. dm, J 9 Hz, 3’- and S-H), and 7.24 (2 H, dm, J 9 Hz. 2’- and 6-H); m/z, (ED 367 (W - CO, 
1%). 339 (4). 311(7), 270 (15), 215 (15), 121 (IO), 84 (62), and 43 (100) 

One-pot procedure for the preparation of complex 13 from salt lo.- Sodium hydnde (70.4 mg of a 60% 
dispersion in mineral oil, nommally 1.76 mmol) was washed with hexane (2 x 1.5 ml) and stirred as a suspension in dry 
THF (3 ml) at 0 ‘C. A solunon of 2-trimethylsilylethyl cyanoethanoate (326 mg, 1.76 mmol) in dry THF (3 ml) was 
added and the mixture was snrred for 5 min at 0 ‘C to give a colourless solution. The salt 10 (800 mg. 1.60 mmol) was 
added against nitrogen back-pressure, and stirring was continued for 30 min at 0 ‘C. Ihe reaction mixture was heated to 
reflux and TBAF (1.76 ml of a 1.0 M solution m THF, 1.76 mmol) was added. Reflux was maintained, and further 
portions of THAF were added at 1 h (3.52 mmol) and 3 h (1.76 mmol). After a total reflux time of 5 h, TLC analysis 
indicated that the reaction was substantially complete, and the cooled reaction mixture was poured into a separating 
funnel charged with water (30 ml), ether (25 ml), and ethyl acetate (25 ml). The. layers were separated and the organic 
layer was washed with water (2 x 20 ml) and brine (20 ml), then drred (MgSOq) and filtered. Removal of the solvent 
under reduced pressure gave the crude product, which was purified by flash chromatography with 30% ethyl acetate in 
light petroleum as the eluant to gve the complex 13 (530 mg, 84%). Thts product was idenncal to that prepared 
prev10us1y. 

4-Cyanomethyl4(4-methoxyphenyl)-2-cyclohexen-l-one.- Complex (13) (495 mg, 0.13 mmol) was shrred wrth 
pyridintum chlorochromate48 (155 mg, 0.72 mmol) m dry drchloromethane (5 ml) for 20 h. The reacnon mixture was 
then filtered through a short plug of srlica gel wnh 50% ethyl acetate in tight petroleum. Removal of the solvent under 
reduced pressure, followed by flash chromatography WI~I 40% ethyl acetate m light petroleum as the ehtant afforded the 
title compound (14.0 mg. 46%) as colourless crystals, mp. 108.5-109.5 ‘C (from ether) (lit.,3g 107-108 ‘C). 

Attempted reaction of complex 13 with DIBAL.- DIBAL. (0.28 ml of a 1.0 M solution m hexanes, 0.28 mmol) 
was added to a soluuon of complex 13 (100 mg, 0.25 mmol) in dry THF (2 ml) at -78 ‘C, and the reaction mixmre was 
then shrred at r.t. After 24 h, TLC analysis showed the presence of only starnng material, and the reacnon was 
abandoned. 

Hydrogenatron of the mtnle of complex 13 - (a) Usmg a palladaun(0) catalyst. Complex 13 (100 mg, 0.25 
mmol), 10% palladmm on carbon (50 mg), and dimethyianune (10 ml of a cu. 5.6 M soluhon in ethanol, nominally 5.6 
mmol) were shrred together in ethanol (2 ml) at r.t. under an atmosphere of hydrogen. After 24 h. TLC analysis showed 
the presence of only starttng material, and the reaction was abandoned 

(b) Using a mckel(0) ca#lyst.40 Complex 13 (248 mg. 0.63 mmol) and Raney nickel (15 drops of a cu. 50% 
slurry m water) were added to methylamme in ethanol (20 ml of a cu. 5.6 M solution), and the mixture- w9 stirred at r.t. 
under an atmosphere of hydrogen untd TLC analysts showed that no starthtg matenal remamedj_l h). The nnxture was 
then filtered through Celite (CARE! pyrophonc mckel) and the solvent was removed under reduced pressure. to give the 
crude product. Funficanon by flash chromatography with 10% &ethylamme- m ether as the eluant afforded tricarbonyl- 
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( N,N-dimetnyr-2-[(2,3,4~-~)4methoxy-1~-(4-methoxyphenyl)-2,4-~~~~n-la-yl]ethy~~ine)i~(O) (14) (160 
mg, 60%) as a ViScOUS yellow oil which solidified upon prolonged refrigeration, m.p. 74-75 ‘C (Frxuxl: C, 59.2; H, 6.0, 
N, 3.05. C21H25FeN05 requhes C. 59.0; H, 5.9; N, 3.3%); vtnax. (CgHl2) 2 048.1983, and 1972 cm-l (CO); S, (400 
MHZ; CDC13; ‘IMS) 1.50-2.03 (4 H, m, CH2CH2N). 2.08 (6 H, s, NMez), 2.17 (2 H, m. 6-I-Q 2.97 (1 H. d, 16.7 Hz, 2- 
I-D, 3.35 (1 H, m, 5-H). 3.69 (3 H, s, 4-OMe-), 3.80 (3 H, s, 4’-OMe), 5.21 (1 H. dd, J 6.7 and 2.4 I-Ix, 3-H). 6.84 (2 H. 
dm. J 8.9 Hz. 3’- and 5-H), and 7.15 (2 H, dm, J 8.9 I-Ix, 2’- and 6-H); m/r (EI) 399 (W -CO, 3%), 371 (11). 343 
(37), 270 (15). 233 (13), and 214 (100). 

