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Both 4-phenyl 1-lithio-1,3-butadienes and 4-naphthyl 1-lithio-1,3-butadienes underwent highly efficient
and selective intramolecular nucleophilic addition of the butadienyllithium to the aromatic rings, resulting

in full dearomatization of the phenyl rings and partial dearomatization of the naphthyl rings. When the
reactions were carried out at lower temperatures, ipso intramolecular nucleophilic attack took place
exclusively to afford the spirocyclopentadiene derivatives upon hydrolysis or further treatment with a
variety of electrophiles. 4-Naphthyl 1-lithio-1,3-butadienes and 4-phenyl 1-lithio-1,3-butadienes were
found to proceed in this reaction under similar conditions, with the former being faster evéi8 &C.
However, when the reaction of 4-naphthyl 1-lithio-1,3-butadienes was carried out at higher temperatures,
such as 75C, an interesting skeletal rearrangement took place to afford the vicinal attack products,
tetrasubstituted phenanthrenes, via a dearomatization/rearomatization process. Mechanistic investigation
revealed that the kinetically favored ipso attack intermediates might undergo thermal skeletal rearrangement
via 1,2-alkyl shift.

Introduction organometallic reagents to aromatic compodntfsare among
o o ) the most frequently used methods for dearomatizing the stable
Activation and application of unreactive molecular structures
including the stabler-system of aromatic rings is a great (1) (a) Pape, A. R.; Kaliappan, K. P.; Kundig, E. Ghem. Re. 200Q
challenge in organic synthesis. The coordination of transition 100, 2917-2940. (b) Transition Metal Arene-Complexes in Organic

i ic ri 7 it i Synthesis and Catalysis. fopics in Organometallic ChemistriCundig,
metals with aromatic rlng}S and the addition of main group E. P., Ed.; Springer-Verlag: Berlin, Heidelberg, New York, 2004; Vol. 7.

(c) Bernardinelli, G.; Gillet, S.; Kundig, E. P.; Liu, R.; Ripa, A.; Saudan,

T Institute of Chemistry, CAS. L. Synthesi2001, 2040-2054. (d) Kundig, E. P.; Sau, M.; Perez-Luna, A.
* Peking University. Synthesi2006 2114-2118. (e) Kundig, E. P.; Bellido, A.; Kaliappan, K.
8 Shanghai Institute of Organic Chemistry. P.; Pape, A. R.; Radix, $rg. Biomol. Chem200§ 4, 342—351.
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m-system of aromatic rings. In particular, the intramolecular SCHEME 1. Dearomatizing Anionic Cyclization of
nucleophilic addition of organolithium to aromatic rings has 1-Lithio-4-naphthyl-1,3-butadienes Followed by Reaction
become one of the most efficient approaches to break theWith Electrophiles: Formation of Spirocyclopentadiene
7-system of arene€17 A variety of functionalized bicyclic, ~ Derivatives
polycyclic, and spiro compounds can be thus prepared using
this approach. In principle, electron-deficient aromatic rlngs 1 dearomatization
. ! N R )2eq t-BuLi via IpSO attack

bearing electron-withdrawing groups, such as carbonyl groups —_— >
amides includindN-benzyl benzamide$y-benzyl naphthamides, Jﬁwl?t g’ '/}R 8
sulfonamides, and phosphonamides, etc., are extensively studied z
by the Claydet? 16 and Lopez-Ortiz grouﬁé because these 2
types of aromatic compounds can efficiently undergo nucleo- O
philic attack leading to various useful compour#s.’ 2)E* Q 4

Recently, we have communicated dearomatizing anionic C 78°C. 1h 'G CQ not
cyclization of 4-naphthyl 1-lithio-1,3-butadien@swhich was i R observed
generated in situ quantitatively from their corresponding iodo
compoundsl (Scheme 1} Several features of this reaction
can be depicted as follows. (1) This reaction-a8°C resulted  rarely observed in dearomatization reacti®h$5The commonly
in the formation of the spirocyclopentadiene intermedid@es  obtained fused ring productsand related compounds via vicinal
obviously via ipso intramolecular nucleophilic attack, whichis  attack were not formed at all under the reaction conditions.
Furthermore, the dearomatized organolithium intermediates
(2) (a) Chamberlin, S.; Wulff, W. DJ. Am. Chem. Soc992 114, can react with a variety of electrophiles to afford spiro tricyclic

10667-10669. (b) Semmelhack, M. F.; Yamashita, AAm. Chem. Soc i i i i -
1980 102 5034-5026, compoundsb with different substituents. (2) The butadienyl

(3) Barluenga, JPure Appl. Chem1999 71, 1385-1391. lithium (sp?C—Li) as a nucleophile to attack the aromatic rings

(4) Keane, J. M.; Harman, W. DOrganometallics2005 24, 1786 is unprecedented. It is of special interest because the useful
179§ a”dgﬁfeferllzceé icerei,”-l_ 3 3 Dalvi. . Am. Chem. So@00 butadienyl skeleton can be integrated with the aromatic rings.
12é %4(1%)8—51%%. (6) F5i’ggg,nllg Igi; (':or'figlig,le’. J. Rr:th, ngmo'rg(_)cheran (3) The aromatic ring (here naphthalene) is unaetivated. Fewer
2004 69, 1161-1168. (c) Pigge, F. C.; Coniglio, J. J.; Fang,G8gano- examples are known for dearomatization of unactivated aromatic
metallics2002 21, 4505-4512. rings15:19

6) A 'at”tga”fce’g'i%?]uced gearz‘?]matézaﬂon Oj azﬁ]e”de)?t ’weny' E”g During our further investigation into this unique reaction, we
was reportea. LIU, R.; ang, C.; u, £.; LUo, J.; ou, X.; eng, L. . .. . . S
Chem._pEur. J. 2006 12, 69409_6952_ 9 found that., in addition to the nap.hthy.l ring in 4-naphtr_1yl.1-llth|o-

(7) Photoirradiation of Mr-arene complexes: Zhou, L.; Wu, L-Z;  1,3-butadienes?, the phenyl ring in 4-phenyl 1-lithio-1,3-
ﬂ}:pgﬁc'é;ﬁhiegr?gl C.-HOrganometallics200§ 25, 1707-1711 and butadienes could also undergo the dearomatizing anionic

(8) () Mealy, M. J.; Bailey, W. FJ. Organomet. Chen2002 646, cyclization. More interestingly, we found that the kinetically
59-67. (b) Bailey, W. F.; Jiang, XARKIVOC200§ 6, 25—32. favored ipso attack intermediates underwent a novel thermal
(9) Bartoli, G.Acc. Chem. Res1984 17, 109-115. skeletal rearrangement to afford the vicinal products, tetrasub-
P.S?gé@%‘;ﬁ%o’%;7L1"”:',%'83'\_/'§3%g‘.“(‘g)ehﬁi';zF)J‘??fgt*e"z'é??&gﬂ%‘;‘(’)‘r””' stituted phenanthrenes, via a dearomatization/1,2-alkyl shift/
N. Tetrahedron2006 62, 6182-6189. rearomatization process. In this paper, we report the scope and
(11) (a) Maruoka, K.; Ito, M.; Yamamoto, H. Am. Chem. Sod 995 limitations of this synthetically useful reaction.

