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Zirconium-Mediated Intramolecular Coupling of Terminal Alkynes 
and Their Subsequent Carbonylation : 
Novel Synthesis of Seven- and Eight-Membered Heterocycles 
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Abstract: The development of a new method for the intramolecular coupling of terminal 
alkynes and for the synthesis of seven- and eight-membered benzoheterocycles is report- 
ed. The key steps involve the generation of zirconocene-alkyne complexes from 24x0- 
moalkenes and the subsequent intramolecular carbometalation of olcfins or acetylides. benzazocines * benzazepines 
The 8-unsubstituted zirconabicyclopentenes were carbonylated to afford unexpected carbonylations - cyclizations 
products and allow access to polyfunctionalized molecules from simple starting ma- 
terials. 
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Introduction 

The reductive coupling of two unsaturated molecules by the use 
of low-valent metals from the two extremes of the transition 
series (Ni, Ti, Zr) is a very useful synthetic method."] The unsat- 
urated substrates undergo a formal reductive coupling, and the 
intermediate metallacycle can h e n  be transformed into a variety 
of interesting products.12] In the last few years, organozirconium 
compounds have been developed into useful reagents and inter- 
mediates for organic synthesis, and transformations mediated 
by them have gained increasing recognition as a powerful means 
for achieving reaction ~electivity.[~J In particular, the cyclization 
of enynes and diynes, using a zirconocene equivalent prepared 
from zirconocene dichloride and butyllithium,[41 affords zir- 
conabicycles which are fairly stable. Treatment of these nietal- 
labicycles with protons, halogens,l5] isocyanides,[61 or oxygenr7] 
produces mono- and bicyclic organic compounds with high re- 
gio- and stereoselectivity. Electrophilic cleavage with various 
main-group halides affords a number of unusual heterocycles.[*' 
Of special interest is the direct and facile generation of conjugat- 
ed bicyclic enones by carbonylation of these intermediates.[2c. 4J 

This method provides an easy way of synthesizing cyclopen- 
tenone skeletons from simple starting materials through a for- 
mal [2 + 2 + 11 process. It has been successfully used as the key 
step in the synthesis of several natural  product^.^"^ Despite the 
large number of carbocycles that have been obtained in this 
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way, few nitrogen heterocycles have been synthesized.""' How- 
ever, a major restriction of these reactions is that substrates 
containing terminal alkynes cannot be used, presumably owing 
to the ready oxidative addition of the electron-rich metallocene 
to the acidic acetylene hydrogen." Moreover, this type of di- 
rect cyclization reaction has a critical limitation for the ring 
size.'' z1 While a convenient zirconium-mediated preparalion of 
five or six-membered ring compounds from nonconjugated di- 
enes, enynes, or diynes has been described,"", only one ex- 
ample["J of the formation of a seven-membered ring from 
2,9-undecadiyne and another of an eight-membered ring deriva- 
t i v e ~ [ ' ~ '  from stereodefined 1,4,6,9-decatetraenes have been re- 
ported. To the best of o w  knowledge, only five and six-mem- 
bered1l4I N-heterocycles have been formcd so far by means o f a  
reductive coupling promoted by a metallocene. Moreover, sev- 
en- and eight-membered nitrogenated heterocycles possess po- 
tent biological activity and are attractive synthetic targets. l' 
On the other hand, the formation of metallocene $-alkene,['" 
-heteroalkene,["] -alkyne,["] -aryne['" o r  allene~201 complexes 
by a P-hydrogen activation process followed by the insertion of 
unactivated unsaturated molecules is an effective method of 
producing zirconacyclopentanoids, which may then undergo 
subsequent reaction. We have recently reported the regioselec- 
tive zirconium-mediated insertion of alkynes, alkencs, and elec- 
tron-rich alkenes in a r12-prop-2-ynylamine zirconocene coni- 
plex.r21' Wc now report on the first zirconium-promotcd 
intramolecular coupling of terminal alkynes, as well as their 
carbonylation and subsequent reaction with electrophiles to 
form a new type of zirconabicyclopentenes.1z2J A new method of 
synthesizing seven- and eight-membered N-heterocycles has al- 
so been developed based on this methodology. 
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Results and Discussion 

Intramolecular coupling of terminal alkynes: Treatment of 2-bro- 
moallylalkynyl compounds 1 a-c[231 with 2 e q ~ i i v [ ~ ~ ~  of tert- 
butyllithium in diethyl ether a t  - 78 "C gave the dianions 2, 
which were characterized by deuterolysis to  give dideuteratcd 
compounds [D,]3. Thcir reaction with bis(cyc1opentadi- 
eny1)zirconium methyl chloride at  temperatures ranging be- 
tween - 78 and 20 "C afforded, after the addition of water, the 
exocyclic dienes 6 in good yields (Scheme 1 and Table 1). The 
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Scheme 1. Intramolecular cyclisation of terminal alkynes 

'lable 1. Cyclization of lcrminal iilkynrs 1 to givc products 6 

Starting material X Exocyclic Dime Yield ("%) [a] 

l a  9-Flu [h] 6a 65 
l b  PhN 6b 13 
I c  PhCH,N 6 c  71 
Ic PhCH,N LD&c 70 

9 b  has been isolated and spectroscopically characterized. 
However. we found that it was not necessary to isolate any 
organometallic intermediates. Compounds 9 were chemically 
characterized by deuterolysis, iodonolysis and oxidation to give 
pyrrolidines and fluorenyl derivatives 10-13 in good yields. In 
this context, the reaction of the cyclohexcnyl amine 14 gave 
perhydroindole 16 as a single isomer by the deuterolysis of the 
tricyclic intermediate 15. The NOE observed between protons 
H i  and H, of 16 indicates a cis ring-junction and, in agreement 
with the literature,'2c. ' O d 1  the deuterium in the cyclohexyl moi- 
ety must be frun.7 to the ring junction protons. This result shows 
that high regio- and stereoselectivity are possible with this reac- 
tion. The results obtained arc summarized in Scheme2 and 
Table 2. 

xe 1. t-BuLi, -78°C 
B~ 2. Cp2Zr(CH3)CI 

-78 to 20°C 
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Scheme 2 Synthesis of 8-unsuhstituted zirconabicyclopentenes arid reaction with 
clectrophiles. 

Table 2. Cyclization of allyl-2-bromoallyl substrates 7 and subsequent ruaction 
with electrophiles to afford products 10- 13. 

[a] Isolated yield based on  the ytarting material 1. [b] 9-Flu = 9-fluorenyl Starting material X Eleclrophilc Product Yield ( I % )  [a] 

formation of these compounds can be understood by assuming 
an intramolecular insertion of the acctylide moiety into the zir- 
conacyclopropenes 4 leading to zirconacyclopentadienes 5, 
which generate 6 on hydrolysis. In the case of 1 c, workup of the 
reaction mixture with deuterated sulfuric acid gave the 
trideuterated pyrrolidine [D,]6c, the structure of which was 
confirmed by ' H  NMR and MS. The key step in the reaction 
seems to be an insertion of the acetylide instead of nucleophilic 
attack to generate a ~ i r c o n a t e , ~ ~ ~ ]  presumably prevented by the 
geometry of the triple bond. As far as we know, this is the first 
example or intramolecular coupling of terminal alkynes mediat- 
ed by zirconium. 

On the other hand, treatment of allyl-2-bronioallyl substrates 
7 with tBuLi and then with bis(cyclopentadicny1)zirconium 
methyl chloride, under the same reaction conditions as de- 
scribed above, led to zirconabicyclopentenes 9, by intramolecu- 
lar carbomctalation of the double bond by the zirconacyclo- 
propenes 8. These represent a novel type of zirconabicycle, 
although the 8-substituted homologues are known.[2c1 Complex 

7a 
7 a  
7b 
7 I> 
7b  
7b 
7c  
7 c  
7d 
7d 
7e  

9-Flu [b] 
9-Flu [b] 
PhN 
PhN 
PhN 
PhN 
PhCH,N 
PhCH,N 
c-C,H,,N 
c-C,H, , N  
4-CIC,H4N 

10a 
13a 
IOh 
I l b  
12b 
13 b 
1oc 
I l c  
10d 
13d 
IOe 

78 
59 
87 
7x 
79 
60 
83 
77 
75 
56 
81 

[a] Isolated yield based on the starting material 7. [b] 9-Flu = 9-lluorenyl 

Carbonylation of zirconacycles and subsequent reaction with elec- 
trophiles: In order to test the reactivity of these new zirconabicy- 
cles 9 with carbon monoxide, a solution of these compounds in 
diethyl ether was stirred under a CO atmosphere at room tem- 
perature for 40 minutes and then quenched with deuterium ox- 
ide or water to give the unexpected saturated cyclopentanones 
17 and allylic alcohols 18. It is important to  note that the expect- 
ed cyclopentenones 20, which are the usual carbonylation prod- 
ucts of similar zirconacycles,[2", ''] were not obtained. The struc- 
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turcs of compounds 17 and 18 were determined by their spcclro- 
scopic data and their stereochemistry was confirmed by NOE 
experiments on the non-deuterated products 18a and 18b. The 
insertion of CO into zirconabicycles 9 can be understood by 
assuming first that a n-ally1 complex 19['"h1 is produced by 
rearrangement of the previously formed q2-ketone complex.[261 
The formation of a strong metal-oxygen bond in the intermedi- 
ate ketone coniplcx has been invoked to explain the occurrence 
of the coupling of an alkyl and an acyl ligand to yield a ketone 
complexed to the metallocene moiety.[*'] The formation of 17 
and 18 can be understood by the hydrolysis of complexes 19 
with the zirconocenc unit finishing at  the bridge carbon or at the 
carbon nearest the oxygen (Scheme 3 and Tablc 3). We surmised 

2. 1. GO, D 2 0  1 or atrn, H 2 0  20°C -x$o + ..&);) 
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Scheme 3. Carbonyl;itioii of X-unsubatituted zirconabicyclopeiitenes and reactioii 
~ i t l i  clectrophiler. 

that the 17:18 ratio would increase if more basic amines wcre 
used, and tested our hypothesis on different aromatic amines in 
order to correlate their basicity with the ratio of products after 
carbonylation. However, the results were contradictory, and in 
some cases not even reproducible. Nevertheless, we found that 
reaction with benzylamines only gave small amounts or allylic 
alcohols, which were the major products when aromatic aniines 
were uscd. 

J. Barlucnga et al. 

Table 3. Carbonylation and subsequent hydrolysis of rirconacycles 9 to kctones 17 
and alcohols 18. 

Lirconacycle? X Products (ratio) Yield ( O h )  [a] 

9a 9-klu [h] 17a+18a(1  1) 6 5  
9b Pli N l?b+tSb( l  4) 63 
9 b  PhN 17b+18b (1 4) [c] 61 

9e  4-CIC,H,N 17e+18e(l 3)[c] 62 
9f 4-MeOC6H,N 17f+18f ( 1  4) [c] 64 

9 C  PhCH,N 17c [c,d] 5') 

[a] Isolated yield based on the starting material 7. [h] 9-Flu = 9-fluorenyl. 
[c] Quenched with D,O. [d] Only small amountr of 18c were detected in thc crude 
reaction mixture. 

Since it is well established that n-allylzirconium compounds 
react with carbonyl compounds[281 and nit rile^,[^^' we tested its 
reaction with several electrophiles (allyl bromide, 4-chloroben- 
ionitrile. benzaldehydc, and bcnzylideneaniline) , assuming a n- 
allyl intermediate complex. After hydrolysis and purification. 
l-substituted-bicyclo[3.3.O]octanones 21 b-24b and 22a were 
obtained in moderate yiclds of ca. 40-50% based on the start- 
ing amine 7b and fluorenyl derivative 7a1301 (Scheme 3). The 
structure of all the compounds was determined by their spectro- 
scopic data. Moreover, we have assigned their stereochemistry 
on the basis of NOE experiments on 23 b and 24 b, which indi- 
cated a cis ring junction. In the case of the reaction with ben- 
zaldehyde and benzylideneaniline, in which a new chiral center 
is generated, a mixture of diastereoisomers is obtained. In the 
samc way, treatment of 15 with carbon monoxide and subse- 
quent hydrolysis afforded tricyclic cyclopentanone 25 and tri- 
cyclic allylic alcohol 26. Their stereochemistry was assigned on 
the basis of previous results and NOE experiments on 26. When 
4-cyanopyridine was used as electrophile, diketone 27 was ob- 
tained as a single isomer. The difference in the carbonylation 
behavior of 9, with respect to analogous systems described in the 
literature, might be due to the lack of substituents at C 8; this 
would favor the formation of a n-ally1 complex instead of a 
/]-hydrogen abstraction process that would afford the bicyclic 
enones. Another fact which supports thc existence of ii n-ally1 
complex as an interrncdiate arter carbonylation is their suhse- 
quent reaction to give monocyclic ketones 29 in the absence of 
electrophiles. This reaction could be accelerated by refluxing it 
in ether for several hours. The formation of 29 can be under- 
stood by considering the hydrolysis and tautomerization of 28, 
generated by a p-elimination process in 19', one of the two 
qi-allyl complexes of 19. Although this kind of process is well 
documented for 8-oxygenated compounds,['"", 2 7 1  only one ex- 
ample of deallylation reaction has been reported for a zir- 
conocene complex containing a [J-nitrogen.[io"l Bicyclic pen- 
tenone 30 is obtained from 15 in an analogous manner 
(Scheme 4). 

Synthesis of six- and seven-membered heterocycles: In order to 
cxtend this methodology to the formation of N-heterocycles 
with large rings, N-benzyl-N-(2-bromoaIlyl)amines 31 a-c were 
synthesized by conventional routes. Metallacycle formation un- 
der standard conditions procccded as expected for n = 1 and 2. 
Piperidinc 33a and perhydroazepine 33b were obtained in mod- 
erate yields after deuterolysis. However, the reaction failed for 
n = 3 and the azocine derivative 33c was not detected. Wc be- 
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Scheme 4.  ~ v o l n t i o n  of a-allylrirconium intermediates. 

lieve that the reaction fails because the double bond in 31 c is too 
far away to coordinate with the intermediate r2-prop-2-ynyl- 
amine zirconocene complex, so that intermolecular insertion of 
isobutylene, generated in the lithiation step, is preferred. As far 
as we know, 33 b is the first seven-membered heterocycle synthe- 
sized by a zirconium-mediated coupling reaction. Treatment of 
zirconabicycle 32a with carbon monoxide (1 atm) and subse- 
quent addition of 4-chlorobenzonitrile produced diketone 34a 
as a single isomer. The structure of 34a was assigned in analogy 
with the results above. In the same way, we prepared N-(2-bro- 
moally1)amines 35a,b with a terminal triple bond to test this 
extension of the reaction. Treatment with 3 equiv of LBuLi at  
- 78 "C produced the dianions 36, which were characterized by 
deuterolysis. A solution of bis(cycIopentadieny1)zirconium 
methyl chloride was then added, the mixture was allowed to 
warm up to  room tcmpcraturc and was stirred for eight hours. 
Cleavage of the zirconacycle with deuterated sulfuric acid gave 
trideuterated piperidine 37a in 61 YO yield (based on 35a). On 
the other hand, azepine derivative 37b was not obtained, prob- 
ably because of an intramolecular interaction between the 
acetylide and the metallic center, instead of formation of the 
alkyne-zirconocene complex (Scheme 5). 

1. t-BuLi, -78°C 

-78 to 20°C 
31a n=l 

b n=2 
c n=3 

33a (72%) 
b (51%) 

3[;.:%6H4CN 3.&O c (0%) 

H 

34a (43%) 

35a n=l  36 
b n=2 

37a (61%) 
b (0%) 

Scheme 5. Zirconium-promoted synthesis of  pyridine and az,epine derivatives. 

Synthesis of seven- and eight-membered benzoheterocycles: Since 
the formation of eight-membered rings from 1 .9-diencsr'z1 or 
1,9-diynesr' was not favorable, and only one example has bcen 
reported from stereodefined 1,4,6,9-de~atetraenes,~' 31 wc then 
turned our attention to substrates in which the double bond 
approaches the bromoalkene moiety more closely. The starting 
material, o-allylaniline (38), was prepared by heating a solution 
of commercially available N-allylaniline in 2 N sulfuric acid at  
165 "C for two Amine 38 was 2-bromoallylated or 
3-iodohomoallylated in water with 2.3-dibromopropene or 2,4- 
diiodobutene to give secondary amines 39a and b, respectively. 
These were methylated with methyl iodide and NaKCO, in 
refluxing DMF to give tertiary aniincs 40 a,b. These were suc- 
cessfully converted to their corresponding metallatricycles 41 by 
reacting the anion, generated with t-butyllithium in ether, with 
bis(cyclopentadieny1)zirconium methyl chloride. For  the forma- 
tion of 41 b the mixture needs to be refluxed in ethcr. This 
demonstrates that the relative position of the nitrogen cxcrts an 
influence on the fl-hydrogen abstraction process. Compounds 
41 were characterized by hydrolysis to givc bcnzazepine and 
benzazocine derivatives 42 a and 42 b after standard purification 
by silica gcl chromatography (Scheme 6). To the best of our 
knowledge, 42 b is the first eight-membered heterocycle to be 
synthesized by zirconium-mediated coupling. We thought that 
we could use our methodology (carbonylation and reaction with 
electrophiles) to build up some 1-benzazepine and l-benza- 
zocine dcrivativcs. Therefore, the atmosphere of the vessel with 

38 

r Me 1 Me 

4o 2. 1. C p z Z r ( C H 3 ) C l * [ a  f-BuLi, -78°C 1"'"- a"., ZrCPz -78 to 20°C 
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Scheme 6. Synthesis of henrazepine and benzazocine derivatives hy zirconium-me- 
diated intramolecular coupling. 
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the zirconium-containing compounds 41 was changed from N, 
to CO at room temperature, the solution was stirred for 30 min 
and subsequently hydrolyzed. This gave the 6-7-5 and 6-8-5 
fused-ring ketone 43a along with ketone 44a, and alcohols 45a 
and 45b, the latter as a mixture of diastereoisomers. The forma- 
tion of 44a could be accounted for by assuming a /?-elimination 
process in the nallylzirconium intermediate generated after car- 
bonylation (see Scheme 4), followed by an intramolecular 
Michael addition of the amine to the cyclopentenone moiety. 
Trcdtment of 41 a.b with 4-chlorobenzonitrile and subscquent 
carbonylation produced, almost exclusively, allylic alcohols 
46a,b and in both cases only one diastereoisomer was detected. 
However, the reaction of 41 a with CO and allyl bromide gener- 
ated cyclopentanone 47 a as single diastereoisomer and allylic 
alcohol 48a as a mixture of diastereoisomers (Scheme 6). While 
high diasteroselectivity is shown in the formation of five and 
six-membered cycles, we found here that a mixture of diastereo- 
isomers is generated in some cases. The seven- and eight-mem- 
bered rings are thought to permit the zirconocene unil more 
freedom to position itself at the same or the opposite side to the 
hydrogen-ring junction. Although a mixture of diastereoiso- 
mers is formed in some cases, this synthesis allows the genera- 
tion of functionalized derivatives of benzazepines and benza- 
zocines in a one-pot procedure from really available starting 
materials. 