Demetallation of complex 14.- (a) Using pyridinium chLwochromate.48 Complex 14 (58.0 mg, 0.14 mmol) and 
pyrldinhtm chlorochromate (173 mg, 0.80 mmol) were &red together in dry dlchloromethane (5 ml) at r.t. for 24 h. ‘lhe 
mixture was then poured into a separating funnel charged with 10% aqueous sodium hydroxide (10 ml) and 
dichloromethane (10 ml). ‘Die layers were qarated and the organic layer was washed with water (10 ml), then extracted 
with 1.5 M aqueous hydrochloric acid (10 ml). The acidic extract was made basic by the addition of solid sodium 
hydroxide and then extracted with dichloromethane (2 x 10 ml). lhe solvent was removed from these. latter extracts 
under reduced pressure to give the crude product, which was purlfled by short-path distillation at 0.01 nunHg to give the 
product, (f)-O-methyljoubertiamine (1) (10 mg. 27%) as a colourless oil. Data for this compound are reported below. 

(b) Using copper chforide.4g Copper(n) choride (3 ml of a saturated solution in ethanol) was added to a solution of 
complex 14 (70.0 mg, 0.16 mmol) in ethanol (3 ml), and the reaction mixture was sthred for 2 h at r.t lhe. mixture was 
diluted with ethanol (20 ml) and dlchloromethsne (25 ml), and @am&red to a separating tunnel. ‘lhe organic solution 
was washed liberally with water, satumted aqueous sodium hydrogen carbonate, and brine, and dried (MgSOe, and 
filtered Removal of the solvent under teduced pressure gave the crude product, Purification by flash chromatography 
with 10% dlethylamlne in ether as the eluant afforded (*)-O-methyljoubertiamine (1) (21 mg, 47%) as a colourless oil. 
Data for this compound am reported below. 

(c) Using trimethylamine N-oxi&. 50 Anhydrous Uimethylamiae N-oxides1 (300 mg, 3.99 mmol) was added to a 
solution of complex 14 (98.0 mg, 0.23 nunol) in dimethyl acetamide @MAC) (5 ml). ‘Die reaction mixture was .&red 
at r.t. for 20 h, then poured hito brine (10 ml) and extracted with ether (3 x 10 ml). The combined extracts were dried 
(MgSGq) and filtered, and the solvent was removed under reduced pressure. ‘Ihe oily residue was warmed gently in 
vacua to remove residual DMAC, leaving essentially pure enol ether (65.5 mg. 99%) as a colourless oil; S, (60 MHz; 
CDCl3; TMS) 2.08 (4 H, m, CH2CHz). 2.16 (6 H. s. NMe2), 2.54 (2 H, m , 6-H), 3.51 (3 H, s, 4-OMe), 3.80 (3 H. s, 4’- 
OMe), 4.55 (1 H, br t, J 9 Hz, 5-H), 5.95 (2 H, m, 2- and 3-H). 6.85 (2 H, dm, J 9 Hz, 3’- and S-I-I), and 7.27 (2 H. dm, 
J 9 Hz, 2’- and 6-I-I). ‘lhe whole of this material was dissolved in methanol (2 ml), and a solution of oxalic acid dihydrate 
(40 mg, 0.32 nunol) in water (0.5 ml) was added. The mixture was stirred for 21 h. then made basic by the addition of 
solid potassl~m hydroxide and extracted with ether (3 x 10 ml). The combined extracts were dried (MgSO4) and Bltere.d, 
and the solvent was removed under reduced pressure to give chromatographically pure (f)-0-methyljoubertiamine { [4- 
(2-dimethylamino)ethyl]-4-(4-methoxyphenyl)-2-cyclohexen-l-one) (1)17 (58 mg. 93%) as a colourless oil, b.p. co. 100 
‘C/O.02 mmHg (bulb-to-bulb distillation, 52 mg recovery); Rf 0.46 (10% Et2NH in Et20); vmax (CH3Br) 1 675 cm-l 
(C=O); S, (60 MI-k CDCl3; TMS) 2.0-2.4 (14 H, m. NMe2 and 4 x CH& 3.80 (3 H, s. OMe), 6.14 (1 H, d, J 10 Hz, 
2-H), 6.87 (2 H, dm, J 9 Hz. 3’- and 5’-H), 7.15 (1 H, d, J 10 Hz, 3-H), and 7.20 (2 H, dm, JP Hz. 2’- and 6-H) [lit.,52 
S, 2.00-2.23 (14 H, m), 3.81 (3 H, s), 6.05 (1 H, d). 6.85 (2 H, d), 7.15 (1 H. d). and 7.22 (2 H, d)]; m/r (EI) 273 (W, 
10%) and 58 (100). 
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