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Atetract - m,, reactions of 2,4-bie(mthoxycarbony1)-7arabicyclc- 

[2.2.11kptadiem (Is) and related corpauds lb, lc, and 2 with 

~lybaenum rnrixql corphxes are exmined at tvo different mn- 

peratures. In refluxed cyclohexane, reactions of k with hemcar- 

bcnyhlybgnum produce winly the correapcnding derivatives of 

dhthyl phthalate (3a-c) and 3.4-bis(methoxycarbonyl)furm (4sc), 

while the reaction of 2 produces mphthalere and 1-naphthol. At mon 

tenperature, reactions of 1a.b with tris(acetonitri1e)tricarbonyl- 

mlybaenm yield the dime htons 5a.b in addition to 3a.b and 4a,b, 

while the reacticn of 2 produces mphthalene ae the anly product. 

The mchaniw for Ule generation of 3, 4, and 5 ia rationalized 

as going th-h ccnplex intermediate with strucWre of a mlyb- 

h u m  chelatea-by 1. 

2,3-ais(metho~a~yl)-7-0~abicy~10[2.2.l]pie (la) and its derivatives are well-ham 

DielbAlder rycloaddition &cts of furans and the electmhdeficient dimthyl acetylenedicarboxy- 

late.' Utilities of these colpounds are versatile in organic synthesis, e.g. in the preparation of 

polysubtituted phenols and qclohexenols thrmgh ring-ning of the oxc-bridges.' Along with the 

pmgreaa of organ-tallic &emistry, nev types of reaction have recently been chaerved upon treat- 

m n t  with transition mtal corplexes. The dime miety as well as the lane pairs of oxygen m y  all 

act as effective ligands. Dimerizatian, deoxygenation, and carbonylation reactions becane feasible, 

and even for canventional types of mactions their reactivities can be drastically altered. In thia 

report we describe rllr observation of the reactions of ~everal 7-mnorbor~diene derivatives vith 

mlybgnum carboy1 conplex$s. Their reaction patterns a m  f d  to bgar certain similarities to 

those of the norborndiere b l q w s .  3 



P.FSJLT.3 

Th. rescti- of k w i t h  m(m)6. T k  reaictiona of n0(C0)~ v i th  four derivatives of 7-mabicycle 

[2.2.1]heptadiene (7-oxanodarnadiene, auQo) have been analyzed, i.e. 2.3-bis(methoxycahmy1)aueo 

4 ( la) ,  l-a~eto~th~1-2,3-bia(methoxycarbonyl)~ (lb),' l,rl-dimthyl-2,3-bis(mthoxyca~yl)- 

7 CNm ( l ~ ) , ~  and 1,4-dihydro-l,4-apoxynaphthale~~ (21. Prohrcts and their  diatrihrtion are e m -  

rired in  Table 1. Heating a solution of la d t40(C0)~ in  cyclohexane to reflux for 2 days produced 

8 
hra wjor a p x w d s ,  i.e. dimthyl phthalate (38, yield 46%) and 3 .4-b is (mthoxyca~1) furan (4.3, 

yield 10%). Both 3a and 4a were ieolated f m  column chr-tography and vere plrified. Similar p r e  

ducts were obtained for the reactions of n0(02)~  with lb and lc. I n  the reaction of lc ,  3c and 4c 

were isolated in yields of 34% d 10% respectively. The hra capmt& can also be quickly identified 

by g e m  apectr-try, m which b t h  of them produce clear signals comeepanding to  their  rmlecular 

ime. I n  the reaction of lb ,  a d i n e d  yield of 40%'for 3b a d  4b was obtained. Relative quantity 

of 3b/4b uas dstedmined by 'H m signal integrations aa 2/l. Isolation of the two was not readily 
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1 13 achieved, hovever information received f r m  g c n s  a 1 9  with b r o d h n s i m l  H- C rmr CoSY analy- 

sis -f ined their  structures. 