Conclusions 

Thc work described here represents the first zirconium-mediat- 
ed intramolecular coupling of terminal alkynes. The possibility 
of using one equivalent of terminal enyne allows the formation 
of 8-unsubstituted zirconabicyclopentenes. Their carbonylation 
and subsequent reaction with elcctrophiles represents a new be- 
havior. These intermediates cannot be obtained by treatment of 
terminal enynes or diynes with "drconocene" or "titanocene". 
This methodology has been extended to the formation of six-, 
seven-, and eight-membered ring heterocycles. Moreover, 
simple substrates are used as starting materials, and it is a one- 
pot synthesis. 

Experimental Section 

General techniques: All reactions involving organometallic reagents were car- 
ried out under an atmosphere of dry N, using standard Schlenk techniques 
and oven-dried glassware and syringes. All common reagents and solvents 
were obtained from commercial suppliers and used without further purifica- 
tion unless otherwise indicated. [Cp,ZrCI,] was purchased from Aldrich and 
[Cp,Zr(Me)CI] was pnpared according to a published pr0~edure.l'~' BuLi 
was used as a 2 . 5 ~  solution in hexane. tBuLi was used as a 1 . 7 ~  solution in 
pentane. THF and Et,O were distilled from sodium benzophenone ketyl 
under N, immediately prior to use. Hexdne. AcOEt, methanol, allyl bromide, 
and benzaldehyde were distilled before use. N-Benzylideneaniline was pre- 
pared by refluxing in toluene a mixture of bemldehyde and aniline in the 
presence of a catalytic amount ofp-toluenesulfonic acid in a system equipped 
with a Dean-Stark trap: 2.4diiodobutene was obtained by treating4-iodo-l- 
butyne with Nal, Me,SiCI, and H,O in acet~nitri le;~'~~ 2cyclohexenyl bro- 
mide was synthesized by refluxing a mixture of cyclohexene and NBS in CCI, 
in the prcscnce of a catalytic amount of bewoyl peroxide. TLC was per- 
formed on Al-backed plates coated with silica gel 60 with FZ5, indicator 
(Scharlau). Flash column chromatography was carried out on silica gel 60, 
230 ,240 mesh (SDS). Melting points were obtained on a Biichi-Tottoli 

apparatus with open capillary tubes and are uncorrected. 'HNMR (200. 
300 MHz) and I3C NMR (50.5,75.5 MHz) spectra were measured on Bruker 
AC-200 and AC-300 instruments, respectively, with TMS (6 = 0.0. 'HNMR) 
or CDCI, (6 = 76.95, 13C NMR) as the internal standard. Chemical shifts are 
reported relative to TMS in CDCI,. Homonuclear decoupling experiments 
served to assign coupling constants. Carbon multiplicities were assigned by 
DEPT techniques. Low-resolution electron impact mass spectra (EI-LRMS) 
were obtained at 70 eV on a HP 5987A instrument. and the intensities are 
reported as a percentage relative to the base peak after the corresponding m,k 
value. High-resolution mass spectra (HRMS) were determined on a Finnigan 
MAT95 spectrometer. Infrared (1R) spectra were recorded on a Unicam 
Mattason 3000 FTIR and only the most significant IR absorptions are given. 
Elemental analyses were performed with I Perkin Elmer analyzer. 

Dianions 2 pad dideuterio compounds ID,J3-GeneraI procedure: rerr-Butyl- 
lithium (4 mmol) was added dropwise to a - 78 "C stirred solution of the 
corresponding 2-bromoallyl substrate 1 (2 mmol) in dry Et,O (10 mL). After 
stirring at - 78 "C for 60 min. the dianions were formed and then were treated 
with D,O and extracted with AcOEt (3 x 20 mL). The combined organic 
layer was washed with saturated aq. NdHCO, (20 mL), dried over anhydrous 
Na,SO,. and concentrated under reduced pressure. The crude dideuterated 
compounds were isolated without further purification as yellow oils. 

~ 2 - ~ e n o ~ l ~ ~ ~ ~ ~ n o p ~ ~ i ) f l ~ ~  (fD213 a) : The reaction 
was performed as described in the general procedure with 1 a (0.64 g, 2 mmol) 
and fBuLi (3.6mL. 6mmol). Isolatcd yield: 96% (0.47g); 'HNMR 
(200 MHz, CDCI,. 25°C. TMS): 6 =7.9-7.4 (m. 8H, ArH), 5.0 (s, lH,  
C=CHH), 4.9 (s, lH,  C=CHH), 3.0 (s,2H, CH,CD), 2.8 (s, 2H, CH,C): 
I3C NMR (50.5 MHz, CDCI,. 25°C): 6 =14.7, 140.1, 127.4. 126.9, 123.6, 
119.7 (Arc), 132.9 (t. J, = 23.5 Hz, =CD), 117.8 (=CH,), 80.7 ( K ) ,  69.6 
(=CD), 51.7 (CCH,), 41.1 (CH,C=), 28.9 (CH,Cm): HRMS (EI) calcd for 
C,,H,,D,: 246.1377, found 246.1377. 

N - B e o y I - ~ ~ n ~ ~ ~ Z d ~ e r i o a l l y l ) p r o  ([D2]3c): Amine 1 c 
(0.53 g, 2 mmol) was treated with rBuLi (2.4 mL, 4 mmol). Isolated yield: 
96% (0.36 9); 'HNMR (200 MHz, CDCI,, 25°C. TMS): 6 =7.5- 7.3 (m, 
5H, AH), 5.4 (s, lH, CD=CHH). 5.2 (s. 1H. CD=CHH). 3.7 (s, 2H. 
ArCH,"). 3.4 (s, 2H. NCH,CD), 3.2 (s, 2H, NCH,C); "C NMR 
(50.5 MH2, CDCI,, 25°C): 6 =138.4. 128.9, 128.1, 127.0 (Arc), 135.0 (t. 
J, = 23.2 Hz. =CD), 117.8 (=CH,), 77.8 ( d ) ,  57.0, 56.3.41.0 (3NCHJ; 
LRMS(70eV,EI):m/z(%)=187(17)[M+], 186(17),159(28), 110(21),96 
(24). 92 (16), 91 (100). 

General procedure for the preparation of exwydk dienee 6: To a stirred 
solution of bis(cyclopentadienyl)zirconium methyl chloride (0.57 g, 
2.1 mmol) in Et,O (20 mL) was added a solution of dianion 2 (2 mmol) at 
-78 "C under N,, generated from substrates 1 (2 mmol) and 2 equiv rBuLi. 
After stimng for 1 h at this temperature, the mixture was allowed to warm 
to RT and was stirred for an additional 4 h. The reaction was quenched with 
H,O or with 2~ deuterated sulfuric atid, filtered through Celite, and extract- 
ed with AcOEt (3x20mL). The combined organic phases were dried 
(Na,SOJ and the solvents removed. The residue was purified by column 
chromatography to give compounds 6. 

3 , ~ ~ e ~ y ~ u e s ~ [ c y c l o ~ ~ l , ~ ~ 9 ~ ~ ~ ~ ~ ~  (6.): Fluorene deriva- 
tive l a  (0.64g, 2mmol) was treated with rBuLi (3.6mL. 6mmol) and 
LCp,Zr(Me)CI] (0.57 g, 2.1 mmol); the resulting crude product was purified 
by silica gel chromatography (hexane/AcOEt 50:l). Yield: 0.32 g (65%) of 
diene 6.. R, = 0.35 (hexane/AcOEt 50:l); 'HNMR (200 MHz. CDCI,. 
25°C. TMS): 6 =7.8-7.3 (m. 8H, ArH), 5.7 (s, 2H. ZC=CHH). 5.1 (s, 2H. 
ZC=CHHJ, 3.0 (s, 4H, 2CH,); "C NMR (50.5MHz. CDCI,, 25°C): 
6 =151.1, 147.4, 139.5. 127.3, 127.1, 122.7. 119.6 (A< and C=CH,), 105.4 
(=CH,). 53.6 (CCH,), 45.9 (CCH,); HRMS (El) calcd for C,,H,,: 
244.1252. found 244.1259. 

3,4-hethylene-l-pheoVlpymli~ (6b): Amine 1 b (0.50 g, 2 mmol) was 
treated with tBuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)CI] (0.57 g. 2.1 mmol); 
the resulting crude product was purified by silica gel chromatography (hex- 
ane/AcOEt 25: 1). Yield: 0.25 g (73%) ofdiene 6b. R, = 0.28 (hexane/AcOEt 
15:l); 'H NMR(200 MHz,CDC13,25"C,TMS): 6 =7.4-6.7(m, 5H. AH). 
5.7 '5.6 (m. 2H, 2C=CHH). 5.2 (s, 2H, ZC=CHH), 4.3-4.2 (m, 4H, 
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2CH2N); I3C NMR (50.5 MHz, CDCI,, 25°C): 6 =147.2. 143.0, 129.1, 
116.6, 112.0(ArCandC=CH2), 104.4(=CH,).53.5(CH2N); LRMS(70 eV. 
EI): w / z ( % )  = 171 (82) [M'], 170 (40), 156 (17), 144 (73), 143 (26), 132 (23), 
131 (29), 130 (82) .  117 (24). 115 (27), 105 (36), 104 ( X Y ) ,  77 (100); HRMS (EI) 
calcd for C,,H,,N: 171.1048, found 171.1044. 

l-Renzyl-3,4-dimethylenepyrrolidine (6c): Amine 1 c (0.53 g, 2 mmol) was 
treated with tBuLi (2.4 inL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); 
the resulting crude product was  purified by silica gel chromatography (hex- 
;ine<AcOEt 7 : l ) .  Yield: 0.26 g (71 %) ifdiene 6c. R, = 0.29 (hexaneiAcOEt 
5 : l ) :  ' H N M R  (200 MHz, CDCI,, 25°C. TMS): 6 =7.4-7.2 (m. 5H,  ArH), 
5.5-5.4(m, 2H,  2C=CHH), 4.9 (s, 2H,  2C=CHH),  3.7 (s, 2H,  ArCH,N), 
3.4-3.3 (m, 4H,  2NCH,C); I3C NMR (50.5 MHz, CDCI,, 2 5 ° C ) :  
6 =144.4, 138.3, 128.6, 128.1. 126.9 (ArCand C=CH,), 103.1 (=CH,), 60.4, 
5Y.7(2CH2N);LRMS(70eV,EI):nz/z(%) =l85(56)[M+] 184(67),94(42), 
91 (200); HRMS (EI) calcd for C,,H,,N: 185.1204, found 185.1212. 

1-Benzyl-3-(E)-deuteriomethylene-4-dideuteriomethylenepyrrolidine (IDJ6c): 
Amine lc (0.53 g, 2 mmol) was treated with tBuLi (2.4 mL, 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); the cleavage of the reaction was carried 
out with 2N D,SO,; the resulting crude product was purified by silica gel 
chromatography (hexane/AcOEt 7 : l ) .  Yield: 0.25 g (70%) of diene [D3]6c. 
'HNMR(200MHz,CDCI3,2S"C,TMS):6 -7.4- 7.2(m,5H,ArH),4.9 (s, 
1H,  C=CHD). 3.7 (s, 2H. ArCfI,N), 3.4 (s, 4H,  2NCH,C); I3C NMR 
(50.5 MHz, CDCl,, 25 'C): S =144.4, 144.3, 138.4, 128.7, 128.2. 127.0 (Arc 
and 2C=), 102.9 (t. JcD = 24.3 Hz, CD and CD,), 60.5, 59.7 (2CH,N); 

HRMS (El) calcd for C,,H,,D,N: 188.1383, found 188.1386. 
LRMS (70 eV, El): mi; (96) = 188 (66) [ M ' ] ,  187 (72), 97 (46). 91 (100); 

General procedure for the preparation of zirconabicyclopentenes 9 and their 
reactions with electrophiles: 
Compounds 10-13: krr-Butyllithium (4mmol) at -78°C was added to a 
solution of the appropriate substrate 7"0.341 (2 mmol) in Et,O (10 mL). 
After the mixture had been stirred at this temperature for 1 h, it was addcd 
to a solution of bis(cyclopentadieny1)zirconium methyl chloride (0.57 g, 
2.1 mmol) in Et,O (20 mL) at -78 'C. The reaction mixture was stirred at 
- 78 ^C for 1 11. The cold bath was then removed, and the mixture was stirred 
at RT for 3 h. To the zirconium-containing metallacycles 9 were added differ- 
ent electrophiles: deuterated sulfuric acid (20 -C, 1 h), iodine (2.5 equiv, 
20'C, 4h) ,  MeOD (1.5 equiv, 20'C, 1 h), and iodine (1.2 equiv, 20°C. 2h), 
dry 0, (0 C ,  1 h). After addition of aq. NaHCO,, the mixture was filtered 
through Celite and extracted with AcOEt (3 x 20 mL) and aq. Na,S,O,. The 
organic layer was collected, washed with aq. NaHCO,, dried over Na,SO,, 
and filtered. The solvents were removed by rotary cvaporation and the prod- 
ucts were isolated by flash chromatography as oils or solids. 

7,7-Ris(cyclopentadienyl)-3-phenyl-3-aza-7-zircona- 1(8)-bicyclo[3.3.01octene 
(9b): Amine 7 h  (0.50 g, 2 nimol) was treated with tBuLi (2.4 mL, 4 mmol) 
and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol). After evaporation of the solvents. 
benzene (20 mL) was added, and LiCl filtered off. The filtrate was evaporated 
to dryness. Yield: 0.74 g (95%) of 9b. I3C NMR (50.5 MHz, C,D,, 25 'C): 
6 =169.7(=CH), 149.3, 142.6, 130.2, 116.7, 113.1 (ArCand C=CH), 112.1, 
111.0 (Cp), 62.3, 57.3 (2CH,N), 38.3 (CH), 36.5 (CH,Zr). 

3-(E)-Deuteriomethyl-4-deuteri~methylenespiro~cyclopentane-l,~- 
(9ff)fluorenel(lOa): Fluorene derivative 7a (0.65 g, 2 mmol) was treated with 
lBuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the 
addition of D,SO, and the extractive workup, the resulting crude product 
was purified by silica gel chromatography (hexane/AcOEt 50: 1). Yield: 
0.38 g (78%) of 10a. M.p. 127-129 "C (hexane); 'HNMR (200 MHz, CD- 
Cl,, 2 5 ' C ,  TMS): 6 =7.9-7.3 (m, 8H,  ArH), 5.2-5.1 (m, I H ,  C=CHD), 
3.4-3.2 (m, l H ,  CH), 3.1 (dt, J=16.4,  2.2Hz, l H ,  CKHC=), 2.8 (d, 
J = 1 6 . 4 H ~ ,  lH,CHHC=),2.2(dd,J=I3.0,8.0 Hz, IH,CHHCH),2.1 (dd, 
J =13.0,10.8 H z , I H , C H H C H ) , 1 . 4 ( d , J =  6.7 Hz,2H,CH,D);  I3CNMR 
(50.5MHz,CDC1,,25"C):6=156.8,153.3,151.6,139.7,139.2,127.3,127.2, 
126.9, 126.8, 123.1, 122.6, 119.6, 119.5 (Arc and C=CHD), 105.6 (t, 
JrD = 24.3 Hz, CHD), 55.3 (CCH,), 47.9, 44.9 (2CH,), 38.2 (CH). 19.3 (t. 
JcD = 19.4 Hz, CH,D); LRMS (70 eV, EI): m/z (YO) = 248 (89)  [Mt], 233 
(27). 232 (49), 219 (34), 218 (loo), 217 ( 3 3 ) ,  216 (30), 204 (82), 203 (YO),  202 
(23), 179 (32), 178 (90). 165 (35); HRMS (EI) calcd for C,,HI6D2: 248.1534, 
found 248.1537; anal. calcd C 91.88, H/D 8.12; found C 91.96, H/D 7.99. 

3-Deuteriomethyl-4-(E)-deuteriornethylene-l -phenylpyrrolidine ( 10 b): Aminr 
7 b  (0.50g. 2 mmol) was treated with /BuLi (2.4 mL, 4mmol) and  
[Cp,Zr(Me)Cll (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex- 
tractive workup, the resulting crude product was purified by silica gel chro- 
matography (hcxane/AcOEt 25: l ) .  Yield: 0.30g (87%) of 10b. M.p. 63 
65°C (hexanelCHC1,); 'HNMR (300 MHZ. CDCI,. 2 5 ° C  TMS): 

(5 =7.4-6.7 (m. 5H,  ArH), 5.2-5.1 (m, 1H.  C=CHD). 4.2 (dd, .1=13.7. 
~ . ~ H Z , ~ H , N C H H C = ) , ~ . ~ ( ~ ~ , J = ~ ~ . ~ , ~ . ~ H ~ , ~ H , N C H I I C = ) , ~ . ~  3.7 
(m,lH,NCHHCH),3.1-2.9(m,2H,NCHHCHLtndCH),l.4-1.3(m.2H. 
CH2D):l3CNMR(75.5 MHz,CDCI,,25 C ) : 6  =151.4.147.8. 129.0. 116.1. 
111.8 (Arc  and C=CHD). 104.3 (t. JcD = 23.5 Hz. CHD),  55.1, 53.1 
(2CH,N), 37.1 (CH), 16.3 (t. Jc,, = 19.6 Hz, CHID): LRMS (70 eV, EI): ni z 
(%) = I 7 5  (74) [M']. 174 (96), 173 (31). 159 (100). 131 (46). 105 ( 3 5 ) .  104 
(49), 77 (58); HRMS (EI) calcd for CI,H,,D,N: 175.1330: found 175.1328: 
anal. calcd C 82.23, H/D 9.78, N 7.99, found C 82.30, €IiD 9.63, N 8.06. 

l-Benzyl-3-deuteriomethyl-4-(E)-deuteriomethylenepyrrolidine ( IOc) :  Amine 
7c (0.53 g, 2 mmol) was treated with tBuLi (2.4mL. 4 mmol) and 
[Cp,Zr(Me)Cll (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex- 
tractive workup, the resulting crude product was purified by silic;i gel chro- 
matography (hexane/AcOEt 7 : l ) .  Yield: 0.33 g ( 8 3 % )  of 1Oc. R, = 0.24 
(hexane/AcOEt 5 : l ) ;  'HNMR(200 MHZ.CDC~, ,~S"C,TMS):  6 =7.4-7.3 
(m, SH, ArH), 5 . 0 ~ 4 . 9  (m, I H ,  C=CHD),  3.7 (d, . /=18.1Hr,  1H. 
ArCHHN), 3.6 (d, J=18.1Hz,  I H ,  ArCHHN), 3.5 (d,  J = 1 3 . l  Hz. I H ,  
NCHHC=), 3.1 -3.0 (m. 2H,  NCHHC= and NCHHCH), 2.9-2.7 (m. 1 H, 
CH) ,2 .2(dd ,J=  8.6,8.3 Hz, lH,NCHHCH),  1.2-1.1 (m,ZH.CH,D). I3C 
NMR (50.5 MHL, CDCl,, 25-C): b =153.7, 138.8, 128.6, 128.1, 126.8 ( A r c  
and C=CH,), 103.4(t,JcD = 23.5 Hz. CHD).62.1,60.5. 59.3 (?CHIN),  37.3 
(CH), 17.3 ( t ,  -IcD =19.7Hz, CH,D); HRMS (EI) calcd for C,,H,,D,N: 
189.1486, found 189.1483. 

l-Cyclohe~yl-3-deuteriomethyl-4-(E)-deuteriomethylenepyrrolidine (1Od): 
Amine 7d (0.52 g, 2 mmol) was treated with fBuLi (2.4 mL. 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex- 
tractive workup, the resulting crude product was purified by silica gel chro- 
matography (AcOEt/MeOH 1 : l ) .  Yield: 0.27 g (75%) of IOd. R ,  = 0.39 
(AcOEt/MeOH 1 : l ) ;  'HNMR (300 MHz. CDC1,. 25°C. TMS). 6 = 4.9- 
4 .8(m.1H,C=CHD),3.6(d, .1=13.8Hz,1H,NCI~C=),3.2(dd. /= X.2, 
7.7 Hz, 1 H, NCHHCH), 3.0 (dt, J =13.8, 2.2 Hz. 1 H, NCHHC=), 2.8-2.6 
(m. 1 H. CHI. 2.0 -1.6 (m, 8H,  NCH, NCHHCH and 3CH, cyclohexyl). 
1.3-1.1 (m, 6H.  CH,D and 2CH, cyclohexyl); I3C NMR (75.5 MHz. CD- 
CI,, 25°C): 8 =153.5 (C=CHD), 103.2 (t, JcD = 23.5 Hz, CHD). 63.7 
(CHN), 59.7, 57.4 (2CH,N), 36.9 (CH), 31.6, 31.5, 25.9, 24.9, 24.8 (5CH, 
cyclohexyl), 16.9 (t, Jcn = 19.4 Hz, CHID); LRMS (70 eV, EI): m i z  
(%) =I81 (11) [ M + ] ,  138 (loo), 137 (15), 124 (10); HRMS (El) calcd for 
C,,H,,D,N: 181.1799, found 182.1804. 

