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Abstract: An intramolecular Simmons—Smith (IMSS) cyclopropanation has been developed, providing a
novel method for the construction of substituted bicycloalkanes. First, functionalized gem-diiodoalkanes
containing allylic alcohols were prepared in high yield. Then the intramolecular cyclization to form different
ring sizes was investigated and proved to be successful for the synthesis of bicyclo[3.1.0]hexanes and
bicyclo[4.1.0]heptanes. Larger chain lengths led to terminal alkene-containing products. Analysis of the
product distribution for the different ring sizes and under various reaction conditions provided insight into
the reactivity of substituted zinc carbenoids, and by the appropriate choice of conditions cyclopropanation
could be promoted over alternative reaction pathways. Next the ability of allylic groups to promote the
IMSS reaction by directing the zinc carbenoid was examined for the formation of bicycloheptanes. A scale
of ‘directing-ability’ for these allylic groups has been rationalized, with an OMOM directing group providing
the greatest enhancement in formation of the bicycle. Finally, the scope of the cyclization in forming
substituted bicyclo[3.1.0]hexanes was explored. Substitution on the alkene and at the allylic position was
well tolerated, providing the bicyclic products in high yields. Additionally, the IMSS reaction allowed a highly
diastereoselective synthesis of a 5—3—5 fused tricycloalkane. These studies will have implications for the
use of substituted carbenoids in cyclopropanation reactions and for directed cyclopropanation reactions

as well as in the synthesis of substituted bicycloalkanes.

Introduction

The intramolecular cyclopropanation of suitably functional-
ized substrates affords bicyclic [n.1.0] ring systems.* The defined
structural features of these bicyclic systems make them desirable
synthetic targets for application as conformationally restricted
biological probes.? In addition they offer potential as synthetic
intermediates, due to the strained nature of the cyclopropane
ring, and may participate in a wide range of ring-opening
reactions.®> The methods available to achieve intramolecular
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13624-13625. (d) Yu, M.; Pagenkopf, B. L. Tetrahedron 2005, 61,
321-347.

10.1021/ja907504w © 2010 American Chemical Society

cyclopropanation have expanded greatly in recent years.*8 In

particular, the transition metal-catalyzed decomposition of diazo
compounds followed by intramolecular alkene insertion iswell
established (Figure 1).* Notable recent methods include the
metal-catalyzed cycloisomerization of enynes using transition
metal catalysts,® organocatalytic Michael-initiated ring closure,®
the cyclization of lithiated epoxides,” and others.2 Here we report
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our studies into an intramolecular Simmons—Smith (IMSS)
cyclopropanation.

The Simmons—Smith cyclopropanation remains one of the
most powerful methods to form cyclopropanes stereospecifi-
cally.® Since the original reportsin the late 1950s,° the reaction
has been subject to several important modifications.** * These
include the use of diethyl zinc to generate the required carbenoid
as reported by Furukawa,'® which provided simpler reaction
procedures and allowed the use of noncoordinating solvents.
The structures of carbenoids formed from CHyl, are well-
understood, following NMR studies and crystal structures of
the carbenoid complexed with diethers and bipyridines.*®
Additionally, more reactive zinc carbenoid species are now
available.* Variants of this reaction have been exploited in the

(6) (&) Bremeyer, N.; Smith, S. C.; Ley, S. V.; Gaunt, M. J. Angew. Chem,,
Int. Ed. 2004, 43, 2681-2684. (b) Johansson, C. C. C.; Bremeyer, N.;
Ley, S. V.; Owen, D. R.;; Smith, S. C.; Gaunt, M. J. Angew. Chem.,,
Int. Ed. 2006, 45, 6024-6028.

(7) (8 Hodgson, D. M.; Chung, Y. K.; Paris, J-M. J. Am. Chem. Soc.
2004, 126, 8664—8665. (b) Hodgson, D. M.; Chung, Y. K.; Nuzzo, | ;
Freixas, G.; Kulikiewicz, K. K.; Cleator, E.; Paris, J.-M. J. Am. Chem.
Soc. 2007, 129, 4456-4462.