The reactions of ihC eeem to follav a general mechanim despite the changea of svbatituenta on 

C(1) e d  C(4). Variation appears only in  the reaction of 2 *ere major probrct. f d  vere 1-napb 

w19 (439) a+ r n p h ~ l a l e r a ~ ~  (179). The absence of beruofuran amng the pr&cts my be ascribed 

t o  its instabi l i ty  llnder the reaction mnditions. me high yield of 1-nsphthol E m  2 waa excep  

timl -red to la-c since a similar r e a r r q e m n t  waa not observed for  the la t ter .  the 

above information it is clear that &oxygenation happens eff icient ly in  these mct ions .  Such types 

of reactions have attracted coneiderable intereat in recent years. It haa been fwnd that lcnrvalent 

fo rm of im, tungeten, and t i t a n i d '  are all effective reagents.12 Horever, deoxygemtion induced 

by rmlybdenm araplexee h s  not seem to have been wall-recognized. ?he rnechanim to accaunt for  

formation of furan derivatives in these reactions i a  not so apparent. The fur- could ei ther  be 

derived direct ly  E m  netal-aeaiated cyclamvezaion of the starting naterials,  or derived indirectly 

L m  the Lragnenktion of certain primary adducts. Both passibi l i t ies  vere examined and the resul t  

w i l l  be diacuased in  l a te r  sections. 

1118 I(eaN0~ of 1 dth lb(QL,m13(W)3. I n  mder to acquire more information cn the rnechaniw of 

the above reactions as w e l l  aa in the hope of traming sone transient in tewdia tea ,  reactione vere 

reoxamined a t  a larer tenperature (ambient) with the mre reactive canplex M O ( C H ~ W ) ~ ( C O ) ~ . ~ ~  An 

equal mkr  solution of la and M o ( ~ ~ W ) ~ ( C O ) ~  in  acetoni tr i le  was s t i r red  a t  roan tenperature for 

5 h. Products =re extracted with ether, isolated by c o l m  chromatography, a d  prrified by repeated 

recrystallizations. A 1 9  with 2.a and 4a a rrev prduc t  was identified to posseas the structure of a 

dimer ketone (5a)14 (Table 11. It f o m  stable needles a t  rrxn t-rature tut s l w l y  deconposss 

upon heeting. It can m t  mmive long in  refluxed cyclohexane, that  m y  explain its ahaence i n  the 



reaction of Mdw),. I t a  instabi l i ty  a lso gives rise t o  en i r ra t ional  signal pattern in mass spec- 

trum. Other apectmscopic evidences including ir, $ wr, 13c m with DEFT, and '8-13c 2D COSY 

spectra are a l l  mnaiatent with the assigned structure. To mlve the inconeiatency of mass spectrum 

b m a  reduced by catalytic hydmgenation to the more stable saturated derivative 6a. R 1 1  the spec 

t ro~copic  information of 6a including its m a s  spectrum can be unambiguously interpreted. The AB 

pattern of proton rmr signal8 for the cyclcpentenone m i e t i e a  of 5a and 6a suggests an exo-trans-ex0 

junction betveen the two ONBD units. 15 

The reaction of l b  vith m(cn3m)3(m)3 produced similar results. Diastereaners of 5br f o m d  

due t o  the as-trical g e m t r y  of lb ,  were not further purified. Catalytic hydrqenation of 5b 

mixtures gave i-rs of 6b. The s tab i l i ty  of 6b is higher than that of %and their  mslecular 

iano (M+= 592, 4.2%) can be observed on me. s p e c t m .  Heating ei ther  5a or 5b in  hexane afforded 

high yield of the corresponding furan 4a or 4b. Cycloreveraion of Foxanorbomene is a uell-knam 

process, which m s t  account for the inetabi l i ty  of the d i m r  ketones. This process therefore should 

also have contrihrted r a r t i a l l y  to Ule overall  yield of the furan products. 

Reaction of 2 with Ho(CH3m)3(m)J did not prduce ei ther  bnzofuran or  1-naphthol. A trace 

amount of dimer ketone 5c was *tected in  w r  analysis of crude pr&cta. The only major product 

vas mphthalene remlt ing € ran  &oxygenation. 

Table 1. Pmduct distribution for the reactions of 1- and 2 with Molytdznum carbanyls 

la no canplexee 3 4 5 rel.  yield (3/4) 

a W w ) ,  46% 10% - 4.6 

b M o ( C ~ ) ~  27% 13% - 2.1 

c Mo(m), 24% 10% - 3.4 

a M~(m,m)~(co), 10% 9% 16% 1.1 

b n o ( ~ ~ m ) ~ ( r n ) ~  12% 12% <2% 1 .o 

c MO(M-,CN)~(CZJ)~ 209 20% -- 1.0 

---- -- 
MO ccmplexes naphthalene 1-naphthol diner ketone --- 

a Mixtures of 3 and 4 vere isolated togethec, relative yields were mamred based an 