1-(4-Chlorophenyl)-3-deuteriomethyl-4-( E)-deuteriometh ylenepyrrolidine 
(10e): Amine 7 e  (0.57 g, 2 mmol) was treated with tBuLi (2.4 mL. 4 mmol) 
and [Cp,%r(Me)Cl] (0.57 g, 2.3 mmol): after the addition of D,SO, and the 
extractive workup, the resulting crude product was purified by silica gel 
chromatography (hexane/AcOEt 25: l ) .  Yield: 0.34 g ( X I  'X) of 10e. M.p. 
74-76°C (hexane/CHCI,); 'H NMR (200 MHz. CDCl,, 25 "C. TMS): 
6 = 7.2 (d, J = 8.9 Hz, 2H,  ArH), 6.5 (d, J = 8.9 Hz, 2H,  ArH). 5.1 -5.0 (m, 

NCHHC=),3.6( t ,J=7.3 Hz, lH,NCHHCH),3.0 -2.X(m.2H.NCHHCH 
and CH), 1.3-1.2 (in, 2H,  CH,D); I3C NMR (50.5 MHz. CDCI,, 25°C): 
6 =150.9, 146.2, 128.7, 120.7, 112.8 ( A r c  and C=CHD). 104.5 (t. 
JcD = 23.6 Hz,CHD), 55.1, 53.1 (2CH,N), 37.0(CH), 16.1 (t,Jcn =19.4 Hz. 
CH,D); HRMS (El) calcd for C,,HI,D,CIN: 209.0940. found 209.0929; 
anal. calcd C 68.73, H/D 7.69, N 6.68; found C 68.69, HID 7.52, N 6.73. 

3-Todomethyl-4-(E)-iodomethylene-l-phenylpyrrolidine (1 1 h) : Amine 7 b 
(0.50 g, 2 mmol) was treated with tBuLi (2.4 mL. 4 mmol) and [Cp,Zr(Me)Cl] 
(0.57 g, 2.1 mmol); after the addition of I, (1.27 g, 5 mmol) and the extractivc 
workup. the resulting crude product was purified by silica gel chromatogra- 
phy (hexane/AcOEt 25:l). Yield: 0.66 g (78%) of 11 b. R, = 0.27 (hexanei 
AcOEt 20:l); 'HNMR (200 MHz, CDCI,, 2 5 ° C  TMS): 8 =7.3- 6.6 (m, 
5H,  ArH), 6.3 (s, 1H.  CHI), 4.2 (d, J=14.2Hz,  I H ,  NCHHC), 3.8 (d, 
J=14 .2Hz ,  I H ,  NCHHC), 3.7 (d, J=Y.YHz. I H ,  NCHHCH). 3.5 (d. 
J=7.7Hz,2H,CH2I),3.4-3.3(m,1H,CH),3.3(dd,J=10.3,9.9Hz.1H, 
NCHIICH); ' ,C  NMR (50.5 MHz, CDCI,, 25°C): 6 =150.4. 147.4, 129.1. 

~ H , C = C H D ) , ~ . ~ ( ~ , J = ~ ~ . ~ H Z , ~ H , N C I I H C = ) , ~ . ~ ( ~ , J = ~ ~ . ~ H ~ , ~ H  
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117.4, 112.5 (ArC and C=CHI), 73.3 (CHI), 53.7,53.3 (2CH,N), 49.5 (CH). 
7.1 (CH,I); LRMS (70 eV, EI): n r ! ~  1%) = 425 (96) [ M ' ] ,  298 (70), 193 ( 3 2 ) ,  
186 (34j, 171 (73), 170 (89). 156 (40). 144 (32j, 104 (62). 77 (100). 66 (66); 
HRMS (El)  calcd for C,,H,,I,N: 424.9131; found 424.9131. 

l-Benzyl-3-iodomethyI-4-(E)-iodomethylenepyrrolidine (1 1 c): Aniiiie 7c 
(0.53 g. 2 inmol) h a s  treated with tBuLi (2.4 mL. 4 mmol) and [Cp,Zr(Me)Cl] 
(0.57 g, 2.1 inmol); after the addition of I, (1.27 g. 5 inmol) and the extractive 
workup. the resulting crude product was purified by silica gel chromatogra- 
phy (hexanelAcOEt 20:l). Yield: 0.67 g (77%) of llc. R ,  = 0.24 (hexane: 
AcOEi 35: l ) ;  ' H N M R  (200MHz, CDCI,, 25 C, TMSj: 6 =7.3-7.2 (m, 
5H.ArH),6.2-6.1 (m, l H , C H I ) , 3 . 7 ( d ,  J=12 .9Hz ,  IH ,ArCHHN) .3 .6  
(d. .I =12.9 Hz. 1 H,  ArCHHN), 3.6 (dd, .I = 9.5, 3.0 Hz. 1 H, NCHHCH). 

HCH), 3.1 (dd, J=13.4. 1.7Hz, I H ,  NCHHC), 3.2-3.0 (m. 1 H .  CH), 
3.0 2.9 (m, 2H. CH,Ij; "C NMR (50.5 MHz, CDCI,, 25°C): 6 =151.7. 
137.3. 128.6, 128.3, 127.3 ( A r c  and C=CHI), 72.2 (CHI), 60.0, 59.7, 59.5 
(3('H,N). 49.1 (CH), 7.3 (CH,I): HRMS (EIj calcd for Cl,€I151,N: 
438,9294, found 438.9294. 

3.4 (d, J = 1 3 . 4 H ~ ,  l H ,  NCHHC), 3.4 (dd, J e 1 0 . 7 ,  9.5Hz, I H ,  NCH- 

3-Deuteriomethyl-4-(E)-iodomethylene-l-phenylpyrrolidine ( 12 h) . Amine 7 b 
(0.50 g, 2 mmol) was treated with /BuLi (2.4 mL, 4 minol) and [Cp,Zr(Me)Cl] 
(0.57 g, 2.1 minol); after the addition of MeOD (0.1 g, 3 mmolj the suspeii- 
sioii was stirred at 20 C for 1 hand then I,  (0.6 g, 2.4 mmol) was added. After 
the extractive workup, the resulting crude product was purified by silica gel 
chromatography (hexane;AcOEt 25: 1 ) .  Yield: 0.47 g (79%) of 12h. 
R ,  = 0.34 (hexancjAcOEt 15: 1) ;  'HNMR(200 MHL, CDCI,, 25 'C .  TMS): 
6 = 7 . 3  6.6 (m, 5H,  ArH), 6.1 (dd, 6=1.9, 1.6Hz. 1H.  CHI). 4.2 (dd, 
. J = ~ ~ . O , I . ~ H L , ~ H , N C H H C ) , ~ . ~ ( ~ ~ . ~ = ~ ~ . ~ , ~ . ~ H ~ , ~ H , N C H I I C ) , ~ . ~  
(dd. J = 9.0, 6.7 HL, 1 H, NCIfHCH), 3.3 (dd. J = 9.0, 1.6 Hz. 1 H ,  NCH- 
I ICH) ,  3.2--3.0 (in, 1 H. CH), 1.3 (d, .I =7.0 Hz, 2H,  CH,D), ',C NMR 
(50.5 MHz. CIICI,, 25.C): 6 =153.6, 147.7, 129.0, 116.6. 1120 (Arc aiid 
C'=CHI). 69.4 (CHI). 54.5, 52.9 (2CH2N). 40.9 (CH),  18.1 (t, Jcn = 19.4 Hr, 
CH,D): HRMS (EI) calcd for C,,H,,DIN: 300.0234, found 300.0234. 

3-Hydroxymethyl-4-methylenespiro~cyclopentane-l,9'-(9H)flnorene~ (13a): 
Fluoreiie derivative 7a (0.65 g. 2 mmol) was treated with tBuLi (2.4 mL, 
4 mmol) and [Cp,Zr(Me)CI] (0.57 g, 2.1 niniol); dry 0, was bubbled through 
the mixture for 1 h. After extractive workup, the resulting crude product was 
purified by silica gel chromatography (hexaneiAcOEt 4 :  1). Yield: 0.31 g 
(59%)  of L3a. M.p. 148-150 'C (hexaneCHCI,); 'H NMR (200 MHL, CD- 
CI,. 25 C, TMS): 6 =7.7-7.2 (m, 8H,  ArH). 5.25-5.15 (in, 2H. =CH,), 
3.9 -3.8 (m, 2H,  CH,Oj, 3.3-3.2 (m. 1 H. CH). 3.1 (dd. J = 15.9.2.6 Hz, 1 H, 
CHHC=),  2.5 (d ,  J = 15.9 HL, 1 H,  CHHC=j,  2.3 (dd, .I = 12.9,lO.l Hz. 1 H. 
CHHCH). 2.1 (dd, J=12.Y, 8.2Hz. I H .  CHIICH);  13C NMR ( 5 0 . 5 M H ~  
CDCI,. 25 C ) :  6=152.9, 152.5. 150.3. 139.9, 139.1, 127.4, 127.2, 127.1, 
127.0, 123.0, 122.5, 119.7. 119.6 (ArC and C'=CH,), 108.3 (=CH,), 65.X 
(CH20),  55.5 (CCH?), 46.0 (CH), 45.6, 41.7 (2CH,); IR (KBr): 
i. = 3300cm-' (0- H); HRMS (EI) calcd for C,,H,,O: 262.1357, found 
262.1354; anal. calcd C 86.99, H 6.92; found C 86.87, H 6.95. 

3-Hydroxymethyl-4-methylene-1-phenglpyrrolidine (13 b): Arnine 7 h (0.50 g: 
2 minol) was treated with (BuLi (2.4 mL.4 mmol) and [Cp,Zr(Me)CI] (0.57 g, 
2.1 iiiiiiol); dry 0, was bubbled through the mixture for 1 h. After extractive 
workup, the resulting crude product was purified by silica gel chromatogra- 
ph> (hcxanc/AcOEt 2 : l ) .  Yield: 0.23 g (60%) of 13b. R ,  = 0.28 (hexane' 
AcOEt2: l ) ;  'HNMR(300MHz,CDC13,25 C,TMS):(S =7 .3 -6 .6 (m,5H,  
ArH). 5.2 (dd, J = 4.0, 1.7 Hz, 1 H, =CHH), 5.1 (dd, J = 4.0, 2.2 Hz, 1 H,  
=C'HH1,4.0(dd,J=14.0,  1 .7Hz,  lH ,NCHHC) ,3 .9  (dd, .J=14.0,2.2Hz,  
1 H.NCHHC),  3 . 7 ( d , J =  6.5 HL, 2H,  CH,O), 3.5 (dd. J =  9.5. 7.7 Hz, 1 H. 
NCHHCH), 3.4 (dd, J = 9 . 5 ,  4.3Ii.5 I I i ,  NCHHCH), 3.1--3.0 (m, l H ,  
CHj. 2.2 (brs, 1H. OH); I3C NMR (50.5 MH7. CDCI,, 25 C): 6 =147.X, 
147.0, 129.1. 116.7, 112.3 (Arc  and C=CH,), 107.3 =CH,), 64.3 (CH,O), 
52.9, 50.7 (2CH,N), 45.4 (CH); 1R (neat): i. = 3370 cm- '  (0-H) ;  HRMS 
(El) calcd for C,,H,,NO: 189.1153; found 189.1149. 

I-C~clohexyl-3-hydroxymethyl-4-methylenepyrrolidine (13dj: Amine 7d 
(0.52 g, 2 mmol) was treated with rBuLi (2.4 mL, 4 inmol) and  [Cp,Zr(Me)Cl] 
(0.17 g, 2.1 nnnol): dry 0, was bubbled through the mixture for I h. After 
extimctive workup, the resulting crude product was purified by silica gel 
chromatography (AcOEt/MeOH 1 : I ) .  Yield: 0.22 g (56%) of 13d. R, = 0.31 
(Ac0Et:McOH 1 : 1): 'H NMR (200 MHz, CDCI,. 25 'C, TMS): 6 = 5.0 (s. 

I H ,  =CHH),  4.9 (s, 1 H, = C H H ) ,  4.1 (brs, 1H. OH).  3.8 -3.5 (ni, 2H. 
CH2O),3.3(d,J=13.5H~,1H,NCHHC),3.1(d,J=13.5H~.1H,NCH- 
H C ) ,  2.9-2.7 (in, 4 H ,  NCH, NCH,CH and CHCOj, 2.1-1.1 (m. 10H. 
5CH, cyclohexyl); "C N M R  (50.5 MH7, CDC1,. 25 -Cj :  6 =148.9 
(C'=CH,), 105.8 (=CH,), 66.1 (CH20)- 63.0 (CHN). 57.1, 55.4 (2CH,N). 
44.4 (CH), 31.2, 25.8, 24.6 (5CH, cyclohexyl); IR (neat): F = 3360c iC '  
(0 -H) ;  LRMS (70eV, EI): n i , i  (Yo) =I95  (13) [M+] ,  153 (36), 152 (100); 
HRMS (EI) calcd for C,,H,,NO: 195.1623, found 195.1633. 

N-Benzyl-N-(2-bromoaIlyl)-2-cyclohexenylamine (14) : To a stirred suspension 
of N-benryl-2-bromoallylamine (3.8 g, 17 mmol) and K,CO, (2.6 g. 
18.7 mmol) in CH,CI, (50 mL) at 0 C was added 2-cyclohexenylbromidc 
(3.0 g. 18.7 mmol). The mixture was stirred at RT for 2 d and then H,O was 
added to the suspension. The aqueous layer was extracted with CH,CI,, and 
the combined organic layer w a ~  washed with NaHCO, and dried over 
Na,SO,. After evaporation of the solvent (15 mmHg),  the residue was puri- 
ficd by column chromatography (hcxane,AcOEt 30: I ) .  Yield: 4.4 g (85?h) of 
14 as a colorless oil. R ,  = 0.33 (hexanqAcOEt 20: 1); 'H NMR (300 MHz, 
CDCI,. 25"C,  TMS): 6 =7.5-7.3 (m, 5H,  ArH), 6.1 (s, I H ,  BrC=CHH). 
6.0-5.8 (ni, 2H,  CH=CH),  5.6 (s, 1 H,  BrC=CHIf) ,  3.9 ( d , J  = 14.3 Hz. I H. 
ArCHHNj ,3 .7 (d , J=14 .3Hz ,  lH,ArCHM\1),3.5-3.3(m,31i.NCIland 
NCH,Cj, 2.3-1.3 (m, 6H. 3CH2 ring); 13C NMR (50.5 MHz, CDCI,, 
2 5 ° C ) :  6 =139.X. 133.6, 130.4, 129.9, 128.3, 128.0, 126.6 (Arc ,  CBr, and 
CH=CH),  137.0 (=CH,j, 57.9, 53.7 (2CH,N), 54.7 (CHN). 25.1, 23.5. 21.6 
(3CH, cyclohexenyl); LRMS (70 eV, EI): ~ 7 1 2  (YO) = 307 (3) [ M  ' +1]. 305 

(EI) calcd for C ,  ,H2,,BrN: 305.0779, found 305.0786. 

(3 aS*,4K*,7 aS*)-l-Benzyl-4-deuterio-3-(E)-deuteriomethyleneperh~droin- 
dole (16): To a solution of 14 (0.61 g. 2 mmol) in Et,O (10 mL) at -78 C 
under a N, atmosphere was added tBuLi (2.4 mL, 4 mmol), and the solution 
was stirred at - 78 "C for 1 h. This solution was added dropwise to a solution 
of bis(cqclopentadicny1)zirconium methyl chloride (0.57 g, 2.1 mmol) in Et,O 
(20 mLj at - 78 "C; stirring was continued for an additional 3 h at RT aiid 
2x D,SO, was added. The mixture was diluted with AcOEt, filtered through 
Celite, washed with NaHCO, and dried over Na,SO,. The solvent h a s  
removed (rotary evaporator) to yield an oil. Pure 16 was obtained by flash 
chromatography (hexanelAcOEt 10: 1) as a colorless oil. R, = 0.45 (hexane 
AcOEt 7 : I ) ;  'HNMR(200MHr .  CDC1,. 25 C,TMS):  ii =7.5-7.3(ni, SH, 
ArH),4.85 4.8(rn, 1 H. =CHD),4.1 (d , J=13 .4  HL, 1 H,ArCHHN),3.6(d. 
J =14.3 Hz, I H .  NCHHC). 3.3 (d: .1=13.4 Hz, I H, ArCHHNj. 3.0 (dd. 
J=14.3.  1.9 Hz, 1 H, NCHHC), 2.82-2.75 (in, 1 H, NCH), 2.67 2.59 (m. 

8 1 .4(ni ,7H,3CH2ringandCHD);  ' " C N M R ( 5 0 5  MH7, 
6 =151.8, 139.7, 328.3, 128.0. 126.5 ( A r c  and C=CHD). 

102.5 (t. JcD = 23.7 Hz, =CHD),  62.2 (CHN), 57.6, 56.6 (2CH,N), 43.8 
(C'HC=), 28.0 (t, JcD = 19.7 HI, CHD),  24.5, 24.0, 21.1 (3CH, cyclohexyl); 
HRMS (EI) calcd for C,,H,,D,N: 229.1799. found 229.1792. 