117, 9091-9092. (b) Plunian, B.; Mortier, J.; Vaultier, M.; Touper, L.

Org. Chem 1996 61, 5206-5207. (c) Kolotuchin, S. V.; Meyser, A. 0. . .
Org. Chem200Q 65, 3018-3020. (d) Tomioka, K.; Shioya, Y.; Nagaoka, ~ Results and Discussion
Y.; Yamada, K. 1.J. Org. Chem2001, 66, 7051—-7054. (e) Nishiwaki, K

Ogawa, T.: Matsuo, KAngew. Chem., Int. EQ002 41, 484-486. Intramolecular Dearomatizing ipso Attack of Butadienyl-
_ (12) For recent reviews on cyclizations of organolithiums onto aromatic lithium to Naphthyl Rings in 4-Naphthyl 1-Lithio-1,3-
rings, see: (a) Clayden, J.; Kenworthy, M. 8inthesi2004 1721-1736. butadienes and to Phenyl Rings in 4-Phenyl 1-Lithio-1,3-

(b) Clayden, J.Organolithiums: Selectity for Synthesis Tetrahedron . . . . S
Organic Chemistry Series; Pergamon: Oxford, 2002; Vol. 23, pp-282 butadienes, Affording Spirocyclopentadiene Derivatives and

335. _ Further C —C Bond Forming Applications. 4-Aryl 1-lithio-

61&1?1)3)(%5'3%/%?’ _Jl_ Tnglbgly ﬁ-:”Plgfil\?f%_LteﬁmiO% g, %09— 1,3-butadiene derivatives used in this research, including
. yden, J.; furnpull, R.; Relliwell, Vl.; PInto, em. Commun . T

2004 2430-2431. (c) Clayden, J.: Knowles, F. E.: Baldwin, I. &.Am. 4-naphthyl, 4-phenyl, and 4-(substituted phenyl) 1-lithio-1,3-

Chem. Soc2005 127, 2412-2413. (d) Clayden, J.; Turnbull, R.; Pinto, . butadiene derivatives, were quantitatively generated in situ from

Tetrahedron: Asymmetr9005 16, 2235-2241. their corresponding 4-aryl 1-iodo-1,3-butadienes by lithtum
(14) (a) Clayden, J.; Hamilton, S. D.; Mohammed, ROFg. Lett.2005 halogen exchange with-BuLi. 4-Aryl 1-iodo-1,3-butadiene

7, 3673-3676. See also: (b) Fraenkel, G.; Ho, C. C.; Liang, Y.; YuJ.S. S - T . . .
Am. Chem. Sod 972 94, 4732-4734. (c) Foos, J.; Steel, F.; Rizvi, S. Q.  derivatives could be readily prepared in high isolation yields in
A.; Fraenkel, GJ. Org. Chem1979 44, 2522-2529. one pot from alkynes and aryl halides mediated by the

(15) Clayden, J.; Kenworthy, M. NDrg. Lett. 2002 4, 787-790. cooperation of low-valent zirconocene species with copper

(16) For an excellent example of benzene ring expansion via dearoma- 20
tization and photochemical process, see: Clayden, J.; Knowles, F. E.; Menet, salts™ Thus, when 1-iodo-4-naphthyl-1,3-butadiebe (R =

C. J.J. Am. Chem. SoQ003 125, 9278-9279. Et) was treated with 2 equiv ¢fBuLi at —78 °C, no formation
(17) () Ramallal, A. M.; Fernandez, |.; Lopez-Ortiz, F.; Gonzalez, J. of the corresponding monolithio reagehtvas observed upon

Chem—Eur. J. 2005 11, 3022-3031 and references therein. See also: (b ; ; _ °

Fernandez, I.; Gomez, G. R.; Alfonso, |.; Iglesias, M. J.; Lopez-Ortiz,(F). hydrolysis with agueous NaHGCat —78 °C. Instead, we
Chem. Commur2005 5408-5410. (c) Fernandez, |.; Lopez-Ortiz, Ghem.
Commun2004 1142-1243. (d) Fernandez, |.; Gonzalez, J.; Lopez-Ortiz, (19) (a) Klumpp, G. W.; Schmitz, R. Fletrahedron Lett1974 15,
F.J. Am. Chem. So@004 126, 12551-12564. (e) Fernandez, |.; Forcen-  2911-2914. (b) Krief, A.; Kenda, B.; Barbeaux, P.; Guittet,Tetrahedron

Acebal, A.; Lopez-Ortiz, F.; Garcia-Granda, $.0rg. Chem 2003 68, 1994 50, 7177-7192.
4472-4485. (20) Takahashi, T.; Sun, W.; Xi, C.; Ubayama, H.; Xi, Zetrahedron
(18) Wang, Z.; Xi, Z.Synlett2006 1275-1277. 1998 54, 715-726.
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TABLE 1. Spirocyclopentadiene Products from Dearomatizing
Anionic Cyclization of 1-Lithio-4-naphthyl-1,3-butadienes Followed
by Reactions with Electrophile$

O 1) 2 eq. t-BuLi Q R Q R
0, R R
O et X 0K
2)1.0-1.2eq R R
| electrophile E R R
1 -78°C, 1h
la:R=Et 3) aq NaHCO;
1b: R=Pr
1c: R=Bu

5b 88%° 50 84%7

@l

X
R

MezSi R

5h: R = Et, 73%"
5i: R = Pr, 52%"

g
X
Et

ot
Et
E
HOLC Et
5g: 69%9

0" R
5d: R = Et, R' = t-Bu, 66%°
5e: R = Et, R' = Ad, 58%"
5f: R =Bu, R' = Ad, 60%"

O
. (o
T U
NS
Et PH £t
HO™ by, Et

5j: 25%' 5§": 46%' Kk: 82%
) ay Oy
\ 05 oe OG

Pr
MezSi Pr
51: 65%" 5m: 85%" 5n;: 87%°

alsolated yields? Hydrolyzed mixture of products using aqueous
NaHCG;. ¢ From allyl bromide @ From benzyl bromides Fromt-BuCOCI.
fFrom AdCOCI.9 From CQ, hydrolyzed using aqueous NEI. Structure
was determined by X-ray crystal analysis:rom SiMeCl. | Reaction with
PhCHO followed by quench using aqueous NaHG®rom cyclohexanone.

isolated the spiro tricyclic producta and5d as double bond
positional isomersHa: 69% vyield,5a: 21% yield) in 90%
combined yield (Table 1). This result indicated that the in situ
generated 4-naphthyl 1-lithio-1,3-butadi€zgewas very reactive
even at—78 °C to undergo the unusual dearomatizing anionic
cyclization, forming the type of anionic speci@ss shown in
Scheme 1.