1 
signal integratione in H m r  8pectt-a. Isolated yields. 
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DIS[XISSION 

'Ihe f o r a t i o l  of dime= Ls-. The formation of d i m =  ketones 5a.b m y  be correlated to the analc- 

gcus m c t i m s  of w t a l - p m o t e d  dimxirat ion of nothmadiene (NBO) and its derivatives. Iron car- 

-1s have been sham to  be - of the -t effective reagenb fo r  these types of reactions. 15,16 

Other kin& of metals have a l so  s h  the i r  effectiveness over a vide range of regio- ark5 ste- 

l ~ t i v i t i e s . ~ ' ~ ~  Evidences haw shavn that  the couplings proceed th-h intermediates of mta l -  

-olefin mmplexes mch as the general structure shovn i n  7a.18 The om-bridge of ONBo is kn- to  

be Eaphble of acting as a m r d i n a t i n g  ligand.3 Ccnplexes with mlyb3znrrm &elated by the heso face 

of ONBD is therefore mggested as the intermediates of the reactions. The g e m t r y  of t h i s  s t ructure  

mmlates nicely with our experiments i n  the f o m t i o n  of d h e r  ketones, fur-, and &oxygenated 

products. Por the formation of the ex-tra-exo diner ketone 5a. intermediate with structure 7b 

should be plausible, a l t h q h  it needs to be confirmed ye t  by experhen-. 

An mr tracing experimmt for  the reaction of la with Elo(Cd3ai)j(m)3 has revealed advanced infor- 

nation m the structure of the mta1-m~~ -la. A m3ai solution containing equal mlar amunts 

of la an3 M o ( C H ~ C N ) ~ ( ~ ) ~  was sealed i n  an rmr -1e tube. '8 m r  spectra e r e  taken periodically 

to continuously m i t o r  the transformation of signals. The f o m t i o n  of carpatnds k, 4a and 5a be 

uane apparent an mu spectram a f t e r  2 h, then their mncentratione increased s teadi ly  for  a further 

8 h while nearly all the s t a r t ing  m t e r i a l  la was cxnmmed. h r d n g  t h i s  period a transient in term- 

d ia te  had been d x e d  in addition to the s ignals  corresponding t o  3a. 4a a d  5a. Its concentration 

1 acmmlated to the cptimvo i n  the f i r s t  4 h, then diminished along with la. Gm H mr a pair of d m b  

l e t s  a t  6 6.7 and 6.9 (J= 7 A n ) ,  *ich am a l i t t l e  upfield f r m  the parent signal of la a t  6 7.2, 

are  clearly -lyhovn. Infrared apectrum of a muck -1e shprs hro strw absorptions a t  1940 and ZOW 

-1 cm . A l l  the evidences M i c a t e  that it is a IkXNBD oorplex with a mnfiguration similar to  that 

or m.3 me exact etructure of mia in terwdiate  -not yet  be ~ o l v e d  me its instabi l i ty .  

The orisin of RnaM. me furan 4a m y  be produced f r m  la i n  one step via a cyclorevemion that is 

believed to be the-hemically allared.19 Howvec, i n  a mference study p r e  la was heated to reflux 

i n  hexane for 2 days without the formation of 4a. I f  cycloreversion inched happened in the above- 

mntioned reactions, it m s t  have been catalyzed by the metal. 

An al ternat ive  pathway may a l so  have contributed t o  the formation of 4a, tha t  is via the t h e m  

&campwition of the dimer ketone 5a. Cyclorevemion for 2,3-bis(methoxycarbony1)-7-0xan~mene is 

bam t o  proceed readily u p n  heating, mch  are easi ly  than that  for  the d iem hanolque la. Con- 

t rol led experiment shoued that  heating 5a resulted i n  the production of 4a.' The easy fraqrentation 

of 5a explains its absence ammg the products i n  the reaction with Mo(CUI6, where the reaction tem-  

perature is higher than in the reaction with Eb(ai3M)3(CU)3. C m  5a seems to be 's table  under 

the l a t t e r  resctian condition. 



For Ule reactions of 1 with ei ther  ~ o ( w ) ~  Ho(CH~CN)~(W)~, the mchaniam is assumd t o  be similar. 

The formation of furans 4 in the reactions of Mo(M3(N).,(Wl3 indicates that natal-catalyzed c y c l e  

reversion h a p n s  w i t h  mnsiderable efficiency. The absence of d i m r  ketones 5 in  the reactions of 

mo(w), also suggests that plrt of the yields of 4's cane f r m  secondary thernadecanposition of 5's. 