(3) [M' - I ] ,  279 ( lo) ,  277(13), 198 (61), 91 (loo), 79 (13). 65 (15); HRMS 

Ketones 17 and bicyclic alcohols 18-General procedure: A stream of CO was 
bubbled through the stirred solution of zirconacycle 9 for 40 min. After 
addition of H,O or L),O the mixture was stirred 35 min followed by addition 
of saturated aqueous NaHCO,. The mixture reaction was filtered through 
Celite and extracted with AcOEt (3 x 20 mL).  The extract was washed with 
aq. NaHCO, and the combined organic extracts were dried (Na,SO,). con- 
centrated, and chromatographed on silica gel. Elution with hexanc'AcOEt 
mixtures gave pure saturated ketones 17 and allylic alcohols 18 as oils or 
white solids. 

cis-Spiro[bicyclo[3.3.O~octane-3,9'-(9H)fluorene~-7-one (17a): Fluorene 
derivative 7 a  (0.65 g, 2 mmol) was treated with fBuLi (2.4 mL. 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmolj; CO was bubbled through the mixture for 
40 min. After the addition of H,O and extractive workup. the resulting crude 
product ( I  : 1 mixture of 17a and 18a) was purified by silica gel chromatogra- 
phy (hexaneIAcOEt 5: l ) .  Yield: 0.18 g ( 3 3 % )  of 17a. M.p. 236-238 'C 
(hexane,'CHCI,); 'H NMR (200 MHz, CDCI,, 25"C,  TMS): (j =7.8-7.3 (m. 
8H,  ArH). 3.4-3.3 (m, 2 H, 2CH). 2.7 (dd, J = 19.4.9.5 Hz, 2 H,  'CHHCO), 
2.4-2.2 (m. 4 H ,  ZCHHCO and 2CCHHCH), 2.1 (dd, ./ = 13.7. 8.2 Hr, 2H. 
2CCHHCH); 13C NMR (50.5 MHz, CDCI,, 25-Cj: 6 = 220.0 (CO). 153.4, 
150.4, 139.7, 127.5, 127.3, 127.1, 127.0, 123.0, 122.4, 119.7, l l9 .6(ArC).  59.4 
(C'CH,), 46.4, 44.8 (4CH,), 39.Y (2CHj; 1R (KBrj: C =1730cm-' (C=O):  
HRMS (El) calcd for C, ,Hi80:  274.1358, found 274.1355; anal. calcd C 
87.56. H 6.61; found C 87.40, H 6.70. 
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cis-Spiro~l(8)-bicyclo[3.3.O~octene-3,9'-(9~~fluorene~-7-~1(18 a) : Yield : 0.18 g 
(33%). M.p. 183-185°C (hexaneiCHC1,); ' H N M R  (300 MHz, CDCI,, 
25 C ,  TMS): 0 =7.7-7.3 (m, 8 H,  ArH), 5.6 (s, 1 H. =CH), 5.3 ~ 5.2 (m, 1 H,  
CHO). 3.5-3.4 (m, 1 H,  CH),  2.9-2.8 (m, 3H,  CCH,C and CHHCO). 2.2 
(dd.J=12.5,8.1H~,lH,CCHHCH),2.0(brs,1H,OH),1.9(dd,J=l2.5, 
10.X Hz,I H ,CCHHCH) ,  1.5(dt../=12.5.7.8 Hz, 1 H,CHHCO);  '. 'CNMR 

123.6, 122.9, 122.8, 11 9.6, 11 9.4 ArC and C=CH),  82.8 (CHO), 59.0 (CCH,), 
50.1 (CH). 46.3, 44.3, 38.1 (3CH,); IR (KBr): i = 3225 cin- ( 0 - H ) ;  
HRMS (EI) calcd for C, ,HIHO: 274.1358. found 274.1354: anal. calcd C 
87.56, H 6.61; found C 87.45. H 6.69. 

~50.5~~~,~~~1,,25~~):6;=154.7,154.2,153.5.339.1,127.7,127.5.126.9, 

cir-3-Phenyl-3-azabicyclo[3.3.O~octan-7-one (17 b): Ainme 7 b (0.50 g, 2 mmoi) 
was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 
2.1 nnnol); CO was bubbled through the mixture for 40 min. After thc addi- 
tion of H,O and extractive workup the resulting crude product (1 :4 mixture 
of 17 b and 18 b) was purified by silica gel chromatography (hexane/AcOEt 
3 : l ) .  Yield: 0.05 g (13%) of 17b. M.p. 78 80°C (hexanelCHC1,); ' H N M R  
(200 MHz,CDC13,25'C,TMS):S =7.3-6.5(m,5LLArH). 3.6(dd. J = 9.6. 
7.0 Hz, 2H,  ZNCHH), 3.2 (dd, J = 9.6, 3.8 Hz, 2H,  2 N C H H ) ,  3.2-3.0 (ni. 

4.1 Hz. 2H,  2CHHCO); "C NMR (50.5 MHz. CDCI,, 25 
(CO), 147.4,129.0, 116.1, 111.8 (Arc) ,  52.9 (2CH,N),42.8 (2CH,CO), 38.9 
(2CH); IK(KBr):  i =173Ocm-'(C=O); HRMS(E1)calcd forC, ,H, ,NO: 
201.1154. t'ound 201.1154; anal.calcd C 77.58, H 7.51, N 6.96; found C 77.44, 
H 7.55. N 6.98. 

2H,  2CH),  2.6 (dd, J=19 .4 ,  7.9H2, 2 H ,  2CHHCO), 2.3 (dd, J=19 .4 ,  

cis-3-Phenyl-3-aza-1(8)-bicyclo[3.3.0~octen-7-~1 (18b): Yield: 0.20 g (50 %). 
M.p. 126-128'C (hexane,'CHCI,); ' H N M R  (300 MHz, CDCI,. 25"C,  
TMS): 6 =7.3-6.6(m, 5H,ArH) ,  5.6(s ,  1 H, =CH), 5.3-5.1 (m. 1 H,  CHO),  

3.7(t,J=X.2Hz,1H,NCHHCH),3.3-3.1(m,1H,CH).2.9-2.7(1~~.2H. 
NCHIICH and CHHCO), 2.2 (brs, 1 H ,  OH).  1.4 (dt, J = 12.4. 7.9 Hz, 1 H, 

123.9.116.0, 111.5(ArCandC=CH),82.5(CHO),53.1.46.9(2C€i,N),47.4 
(CH), 41.8 (CH,CO); 1R (KBr): i = 3300cni-' ( 0 -H) ;  HRMS (H) calcd 
for C,,H,,NO: 201.1154, found 201.1157; anal. calcd C 77.58, H 7.51, N 
6.96: found C 77.46. H 7.57. N 6.92. 

4.0 (d, J = 13.6 Hz, 1 H ,  NCHHC=),  3.8 (d, J = 13.6 Hz, 1 H. NCHIfC=),  

CHHCO): "C NMR (75.5 MHz, CDCI,, 25'C): 6 =148.9. 147.5, 129.1, 

cir-l-Deuterio-~-phenyl-3-azabicyclo[3.3.0~octa11-7-one (ID117b): Amine 7 b  
(0.50 g, 2 mniol) was treated with tBuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl] 
(0.57 g, 2.1 mmol); CO was bubbled through the mixture for 40 min. After 
the addition o fD,O and extractive workup the rcsulting crude product (1 :4 
mixture of [D]17b and [D]18b) was purified by silica gel chromatography 
(hexane/AcOEt 3 : l ) .  Yield: 0.05 g (14%) of [D]17b. ' H N M R  (300 MHz, 
CDC13,25"C,TMS):6 =7.3 -0.6(m,5H,ArH).3.7-3.6(1n,2H,2NCI€H). 
3.3-3.2 (m, 2H,  ZNCHHC), 3.1 3.0 (in, l H ,  CH), 2.6-2.5 (in, 2k1, 
2CHHCO), 2 .3-2.2 (m, 2H, 2CHHCO);  I3C N M R  (75.5 MHz, CDCI,. 
2 5 ° C ) :  d = 218.4 (CO), 147.4, 129.1, 116.2, 111.9 (Arc) .  53.0, 52.9 
(2CH,N). 42.9, 42.8 (2CH,CO), 39.0, 38.9 (CH and CD);  LRMS (70eV, 
EI): f n ~ z  ( ( K )  = 202 (79) [M+], 201 (67) ,  119 ( 3 q ,  91 (ion), 77 (31). 

cis-7-Deuterio-3-phenyl-3-aza-l(8)-bicyclo[3.3.O~octe~~-7-~1l ([DIIBb): Yield: 
0.19 g (49%); ' H N M R  (200 MHz, CDCI,, 25'C. TMS): 6 -7.3-6.5 (m, 
5H,  ArH), 5.6 ( s , l H ,  =CH) ,  4.0 (d, J = 1 3 . 6 H ~ .  l H ,  NCHHC=),  3.8 (d ,  
J=13.6HZ,lH,NCHHC=),3.7(t,./=X.6Hz, lH ,NCHHCH) ,3 .3 -3 .1  
(m, I H ,  CH), 2.8 (dd, J =  8.9, 8.6Hz, I H ,  NCHHCH),  2.7 (dd, J=12 .4 ,  
7.2 Hz, 1 H, CHHCO), 1.4 (dd. J=12 .4 ,  8.2 HL. 1 H. CHHCO); I3C NMR 
(50.5MHz. CDCI,, 25°C): b =148.5, 147.5, 129.1, 123.8, 116.0, 111.5 (Arc  
and C=CH). 81.8 (t, JcD = 22.2 Hz, CDO), 53.0.46.8 (2CH,N). 47.2 (CH). 
41.4 (C'H,CO); LRMS (70 eV, EI): m l i  (%) = 202 (93) [M'], 201 (25). 157 
(201, iso(s5) ,  149(44), 106(inn), 105(32), 104(40j. 8 0 ( 5 0 ) , 7 ~ ( 2 1 ) , 7 7  (56). 

c~.~-3-Benzyl-l-deuterio-3-azabicyclo[3.3.O~oc~du-7-one ([Dl 17 c) : Amine 7 c 
(0.53 g. 2 mmol) was treated wlth fBuLi (2.4 mL, 4 inmol) and [Cp,Zr(Me)Cl] 
(0.57 g, 2.1 mmol); CO was bubbled through the mixture for 40 min. After 
the addition of D,O and extractive workup, the resulting crude product wits 
purified by silica gel chromatography (hexaneiAeOEt 1 :I). Yield: 0.25 g 
(59%) of [D]17c. R, = 0.14 (hexane/AcOEt 1: l ) ;  ' H N M R  (200 MHz,  CD- 
CI3,25 'C,TMS):6=7.3 -7.2(rn,SH,ArH),3.6(~.2H,ArCII,N),2.9-2.8 
(m, 1 H,  CH), 2.7-2.4 (m. 6H,  2NCH,C and 2CHHCO), 2.2 (dd, J =19.1, 
2.6 Hz, 2H, 2CHHCO); "C N M R  (50.5 MHz, CDCI,, 2 5 ° C ) :  6 = 219.9 

( C O ) ,  13X.9, 128.4. 128.1. 126.8 (Arc) ,  61.7, 61.6. 59.3 (3CH,N). 44.4. 44.3 
(2CH,CO), 37.4, 37.3 (CH and CD); IR (neat): C = 1740 ci11-I (C=O):  
LRMS (70 eV. El): m/: (Yo) = 216 (27) [Mi ] ,  215 (26). 139 (29). 125 (44). 02 
(28). 91 (100): HRMS (El )  calcd for C,,H,,NO: 216.1373. found 216 1377. 

cis-3-(4-Chloropheny1)-l-deuterio-3-azabicyclo~~.3.O~octan-7-one (lD[17e) 
Amine 7 e  (0.57 g. 2 mmol) was treated with rBuLi (2.4 InL. 4 mmol) nnd 
[Cp,Zr(Me)CI] (0.57 g, 2.1 mmol): CO was bubbled through the mixture for 
40 inin. After the addition of D 2 0  and extractive workup. the rc\iilting crude 
product ( I  : 3  mixturc of[D]17e and [DIlBe) was purified by silica gel chro- 
matography (hexane'AcOEt 3 : l ) .  Yield: 0.07 g (15%) of [D]17e. M.p 109-- 

((1, J = 9.2 Hz. 2H.  ArH), 6.5 (d, .I = 9.2 Fiz. ZH, ArH). 3.6 3.5 (in. 2H.  
2NCHHC), 3.2-3.1 (in, 3H.  2NCHHC and CHj ,  2.6 2.5 (in. 2H.  
2CHHCO). 2.3-2.2 (m. 2H,  2CHIICO);  IJC N M R  (50.5 MH7,. C'DCI,. 
2 5 ° C ) :  6 = 218.1 (CO) .  146.0. 128.8, 121.0, 112.9(.4rC), 53.2(2Cf12N).42.X 
(2CH,CO),  39.0. 38.9 (CH and CD);  IR  (KBr): i, =1740cm (C=O): 
HRMS (€1) calcd for C,,H,,DCINO: 236.0826, found 236.0816: anal. ciilcd 

111 C (hexiine! CHCI,). ' H N M R  (200 MHL. CDCI,. 2 5 ' C .  TMS): d =7 .2  

c 65.96, H:D 6.39. N 5.92: found c 66.03. H,'D 6.28. N 5.95. 

cis-3-(4-ChlorophenyI)-7-deuterio-3-aza-1(8)-bicyclo[3.3.O[octe:1-7-o1 (ID1 18 e)  : 
Yield: 0.22 g (47%).  M.p. 160-162-C; ' H N M R  (200 MHz. CDCI,. 25 C. 
TMS):6=7.2(d,J=9.2Hz,2H,ArH),6.5(d..J=9.2Hz.2H.Arli),5.6 

NCHHC=) ,  3.7 (t. . I=  8.3 Hz, 1 H, NCHHCH).  3 3-3.1 (m. 1 H. CHI. 2.8 
(dd, J = 8 . 9 .  8.3Hz. 1H.  NCHHCH),  2.7 (dd. J=11.4.  7.3Hz. I H .  
C I I H C O ) .  1.9(brs, l H , O H ) ,  3 .4 (dd , . I=12 .4 .85Hz .  1 l i .CHHCO) .  " C  
NMR(~~.~MHL,CDCI,.~~"C):B =148.3, 146.1, 120.1. 128.8, 124.1. 112.5 
(Arc  and C=CH) ,  81.9 ( t ,  Jco = 22.5 Hz. CDO),  53.2. 47.0 (2CHzN) ,  47.3 
(CHI. 41.5 (C'H,CO); IR (KBr): V = 3300 cm I (0- H): LRMS (70 eV. El):  

140 (67)- 139 (57), 138 (56), 111 (46). 80 (52); HRMS (El) cnlcd for  
C,,H,,DCINO: 236.0826, found 236.0824; anal. c;ilcd C' 65.96. H.11 6.39. N 
5.92; found C 66.04. I1;D 6.26, N 5.97. 

(s, 1 H. =CH),  3.9 (d, J =13.7 112, 1 H,  NCHHC=).  3.X (d,  .I = 13.7 Hz. 1 H. 

(Yo) = 238 (36) [ M + + 2 ] ,  236 (100) [ M - ] .  218 (34). I90 (47). 141 (26),  

cis-l-Deuterio-3-(4-methoxyphen~l)-3-azabicyclo~3.3.O~octan-7-one (ID117f): 
Aniiiie 7f  (0.56 g, 2 mmol) was treated with rBuLi (2.4 mL.  4 mmol) and 
[Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for 
40 min. ATter the addition of D,O and extractive norkup the resulting crudc 
product (1 :4 mixtiire of [D]I7f and (D118f) wits purified by silica sel chro- 
matography (hexane/AcOEt 3 : l ) .  Yield: 0.06g (13%)) of [DJl7f. M.p. 81 
83-C (hexane,CHCI,): ' H N M R  (200 MHz, CDCI,. 25 C. TMS): d = 0.9 
(d, J =  9.2 Hz, 2H,  ArH), 6.5 (d , . /=  9.2 H7, 2H. ArH).  3.8 (s. 3H,  CH,). 
3.6 3.5 (m, 2H,  2NCHH),  3.2-3.1 (m. 2 H ,  2NCHIf I .  3.1 -3.0 ( i n .  IH .  
CH) ,  2.6-2.5 (m, 2H,  2CHHCO). 2.3-2.2 (in, 2H.  2CHHCO): '"C N M R  
(50,5MH~,CDC1, .25 C)~6;=218.7(CO).151.2.142.5.114.8.113.O(ArC), 
55.8 (CH,). 54.0 (2CH2N), 43.2 (2C'H2CO). 38-82 (CH). 38.8 (I, 

= 5.0 klz, CD): IR (KBr): 1740 cm ' (C=O);  LRMS (70 eV. El ) :  m: 
('36) = 232 (95) [Mi] ,  231 ( S O ) ,  218 (47). 217 ( loo) ,  216 ( 3 5 ) ,  134 (28). 121 
(50); HRMS (BI) calcd for CI,H,,DNO,: 232.1322. found 232.1330; anal. 
calcd C 72.39. H I D  7.81, N 6.03: found C 72.45, H ' D  7.70. N 6.05. 

cis-7-Deuterio-3-(4-methoxyphenyl)-3-aza- 1(8)-bicyclo[3.3.0]octen-7-ol 
(IDllSf): Yield: 0 .24g(51%).  M.p.  129-131 C (hcxaneiCHC1,). ' H  N M R  
(200 MHz, CDCI,, 25 C ,  TMS): b = 6.9 (d, J =  X.9 H7. 2 f i ,  ArH). 6.5 (d. 
J =  8.9 Hz, 2H,  ArH), 5.6 (s, I H ,  =CH).  3.9 (d, ./ =l3 .7  H7. 1 H, 

(t. . /=7.9Hz,  1 H .  NCHHCH).  3.2-3.1 (in, l H ,  CH) ,  2 .7-2.6 (in. 2H.  
NCHHCH and CHHCO). 1.4 (dd. J=12 .3 ,  8.5 Hz, 1H.  CHHCO): '"C 
NMR(50.5MHz,CDCl3,25 C):6=150.8,248.6.142.5. 123.6.114.8. 112.3 
(Arc and C=CH).  81.7 (t ,  JcD =19.8 Hz, CIIO), 55.7 (CH,), 53.4. 47.4 
(2CH,N). 47.3 (CH), 41.2 (CH,CO); LRMS (70 eV. El):  ni1: (%) = 232 (93) 
[IL"]. 231 (50) ,  218 (37), 217 (100), 216 (34). 134 (26), 121 (45): HRMS (EIj 
calcd for C,,H,,DNO,: 232.1322, found 232.1324: anal. calcd C 72.39. H ' D  
7.81. N 6.03; found C 72.47, H / D  7.66, N 6.08. 