As demonstrated in Table 1, 4-naphthyl 1-iodo-1,3-butadiene
derivatives 1a—d could all undergo this rapid sequential
lithium—iodo exchange/dearomatizing anionic cyclization pro-
cess to give the anionic speci&sThese corresponding lithiated
intermediate8 could be applied further to form new~C bonds
with a variety of electrophiles. Very interestingly, depending
on the nature of electrophiles, either a mixture of regioisomers
or a sole product of high regioselectivity was obtained, all in
excellent isolated yields. For example, electrophiles such allyl
bromide 6b), benzyl bromide %c), acid chlorides&d, 5¢ 5f),

CO; (59), and MeSiCl (5h, 5i) gave only one product. Ketones

Liu et al.
Me
R Et
N\—R N\ Et
/™R —< Et
R Et
6a: R=FEt 6d 6e
6b: R=Pr
6c: R=Bu
Et Et Et
R B
N\ Et N\ Et ¢ N\ Et
Me _/TE o Et < Et
Et Et Et
6f 6g: R'=Me 6j
6h:R' =
6i: R'=CF3

FIGURE 1. A variety of 4-phenyl 1-iodo-1,3-butadienes used in this
research.

mixture of separable double bond positional isom&ijsand
5j"), while ketones gave only one produdkj. Whenld was
used, the tetracyclic spiro compounds, (6m, 5n) could be
obtained in high yields.

It should be mentioned that at this temperature only the ipso
attack products, the spiro compouridand/or5', were obtained.
The usually observed vicinal intramolecular nucleophilic attack
products were not observed at all.

Prompted by the unusual reaction of 4-naphthyl 1-lithio-1,3-
butadienes, we investigated the reaction of analogous 4-phenyl
1-lithio-1,3-butadiene derivatives. Listed in Figure 1 are 4-phen-
yl 1-iodo-1,3-butadienes used in this reseafithese com-
pounds were prepared following the literature procedure and
could be obtained in high isolated yiel#)sThey can be readily
transformed to their corresponding 4-phenyl 1-lithio-1,3-buta-
diene derivatives via lithiumiodo exchange when they were
subject to reactions.

Initially, as shown in Scheme 2, we carried out the reaction
of 6a with 2 equiv oft-BuLi at —78 °C. We did observe the
lithium—iodo exchange affording the hydrolyzed prod8atn
95% isolated yield upon quench with aqueous NaHCO
However, on the contrary, this monolithium reagémias stable
at —78 °C. Totally no dearomatizing anionic cyclization took
place. It was also stable even-a50 °C. This is in sharp contrast
to the reactivity o2 as described above. We then increased the
reaction temperature to 0C, and we found dearomatizing
anionic cyclization took place and completed af2eh atthis
temperature. Hydrolysis of the reaction mixture with aqueous
NaHCG; afforded a mixture of two double bond positional
isomers10a and 104 in 40 and 36% isolated yields, respec-
tively.

It should be mentioned that at this temperature the usually
observed vicinal intramolecular nucleophilic attack products of
the typellaor related compounds were not observed at all.

To further demonstrate the usefulness of this reaction, we
treated the lithiated intermediat@swith a variety of electro-
philes. Shown in Table 2 are examples obtained from the
reaction of9awith aldehydes, ketones, and imine PHRENPh.
Representative structures are giverLagand12. All products
were obtained in good isolation yields. Although mixtures of

and aldehydes could also be applied, but aldehydes afforded adouble bond positional isomers were obtained (entrieS)1

3486 J. Org. Chem.Vol. 72, No. 9, 2007
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SCHEME 2. Dearomatizing Anionic Cyclization of
1-Lithio-4-phenyl-1,3-butadienes Followed by Reaction with
Electrophiles: Formation of Spirocyclopentadiene
Derivatives

) 2 eq. t-BuLi aq. NaHCO3
/ Et -78°C, 1h / Et JEt
6a in Et,0 7a 8a: 95% Et

fuIIy dearomatized
via jpso attack

o+
Li _ Et
-
@)X
B Et
Et

0°C, 2h

CG

10a 40%

;

11a

not
Et observed

. Li Et

; '
- -

- X
0°C, 2h| E*
10a":36%

E Et

they could be easily separated using column chromatography.

In the case of bulky-BuCHO (entry 9), only the isomet2j'
was formed. For the reaction 8f with ketones and PhCH
NPh (entries 1612), isomers1l2 were generally obtained,
probably due to steric effect.

We then applied other 4-phenyl 1-lithio-1,3-butadiene deriva-
tives which could be readily generated in situ from their
corresponding 4-phenyl 1-iodo-1,3-butadien@sj) given in
Figure 1. Results are shown in Figure 2. As expected, 4-phenyl
1-lithio-1,3-butadiene derivativesslf—d) reacted with alde-
hydes, ketones, and/or Ph€MPh in a similar manner
compared with6a, but the substituted phenyl rings behaved
differently from each other. For example, tbenethyl phenyl
ring 6e underwent the intramolecular nucleophilic attack
similarly with the nonsubstituted phenyl ringa—d, affording
19 in 57% isolated yield from its reaction with cyclopen-
tanenone. Then-methyl phenyl ring f) could also undergo
the reaction. However, thesubstituted phenyl ring$6§: Me,
6h: I, 6i: CRs) did not show any cyclization reactions, even in

13 43%

13" 30% 14: 86% only, 15: 64% only
~ from 6b and aldehyde from 6b and PhCH=NPh
from Gb and PhCHO
Bu
. O
PhHN Bu
Bu
16: 30% 16" 35% 17: 70% only,
N from 6c and PhCH=NPh
from 6c and PhCHO
Me Et e Et
.G F CG O
. Ad Et
Et
18: 64% only 19: 57% only, 20: 30% only,

from 6d and aldehyde from 6e and aldehyde from 6f and AdCOCI

FIGURE 2. More examples of spirocyclopentadienes usBigf
(isolated yields).
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TABLE 2. Treatment of the Reaction Mixture 9a with
Electrophiles

Et Et
Et HO Et
XL e B0
Et Et

Et

ate
PhHN

Et

Et

Et

HO—A Bt (from aldehydes or ketones) Et (from PhCH=NPh)
12 12' 12’
entr electrophile yield of yield of total isolated
Y P 12 (%) 12 (%) yield (%)
1 @CHO 12a:26  12a" 52 78
2 OCHO 12b: 23 12b': 43 66
N
3 BrOCHo 12¢:53  12¢% 35 88
4 F@CHO 12d: 28 12d" 44 72
5 MeOO—CHo 12:31  12e" 50 81
6 PhOCHO 12f: 48 12f: 21 69
7 E}*CHO 12g: 37 12g": 33 70
8 @*CHO 12h:31  12h~29 60
s
9 t-Bu—CHO 12i: 0 12" 52 52
10 <:>:o 12j: 0 12" 75 75
Ph
1 >:o 12k: 0 12k": 50 50
PH

12 PhCH=NPh 121:0 121 77 77

the case of the very strong electron-withdrawing group.CF
These results demonstrate that the electronic effect, which makes
the phenyl ring more electron-deficient, may not be the major
reason for the dearomatizing anionic cyclization. The steric
effect and the stability of the thus generated dearomatized
species are assumed to be the major factors. In addition, the
thienyl iodobutadiene6j could undergo the lithiumiodo
exchange, but no dearomatizing cyclization took place even in
refluxing toluene.