~eorygenatiol Reactims. me d e ~ ~ y g e n a t i ~ n  of 1 takes place uaually in the presence of activated 1- 

valent transition metals mder atrang reducing conditions. lo''' Extrusion reactions were found to 

follcw the approximate order of N~ > m2 r m i  9~ ,  SO^ , o2 2 s r o with incmaing  difficulty.ll 

only recently it cas reported that  &oxygenation may happen in the reactions of ' i ron ca rbonyl~ . '~  

I n  the cases of im and molybdenum carbonyls, the energy of a r w t i z a t i o n  contributee as an impor- 

tant  driving force for the extrusion. I t  ma found that treatment of e i the r  cneof  the two 7-oxanor 

tomen. howlogues 8" a d  g21 with M ~ ( a i . , a ] ~ ( W l ~  a t  ram t-rature aid not  yield the c o r r e e  

pmding ryclohexadiene pmducts. Another example was the reaction with which was synthesized 

by condensing furan and two equivalents of dinathyl acetylenedicarboxylate upon the catalysis of 

R U H ~ ( W ) ( P P % ] ~ . ~ ~  No reaction -8 observed a t  mao temperature while it was mixed with No(M3Cd13- 

(a)., in acetonitrile.  men the solution was heated t o  reflux, a naesy mixture was produced a f t e r  

ca. X )  h, am3 the products f r m  &oxygenation were not amang the mjor mnponents. The v g e n  seemd 

to haha t e n  carried away through f o m t i o n  of m t a l  canplexes. I n  the case of iron c a h n y l s ,  the 

W ligands act a. the e f f f f t i w  reducing agent art3 W2 evolution has been ohserved.14 I" the caae 

of molybdenum carbonyls the mechanism is not yet clear. The formation of m t a l  oxides is also plau- 

sible. where the m t a l  i t se l f  is oxidized. 
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Ihs O w d  Wctim Nechmkm Sumadred f r m  the above in fomt ion ,  the follawing mechanim is 

pmp2aed for the diesters  k. The meal-olefin cmplexea 7a,b form f i r s t  and ac t s  aa a cormm 

intermediate. mree independent pathways derived f m  7a.b a m  deoxygenation, cycloreversion, and 

d i ~ e r i z a t i o n  with m insertion. A t  elevated tenperaturn the p r d c t i o n  of diner ketones (5)  is re 

tardea &m t o  its metable mture. Par t  of t h  yields of 3 , r l -b i e (mathoxyca~ l ) fura~  (4'6) cane 

f r m  the thermodeccnpositiona of 5's. The overall reaction pathway can be depicted in  the following 

A mll variation frcm thia is observed in  the reaction of 2 a t  r m  t-rature, for which 

only naphthalene is isolated (via dexwenation) v i t h w t  benzofuran (via cycloreversion). A t  higher 

terprature 1-naphthol ia pr&ced as the mjor conponent. me difference is believed to derive 

E m  the change of suhstituents of the d l b l e  bends, which a l t e r s  the electrmic configuration of 

the diem miety. 24 

EXPERIrnAL 

'H am3 13c m spectra were d ta ined  either an a BNcker UI 80 a* apectrcmeter or on a Bmcker 

MSrMO ET spectrrmeter. Chemical sh i f t s  are reported as parts per million (ppn) d m f i e l d  £ran 

tetramethylsilane in 6 units an3 coupling conatants in hertz (Hz). Reaults of DEFT experimnts for 

13c rum are indicated as m l t i p l i c i t i e o  ( 8 ,  d, t, q) in  parentheeea. Infrared spectra were mordea 

m a Perkin-Elmer 297 infrared spec t rophomter .  Elelting points e r e  determined using a Y m t o  

d l  KP-21 m l t i n g  p i n t  apparatus and were uncorrected. Maas spectra were carried wt on a Jeol 

JK?-D3W maas spectrcmeter. 



Hexaca~ylmolyb3enum, dimthyl  acetylenedicarb?xylate, and acetoni t r i le  were plrchased €ran MWM. 

Rlrfuryl acetate and 2,s-dimathoxyEuran were plrchaaed fran Aldrich Chemical Co. Acetonitrile M a  

dried over calcium h y a r i b  before use.  la-^,^ 2,7 am3 ~ o ( G i ~ a i ) ~ ( C o ) ~  ware prepared 

according td  the plblished proaedures. 