NCIiHC=),  3.8 (s, 3H,  CH,), 3.7 (d, ./=13.7 H7, 1 H, NCHHC=).  3.6 

Reaction of 19 with electrophiles-General procedure: A solution of  ~irconacy- 
cle 9 was stirred at RT for 40 inin under one atm CO. Then, ;I alighr e x e c s  
of different clcctrophiles (ally1 bromide, 4-chlorobenzonitrile, benznldehyde. 
and benzylideneaniline) was added. Alternatively. the elrctrophiles could be 
added before the introduction or CO. The suspension &';IS stirred overnight 
and then aqueous NaHCO, was added. The resultant mixture w a s  filtered 
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through Celite, extracted with AcOEt (3 x 20 mL). and dried over Na,SO,. 
After removal of the solvent (15 mmHg). the residue was purified by flayh 
column chromatography to afford functioiialized bicyclopentanones 21 -24. 

ci.~-l-Allyl-3-pheny1-3-azabic~clo~3.3.0~octan-7-one (21 b):  Amine 7 b (0.50 g, 
2 mmol) was trcated with rBuLi (2.4 mL. 4 minol) and [Cp,Zr(Me)CI] (0.57 g. 
2.1 mmol). Carbon monoxide was bubbled through the mixture for 40 inin. 
After the addition of ally1 bromide (0.36 g. 3 mmol), the mixture was stirred 
overnight. Hydrolysis and extractive workup afforded the crude product. 
which wab purilied by silic;i gel chromatography (hexme'AcOEt 7 : l ) .  Yield: 
0.21 g (44%) of 21 b. R ,  = 0.34 (hexane AcOEt 5 : l ) ;  'H NMR (300 MHL, 
CDCI,. 25 C, TMS): b =7.3-6.6 (in, 5H.  ArH),  5.9-5.8 (m. 1 H .  =CH). 
5 . 2 ~  5.1 (ni, 2H. =CH,). 3.7 (dd, J = 9.9. 7.3 HL, 111. NCIIHCH),  3.4 (d. 
.I = 9.7 H Z  1 H. NCHHC). 3.3 (d. .I = 9.7 Hz. 1 H. NCHHC), 3.2 (dd, 
J = 9 . 9 . 4 . 7 H z .  11-1. NCHIICkIj.2.8 -2.7(111, I H .  CH). 2.6(dd. .J=18.9. 
8.: HY. I H ,  CHCHHCO). 2.4-2.1 (in, 4H.  CH,CH= and CCH,CO), 2.2 

25 C):  6 = 217.2 (CO) .  147.2. 129.0. 116.1, 111.6 (Arc) ,  133.5 (CH=CHI).  

(?('H,CO and ('H2CH=), 43.3 (CH); 1R (neat): V = 1 7 4 0 ~ i n - ~  (C=O):  
HRMS (€1) calcd for C,,H,,NO: 241.1466. found 241.1473. 

(dd. .I =18.9. 13.7 Hr. 1 H. CHCHHCO): ',C NMR (50.5 MHz. CDCI,. 

118 X (CH=CH,). 56.8, 53.1 (2CH,N), 49.2 (C'CH), 47.2, 43.1. 42.0 

cis-1 -(4-Chlorobenzoyl)spiro~bicyclo~3.3.0~~cta11e-3,9'-(9~~ fluorene)-7-one 
(22a): Fluorene derivative 7a  (0.65 g. 2 mniol) was treated with tBuLi 
(2.4 mL. 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g. 2.1 mmol). Carbon monoxide 
was bubbled through the mixture Tor 40min. After the addition of 4- 
chloroben7onitrile (0.29 g, 2.1 mmol). the mixture was stirred overnight. Hy- 
drolysis and extractive workup afforded the crude product. which was puri- 
fied by silica gel chromatography (hcxanelAcOEt 7 : l ) .  Yield: 0.38 g (46%) 
of 22a. M.p. 162-164°C (hexane:CHCI,); ' H N M R  (300 MHL, CDCI,. 
25 C.  TMS): 6 =7.8 -7.2(m, 12H,Arl i ) ,4 .3  (dt. J=12 .0 ,  8.2 Hz, 1 H, CH), 
~ . ~ ( ~ , J = ~ ~ . ~ H Z , I H . C C H H C O ) , ~ . O ( ~ . . I = ~ ~ . ~ H ~ , ~  H.CCHIICO).2.9 
( d . J = 1 4 . 6 H ~ .  I H ,  CCHHC), 2.8 ( d , . I = l 4 . 6  Hz, I H ,  CCHHC),  2.7 (dd. 
J = ~ ~ . ~ , ~ . ~ H L , ~ H , C H C H H C O ) , ~ . ~ ( ~ , J = ' I ~ . ~ H ~ ,  1H.CHCHHCO) .  
2.2 ~ 2 . 1  (ni ,  2H,  CCH,CH); " C  NMR (50.5 MHz, CDC 
6 = 216.2 (CH,C'O). 200.1 (ArC'O), 152.8, 149.8, 139.7, 139.4, 1 
331.0. 128.7, 127.7. 127.6. 127.5. 127.2. 123.2. 122.3, 119.7 (Arc) ,  60.6. 58.6 

(C=O). 1675 (C=O)cm- I; HRMS (EI) calcd for C,,H,,C102: 412.1230. 
foiiiid 412.1224; anal. calcd C 78.54. H 5.13, found C 78.46, H 5.15. 

cis- 1 -(4-Chlorobenzoyl)-3-phenyl-3-azahicyclo~3.3.~~nctan-7-one (22 b) : Amine 
7b (0.50 g. 2 nnnol) was ti-eated with rBuLi (2.4 mL. 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol). Carbon monoxide was bubbled through 
the mixture for 40 min. After the addition of 4-chlorobenzonitrile (0.29 g. 
2.1 mmol), the mixture was stirred overnight. Hydrolysis and extractivc 
workup afforded the crude product, which was purified by silica gel chro- 
matography (hexane'AcOEt 5 : l ) .  Yield: 0.33 g (49%) of 22b. M.p. 118 
120 C (hexane:CHCl,); 'HNMR(300 MHL, CDCl,, 2 5 ' C .  TMS): 6 =7.9- 
6.6(ni,9H,ArH),3.9(d,J=l0.2Hz.lH.NCHHC),3.8 3 .7 (m.ZH.CH 
andNCHHCH).3.7(d,J  = I 0 2  Hz , lH .NCHNC) ,  3 .2(dd,J=12.7.9.2 Hz, 
1 H. NCHNCH). 3.0 (d, J = 19.0 H7. 1 H, CCHHCO). 2.X (d 
1 H. CCHHCO). 2.7 (dd. J=19.1.  7.0 Hz. 1 H, CHCHHC 
J=19 .1 .  4.5 Hz. l H ,  CHCHHCO); 13C N M R  (75.5 MHz, CDCI,, 25 ' C ) :  
ii = 214.5 (CH,CO). 198.4 (ArCO), 146.8. 139.7. 132.1, 130.4, 129.1. 129.0, 
117.2. 112.4 (Arc). 59.4 (CCH,), 57.6, 52.9, 47.8, 42.5 (4CH,), 41.6 (CH); 
IR (KBr): :=I740 (C=O),  1680 (C=O)cm- ' ;  HRMS (El) calcd for 
C,,H,,CINO,: 339.1026, found 339.1022; anal. calcd C 70 69, H 5.34. N 
4.12; found C 70.56, H 5.37, N 4.1 1 .  

(2('CH2j. 52.0. 51.1. 45.7, 43.0 (4CH,), 43.4 (C'H); IR (KBt.): ? =I735 

cis-3-Phenyl-l-phenylhydroxymethyl-3-azahicyclo~3.3.O~octan-7-one (23 b) : 
Amine 7b (0.50 g, 2 mmol) was treated with tBuLi (2.4 mL, 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g. 2.1 mmol) .  Carbon monoxide was bubbled through 
the mixture for 40 min. After the addition of benzaldehyde (0.23 g. 
2.2 mmol). the mixture was stirred overnight. Hydrolysis and extractive 
workup afforded the crude product (a 4: I mixture o f  diastereoiso1nct.s). 
which was purified by silica gel chromatography (hexane/AcOEt 4 : l ) .  Yield: 
0.26 g (42%) or23b. Majordiastereoisomcr: R, = 0.26 (hexane!AcOEt 2 :  1): 
' H N M R  (300 MHz, CDCl,, 25"C, TMS): d =7.5-6.5 (m, IOH, ArH). 4.7 
(s. 1 H,  CHO). 3.7 (d, J = 9.9 Hz, I H ,  NCHHC). 3.6 (t. J = 9.9 Hz, 1 H,  
NCHHCH). 3.3 (d, .I = 9.9 Hz, 1 H .  NCHIJC). 3.1 (dd. J =  9.9, 5.6 Hz, 
1 1 1 .  NCHHCH). 3.0 2.8 (in. 2H,  CH and OH).  2.7 (d. . J=I8.9 Hr, 1H.  

CCHHCO), 2.2 (d, J=18 .9Hz .  l H ,  CCHHCO), 2.1-2.0 (m. 2H. 
CHCH,CO): " C  NMR (50.5 MHz. CDCI,, 25 C):  d = 217.7 (C=O) .  
147.3. 140.6. 129.0, 128.3, 128.2. 127.0, 116.3, 111.9 (Arc) .  77.3 (CHO), 56.1. 
54.1 (2CIH,N), 54.8 (CCH,), 44.5, 43 0 (2CH,CO), 39 9 (CH): 1R (neat): 
? = 3450 (0 -H) .  1735 (C=O) cm- ' :  HRMS (El) cslcd for C, , ,H, ,N02:  
307.1559. fotiiid 307.1564. 

cis-3-Phenyl-l-~phenyl-(N-phenylamino)methyl~-3-a~abicyclo[3.3.O~octan-7- 
one (24b): Amine 7b  (0.50g. 2 mmol) was trented with rBuLi (2.4mL. 
4 nimol) and [Cp,Zr(Me)Clj (0.57 g, 2.1 minol). Carbon monoxide w'as bub- 
bled through the mixture for 40 niin. After the addition of benrylideneaniline 
(0.38 g, 2.1 mmol). the mixlure was stirrcd overnighl. Hydrolysis and extrac- 
tive workup afforded the crude product (a 5 :  1 mixture of diastereoisomers). 
which w a s  purified by silica gel chromatography (hexane AcOEt 5 :  1 j .  Yield: 
0.23 g (31 '%!) of24b. Major diastereoisomer: R, = 0.35 (hcxane AcOEt 3: 1): 
' H N M R  (300 MHz, CDCI,. 25 ' C ,  TMS): 6 =7.4 6.5 (m. 15H. ArH).  4.5 
(s. I H. CHN),  4.5 (brs, 1 H,  NH), 3.9 (dd, .I = 9.9. 8.2 Hz. I H,  NCHHCH).  
3.8(d. J = 1 0 . 3 H z ,  1H.NCHHC),3.4(dd,.I=10.3.2.1 Hz, 1H.NCHHC) .  
3.2 (dd. .J=O.(I, 5.2Hz. 1H.  NCHHCH),  3.1-3.0 (m, 1H.  CH). 2.8 (d. 
J = 1 8 . 7 H ~ ,  lH,CCIfHCO),2.3(d,J=18.7Hz. l H ,  CCHHCO), 2.1-2.0 
(ni, 2H. CHCH,CO); "C  NMR (50.5 MHz, CDCI,, 2 5 ' C ) :  6 = 215.9 
(CO) ,  147.1. 146.3, 139.4, 129.2. 129.1, 128.8. 128.0, 127.6. 117.8. 117.0. 
113.4. 112.3 (Arc) ,  63.3 (CHN). 56.9. 54.4, 44.7, 43.3. 41.8: LRMS (70eV. 
El):  M , Z  ( Y o )  = 382 (8) [ M ' ] .  182 (lOO), 106 (25). 77 (22). 

Carbonylation of zirconatricycle 15: irrr-Butyllithium (2.4 mL, 4 inmol) was 
added /BuLi (2.4 mL, 4 mmol) to a suspension of 14 (0.61 g. 2 mmol) in Et,O 
(10 mL) at -78 C. The reaction mixture was stirred for 1 h and then was 
transferred by cannula into a solution of bis(cyclopcntadicny1)zirconium 
methyl chloride (0.57 g, 2.1 mmol) in Et,O (20 mL) at -78 "C. The mixture 
was stirred at  RT for 3 h. The N,  in the reaction vessel containing a solution 
of 15 was evacuated. CO was bubbled through the mixture over 40 min and 
then the reaction was quenched with aqucoub NaHCO,. filtered through 
Celite. and extracted with AcOEt (3 x 20 mL) .  The organic layer was washed 
with brine and dried over Na,SO,. Removal of the solvent in vacno and 
subscqucnt column chromahgraphy gave a 1 : 1 mixture of 25 and 26. 

( 1S*,4R~,8S~,11R*)-3-Benzyl-3-azatricyclo~6.2.1.O4~ ' 'lundecan-%one (25): 
Yield: 0.142 (27%). M.p. 74-76 C (hexane'CHCI,): ' H N M R  (200 MHz. 
CDCI,, 25 'C ,  TMS): 6=7.4-7.2 (m. SH,  ArH). 4.0 (d. J = 1 3 . 7 H z ,  I H .  
ArCHHN). 3.0 2.9 (m, 1 H,  CHCHN). 2.9 (d, J = 13.7 Hz, 1 H,  ArCHHN). 
2.6 (d. .I= X.9 Hz, 1 H ,  NCHH),  2.7L2.5 (m, 2H.  CHCH,N and CHHCO). 
2.4- 2.2 (m. 2H,  NCH and CHCO). 2.15 (dd, .I = 8.9. 5.2 H7. 1 I I .  NCHIO. 
2 .0(d ,  J=15 .6Hz ,  lIl.CHIICO),2.1-1.2(m.6H.3CH,riiig): ' " C N M R  
(50.5MHz,CDCI,,25~'C):b=216.7(CO),139.5.128.1,128.0.126.5(ArC). 
62.8. 56.0 (2CH,N). 61.8 (CHN),  45.1. 40.9. 32.0 (3CH), 44.7 (CH,CO). 
25.4, 22.7. 16.0 (3CH, cyclohexyl); TR (neat): i. = 1735 ern-' (C=O) HRMS 
(El) calcd for C,,H,,NO: 255.1621, found 255.1627; anal. calcd C 79.96. H 
8.29, N 5.49; found C 79.83. H 8.31. W 5.47. 

(4R*,SS*,9S*,I lR*)-3-Benzyl-3-aza-I( 10)-tricyclo[6.2.1.04~ "]undecen-9-ol 
( 2 6 ) :  Yield: 0.14g (28%). M.p. 88-.90"C (hexaiwCHC1,); ' H N M R  
(300 MHz, CDCI,, 2 5 ' C ,  TMS): h =7.4 7.2 (m. SH,  ArH). 5.3 (s. 1 H, 
=CH),  5.1 5.0 (m. 1 H,  CHO), 3.9 (d, J = 12.8 Hz, 1 H,  ArCHHN), 3.7 (d. 
.J=12.X Hr, 1 H, ArCHHN), 3.5 (d. J =  5.5 Hz, 1 H. NCHH). 3.4-3.1 (m, 
3H. NCHH, NCH and OH). 3.1 3.0 (m. 1 H, CHCHN).  2.7-2.6 (m. I H. 
CHCO). 1.7 O.9(m.6H, 3CH,ring); '3CNMR(50.5 MHz.CDC13.25 C): 
6 =146.8. 138.0. 128.6, 128.2. 127.1, 121.7 ( A r c  and C=CH).  83.6 (CHO).  
57.9 (CHN),  55.4, 49.1 (2CH,N). 50.4. 44.4 (2C'H). 22.6. 20.8 (3CH, cyclo- 
hexyl); IR (neat): V = 3485 cin-' ( 0 .  H): HRMS (EI) calcd for C,.H2,NO: 
255.1623, found 255.1620: anal. cdcd C 79.96. H 8.29. N 5.49: found C 79.88. 
H 8.33. N 5.52. 

( 1S",4K*,8SX,1 1 R*)-3-Benzyl- I -(4-pyridinecarbonyl)-3-azatricyclo- 
)6.2.1.04. "lundecan-9-one (27): To a solution of 15 was added 4-cyanopy- 
ridinc (0.22 g. 2.1 mmol) and then C:O was biihbled through the niixtiire over 
40 min. The 1-eaction was stirred overnight. then hydrolyzed with aq. NaH- 
CO,. After filtering through Celite and extracting with AcOEt (3 x20 mL) 
the solvent was removed at  low pressure and the residue purified by flash 
chromatography (hexane,AcOEt 2 : l )  Yield: 0.3 g (41 %) of 27. R ,  = 0.26 
(heuane,'AcOEt 1 : l ) .  ' H N M R  (200 MHz. CDCI,, 25 C ,  TMS):  6 = X.7- 
7.2 (m. 9H.  ArH), 4.0 (d, /=13 .7Hz .  1H.  ArCHHN). 3.6 (dd. .1=10.7, 
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6.7 Hz, 1 H, CIICHN),  3.1 (d, J =  9.2 Hz, 1 H. NCHH), 2.9 (d. J = 1 3 . 7  HL. 
I H ,  ArCHHN). 2.8 (dd, J=37.5, 2.2Hz. 1H.  CHHCO). 2.6-2.5 (m, 2H,  
CHN and CHCO), 2.5 (d, J = 1 7 . 5  Hz, I H ,  CHIICO);  2.3 (d, J = 9.2 Hz, 
l H ,  NCHH) ,  2.3--1.3 (m, 6 H ,  3CH, ring); I3C NMR (50.5 MHz, CDCI,, 
2 5 ° C ) :  8 = 212.3 (CH,CO), 201.3 (ArCO), 150.4, 142.3, 138.3, 128.2, 127.8, 
126.8, 121.2 (Arc ) ,  65.9, 55.4 (2CH2N),  61.1 (CHN),  55.3 (CCH). 48.8 
(CH,CO). 44.7, 44.0 (2CH). 24.9, 22.2, 15.5 (3CH, cyclohexyl); IR (neat): 
5 =I740 (C=O),  1690 (C=O)cm I ;  HRMS (BI) calcd for C,,H,,N,O,: 
360.1838, fbund 360.1829. 

Evolution of n-allylzirconium intermediates to cyclopentenones 29 and 30: 
A solution of zircoiiacycles 9 or 15 were stirred under CO (40 min) in the 
absence of' electrophiles. The mixturc was refluxed for 5 h and then H,O or 
D,O was added. The mixture was filtered through Celite and extractcd with 
AcOEt (3 x 20 mL). Thc organic layer was washed with brine and dried over 
Na,SO,. The solvent was removed und the residue was purified by column 
chromatography. 