Formation of Tetrasubstituted Phenanthrene Derivatives
via Novel Skeletal Rearrangement of the ipso Attack
Intermediates Followed by Rearomatization.As described
above, the dearomatization cyclization took place very fast even

—78 °C for 4-naphthyl 1-lithio-1,3-butadienes. In the case
of 4-phenyl 1-lithio-1,3-butadienes, the dearomatization cy-
clization proceeded relatively slowly and a higher temperature
(0°C) was required. In order to investigate whether or not these
types of compounds can undergo the commonly observed vicinal
attack to afford the fused ring compounds, such as tetrasubsti-
tuted phenanthrene derivatives2> we screened reaction condi-
tions. Initially, we used toluene as the solvent and carried out
the reaction ofla with 2 equiv oft-BuLi from lower temper-
atures to 75°C. Surprisingly, when the reaction mixture was
stirred at 75°C for 3 h, the desired product, tetraethyl-substituted

J. Org. ChemVol. 72, No. 9, 2007 3487
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SCHEME 3. Formation of Tetraethyl Phenanthrene

Derivative 21a: Solvent Effect
R
— Qb OG
Ef  Et

in toluene
Et 1) 2 eq. t-BuLi
Q X R 21a: 55% 50a: 19%
/) Et -78°C, 1h
| to 75 °C, 3h
Et
1a
in toluene +
diethyl ether (1:1)

.., OG
Q ‘
t-Bu Et

21a: 91% 50a: 0%
phenanthrene derivatiZla was indeed formed in 55% isolated
yield (Scheme 3). In addition to the expec®id an unexpected
product, theert-butylatedsoawas also obtained in 19% isolated
yield. Due to the formation ddoa, the expecte@lawas formed
in unsatisfactory yields. The formation bbacan be explained
by that the in situ generateeBul from 1a andt-BuLi does not
react smoothly enough with another moleculetdéuLi in
toluene to get consumed. Thus, the later generated dearomatize
lithiated intermediate8 are trapped partially by the remaining
t-Bul to afford thetert-butylated5oa

To increase the yield dfla the formation oboashould be
avoided. From the above analysis, we tried to use more polar
solvents including mixed solvents to promote the complete and
fast consumption of the in situ generate8iul. Finally, as shown
in Scheme 3, we found when a 1:1 mixed solvent of diethyl
ether and toluene was used and the reaction mixture of
4-naphthyl 1-iodo-1,3-butadierfea andt-BuLi was heated up
to 75 °C the phenanthrene derivati&la was formed very

Liu et al.

TABLE 3. Preparation of Substituted Phenanthrene Derivatives

21
X Y ay
Q N R Zeq t-BuLi Q R
N o m Q e
s R
. | R to 75 °C, 3h +Bu R
solvent
1a: R = Et 21 50
1b: R=Pr
1c: R=Bu
yield of product %”
iodobutadiene 1 solvent? 21 50
A 21a: 91 50a: 0
1a
B 21a: 55 50a: 19
A 21b: 92 50b: 0
1b
B 21b: 72 50b: 17
A 21c: 83 50c: 0
1c
d B 21c: 56 50c: 19

Pr Pr

N . 1d QQ 21d: 90
/ )

! Pr pr

aA: Toluene/E$O = 1:1; B: Toluene’ Isolated yield.

cleanly and obtained in 91% isolated yield. Formation of the
tert-butylated5oawas completely suppressed. Listed in Table

(21) For reviews on preparation of substituted naphthalenes, see: (a) de3 gre representative results of phenanthrene derivatives obtained

Koning, C. B.; Rousseau, A. L.; van Otterlo, W. A. Tetrahedron2003
59, 7—-36. (b) Yamamoto, Y Curr. Org. Chem.2005 9, 503-519. (c)
Lautens, M.; Alberico, D.; Bressy, C.; Fang, Y.; Mariampillai, B.; Wilhelm,
T. Pure Appl. Chem2006 78, 351-361. (d) Larock, R. CJ. Organomet.
Chem 1999 576, 111-124.

(22) (a) Wang, Z.; Wang, C.; Xi, Zletrahedron Lett2006 47, 4157
4160. (b) Cho, D. M.; Parkin, S. R.; Watson, M. Drg. Lett. 2005 7,
1067-1068. (c) Morrison, D. J.; Trefz, T. K.; Piers, W. E.; McDonald, R.;
Parvez, M.J. Org. Chem2005 70, 5309-5312.

(23) (a) Takahashi, T.; Hara, R.; Nishihara, Y.; Kotora, MAm. Chem.
So0c.1996 118 5154-5155. (b) Takahashi, T.; Kitamura, M.; Shen, B.;
Nakaima, K.J. Am. Chem. SoQ00Q 122 12876-12878. (c) Duan, Z.;
Nakajima, K.; Takahashi, TThem. Commur2001, 1672-1673. (d) Huang,
W.; Zhou, X.; Kanno, K.; Takahashi, Org. Lett 2004 6, 2429-2431.
(e) Zhou, X.; Wang, H.; Kitamura, M.; Kanno, K.; Nakajima, K.; Takahashi,
T. J. Org. Chem?2004 69, 4559-4562. (f) Kanno, K.-i.; Liu, Y.; lesato,
A.; Nakajima, K.; Takahashi, TOrg. Lett 2005 7, 5453-5456. (Q)
Takahashi, T.; Li, S.; Huang, W.; Kong, F.; Nakajima, K.; Shen, B.; Ohe,
T.; Kanno, K.J. Org. Chem2006 71, 7967-7977. (h) Yasukawa, T.; Satoh,
T.; Miura, M.; Nomura, M.J. Am. Chem. So@002 124, 12680-12681.

(24) (a) Johnson, S. A.; Liu, F.; Suh, M. C.; Zurcher, S.; Haufe, M.;
Mao, S. S. H.; Tilley, T. DJ. Am. Chem. So@003 125 4199-4211. (b)
Ramakrishna, T. V. V.; Sharp, P. Rrg. Lett 2003 5, 877—879. (c)
Barluenga, J.; Vazquez-Villa, H.; Ballesteros, A.; Gonzalez, JOKg. Lett
2003 5, 4121-4123. (d) Yasukawa, T.; Satoh, T.; Miura, M.; Nomura, M.
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in the above-described two different conditions, and the forma-
tion of 50is also given for comparison. Substituted phenanthrene
derivatives can be thus prepared in excellent isolated yields.
These types of fused ring compounds are very important and
have attracted much recent attention as new organic maférils.
This reaction provides an efficient method for these types of
compounds.