General Pmcedure Reacti- of la-c and 2 with N0(00)~. 

An -1 mlar solution of 1 4  and i n  cyclohexane was heated t o  reflux fo r  48 h under a 

n i t r q e n  atmsphere. I he  black mixture MS f i l t e red  and the f i l t r a t e  was concentrated i n  rotary 

evaporator to c b t a i n  a p l e  ye l l a r  oil .  The o i l  was applied onto a s i l i c a  gel  chranatogeaphic column 

eluted d t h  solvent -binations of ether/ethyl acetate/hexane. Yields of the products are  l i s t ed  

in Table 1. S- of the i r  spectroscopic data are sham as foll-: 3a, m r  (aC13): 6 3.85 (s, 

6H1, 7.40-7.78 (m, 4H); 13c mr (CDC13): 6 52.13 (q), 128.39 (d l ,  1M.69 (d l ,  131.47 (s), 167.53 

1s): m8. e+xctm: m/z 194 (PI+), 163, 77. 4ar $ m r  (CDC13):6 3.79 (s, 6H), 7.92 (a, W): mas 

spectrum: m/z 184 (M'), 153, 123. 3b, 13c nnr (Wl,,): s 20.48, 52.36, 52.45, 63204, 128.60, 129.32, 

129.57, 132.88, 133.75, 168.341 169.91, 170.12: mass epectrurn: m/z 235 (M+- 0CH3). 4b. 13c m r  

(CDC13): 6 20.32, 51.78, 52.10, 56.24, 116.62, 118.72, 141.91, 147.20, 161.61, 162.18, 165.W mss 

spectrum: m/z 2% (~'1. 3c, m r  (CDC13): 6 2.40 (sr 6H), 3.79 (s, 6H), 7.15 (a, 2Hl: rmss spec 

tm: m/z 222 (M+), 191, 132. 4c, $ mr:  6 2.38 (a, 6H), 3.82 (s, 6H), 7.17 (a, W): mas spectrum: 

m/z 212 (M'), 181, 122. 

General Pmcedure Reactions of la-c with Mo(Ci3ai),(aJ),. M o ( Q I ~ C N ) ~ ( ~ ) ~  MS prepared by 

heating M o ( ~ ) ~  (0.66 g, 2.5 -1) i n  acetoni t r i le  (30 mL) according t o  the pb l i shed  pr-dure.l3 

TO this  solution was added an equal mhr m m n t  of the cruMo derivative (la, lb ,  or l e )  and the 

mixture was s t i r r ed  a t  man t-rature for 5 h while the color turned b r m .  It was concentrated 

on a rotary evaporator, and products sere  separated by s i l i c a  ge l  column chrmtography eluted with 

ether/"-hexane (v/v 1/1). Yields of the p r d u c t s  are l i s t ed  in Table 1. Ketone 5a was m c y s t a l l i z e d  

f m  nethano1 t o  fonn f i b e r l i k e  crystals,  mp 122-123' C. 'H m r  (aC13): s 2.63, 2.90 (2d. J= 6.0 

Hz, 2H each), 3.78, 3.84 12.9, 6H each), 5.29, 5,36 (28, W each): 13c m r  (aCl3) :  s 47.27 Id), 52.64 

(2C, 41, 57.65 Id) ,  85.50 Id),  87.60 Id) ,  143.91 (s), 144.89 (a) ,  161.87 ( a ) ,  162.45 ( a ) ,  213.12 

( a ) :  ir (KBT): 1735, 1725, 1642 m-l. 

1,2,3,4,5,6,7,8-He~h~rrr2,3,6,7-tetr~U10xycarbony1-1~4:5~&di0~&f1u0renme (6a). The ketone 

b (0.lW 9 )  was dissolved i n  lUP (10 mL) containing cata lyt ic  a m m t  of 10% PWC, and was hydro- 

genated un&r H ( 1  atm) for 3 h a t  nxm tenperature. A quantitive yield of 6a wae obtained, ~p 168- 
2 

-169T. 'H mr (CDC13): 6 2.90, 3.10 (Zd, 5=7 Hz, W) ,  3.20 lm, 4H), 3.67 (a, lZH), 4.76 (m, 4H): 

i r  (RBI): v(c-31 1720-1760 (b r ) ;  mss s p e c t m :  d z  452 (M+). 421 (M+- a x 3 ) .  361. 315, 297, 

248, 220, 205 (base peak), 145, 121, 113. 
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