3-LMethyl-4-phenylaminomethyl-2-cyclopentenone (29b): Amine 7h (0.50 g, 
2 mmol) was treated with [BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)CI] (0.57 g, 
2.1 mmol): CO was bubbled through the mixture for 40 min. After refluxing 
for 5 h, thc mixture was hydrolyzed and extractive workup afforded the crude 
product which was purified by sIhca gel chromatography (hcxane/AcOEt 
2 : l ) .  Yield: 0.21 g ( 5 3 % )  of29b.  R ,  = 0.34 (hexanelAcOEt 1 : l ) ;  ' H N M R  
(200 MHz. CDCI,, 25 C.  TMS): 6 =7.3-6.6 (m, 5H,  ArH), 6.0 (s, 1 H, 
=CH),  3.7 (brs, I H ,  NH) ,  3.5 (dd, J=14 .8 ,  7.3Hz, l H ,  NCHH), 3.2-3.1 
(m.2H,NCHHandCH),2.6(dd,J=18.5,5.8Hz,lH,CHHCO),2.3(dd, 
J=18 .5 ,  1.3 Hz, I H ,  CHHCO), 2.2 (s. 3 H ,  CH,): ',C NMR (50.5 MHz. 
CDCI,, 25 ' C ) :  6 = 208.0 (CO), 178.5 (C=CH), 147.5, 129.1, 117.6, 112.6 
(Arc ) ,  132.2 (C=CH) ,  45.4 (CH,N), 43.8 (CH), 40.1 (CH,CO). 17.4 (CH,); 
IR (neat): i. = 3370 (N-H),  1680 (C=O)cniC'; HRMS (EI) calcd for 
C,,H,,NO: 201.1154, found 201.1159 

4-(4-Chlorophenylaminomethyl)-3-deuteriomethyl-2-cyclopentenone (29e): 
Amine 7 e  (0.57 g, 2 mmol) was treated with rBuLi (2.4 mL, 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmoi); CO was bubbled through the mixture for 
40 min. After refluxing for 5 h the mixture was treated with deuterium oxide 
and extractive workup afforded the crude product which was purified by 
silica gel chromatography (hexane/AcOEt 2: l ) .  Yield: 0.25 g (52%) of 29e. 
R, = 0.37 (hexane/AcOEi 1 : I ) :  'H NMR (200 MHz, CDCI,, 2 5 ° C  TMS): 
6 =7.1 (d, .I = 8.9 Hz, 2H.  ArH), 6.5 (d, J = 8.9 Hz, 2H.  ArH),  6.0 (s, 1 H,  
=CH), 3.7 (brs, I H ,  NH), 3.4 (dd, J=14 .8 ,  7.1 Hz, I H ,  NCHH),  3.2-3.1 
(m, 2 H,  NCHH and CH),  2.6 (dd, J = 1 8.5, 6.2 Hz, 1 H,  CHHCO), 2.3 (dd, 
J=18.5, 1.7Hz, IH ,CHHCO) ,2 .1  (s,~H,CH,D);'~CNMR(S~.SMHZ, 
CDCI,, 25 'C) :  6 = 207.8 ('20). 178.2(C=CH). 146.2, 128.9, 122.1, 113.7 
( A r c ) ,  132.3(C=CH), 45.4 (CH,N), 43.7 (CH). 40.1 (CH,CO), 17.1 (t. 
Jcn =19.6Hz, CH,D); IR (neat): i. = 3370 (N H) ,  1685 (C=O)cm- ' ;  
HRMS (EI) calcd for C,,H,,DClNO: 236.0826, found 236.0825. 

(1S*,2R*,6S*)-2-Benzylamino-9-methyl-8(9)-bicyclo~4.3.O~nonen-7-one (30) : 
Amine 14 (0.61 g, 2 mmol) was treated with tBuLi (2.4 mL, 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for 
40 min. The mixture was refluxed for 5 h the mixture and then hydrolyzed. 
Extractive workup afforded the crude product, which was purified by silica 
gel chromatography (hexane/AcOEt 2 : l ) .  Yield: 0.21 g (42%) of 30. 
R, = 0.41 (hexane/AcOEt 1 : 1): 'H NMR (200 MHz. CDCl,, 25 "C, TMS): 
6 =7.4--7.2 (m, SH, ArH), 6.0 (s, 1 H,  =CH), 3.8 (d. .I = 13.4 HI, 1 H. 
ArCHHN), 3.7 (d, J=13 .4Hz ,  1H.  ArCHHN), 3.2-3.15 (m, I H ,  CHN),  
~ . ~ ( ~ ~ , J = ~ . ~ , ~ . ~ H L , ~ H , C H C H N ) , ~ . S - ~ . ~ ( ~ , I H , C H C O ) , ~ . ~ ( S , ~ H ,  
CH,), 2.1-1.2 (m, 7H,  N H  and 3CH, ring): I3C NMR (50.5 MHz. CDCl,, 
25'C): 6 = 210.8 (CO), 177.9 (C=CH),  140.3, 128.2, 127.8. 126.8 (ArC). 
I ~ I . ~ ( c = c H ) .  s ~ . ~ ( c H N ) ,  51.2(~~,~),47.9,46.2(2~~),24.9,21.4,16.6 
(3CH, cyclohexyl), 18.9 (CH,); 1R (neat). F = 3300 (N-H). 1695 
(C=O)cm I ;  HRMS (EI) calcd for C,,H,,NO: 255.1623, found 255.1627. 

General procedure for the synthesis of N-benzyl-N-(2-bronioallyl)amines 31 
and 35: N-Benzyl-N-(2-bromoaliyl)amine (5.58 g. 20 mmol), haloalkene 
(10 mmol) (4-bromo-l-butene, 5-bromo-1-pentene. 4-iodo-l -butyne, or 5- 
iodo-1-pentyne), and H,O (100 mL) we]-e placed in ii flask. Themixtures were 
stirred for 2 d at 70' C, cooled and poured into a separating funnel containing 
AcOEt (30 mL). The organic layers were collected, washed with water and 
brine, dried over Na,SO,, and filtered. The solvents were removed and the 

residue purified by flash column chromatography to  give 31 a.b and 35a.h :1s 
colorless oils. 

N-Benzyl-N-(2-bromoaIlyl)-3-hutenylamine (31 a) : The reaction was per- 
formed as described in the general procedure with 4-bromo-1-butene (1.35 g. 
10 mmol). After extractive workup, the crude product was piirilied by silica 
gel chromatography (hexane!AcOEt 20: 1). Yield: 1.86 g (67%) of 31a. 
R, = 0.39 (hcxaneiAcOEt 15: l ) :  ' H  NMR (300 MHz. CDCI,. 25 C. TMS):  
d =7.4-7.2 (in, SH, ArH), 6.0 (s. 1 ti. BrC=CHH). 5.9-5.X (in. I H. 
CH=C), 5.6 (s. 1 H. BrC=CHHI, 5.1-5.0 (m. 2H.  CH=CH,). 3.7 (s. 2H.  
ArCII,N). 3.3 (s. 2H.  NCH,C), 2.6 (dt, ./=7.3. 2.2 Hz. 2 H ,  NC112CH,). 
2.3-2.25 (m. 2H,  CH,CH=): I3C NMR (50.5 MHz, CDCI,. 25 'C):  
6=138.9,132.1,128.6,128.1,126.6(ArCandCBr~,136.4(CH=CH,),117.X, 
115.5 (2=Cll,). 61.8, 57.5, 52.6 (3CH,N). 31.4 (CH,CH): HRMS (El )  calcd 
for C,,H,,RrN (M' -1): 278.0544. found 27X.0541. 

N-Benzyl-N-(2-bromodIlyl)-4-pentenylamine (31 b):  The reaction was per- 
formed as described in the general procedure with 5-bromo-I-pentene (1.49 g, 
10 mmol). After extractive workup, the crude product was purified h) silica 
gel chromatography (hexanelAcOEt 20: l ) .  Yield: 1.70 g (5X%) of 31 b. 
R, = 0.41 (hcxane/AcOEt 15: 1): ' H N M R  (200 MHz, CDCI,, 2 5 ' C .  TMS): 
6=7.4-7.3 (m. SH, ArH). 6.0 (s, 1 H .  BrC=CHH), 5.9-5.7 (m, I H .  
CH=C),  5.6 (s. 1 H. BrC=CHH), 5.1-4.9 (in. 2H.  CH=CH2).  3.7 (s. 2H. 
ArCH,N). 3.3 (s, 2H. NCH,C). 2.5 (dd, J =7.3, 7.0 l lz.  2H,  NCH,CH,). 
2.2--2.1 (in. 2H.  CH,CH=), 1.7-1.6 (m. 2H,  NCH2CH,); ' ,C NMR 
(50.5 MHz, CDCl,, 25°C):  6 =139.0, 132.3. 128.5. 128.0. 126.6 (Arc  a n d  
CBr), 138.4 (CH=CH,), 117.8, 114.4 (2=CH,). 62.0, 57.8, 52.5 (3CH,N). 
31.2,26.2 (CH,CH,C=); HRMS (El) calcd for CISH,,,BrN: 293.0779. found 
293.0769. 

N-Benzyl-N-(2-bromoaIlyl)-3-butynylamine (35 a):  The reaction was per- 
formed as described in the general procedure with 4-iodo-1-butyne (1.80 g. 
10 mmol). After extractive workup, the crude product was  purified by silica 
gel chromatography (hexaneiAcOEt 20: l ) .  Yield: 1.62 g (68%) of 35a. 
R, = 0.25 (hexane;AcOEt 35:  1); ' H  NMR (200 MH7, CDCI,. 25 'r. TMS): 
6 =7.4-7.3 (m. 5H. ArH), 6.0(s, 1 H, BrC=CHH). 5.6 (s. 111. BrC=CHH), 
3.7 (s. 2H, ArCfI,N), 3.4 (5. 2H, NCH,C), 2.8 (dd. J =7.7. 7.3 H7.. 2H. 
NCH,CH,), 2.45-2.4 (m, 2H,  CH,C-). 2.0 (t. J = 2.6 Hz, 1 H. =CH): "C 
NMR(50.5MHz,CDCI,,25"C): zi =138.6. 131.7. 128.5. 128.1. 126.Y(ArC 
andCBr),118.1 (=CH,),82.6(=CH),69.2(--C).61.8,57.4.51.8(~CH,N). 
17.1 (CH,C=); HRMS (EI) calcd for C , ,H , ,BrN (M ' - C,fl,): 238.0231. 
found 238.0219. 

N-Benzyl-N-(2-bromoallyl)-4-pentynylamine (35 b).  The reaction was per- 
formed as described in the general procedure with 5-iodo-I-pentyne (1.94 g, 
10 mmol). After extractive workup, the crude product was purified by silicn 
gel chromatography (hexane/AcOEt 20: l ) .  Yield: 1.74 g (69"/0) of 35h. 
R, = 0.26 (hexane/AcOEt 15: 1); ' H N M R  (200 MHz, CDCI,, 25 C. TMS): 
6 =7.4-7.3 (m,5H,ArH) .  5 .9 (s ,  l H ,  BrC=CHH). 5.6(s. 1H.  BrC=CHN). 
3.6 (s, 2H,  ArCH,N), 3.3 (s, 2 H ,  NCH,C). 2.6 (1. J = 6.9 Hz, 2H,  
NCH,CH,), 2.3-2.2 (m. 2H,  NCH,CH,), 1.9 ( t ,  .I = 2.6 Hz. 111. =CH).  
1.8-1.7 (m. 2H,  CH,C=); " C  N M R  (50.5 MHz, CDCI,, 2 5 ° C ) :  ii = 138.7, 
132.1, 128.6, 128.0, 126.8 (Arc  and CBr), 138.1 (=CH,). 84.1 (ECH),  68.3 
(=C), 61.9, 57.7, 51.7 (3CH,N), 26.1, 16.0 (CH,CH,C=). 

Formation of six- and seven-memhered heterocycles (33, 34, and 37) ~ General 
procedure: 2-Bromoallylamines 31 or 35 (2 mmol) were treated with tBuLi 
(4 mmol for 31 and 6 mmol for 35) at -78 'C in Et,O. The corresponding 
anious were added to a solution of bis(cyclopentadieny1)zirconium methyl 
chloride (0.57 g, 2.1 mmol) in Et,O at -78 'C.  The reaction mixturcs were 
allowed to reach R T  and then were quenched with deutcrated sulfuric acid to 
afford products 33 and 37. or were trcated with CO and 4-chlorohenzonitrile 
to afford diketone 34. 

I-Benzyl-4-deuteriomethyl-3-(E)-deuteriomethylenepiperidine (33a): Anline 
31 a (0.56g. 2 mmol) was treated with iBuLi (2.4 mL. 4 mmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the addition of D,SO, and thc cx- 
tractive workup. the resulting crudc product was purified by silica gel chro- 
matography (hexane/AcOEt 5 : l ) .  Yield: 0.29 g (72%) of 33a. R, = 0.32 
(hcxane/AcOEt3:1): ' H N M R ( 2 0 0  MHz.CDC13.25 C.TMS): 6 =7.4 7.3 
(m. SH, ArH), 4.85-4.75 (m. 1 H. =CH),  3.6 (s. 2H.  ArCH,N), 3.3 (dd. 
J=11.8,  1 .7Hz,  l H ,  C K H C = ) ,  3.0-2.9 (m. l H ,  NCHHCH,), 2.7 (d, 
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. J= I I .XHZ,  I H .  C:HHC=). 2.2 (dt, J z 1 1 . 4 .  3 . 2 H ~ .  I H ,  NCHHCH,), 
2 . 3 5 - 2 0 5  (in, I H ,  CH). 1.8 1.7 (m.  1 H .  CMHCH), 1.5-1.3 (m, I H ,  
CHHCH). 1.15 1.05 (in, 2H. CH,D): "C NMR (50.5 MHr, CDCI,, 
25 C ) .  6 =148.8, 138.0, 129.1, 128.0. 126.8 (ArC and C'=CHD), 106.7 (t, 

(C'H,CH). 17.3 (t. .JCD =19.2 HL. CH,D); HRMS (ET) calcd for 
C,,H I .Ll,N: 203.1643. found 203.1638. 

l-Renzyl-4-deuteriomethyl-3-( E)-deuteriornelhyleneperhydroazepine (33 h) : 
Ainine 31 b (0.59 g, 2 mmol) was ti-ealed with tBuLi (2.4 mL, 4 mmol) m d  
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mniol): after the addition oi' D,SO, and the ex- 
tractive workup, the resulting crude product was purified by silica gel chro- 
ni;itogfiiphy (hexane,AcOEt 7 : l ) .  Yield: 0.22 g (51 'YO) of 33b. R,. = 0.33 
( h c w i e  AcOEt 4 : l ) ;  'HNMR (300 MHL, CDCI,. 25 C ,  TMS): b =7.4-7.2 
(m.  SH.ArH),4.X(s. I H, =CH). 3.7(d, J = 13.3 Hz, 1H.ArCHHN) .  3.6(d. 
./=13.31Ir, 1H.  ArCHHN). 3.3 (d, .1=13.8Hz,  l H ,  CHHC=). 3.2 id. 

2.65 2.51 (in, 1 H. CH), 2.55-2 45 (m, 1 H, NCHHCH,), 1.9- 1.8 (m, 1 H. 
CHHCH). 1.65 1.55 (m, 2 H ,  CH,CH,CH,), 1.35-1.25 (in. 1 H, CHHCH), 
1.15 1.0 (in, 2H,  CH,D); 13C NMR (50.5 MHz, CDCI,, 25 C): 6 =152.8. 
139.7. 1288. 128.0. 126.7 (ArC and C=CHL)), 111.2 (t. . / , , = 2 3 . 5 H ~ .  
C-CHD). 60.9. 59.7. 55.6 (3CH,N). 38.1 (CH), 36.3, 26.9 (CH,C'H,CH). 
21.5 (t.J,,, =19.9Hr, CH,D); HRMS (E1)calcd forC,,H,,D,N: 217.1X00, 
found 217.1791. 

ci.~-3-Benz~1-1-(4-chlorobenzoyl)-3-azabic~clo[4.3.O~nonan-8-one (34a): 
Ainiiie 31 a (0.56 g, 2 mmol) was treated with rBuLi (2.4 mL, 4 inmol) and 
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for 
40 inin. After the addition of 4-chloroben~onitrile (0.29 g, 2.3 mniol). the 
mixture was stirred overnight. Hydrolysis and extractive workup afforded the 
crude product. which was purified by silica gel chromatography (hexanc, 
AcOEt 5:l). Yield: 0.32 g (43%) of34a.  M.p. 143-145 C (hexane/CHCI,); 
'1-1 NMR(200MHz.CDCI,.25 C .TMS) :d  =7.5-6.9(in.9H,ArH).3.5(d, 
.1=13.0H/. 1H.  ArCflHN). 3.3 3 2  (m, I H ,  CH), 3.12 (d, J=13.0H7.  
111. ArCliIIN). 3.08 (d, . / = 1 2 . 4 H ~ .  I H .  NCHHC),  2.7-2.6 (in, l H ,  

CCHHCO) ,  2.4-2.3 (in, 3H. CHCH,CO and NCHHCH,), 2.2 (d. 
./=12.41I~.l€i,NCHHC).2.2-2.0(m.1H.NCH,CHH),1.6(dq,./=13.6. 
3.5 Hz. 1 H. NCH,CHHj; 'C NMR (50.5 MHz. CDCI,, 25 C): 6 = 214.7 
(CIH2CO).202.1 (ArCO). 137.9. 137.1. 134.7,129.3.128.4. 128.3,127.8,126.7 
(ArCj, 62.7. 56.0; 49.4 (3CH,N), 53.8 (C'CH). 46.9, 39.5 (2CH,CO), 33.8 
( C ' I I ) .  24.8 (CH,CH2N); IR (neat). V =I750 (C=O).  1665 (C=C))cm '. 
HRMS (El )  calcd for C,2H,,CIN0,- 367.1344, found 367.1342; anal. calcd 
C' 71.83, H 6.03. N 3.81; found C 71 69, H 5.99. N 3.77. 

l-Benzyl-3-(E)-deuteriomethylene-4-dideuterinmethylenepiperidine (37a): 
Ainine 35a (0.48 g, 2 mmol) was treated with tBuLi (3.6 mL. 6 mmol) and 
[Cp2Zr(Mc)Cl] (0.57 g, 2.1 niniol); after the addition of D,SO, and the ex- 
tractive workup. thc resulting crude product was purified by silica gel chro- 
matography (hexane,AcOEt 7 : l ) .  Yield: 0.25 g (61 "'0) of 37a. R, = 0.36 
(hexane AcOEt 5:1);'HNMR(200MHz.CDC1,,25 C,TMS):S =7.4 7.3 
(in. S H .  ArH). 4.8 (a, l H ,  =CH),  3.6 (s. 2H.  ArCN,N), 3.1 (s, 2H,  
NCll,C=). 2.6 (t. J = 5.7 Hz, 2H.  NCH,CH,), 2.4 (t, J = 5.7 HL. 2 H ,  
NCH,CH,): ' "C NMR (50.5 MHz, CDCI,, 25 ' C ) :  6 =145.4. 344.6, 338.1, 
129.0. 128.1. 127.0 ( A r c  and 2C=).  109.4, (1. Jc,) = 23.5 Hz. CD and CD,), 

33.4 (CH,C:); HRMS (EI) calcd for C14H14D3N: 

.Icl, = 23.9 Hz, C=C'HD). 62.7, 60 7. 5 3  2 (3CH,N). 35.3 (CH),  34.4 

. / - 1 3 . 8 H ~ .  1H.  CHHC=),  2.8 (dt. J z I 2 . 9 ,  4 . 7 € 1 ~ ,  l H ,  NCHHCH,). 