What interested us much more was how the vicinal attack
products, the tetrasubstituted phenanthr&igesvere generated
from the reaction mixture. As we mentioned above, the ipso
attack of 4-naphthyl 1-lithio-1,3-butadienes took place very
easily even at=78 °C. The formation of the phenanthrene
derivatives21 was really a surprise to us, though it was what
we expected. Obviously, the formation of phenanthrene deriva-
tives 21 was under thermodynamic control. Thus we carried
out a series of experiments to obtain evidence.

To obtain direct experimental evidence, we carried out the
reactions and analyzed the products at different reaction
temperatures. First, we used toluene as the solvent; this was
aimed at, in addition to understanding the mechanism for the
formation of phenanthrene derivativés ensuring the formation
of the tert-butylated50. As can be seen from Table 4, when
the reaction was carried out in toluene-at8 °C for 2 h (entry
1), half of the starting monoiodo compourith remained
unlithiated, indicating that the solvent is crucial for the lithiation
reaction. On the other hand, this result also demonstrated that
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TABLE 4. Investigation into the Reaction Mechanisms:
Temperature-Variational Experiment in Toulene

Et

LX)
W

Et

Et
Et [

\

1a

Et
1) 2 t-BuLi
-78°C, 1h

<

in toluene,
T°Candt(h)
2) aq. NaHCO3

- 21a 50
T time Yield of Product %
entry (°C) (h) la S5at5d 2la 50a
1 —78 2 54 29 2 9
2 0 1 0 46 11 33
3 rt 3 0 29 22 33
4 50 1 0 21 32 35
5 50 3 0 6 54 31
6 75 1 0 6 59 28
7 75 3 0 6 57(55) 29(19)

aGC yields. Isolated yields are given in parentheses.

even in toluene, once 4-naphthyl 1-lithio-1,3-butadiehegre
formed, dearomatization cyclization took place immediately at
—78 °C. In addition to the dearomatization produéa and

5d in 29% vyield, thetert-butylatedsoawas also already formed

in 9% yield. After the reaction temperature was increased to 0
°C for 1 h (entry 2), the starting monoiodo compouhd
disappeared, affording 46% of the dearomatization prodsects
and5a and 33% ofsoa At this temperature, the phenanthrene
derivative2laappeared and was obtained in 11% yield. When

the reaction temperature was further increased to room tem-

perature, 50C, and higher (entries-37), the dearomatization
productsba and5d disappeared gradually, while the phenan-
threne derivative21la became the major product. Under these
conditions, the yield of theert-butylated50a became steady
around 30%. This result indicated th&Bul was quickly
consumed at over €C even in toluene.

The temperature-dependent experiments in the mixed solvent,

(toluene/diethyl ether 1:1) gave more instructive information
for the formation of the phenanthrene derivatREa from the
dearomatization product®d and 5&). As shown in Table 5,
the dearomatization productsgand5a) were formed cleanly
at —78°C within 1 h and obtained in excellent isolated yields.
This result also demonstrated that the lithinimdo exchange
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TABLE 5. Investigation into the Reaction Mechanisms:
Temperature-Variational Experiment in Toluene/Ether

Et

Et 1) 2 t-BuLi Et i Et i
-78°C, 1h
x - = 5 :
O 2) T°C andt (h) Sa 5a
aq. NaHCO3
Et
in 1:1 toluene:Et,0 O
h O )=
Et Et
21a
T time Yield of Product %
entry (°C) (h) (5a+5a)° 2la
1 —78 1 89 0
2 0 2 91 0
3 rt 3 86 <3
4 50 1 39 44
5 50 2 18 67
6 75 1 trace 90
7 75 3 trace 91

a|solated yields? A mixture of 5aand5d in 1:0.3 molar ratio. Combined
isolated yields.

SCHEME 4. Skeletal Rearrangement of the Spiro
Intermediates to Form the Fused Ring Compounds

Dearomatizing
Anionic
Cyclization

2

aromatlzatlon
and/or
O [T

21

-78°C heating '
Li !
4 Q//\' heating | Li+
N thermodynamic @
control | <
O 1,2-alkyl | O‘
shift !
'

butadiene solely undergo the kinetically favored ipso attack

reaction in this mixed solvent proceeded smoothly. At over room tg form the lithiated dearomatized intermediagsvhich are

temperature, the phenanthrene derivafl@ appeared, while
the dearomatization products decreased. AtG@or 1 h, more

thermally unstable. At temperatures higher than room temper-
ature, these intermediat8sindergo a novel skeletal rearrange-

than half of the dearomatization products were transformed to ment via 1,2-alkyl shift (intermediate®) to afford the formally

the phenanthrene derivatila (entry 4). When the reaction
temperature was increased to°I&for 1 h, the dearomatization

vicinal attack lithiated dearomatized intermediades/hich are
thermally unstable and generate the stable phenanthrene deriva-

products disappeared completely, resulting in the phenanthrengijyes via the rearomatization process.

derivative 21a in excellent isolated yields (entries 6 and 7).
Under these reaction conditions, the above-mentidtedvas
not observed at all.

The above results revealed that the kinetically favored ipso
attack intermediate3 might undergo thermodynamically con-
trolled skeletal rearrangement to afford the final tetrasubstituted
phenanthrene8l. A proposed reaction mechanism is given in

For 4-phenyl 1-lithio-1,3-butadienes, this novel rearrangement

could not happen, although at reflux of toluene, the spiro
intermediate® gave mixtures of unknown products.

Conclusions

We have described the highly efficient and selective intramo-

Scheme 4. The in situ generated 4-naphthyl 1-lithio-1,3- lecular nucleophilic addition of the butadienyllithium to the

J. Org. ChemVol. 72, No. 9, 2007 3489
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aromatic rings, resulting in full dearomatization of phenyl rings 1H, OH), 1.47-1.87 (m, 12H, CH), 2.08-2.36 (m, 6H, CH), 3.55
and partial dearomatization of naphthyl rings via ipso attack. (d, J = 2.7 Hz, 1H, CH), 5.13 (ddJ = 10.2, 1.5 Hz, 1H, CH),
A wide variety of multiply substituted bicyclic and polycyclic ~ 6.09 (dd,J = 10.5, 4.2 Hz, 1H, CH), 6.61 (dd, = 7.8, 1.5 Hz,
spirocyclopentadienes and phenanthrene derivatives could betH, €H), 6.93-6.98 (m, 1H, CH), 7.047.09 (m, 1H, CH), 7.25

readily prepared by further treatment of the in situ generated (7:35) (T4' ;g(lcgé)l 3C1:5N2|\é'?1((7:?d)'vl'l"52'7§?fé$\ﬂl%) gel(di.(gugl
lithiated dearomatized intermediates. Mechanistic studies re-.5 o~ S o L ;

vealed interesting reactivity of the ipso attack dearomatized (118 8&2()1 53)791?19%,% %Ig)Bég(fgC(é)Csl-j%gsl (7178,5:'?920250&

intermediates from 4-naphthyl 1-lithio-1,3-butadienes. These CH), 63.47 (1 quart C), 75.00 (1 quart C), 125.15 (1 CH), 125.54
ipso attack intermediates undergo a novel skeletal rearrangement1 CH), 125.99 (1 CH), 127.29 (1 CH), 130.12 (1 CH), 130.85 (1
via a 1,2-alkyl shift followed by rearomatization to afford the CH), 134.55 (1 quart C), 135.99 (1 quart C), 140.50 (1 quart C),

Liu et al.

formally vicinal attack products phenanthrene derivatives.