NCHHC'H,) ,2 .6(d.J=lE.I  H7. l H , C C H H C O ) . 2 . 5 ( d , J = I X . l  Hz . I I I ,  

General procedure for the synthesis of o-allylanilines 39 and 40: o-Allyl- 
aniliner3'' (2.7 g. 20 mmol), 2,3-dibromopropene or  2,4-diiodobntene 
( I 0  nimol). and water (100 mL) were placed in a flask. The mixturc was 
heated at 70 C ovcriiight, made basic, extracted with AcOEt, and dried over 
N:i,SO,. The solvents were removed (15 mmHg) and the residue purified by 
coi~iinn chromatography to aflord anilinrs 39. To a flask were added 39 
(10 nimol). methyl lodlde (2.13 g. 15 mmol), NaKCO, (1.85 g, 15 mmol). 
and D M F  (30 mL) .  The mixtilrc was retluxed for 1 h, allowed to cool to RT, 
and then poured into ;I separating fuiinel containing AcOEt and water. Thc 
organic laycr %as collected, washed will1 water and brine, and dried over 
N:i3S04. and the solvents were then removed. The tertiary amines 40 were 
iw1;ited hy columii chromatography 

2-.~llyl-Ri-(3-indo-3-b11tenyl)aniline (39b) ' The reaction was performed as de- 
sci-ibed in the general procedure with 2.4-di1odobutcne (3.0X g, 10 nimol). 

After cxtractive workup, the crude product was purified by silica gel chro- 
matography (hexane,AcOEt 30:l). Yield: 2.03 g ( 6 5 % )  of 39b. Isolated 
yield: 6 5 % .  R, = 0.28 (hexane1AcOEt 20.1); ' H N M R  (200 MHz, CDCI,. 
25 -C ,TMS) :6=7 .2  6 .7 (n i .4H,ArH) .6 .2 (~ ,  lH,IC=CHHj.6.0-5.9(m.  
l H ,  CN=CH,), 5.9 (s, I H ,  IC=CHH).  5.2-5.1 (in, 2H.  CH=CH2),  3.8 
(brs, I H ,  N H ) ,  3.4-3.3 (m, 2H.  NCH,). 2.7 (dd, . / = 6 . 5 .  6.0Hz. 2H. 
CH2CI):  I3C NMR (50.5 MHz. CDCI,, 25 'C):  6 =145.5, 135.6, 129.7. 
127.5, 123.5, 117.1, 110.3. 108.7 (Arc.  =CI, and C'H=CH,). 127.6 
(CH,=CI), 116.2 (C'lI,=ClI). 44.2. 42.1, 36.4 (3CH,): LRMS (70eV. El): 
~ ~ 7 ; ~ ( ~ ~ ) = 3 1 3 ( 4 ~ [ ~ + 1 . 1 4 6 ( 1 0 0 ) . 1 3 1  (21). 130(33), i i8(34j . i17(20) .91 
( 2 3 ) .  

2-Allyl-N-(2-hromoallyl)-N-methylaniline (40a) : The reaction was performed 
as described in the general procedure with 2,3-dibromopropene (2.0 g. 
10 mmol) followed by addition of methyl iodide (2.13 g. 15  mmol). After 
extractive workup. the crude product was purified by silica gel chromatogra- 
phy (hexancjAcOEt 2 5 : l ) .  Yield: 2 .0% (77'Yn) of 40a. isolated yield: 77%. 
R,  = 0.40 (hexane,AcOEt 1 5 : l ) ;  ' H N M R  (200 MHr. CDC1,. 25 'C.  TMS): 
6=7.3-7.1 (ni, 4H,  ArH) ,  6.2-6.0 (in. I H ,  CH=CH,), 6.1 (s. IH.  
BrC=CIIH), 5.7 (s. l H ,  BrC=CHH), 5.3-5.2 (m, ZH, CH=CH2j. 3.8 (s. 
2H. NCI/,C), 3.7 (d, J =  6.7 Hz, 2H,  CH,CH=),  2.8 (s. 3H, NCH,); " C  
NMR(50 .5MH~,~UC1, .25~C) :d=151 .0 ,137 .7 .1~5 .1 .131 .3 ,130 .3 ,  126.8, 
123.8, 120.7 (ArC. =CBr, and CH=CH,), 117.8. 115.5 (2=CH,). 65.1 
(CH,N), 41.4 (CH,). 34.8 (CH,CH); HRMS (EI) calcd for C,,H,,BrN: 
265.0466, found 265.0452. 

2-Allyl-N-(3-iodo-3-butenyl)-N-methylaniline (40 b) : The reaction \\\as per- 
formed as described in the general procedure wlth 39b (3.13 g. 10 mmol) and 
methyl iodide (2.13 g, 15 mmol). Arter extractivc workup. thc crude product 
was purified by silica gel chromatography (hexane:AcOEt 25: I ) .  Yield: 
2.62g (80'h) of 40h. Isolated yicld: 80% R, = 0.42 (hexane AcOEt 15.1): 
' H N M R  (200 MHz, CDCI,, 25'C, TMS): 6 =7.3-7.1 (m. 4H,  ArH). 6.1- 
5.9 (m. 1 H, CW=CH,), 6.0 (s. 1 H. IC=CHH), 5.8 (s, 1 H. IC=CHH),  
5.2-5.1 (111, 2H, CH=CH,). 3.5 (d, . / = 6 . 4 H ~ ,  2H. CH,CH=). 3.2 (dd. 
.I = 7.6 .  7 . 0  H7, 2H,  NCH,). 2.7 ( s ,  3 H. NCH,), 2.6 (dd. J = 7.6.7.0 Hz. 2H. 
CH,CI): " C  NMR (50.5 MHz. CDCI,. 2 5 ' C ) :  ii =150.8, 137.7, 135.7. 
130.1. 126.7, 123.7, 120.9. 109.1 (Arc.  =CI, and CH=CH,). 126.4 
(C'H,=CI), 115.6 (C'H,=CH). 55.7 (CH,Nj. 43.3 (CH,), 43.2, 34.8 
(2CH,C); HRMS (El) calcd h r  C,,H,,IN: 327.0484. found 327.0496. 

Synthesis of benzoheterocycles 42-48-General procedure: Compound 40a 
(0.53 g. 2 mmol) or 40b (0.65 g, 2 mmol) in Et,O was placed in a Schlenk 
flask. Addition of tBuLi (4 mmol) at - 78 C generated the corresponding 
anions. The resulting solutioii was stirred at - 78 "C for 30 niin and was then 
added to a solution of bis(cyclopentadienyl)zirconluni methyl chloride 
(0.57 g. 2.1 mmol) at -78 C. The mixture was stirred at this temperature for 
1 11, then allowed to warm to RT and, In the case of formation of 41 b. the 
reaction was heated to 35 C for an additional 1 h .  The hydrolysis of the 
intermediate rirconatricycles 41 generated beiizazepine and benzazocine 
derivatives 42a and 42b by filtration through Celite. extraction with AcOEt 
(3 x 2 0  mL), washing with aq. NaHCO,, drying over Na2S0, and column 
chromatography. The carbonylatioii of 41 a,b at 20 'C, under CO (1  atm). in 
the presence of different elcctrophiles (water. 4-chlorobenzonitrile. and ally1 
bromide) allowed the isolation, after standard treatment, of benzoheterotri- 
cycles 42-48. 

2,3,4,5-Tetrahydro-1,4-dimethyl-3-methylene-lH-l-henzazepine (42 a) : Ainine 
40a (0.53 g. 2 mmol) was trcatcd with fBuLi (2.4 mL. 4mmol) and 
[Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); after thc addition of H 2 0  and the extrac- 
tive workup, the resulting crude product was purified by silica gel chromatog- 
raphy (hexane,'AcOEt 20:l). Yield: 0.29 g (78%) of42a.  R, = 0.32 (hexane 
AcOEt 15: l ) ;  'HNMR (200 MHz, CDCI,. 25 C, TMS): 6 =7.3 - 6.9 (in. 
4 H ,  ArH), 4.8 (s, 2 H ,  =CH,). 3.9 (d, J = 12.5 Hz. 1 H, NCHH), 3.4 id. 
J =12.5 Hz. 1 I i ,  NCHHJ,  2.9 (s, 3H.  NCH,). 2.85 (dd, J=13.3.  5.2 HL. 
1 H,  CHHCH), 2.8 (dd. ./=13.3. 8.6 Hz. 1H.  CHHCH),  2.7- 2.6 (ni. 1 H. 

25 C):d=f50.7,150.4.133.2,129.6,12~.6,120.6,116.5(ArCandC=CH,). 
112.8 (=CH,), 60.9 (CH,N), 41.5, 37.9 (CH,N and CH). 40.1 (CH,CH). 
20.1 (CH,CH); HRMS (El) calcd for C,,>H,,N: lX7.13h1, found IX7.136l. 

1,2,3,4.5,6-Hexahydrn-l,5-dimethyl-4-methy~ene-l-ben~azncine (42 b) : Amine 
40b (0.65 g, 2mmol) was treated with rBuLl (2.4mL, 4mmol)  and 

CH).  1.2 (d, .I = 6.3 Hz. 3H. CH,CH); "C NMR (50.5 MHL, CDCI,. 



Zirconium-Mcdiatcd Hctcrocyclc Synthesis 1 324 ~ 1 336 

[Cp,Zr(Me)Cl] (0.57 g, 2.1 mniol); after the addition of H,O and the extrac- 
tive workup. the resulting crude product was purified by silica gel chromatog- 
raphy (hexane,'AcOEt 40: 1). Yield: 0.20 g (50%)  of 42b. R, = 0.25 (hexane,' 
AcOEt 30: l ) :  ' H N M R  (300MH2, CDCI,, 25"C, TMS): 6 =7.3-7.0 (in, 

4H, ArH), 4.8 (s, l H ,  =CIIH),  4.7 (s, 1 H, =CHH),  2.95 2.85 (in, 2H,  
NCH,), 2.8 (s, 3H,  NCH,), 2.8-2.7 (m. 2H,  CH,CH), 2.6 2.5 (m, 1 H, 
CH),2.0(ddd,J=13.8,9.0,3.9H~.lH,CHHC=),l.X(ddd,./=138,6.4, 
3.9Hz. l H ,  CHHC=) ,  1.1 (d, J = 6 . 9 I I z .  3H, CH,CH); I3C NMR 
(50.5 MHz,CDC1, ,25-C)-6 =154.7, 151.1, 338.7, 130.4. 127.1, 124.1, 121.0 
(Arc  and C=CH,). 110.0 (=CH,), 63.1 (CH,N), 44.4, 43.9 (CH,N and 
CH),  38.3, 31.6 (2C€I,C), 19.8 (CH,CH); HRMS (EI) calcd for C,,H,,N: 
201.1518. found 201.1526. 

3,3 a,4,5,10,10 a-Hexahydro-5-methylbenzo[h~cyclopent~e~~zepin-2( 1 H)-one 
(43 a) and 2,3,3 a,4,9,9 a-hexahydro-3 a,4-dimethyl-1H-cyclopent[b)quinolin-2- 
one (44a): Amine 40a (0.53 g, 2 mmol) was treated with rBuLi (2 4 inL. 
4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the 
mixture for 40 min. After the addition of H,O and extractive workup the 
resulting crude product (2: l : l .S  mixture of43a ,  44a. and 45a) was purified 
by silica gel chromatography (hexanciAcOEt 5 : l ) .  Yield: 0.18 g (42%) o f a  
2.1 mixture of 43a and 44a. R ,  = 0.29 (hcxane/AcOEt 3:l); ' H  NMR 
(200MHz.CDCl3,25 'C,TMS):6 =7.3-6.6(m,8H.ArH),3.2-2.8(m.SH, 
NCH,, NCH,CH and CZIHCH), 2.9 (s, 3H,  NCH,, major isom.). 2.X (s, 
3H,  NCH,, minor isom.), 2.7 2.0 (m. 12H, CHHCH, CCH,CZI and 
2xCH,CO), 1.4 (s, 3 H ,  CCH,,  minor isom.); I3C N M R  (50.5 MHz, 
CDCl,, 25 " C ) :  S = 218.2 (CO, major isom.), 21 5.7 (CO. minor isom.), 151.8, 
144.6, 130.4, 130.2, 128.9, 127.2, 126.9, 120.4, 119.5, 116.4. 115.2, 111.0 
(Arc) .  61.3, 56.8, 51.3,43.4,42.0,41.3,41.2,40.9, 38.5. 36.4, 35.6, 32.0. 27.2, 
22.3; 1R (neat): i. =1740cni-l (C=O);  HRMS (EI) calcd for C,,H,,NO: 
215.1310. found 215.1305. 

1,2,4,5,10,10 a-Hexahydro-2-hydroxy-S-methylbenzo[~lcyclopent~e~azepine 
(4Sa): Yield: 0.09g (21%). M.p. 97 99 C (hexaneICHC1,): ' H N M R  
(300 MHz, CDCl,, 25 'C ,  TMS): 6 =7.2-6.9 (in, 4H, ArH), 5.5 (s. l H ,  
=CH), 4.7-4.6 (m. 1H.  CHO), 3.6 (d, J = 1 2 . 9 H z ,  l H ,  NCIIH),  3.5 (d, 
J=12.9Hz,  l H , N C H H ) .  3.1 (dd, . J=12.9,4.7Hz,  1 H , C H H C H ) ,  2.9(s, 
3H,  NCH,), 2.75-2.65 (in, 2H, C H  and CIIHCHO), 2.55 (dd, J =12.9, 
5.8 HL, 1 H, CHHCH), 1.8 (brs, 1 H,  OH), 1.4-1.3 (m, I H ,  CHHCHO); I3C 
NMR(50.5MH~,CDC1,.25'C):6=152.2,145.9,134.2,131.4.129.8,127.0, 
121.8, 117.6 (Arc  and C=CH),  75.6 (CHO), 57.5 (CH,N), 42.4.42.0 (CH,N 
and CH),  41.6,38.7 (2CH,C); IR (neat): F = 3355 cm-' ( 0 - H )  HRMS (EI) 
calcd for  C,,H,,NO: 215.1310, found 215.1305; anal. calcd C 78.10, H 7.96, 
N 6.51; found C 78.01, H 7.98, N 6.49. 

2,4,5,6,11,11 a-Hexahydro-2-hydroxy-6-methyl-l~-benzo[h~cyciopent- 
[elazocine (45h): Amine 40b (0.65 g, 2 nnnol) was treated with rBnLi (2.4 mL, 
4 mmol) and [Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); CO was bubbled through the 
mixture for 40 min. After the addition of H,O and extractive workup the 
resulting crude product ( 5 :  1 mixture of diastereoisomers) was purified by 
silica gel chromatography (hexaneiAcOEt 3: l ) .  Yield: 0.17 g (38%) of 45b. 
Major diastereoisonier. R ,  = 0.19 (hexane]AcOEl 2:  1); 'H  N M R  (200 MHz, 
CDCI,.25'C,TMS):S =7.3 7.1 (m,4H,ArH),S.S(s ,  1 H, =CH),4.85-4.8 
(m. 1 H, CHO). 3.0-2.8 (in. 3 H ,  NCH, and CH), 2.7 (s. 3 H,  NCH,). 2.7 2.6 
(m, 2H. CCH,CH), 2.3 (d, J=13 .7Hz ,  1H,  CHHC=),  2.1-2.0 (m. 2H,  
CHHCHO and CHHC=),  1.8 (brs, 1 H. OH).  1.5 (dt, J = 13.3, 4.3 Hz, 1 H,  

129.6. 128.7, 127.4. 125.0. 121.7 (ArC and C=CH),  76.0 (CHO), 61.2 
(CH,N), 49.6, 43.8 (CH,N and CH),  42.4, 38.8, 28.6 (3CH,C); IR (neat): 
= 3345cm-' (0 H); HRMS (EI) calcd for C,,H,,NO: 229.1467, found 

229.1473. 

2-(4-Chlorohenzoyl)-1,2,4,5,10,10 a-hexahydro-2-hydroxy-5-methylbenzo- 
[hlcyclopentlelazepine (46a): Amine 40a (0.53 g, 2 mmol) was treated with 
[BuLi (2.4 niL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bub- 
bled through the mixture for 40 min in the presence of 4-chlorobenzonitrile 
(0.29 g, 2.1 mmol) and the mixture was stirred overnight. Hydrolysis and 
extractive workup afforded the crude product which was purified by silica gel 
chromatography (hexane/AcOEt 5 :  1). Yield: 0.28 g (40%) of 46a. R ,  = 0.30 
(hexanelAcOEt3:l): 'HNMR(300  MHz, CDCI,, 25'C.TMS): 6 =7.4-7.0 
(m. 8 H ,  ArH). 5.6 (s, 1 H. =CH),  4.6 (hrs,  1 H, OH),  4.1 (d. J = 12.5 HL, 1 H, 
NCKH), 3.6(d. J=12 .5Hz ,  I H ,  NCHH) ,  3.6-3.5 (m, l H ,  CH) ,  3.5 (dd, 

CCHHCH), 2.3-2.1 (in, 2 H ,  CH,CO); 13C NMR (50.5 MHz, CDCl,, 

CHIICHO); 13C N M R  (50.5 MHz. CDCI,, 25 ' C ) :  6 =153.5, 150.1. 139.9, 

J= l1 .2 ,6 .9  Hz, 1 H, CCHHCH), 2.9 (s, 3H,  CH,), 2.4 (d, J =11.2 Hz, 1 H, 

2 5 - C ) :  6 = 200.2 (C=O). 150.5, 150.3, 139.3, 133.1. 131.6. 131.5? 1307. 
130.1, 128.4, 127.5, 122.1. 138.3(ArCandC=CH),86.6(CO).57.8(CHZN). 
45.5, 34.9 (2CH,C), 42.5. 41.2 (C:H,N and CH): 1R (neat). i, = 3450 (0 H). 
1670 (C=O)cm I :  HRMS (EI) calcd for C,,H,,lCIN02: 353.11X3. found 
353.1179 

2-(4-Chlorohenzoyl)-2,4,5,6,11,11 a-hexahydro-2-hydroxy-6-methji-I H- 
benzolhlcyclopentlelazocine (46 b): Aminc 40h (0.65 g. 2 ininol) was treated 
with tBuLi (2.4 mL. 4 mmol) and [Cp,Zr(Me)CI] (0.57 g3 2.1 minol): CO was 
bubbled through the mixture for 40 min in the presence of 4-chlorobenron- 
trile (0.29 g. 2.1 mmol) and the mixture was stirred overnight. Hydroly 
extractive workup afforded the crude product which was piirilied by si 
chromatogr;iphy(hcxane!AcOEt 7: l ) .  Yield: 0.26 g(3SU/;,)of46h. R, = 0.22 
(hexaiieiAcOEt 5 : l ) ;  ' H N M R  (200MHz. C'DCI,. 25 C ,  TMS): 8 = X.1 
7.1 (m, XH, ArH), 5.6 (s, l H ,  =CH), 4.7 (brs, 1 H. OH),  3.3 3.2 (in. I H. 
CH) ,  3.1 (d, J=12.0Hz,  1 H, CCHHCH). 3.1 3.0 (m. 1 H. NCHH).  2.0 
(s, 3 H ,  CH,), 2.9-2.8 (m, 1 H. NCHH) ,  2.75 (dd. .I = 12.0. 4.2 Hr. I H. 
CCIIIICH). 2.5-2.4 (m. 2H,  CHHC= and C K H C O ) ,  2.3 (dd, J=14 .2 ,  
6.2H7, 1 H, CHIICO), 1.7 (dt, J=13.3 ,  4.7 Hz, 1 f l .  CHHC=):  '"c' NMR 
(50.5 MHz, CDCI,, 25 ,C) :  0 = 201.0 (C=O),  155.7. 150.4. 139.6. 13X.7. 
132.0, 131.8, 329.9, 129.1, 128.4, 127.9, 125.2. 121.7 ( A r c  and C=c'H). 87.6 
(CO), 60.8 (CH,N), 49.6. 44.0 (CH,N and CH), 45.8, 37.3, 28.X (3CH,C). 
TR (neat): i = 3450 (0 H) ,  I670 (C=O)cm -': HRMS (El) ccilcd I'or 
C,,H,,CINO,: 367.1339, found 367.1348. 