Experimental Section

Typical Procedure for the Preparation of Spirocyclopenta-
diene Products 5a-n from Dearomatizing Anionic Cyclization
of 4-Naphthyl 1-Lithio-1,3-butadienes Followed by Reactions
with Electrophiles. To a diethyl ether (5 mL) solution of 4-naphthyl
1-iodo-1,3-butadiend (0.5 mmol) at—78 °C was added-BulLi
(2.0 mmol, 1.5 M in pentane). The above reaction mixture was
then stirred at-78 °C for 1 h. Hydrolysis of the reaction mixture
of 1a with saturated aqueous NaHg@fforded a mixture of two
productsba and5d, which were separated using column chroma-
tography to give pur&aand puresd in 69 and 21% isolated yields,
respectively.

When the above reaction mixture bfwas further treated with

143.51 (1 quart C), 149.86 (1 quart C), 150.92 (1 quart C). HRMS
calcd for GgH3g0O: 390.2923, found 390.2926.

5n: Colorless liquid, isolated yield 71% (127 méhl NMR (300
MHz, CDCl, TMS) 6 0.67-0.76 (m, 6H, CH), 1.04-1.25 (m,
4H, CH), 1.64-2.06 (m, 8H, CH), 2.39-2.65 (m, 6H, CH),
3.55-3.58 (m, 1H, CH), 5.065.07 (m, 3H, CH and CH), 5.77
5.91 (m, 1H, CH), 5.95 (ddJ = 10.2, 3.6 Hz, 1H, CH), 6.53
6.56 (m, 1H, CH), 6.966.95 (m, 1H, CH), 7.0#7.12 (m, 1H,
CH), 7.22-7.25 (m, 1H, CH);¥3C NMR (75 MHz, CDC}, TMS)
0 14.43 (1 CH), 14.58 (1 CH), 22.17 (1 CH), 22.49 (1 CH),
23.84 (1 CH), 23.86 (1 CH), 24.38 (1 CH), 24.40 (1 CH)), 28.57
(1 CH,), 28.66 (1 CH), 37.87 (1 CH), 43.80 (1 C}), 63.34 (1
quart C), 116.50 (1 Ch, 125.50 (1 CH), 125.84 (1 CH), 126.94
(1 CH), 127.92 (1 CH), 128.02 (1 CH), 128.56 (1 CH), 134.73 (1
quart C), 136.32 (1 CH), 136.91 (1 quart C), 137.34 (1 quart C),
137.85 (1 quart C), 147.37 (1 quart C), 147.83 (1 quart C). HRMS

an electrophile (0.6 mmol) instead of being quenched with saturated calcd for G/Hss: 358.2660, found 358.2660.

aqueous NaHC#¢) the reaction mixture was continuously stirred

Typical Procedure for the Preparation of Spirocyclopenta-

at —78 °C for anothe 1 h and then quenched with aqueous diene Products 10a, 10a12a-I, and 13—20 from Dearomatizing
NaHCG;. The layers were separated, and the aqueous phase wa#nionic Cyclization of 4-Phenyl 1-Lithio-1,3-butadienes Fol-
extracted three times with ether. The combined extracts were lowed by Reactions with Electrophiles.To a diethyl ether (5 mL)

washed with brine and dried over Mg&CEvaporation under
reduced pressure gave a crude prodiletn, which was purified
by flash chromatography.

5c: Colorless liquid, isolated yield 84% (160 mgH NMR (300
MHz, CDCl, TMS) 6 0.63-0.79 (m, 6H, CH), 1.07-1.13 (m,
6H, CH;), 1.82-2.04 (m, 4H, CH)), 2.23-2.32 (m, 4H, CH), 2.80
(dd,J = 13.2, 9.6 Hz, 1H, Ch), 3.27 (dd,J = 13.2, 4.8 Hz, 1H,
CHy), 3.77 (t,J = 4.5 Hz, 1H, CH), 4.98 (ddJ = 10.2, 1.5 Hz,
1H, CH), 5.80 (ddJ = 10.2, 3.6 Hz, 1H, CH), 6.58 (dJ = 7.8
Hz, 1H, CH), 6.95 (tJ = 7.2 Hz, 1H, CH), 7.16-7.31 (m, 7H,
CH); 13C NMR (75 MHz, CDC}, TMS) 6 14.86 (1 CH), 15.02 (1
CHg), 15.12 (1 CH), 15.39 (1 CH)), 18.87 (1 CH), 18.93 (1 CH),
19.16 (1 CH), 19.33 (1 CH), 40.13 (1 CH), 46.46 (1 C§), 62.94

solution of 4-phenyl 1-iodo-1,3-butadie6€0.5 mmol) at—78 °C
was added-BuLi (1.0 mmol, 1.5 M in pentane). The above reaction
mixture was first stirred at-78 °C for 1 h. Hydrolysis of the
reaction mixture ofa with saturated aqueous NaHg@fforded
8a in 95% isolated yield® When the reaction temperature 6f
was allowed to warm up to @C and kept at this temperature for
2 h, hydrolysis of the reaction mixture 6&with saturated aqueous
NaHCG; afforded a mixture of two productidaand10d, which
could be separated using column chromatography to givellae
and purelQ in 40 and 36% isolated yields, respectively.

After the above reaction mixture &was stirred at GC for 2
h, instead of being quench with saturated aqueous NajH@®
reaction mixture was further treated with an electrophile (0.6 mmol)

(1 quart C), 125.70 (1 CH), 125.83 (1 CH), 126.02 (1 CH), 127.14 at 0 °C for 2 h. The reaction mixture was then quenched with
(1 CH), 127.54 (1 CH), 128.16 (2 CH), 128.24 (1 CH), 128.73 (1 aqueous NaHC®The layers were separated, and the aqueous phase
CH), 129.52 (2 CH), 134.73 (1 quart C), 137.90 (1 quart C), 139.83 was extracted three times with ether. The combined extracts were
(1 quart C), 141.70 (1 quart C), 142.02 (1 quart C), 150.14 (1 quart washed with brine and dried over MggCEvaporation under

C), 150.54 (1 quart C). HRMS calcd forgis4 382.2661, found
382.2657.