3 a-AllyI-3,3 a,4,5,10,10 a-hexahydro-S-methylbenzo[blcyclopent[e]azepiti- 
2(IH)-one (47a): Aniine 40a (0.53 g. 2 minol) was treated with rBuLi 
(2.4 inL, 4 mmol) and [Cp,Zr(Me)Ci] (0.57 g. 2.1 mmol).  CO wiis bubbled 
through the mixture for 40 min in the presence of  ally1 bromide (0.36 g. 
3 mmol) and the mixture was stirred overnight. Hydrolysis and cxtr;ictivc 
workup afforded the crude product (1  : 1.7 mixture o f 4 7 a  and 48a) .  which 
w a ~  purified by silica gel chromatography (hexane, AcOEt 5 :  1 ) .  Yield: 0.08 g 
(15%) of47a .  R, = 0.47 (hexanelAcOEt 2 : l ) ;  ' H N M R  (300 MHz. CDCI,, 
25°C. TMS): b =7.2 6.8 (m, 4H,  ArH). 5.9-5.8 (rn. 1H. =CH).  5.2-5 15 
( in ,2H,=CH,) ,3 .3(d , J=15.0Hz,1~1,NCHH).3 .0(d . . /= l4 .2Hz,  I H ,  
CCHHCO), 2.8 (s. 3H, CH,). 2.8-2.3 (m, 7H. NCHH. CCHIfCO. CH. 
CCH,CH, CHCHHCO and CIIHC=).  2.1 2.0(ni.  I H ,  CHHC=). 2.0(dd. 
J=18 .5 ,  10.0Hz. l H ,  CHCHHCO): " C  NMR (50.5 MHL. CDCI,, 25 C):  
6 = 216.8 (CO) ,  152.0, 134.2, 131.9, 128.2, 127.2, 120.6, 114.7 (ArC and 
CH=CH,). 318.6 (CH,=CH). 61.1 (CH,N). 48.2.40.9, 40.X. 34.1 (4CH,C),  
45.7 (CCH), 42.1, 40.0 (CH,N and CH);  IR  (ncat): i =I740 cni ' (C=O):  
HRMS (EI) calcd for C,,H,,NO: 255.1623, found 255.1621. 

2-Allyl-1,2,4,5,10,10a-hexahydro-2-hydroxy-S-methyibenzo~h~cyclopent- 
[elazepine (48a): Yield: 0.33 g (25%) mixture of diaatcrtoiaoniers 2 :  1 .  
R, = 0.25 (hexanc/AcOEt 2 : l ) .  ' H N M R  (200 MHz. CDCI,, 25 C. TMS): 
6 =7.3 7.0 (in, 8 H ,  ArH), 5.9--5.7 (m, 2 H ,  CH=CH,). 5.5 (s. 1 H, C=CH. 
minor diast.), 5.4 (s, 1 H, C=CH. major diast.), 5 . 2 .  5.0 (in. 4 H .  CH=CH,) .  
3.6-3.5 (in, 4H. NCH,), 3.15-3.05 (m, 2H,  CCKHCH).  2.9 (s. 6H.  CH,). 
2.75 2.65 (in, 2H,  CH),2.6-2.4(m,4H, CCHHCH :rndCIfHCO), 2.4-2.3 
(m, 4H, CH,CH=). 1.7-1.6 (m. 3H,  O H  and CHHCO, minor diast.). 1.6 
(dd, J =13.2, 7.2 Hz, 1 H, CHHCO, major diast.); I3C NMR (50.5 MHz. 
CDCl,, 25 ' C ) :  S =153.4, 148.0, 145.4. 134.2, 133.9, 133.5. 132.2. 129.9. 
129.7, 127.1, 121.9, 117.7, 117.5 (Arc. CH=CH, and C=CH) .  118.3 
(CH,=CH. minor diast.). 118.1 (CH,=CH, major diast.), X2.9 (CO. minor 
diast.). 82.8 (CO, major diast.). 58.0 (CH,N, minor dixt . ) ,  57.6 (C'H,N. 
major diast.). 45.8, 44.5, 38.6 (3CH,C. major diast.), 45.4. 45.0, 38.3 
(3CH,C. minor diast.), 42.6. 42.5, 42.1 (CH,N and CHCH2): HRMS (E l )  
calcd for C,,H,,NO: 255.1623. found 255.1615. 

Acknowledgments: We arc grateful for financial support (DGICYT PB Y2- 
1005) and a fellowship to R.  S. received from the Ministerio de EducociOii y 
Ciencia. 

Received: November 11. 1996 [F517] 

[l] L. S. Hegedus, Trrmcition MPtu1.r in rhr Syirthe.sis o/ C ' o i ~ i p l ~ ~ v  O r , q n k  
Molec'ulrs. University Science Booka. Mill Valley, Californi;~. 1994. pp. I I 5  
123. 

[2] a) E. Negishi, in Coniprrhm\iiv, Ovgrrnii~ Syntlicsi~, I'd. 5 (Ed\.: B. M.  Trohl. 
1 tleming),Pergamon,Oxford(UK). 1991.pp. ll6B-llR4,b) K.Taimao. K 
Kobayachi. Y. Ito, Sj.nkrr 1992, 539; c) E. Negishi. S. J. Holmes. .I. M. Tour. 
J. A. Miller. E E. Cederbaum. D. R. Swanson, T. Takahiishi. J Am.  Chun S(J< 

Chrm Enr. J 1997, 3, N o .  K ;c' VCH Vrrlujis~esel1schirfi mhH, D-69451 Weinheim. 1997 0947-6539~97,fJ308-133.5 9 17.50+ SO'O 1335 



J. Barluenga et al. FULL PAPER 

1989. 111, 3336; d j  S. C:. Bcrk. K B. Grossman, S. L. Buchwald. ibid. 1994. 
1 I h .  X593: e) R. D. Broene, in Compri,hmvive Organomctallic C'heirzirtrr I I .  
Lid. 12 (Edr.: E. W. Ahel. F. G .  A. Stone. (i. Wilkinson), Pergainon, Oxford 
(UK) .  1995. pp. 323-347 

[3] J )  E.  Negishi, T. Takahashi, Alrfrichiinicu Aciu 1985, 18, 31, b) S. L. Bucli- 
\\,aid. K.  B. Niclrcn. Chern. R m .  1988, 88, 1044: c) E. Negishi. T. Takahashi, 
.Sint/re~i.s 1988. 1:  d)  R. D. Broene, S. L. Buchuald. Scirnce 1993. 261. 1696. 
e) E. Negishi. T. Takahashi, Acc. Chem Rec. 1994. 27. 124. 

[4] a )  E. Negishi. S. J. Holmes, J. M. Tour. J. A .  Miller, .I. Am.  Chenz. Soc. 1985. 
1117. 2568: b) E. Negishi. D. R. Swanson. F. E Cederbaum. T. Takahashi. 
Zwolirdroti Lett. 1986, 27, 2829; c )  E. Negishi. D. R. Swanson, F. E. Ceder- 
haum. T Takahashi, rhrd 1987,2N, 917: d)  E. C. Lund. T. Livinghouse. J Org. 
C'/iem. 1989, J4, 4487. 

[!I a) T. Takahashi. K .  Aoyagi, R. Hai-a. N .  Sumki. J Clroii. Soc. Clioi17. Coiw 
muir. 1993, 1042: h) 'r. 1Bk;ihaihi, K Aoyapi. D Y. Kondakov, hid. 1994.747, 

K Katai .  D. Y Kondakov. R. Hai-a, N.  S i m k i ,  T. Takahashi. 
/~70rg. Clrim 4c /u  1994. 220. 319 

[OJ a )  J. M. Davis. R I Whitby, A .  Jaxa-Chamiec, Tetrohrdron LEI/. 1992. 33. 
5655: bj R .  B.  Grossin;in, S L. Buchwald, J Org. CIwm. 1992. 57, 5803; 
c) S. C. Berk. R. B. GI-ossman. S. L. Buchwald. J. ,4171. Chem Sue. 1993, I 1.5. 
4912; d) J. M Davis. R .  J. Whithy. A Jsxa-Chamiec, 72fruhdron Lcrt. 1994. 
35. 1445. 

[?I 21) W. A. Nugent, 11 F. Taher. J. h i .  C'/ieni. Suc. 1989, 1 / / ,  6435; h) D. F 
'liiher. J. P. Lovey. J. A. Lini, Terrulledriron Lctr. 1993 34. 2243: c )  D F. Taher. 
Y. Wang. ;hid 1995, 36, 6639. 

[ 8 ]  a )  P. J. Fngan. W A Nugent, J A m  Clirwr. S o r .  1988. 110. 2310; b) P. J. 
t'apan. E. G. Burn\, J. C Calshrese. hid. 1988. 110. 2979: c) K A. Fisher. 
R. B. Nielsen. W. M.  Davis. S. L Buchwald, rhiil. 1991, 113. 165: d)  P. J. 
bagan. W. A Nugent, J. C. Calahrese. ihid. 1994, 116, 1880. 

[9] :I) E. Negislii. D. R .  Swanson. F. E. Ccderhaum, T. Takahashi, Terrulieifron 
Lcrt. 1987, 28, 917: b) G.  Agnel, E.  Negishi. J Am. ('hcm. So<,. 1991. 113. 
7434: c) G Agnel, Z. Owczarctyk, E. Negishi. 7i~rrulredrori Lrir. 1992. 33. 
1543: d )  1'. A. Wender, F. E. McDonald. i h d .  1990, 31. 3691; c) C'. Meyer, 
1 Marck. J. t Normant, rhirl. 1996. 37. 857 

[1(11 a )  C. J. Rouset,  D. R. Swanson. t Lamaly. E .  Negishi, Z,iruhcilron Lrtt. 
1989.30. 5105; h) M.  Mori, N. Ucsaka. M.  Shihasaki. ./. Org. Clrem. 1992, 57, 
3519, c) N. Uesaka. t. Saitoh, M. Mon, M. Shihasuki, K. Okamura. 'T. Date. 
ihid. 1994. 59, 5633: d)  M. Mori. N llesaka, F. Saitoh. M. Shihasaki. ihid. 
1994, 5Y,  5643. 

[I 1 W. A Nugent, D. L. Tliorn. R. L. Harlow. ./. Am. Chcm. Soc. 1987. I O Y ,  2788. 
[I?] J P Maye. E,. Negishi, G/ruhrdro,i Lett. 1993, 34. 3359. 
[I 31 a )  T Takahashi, M Kotora, K. Kasai. N Suruki. Or~~urronirtrrNir..\ 1994, 13. 

4183: b) a ruthenium-catalyred ring-closing metathesis of dienes to  afford 
eight-inemhered rings has recentlybeen reported: S. J. Miller, S.-H. Kim, Z.-R. 
Chen. R.  H. Gruhbs, J Am.  (%iW?7. S O I C  1995. 117. 2108. 

1141 :I) M .  Mori. N. Uesaka, M. S h i h w i k i ,  J Chm7. So[,. C h m .  Comnmii. 1990. 
1222. h) M. 1, Kemp. K. J. Whithy. S .I Coote, Sj,~ilert 1994. 451; c) A. J. 

1151 a )  Dcriwitivcs of 1-henrazepine were found to hwe antilibrillant. antidepres- 
s a n t .  a n d  hypoglycemic activity: S. Kasparek, A h .  Heterocyl .  Cliei??. 1974. /7. 
45-98; h) some substituted heiirazocineh exhibit analgesic and antiinflamato- 
ry activity: 11. D. Perlmutrer, K.  tl. Trnttner, Ad,,. t/?fivocj,c/. C/iem. 1982, 31. 
1 1  5 ~ 167. 

k i t .  S. L. BUCI~\VXI<I. J. A m .  <%ci7~. Soi.. 1996, 118. 1028. 

[lO] R. A Fiaher. S. L. Buchwald, Orgimonicrir/lic,s 1990. 9. 871. 

[ I71 For thoaldehyde complexes see' a )  S. L. Buchwild. R. B. Nielaen, J. C:. 
Dewan. J. Am Chem Soc.  1987. 109, 1590: h) S. L.  Buchwald. R. B. Nielsen. 
ihrd. 1988. 110. 3171. For imine complexes see: a) S. L. Buchwald, B. T. Wat- 
son, M. W. Wannamaker, J. C. Dewan, .I. Am. Cheni. Soc. 1989, 111. 4486: 
b) N. Coles. M. C. J. Harris. R. J. Whithy, J. Blagg. OrRanomerullicr 1994, 13. 
190 and references cited therein: c) J. Barluenga, R. Sanr. R. Gonriler. F. J. 
Fadanis, J. C'hrm. Soc. Climi. Cummun. 1994, 969. 

[I81 a)  S. L. Buchwald. R. T Lum, J. C. Dewan. ./. A m .  Cliem. S w  1986, ION.  7441 : 
b) S. L. Buchwald, B. T, Watson. ihid. 1987. 109. 2544: c) S. L. Buchwald. 
R. B. Nielsen, ;hid 1989. 111. 2x70: d) S L. Buchuald, R. T. Lum. R. A. 
Fisher, W. M. Davis, &id. 1989. 111, 9113: e) M. C. J. Harris, R. J. Whithy, 
J. Blagg, S.vitlcrl 1993, 705: f)  J. Yin, J. Klosin, K .  A. Ahhoud. W. M. Jones, 
Te/i-uhrdroii L m .  1995, 36, 3107. 

1191 a )  S. L. Buchwald, €3. T, Watson, R. T. Lum, W. A. Nugent, .I A m  Chcnr. SO?. 
1987. 10Y. 7137, b) S L. Buchwald, S. M.  King, ihiil. 1991. 113. 258: c) J. H. 
Tidwell, S .  L Buch\~ald.  rhiX 1994. 116, 11 797 and r 
d )  S L Buchwald, R. D. Broene. in Comprehensivr Orgunoi?re/ril/ic Clrein- 
r , s m  I / .  I'd /Z (Eds . :  6. W. Abrl. F. G. A. Stone. G .  Wilkinson). Pergamon. 
Oxford (UK) .  1995, pp. 771 

I301 a )  1. Yin. K A. Abboud, W. M Jones, J Am. Chem Suc. 1993. / I S ,  3810: 
h) J. Yin, K. A. Ahboud. W. M. Jones, ;hid 1993, 115, 8859:~)  J. Yin .  W. M. 
Jones, Teiraliedroii 199s 51, 4395. 

[ ? I ]  J. Barluenga, R. Sanr. F. J. Fadanis, Z. Aiutw:/or.sch. 
1221 A portion or this work has been prcviously communicated. J. Barluenga. 

K. S m z .  E J. Fatianis. J Ckmm Soc. Chem. Cimimun. 1995, 1009. 
[23] Compound 1 a was prepared by sequential treatment of fluorene with 2.3-di- 

hrnmopiopene and propargyl bromide and with butyllithium as a base. 
[24] In the case of l a  three equivalents of rBuLi werc nccosary for complete 

metalation. 
[25] a)  K .  Takagi, C. J. Rousset. E. Negishi. J Am.  Cliem. Six. 1991, 113. 1440; 

h) G .  J. Gordon. R. J. Whitby, Swlert 1995, 77. 
[26] a) F Rosenfeldt, G. Erker, T?trrrlirdroii Lrri 1980, 21, 1637: h) G .  Erkcr. 

U.  Dorf. P.  Czisch, J. L. l'etersen, Orgtirronrrtrr//ics 1986. 5 ,  668. 
1271 a)  G. Ei-ker. K. Kropp, J. Or~qiiiiim71~1. Ciiem. 1980. /94.  45: h) G.  Erker, 

E Koscnfcltlt. hid.  1982. 224, 19: c) G Erker. Ace. Chriir. Res. 1984. 17. 103. 
[28] a) H. Ito, T. Taguchi, Y. Hanrawa, Z~truhedruir L e / / .  1992, 33. 1295: b) Y. 

Hanrawa. H. I to ,  T. Taguchi. Spkett  1995. 299; c) H. 110. 'I. Nakamura, T. 
Tdguchi, Y Hanzawa, 7?trrrher/von 1995. 51, 4507. 

[29] a) H. Yasuda, K. Tatsumi. A. Nakamura. Ace. Chrtri. R ~ A .  1985, 18. 130: 
h) G Erker, R. Pfaff, C. Kruger. M. Nolte. R. Goddard, Chfm. Ber. 1992. 125. 
1669: c )  G Erker, K. Pfaff. D. Kowalski, E. Wurthwsein, C. Kruger. R. God- 
dard, .I O Y ~  Ch~wr. 1993. 58. 6771 ; d) G .  Erker. R. Pfaff. Or,qrmometul/ics 
1993. 12. 3911 : e) G .  Erker. D. Kowalski. R. Noe. C. Kruger, M Nolte. 
Terrukedrmt Lrrr. 1994, 3.5. 6665. 

[30] Compound 7a was synthesized according to a piihlished procedure: R. Grigg. 
P. Stevenson, 'I, Woraknn. J, Cliem. Soc. Choii. Coiimiuii. 1984. 1073. 

1311 S. lolidon, H. J. Hansen, Hulv. C h i .  Acru 1977. 60, 978. 
1321 P. C. Wiiles, H. Weigold. A. 1' Bell, J. Orgmumc~t. C/witi. 1971. 33. 181. 
[33]  N. Kamiya, Y.  Chikami. Y. Ishii, S~nL,il  1990. 675. 
[34) Ainines 7 b-e were prepared according to  puhli5hed procedures: a)  J Barluen- 

p;i, K. M .  Cantcli, J. Flore7,J Org Choni. 1994,59, 602: h) J. Barluenga. R. M. 
Canteli. J. FI orez, S .  Garcia-Granda. A. Gutieri-er-Kodriguer, J h i .  C ' / i m  
Soc. 1994. l I6 .  6949. 

B 1995. 50, 312. 

1336 - 