5f: Colorless liquid, isolated yield 60% (170 m@H NMR (300
MHz, CDCl, TMS) é 0.70-0.78 (m, 6H, CH), 0.86-1.00 (m,
6H, CH), 1.05-2.27 (m, 39H, CHand CH), 5.06-5.12 (m, 2H,
CH), 5.84 (ddJ = 10.2, 3.6 Hz, 1H, CH), 5.57 (dd,= 7.8, 1.5
Hz, 1H, CH), 6.86-7.05 (m, 3H, CH)23C NMR (75 MHz, CDC},
TMS) ¢ 13.84 (1 CH), 13.99 (1 CH), 14.08 (2 CH), 23.08 (1
CH,), 23.12 (1 CHj), 23.14 (2 CH)), 25.89 (3 CH), 26.31 (1 CH),
28.03 (3 CH), 32.09 (1 Ch), 32.52 (1 CH), 32.55 (1 CH), 32.61
(1 CH,), 36.58 (3 CH), 38.30 (3 CH), 47.21 (1 CH), 47.46 (1
quart C), 62.65 (1 quart C), 121.62 (1 CH), 126.10 (1 CH), 126.30

reduced pressure gave crude prodd@s20, which were purified
by flash chromatography.

10a: Colorless liquid, isolated yield 40% (48 mdgH NMR (300
MHz, CDClL, TMS) 6 1.01-1.08 (m, 12H, CH), 2.11-2.28 (m,
8H, CH,), 2.32 (d,J = 1.8 Hz, 2H, CH)), 4.84-4.87 (m, 1H, CH),
5.89-5.90 (m, 2H, CH), 5.966.01 (m, 1H, CH);*3C NMR (75
MHz, CDCl, TMS) 6 15.08 (2 CH), 15.50 (2 CH), 18.71 (2 CH),
18.89 (2 CH), 28.02 (1 CH), 56.50 (1 quart C), 122.53 (1 CH),
122.80 (1 CH), 126.29 (1 CH), 129.70 (1 CH), 140.61 (2 quart C),
148.70 (2 quart C). HRMS calcd forigH, 242.2034, found
242.2034.

104d: Colorless liquid, isolated yield 36% (44 mgid NMR

(1 CH), 126.96 (1 CH), 128.32 (1 CH), 131.55 (1 CH), 134.22 (1 (300 MHz, CDC}, TMS) 6 0.99 (t,J = 7.5 Hz, 6H, CH), 1.05 (t,
quart C), 135.44 (1 quart C), 141.21 (1 quart C), 141.29 (1 quart J = 7.5 Hz, 6H, CH), 2.12 (q,J = 7.5 Hz, 4H, CH), 2.23 (q,J
C), 148.63 (1 quart C), 149.94 (1 quart C), 213.55 (1 quart C); IR = 7.5 Hz, 4H, CH), 2.73-2.76 (m, 2H, CH), 4.94-4.98 (m, 2H,

(neat)y (C=0) = 1708 cn1!. HRMS calcd for GHsgO: 566.4488,
found 566.4481.

5k: Colorless liquid, isolated yield 82% (160 mdH NMR (300
MHz, CDCk, TMS) ¢ 0.53 (t,J = 7.5 Hz, 3H, CH), 0.90 (t,J =
7.5 Hz, 3H, CH), 1.06-1.16 (m, 6H, CH), 1.27 (d,J = 8.7 Hz,
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CH), 5.87-5.92 (m, 2H, CH)3C NMR (75 MHz, CDC}, TMS)

0 15.09 (2 CH), 15.56 (2 CH), 18.96 (2 CH), 19.17 (2 CH),
25.93 (1 CH), 60.57 (1 quart C), 124.49 (2 CH), 128.43 (2 CH),
141.64 (2 quart C), 148.09 (2 quart C). HRMS calcd fQgHBs:
242.2034, found 242.2034.
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12K': Colorless liquid, isolated yield 50% (106 md} NMR
(300 MHz, CDC}, TMS) 6 0.94-1.07 (m, 12H, CH), 2.03-2.26
(m, 8H, CH), 2.48 (s, 1H, OH), 4.164.19 (m, 1H, CH), 5.15
(dd,J = 10.2, 2.1 Hz, 2H, CH), 5.66 (dd, = 10.5, 2.7 Hz, 2H,
CH), 7.16-7.21 (m, 2H, CH), 7.297.34 (m, 4H, CH), 7.597.62
(m, 4H, CH);13C NMR (75 MHz, CDC}, TMS) 6 14.97 (1 CH),
15.08 (1 CH), 15.69 (1 CH), 15.77 (1 CH), 18.93 (1 CH), 18.95
(1 CHy), 19.05 (1 CH), 19.12 (1 CH), 43.74 (1 CH), 61.10 (1
quart C), 78.79 (1 quart C), 124.74 (2 CH), 125.87 (4 CH), 126.52
(2 CH), 128.20 (4 CH), 132.88 (2 CH), 142.52 (1 quart C), 143.06
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butadienes. To a mixed solvent of diethyl ether (2.5 mL) and
toluene (2.5 mL) or a toluene solution of 4-naphthyl 1-iodo-1,3-
butadienel (0.5 mmol) at—78 °C was added-BuLi (1.0 mmol,

1.5 M in pentane). After being stirred a78 °C for 1 h, the above
reaction mixture was heated up to G and kept at this temperature

for 3 h. The reaction was then cooled down to room temperature
and was quenched with saturated aqueous NajHT@ layers were
separated, and the aqueous phase was extracted three times with
ether. The combined extracts were washed with brine and dried
over MgSQ. Evaporation under reduced pressure followed by flash

(1 quart C), 145.89 (2 quart C), 146.24 (1 quart C), 146.86 (1 quart chromatography afforded the title product. In the case of the mixed

C). HRMS calcd for GH360: 424.2766, found 424.2777.

12I': Colorless liquid, isolated yield 77% (163 md}i NMR
(300 MHz, CDC}, TMS) 6 0.85-1.26 (m, 12H, CH), 1.99-2.34
(m, 8H, CH), 3.34, (dd,J = 5.1, 2.7 Hz, 1H, CH), 4.30 (br, 1H,
NH), 4.48 (d,J = 3.3 Hz, 1H, CH), 5.155.18 (m, 2H, CH), 5.62
(d,J=10.5 Hz, 1H, CH), 5.92 (d) = 9.0 Hz, 1H, CH), 6.44 (d,
J=8.4Hz, 2H, CH), 6.586.63 (m, 1H, CH), 7.05 (J = 7.5 Hz,
2H, CH), 7.19-7.40 (m, 5H, CH);**C NMR (75 MHz, CDC},
TMS) 6 15.00 (1 CH), 15.13 (1 CH), 15.64 (1 CH), 16.05 (1
CHg), 18.91 (1 CHJ), 18.95 (1 CH)), 19.05 (1 CH), 19.43 (1 CH),
42.73 (1 CH), 60.70 (1 CH), 61.05 (1 quart C), 113.07 (2 CH),
116.98 (1 CH), 123.60 (1 CH), 126.82 (2 CH), 126.90 (1 CH),
128.18 (1 CH), 128.40 (2 CH), 129.06 (2 CH), 131.08 (1 CH),
131.93 (1 CH), 141.85 (1 quart C), 142.32 (1 quart C), 143.08 (1
quart C), 146.53 (1 quart C), 146.78 (1 quart C), 147.61 (1 quart
C). HRMS calcd for GH3/N: 423.2926, found 423.2871.

17: Colorless liquid, isolated yield 70% (187 md) NMR (300
MHz, CDCL, TMS) 6 0.81-0.98 (m, 12H, CH), 1.18-1.53 (m,
16H, CHy), 1.93-2.29 (m, 8H, CH), 3.30 (dd,J = 5.7, 2.7 Hz,
1H, CH), 4.26 (br, 1H, NH), 4.47 (d} = 3.6 Hz, 1H, CH), 5.1%
5.16 (m, 2H, CH), 5.665.64 (m, 1H, CH), 5.8#5.91 (m, 1H,
CH), 6.43 (d,J= 7.8 Hz, 2H, CH), 6.62 (t) = 7.2 Hz, 1H, CH),
7.06 (dd,J = 8.1, 7.5 Hz, 2H, CH), 7.24 (] = 6.9 Hz, 1H, CH),
7.31-7.42 (m, 4H, CH)C NMR (75 MHz, CDC}, TMS) 6 13.91
(1 CHg), 14.03 (1 CH), 14.05 (1 CH), 14.20 (1 CH), 23.09 (1
CH,), 23.11 (1 CH), 23.32 (1 CH)), 23.36 (1 CH), 25.89 (1 CH),
25.94 (1 CH), 26.03 (1 CH), 26.62 (1 CH), 32.47 (1 CH), 32.50
(1 CHy), 32.88 (1 CH), 33.16 (1 CH), 42.72 (1 CH), 61.03 (1
CH), 61.19 (1 quart C), 113.23 (2 CH), 117.02 (1 CH), 123.54 (1
CH), 126.90 (2 CH), 126.92 (1 CH), 128.07 (1 CH), 128.44 (2
CH), 129.02 (2 CH), 131.45 (1 CH), 132.14 (1 CH), 141.31 (1
quart C), 141.99 (1 quart C), 142.10 (1 quart C), 145.23 (1 quart
C), 145.74 (1 quart C), 147.69 (1 quart C).

19: Colorless liquid, isolated yield 57% (97 mgH NMR (300
MHz, CDClk, TMS) 6 0.95-1.08 (m, 12H, CH), 1.26 (t,J=1.5
Hz, 3H, CHy), 1.50 (br, 1H, OH), 1.641.88 (m, 8H, CH), 1.94-
2.29 (m, 8H, CH), 2.95-2.99 (m, 1H, CH), 5.04 (dd] = 9.9, 2.1
Hz, 1H, CH), 5.7+5.73 (m, 1H, CH), 5.865.90 (m, 1H, CH);
13C NMR (75 MHz, CDC}, TMS) 8 14.77 (1 CH), 14.96 (2 CH),
15.05 (1 CH), 17.97 (1 CH), 18.96 (1 CH), 19.00 (2 CH), 19.04
(1 CH,), 23.87 (1 CH), 23.91 (1 CH), 38.20 (1 CH), 38.32 (1
CH,), 46.80 (1 CH), 63.78 (1 quart C), 83.94 (1 quart C), 123.17
(1 CH), 124.80 (1 CH), 132.03 (1 CH), 136.48 (1 quart C), 142.96
(1 quart C), 143.64 (1 quart C), 145.61 (1 quart C), 146.16 (1 quart
C). HRMS calcd for GsH360: 340.2766, found 340.2758.

Typical Procedure for the Preparation of Tetrasubstituted
Phenanthrene Products 21a-d from 4-Naphthyl 1-Lithio-1,3-

solvent of diethyl ether (2.5 mL) and toluene (2.5 mL), tetrasub-
stituted phenanthrene produ@sa—d were obtained as the only
products. In the case of toluene as the solvent, in additi@i &
d, spirocyclopentadienésoa—c were also obtained. The tetrasub-
stituted phenanthrene produt and the spirocyclopentadied®
could be readily separated by column chromatography.

21a: Colorless liquid, isolated yield 91% (132 mdr NMR
(300 MHz, CDC}, TMS) 6 1.21-1.28 (m, 6H, CH), 1.34 (t,J =
7.5Hz, 3H, CH), 1.64 (t,J = 7.2 Hz, 3H, CH), 2.92 (q,J = 7.5
Hz, 2H, CH,), 3.00 (9,J = 7.5 Hz, 2H, CH)), 3.13 (9, = 7.5 Hz,
2H, CH), 3.33-3.35 (m, 2H, CH), 7.49-7.52 (m, 2H, CH), 7.61
(d,J=9.0 Hz, 1H, CH), 7.8%+7.84 (m, 1H, CH), 7.92 (] = 9.0
Hz, 1H, CH), 8.62-8.65 (m, 1H, CH)13C NMR (75 MHz, CDC},
TMS) ¢ 15.86 (1 CH), 15.88 (1 CH), 16.10 (1 CH), 16.31 (1
CHg), 22.29 (1 CH)), 22.53 (1 CH)), 22.72 (1 CH)), 25.27 (1 CH),
123.33 (1 CH), 124.60 (1 CH), 125.33 (1 CH), 125.92 (1 CH),
127.75 (1 CH), 128.02 (1 CH), 129.80 (1 quart C), 130.14 (1 quart
C), 131.07 (1 quart C), 132.86 (1 quart C), 136.07 (1 quart C),
136.66 (1 quart C), 138.69 (1 quart C), 140.73 (1 quart C). HRMS
calcd for GoHoes: 290.2034, found 290.2038.

21d: Colorless liquid, isolated yield 90% (142 mdk NMR
(300 MHz, CDC}, TMS) 6 1.08-1.20 (m, 6H, CH), 1.62-2.07
(m, 8H, CH), 2.96-3.17 (m, 8H, CH)), 7.48-7.51 (m, 2H, CH),
7.58 (d,J = 9.0 Hz, 1H, CH), 7.86:7.83 (m, 1H, CH), 7.88 (d}
= 9.0 Hz, 1H, CH), 8.46 (tJ = 6.3 Hz, 1H, CH);33C NMR (75
MHz, CDCk, TMS) 6 14.30 (1 CH)), 14.83 (1 CH), 22.66 (1 CH),
22.99 (1 CH), 23.22 (1 CH), 23.76 (1 CH), 27.66 (1 CH), 27.70
(1 CHy), 30.75 (1 CH), 34.71 (1 CH), 123.17 (1 CH), 124.56 (1
CH), 125.34 (1 CH), 125.78 (1 CH), 127.79 (1 CH), 127.92 (1
CH), 129.34 (1 quart C), 129.57 (1 quart C), 131.12 (1 quart C),
132.88 (1 quart C), 134.17 (1 quart C), 134.50 (1 quart C), 135.38
(1 quart C), 136.41 (1 quart C). HRMS calcd fog8,s: 316.2191,
found 316.2200.
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