(8) For other examples see: (a) Yang, D.; Gao, Q.; Lee, C.-S.; Cheung,
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Sekiguchi, M.; Ryu, I.; Kambe, N.; Sonoda, N. J. Am. Chem. Soc.
1992, 114, 8729-8730. (c) Madelaine, C.; Ouhamou, N.; Chiaroni,
A.; Vedrenne, E.; Grimaud, L.; Six, Y. Tetrahedron 2008, 64, 8878—
8898. (d) Harvey, D. F.; Lund, K. P.; Neil, D. A. J. Am. Chem. Soc.
1992, 114, 8424-8434. (e) Miller, A. K.; Byun, D. H.; Beaudry, C. M ;
Trauner, D. Proc. Natl Acad. Sci. U.SA. 2004, 101, 12019-12023.
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Simmons, H. E.; Cairns, T. L.; Vladuchick, S. A.; Hoiness, C. M.
Org. React. 1973, 20, 1-131.
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5324. (b) Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1959, 81,
4256-4264.

(12) (a) Wittig, G; Schwarzenbach, K. Angew. Chem. 1959, 71, 652-652.
(b) Denmark, S. E.; Edwards, J. P. J. Org. Chem. 1991, 56, 6974—
6981. (c) Sawada, S.; Inouye, Y. Bull. Chem. Soc. Jpn. 1969, 42, 2669—
2672.
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hedron 1968, 24, 53-58.
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1991, 113, 723-725. (b) Denmark, S. E.; Edwards, J. P.; Wilson, S. R.
J. Am. Chem. Soc. 1992, 114, 2592-2602. (c) Charette, A. B.;
Marcoux, J.-F. J. Am. Chem. Soc. 1996, 118, 4539-4549. (d) Charette,
A. B.; Marcoux, J.-F.; Bé&langer-Gariépy, F. J. Am. Chem. Soc. 1996,
118, 6792-6793. (e) Charette, A. B.; Marcoux, J.-F; Moalinaro, C.;
Beauchemin, A.; Brochu, C.; Isabel, E. J. Am. Chem. Soc. 2000, 122,
4508-4500. (f) Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem.
Soc. 2001, 123, 12160-12167.

(14) (a) Lorenz, J. C.; Long, J.; Yang, Z.; Xue, S.; Xie, Y.; Shi, Y. J. Org.
Chem. 2004, 69, 327-334. (b) Yang, Z.; Lorenz, J. C.; Shi, Y.
Tetrahedron Lett. 1998, 39, 8621-8624. (c) Lacasse, M.-C.; Poulard,
C.; Charette, A. B. J. Am. Chem. Soc. 2005, 127, 12440-12441. (d)
Charette, A. B.; Francoeur, S;; Martel, J.; Wilb, N. Angew. Chem.
Int. Ed 2000, 39, 4539-4542.
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synthesis of numerous complex structures and natural products,*®
employing diastereo- and enantiosel ective methods.>*®*” Fur-
thermore, the Simmons—Smith reaction and the carbenoid
reagents have been the subject of several theoretical investiga-
tions.'®

Despite the extensive studies that the Simmons—Smith
cyclopropanation has attracted, an intramolecular version of the
reaction, involving an alkyl diiodide containing a pendant alkene,
has not previously been reported.’® Moreover, to date there are
only limited examples of the use of alkyl-substituted carbenoids
to form trisubstituted cyclopropanes in an intermolecular
manner.?®?* We previously reported such an intermolecular
reaction between alylic a cohols and substituted aky! diiodides
to generate trisubstituted cyclopropanes with excellent yields
and stereocontrol (eq 1).>°° We envisaged developing an
intramolecular Simmons—Smith cyclopropanation reaction, to
access bicyclic structures not easily available by other methods
and to examine the reactivity of the substituted zinc-carbenoids
(eq 2).

Here we describe our studies into the feasibility and develop-
ment of an intramolecular Simmons—Smith cyclopropanation,
which resulted in the successful synthesis of [3.1.0] and [4.1.0]
bicycloalkanes. Sdlient features aso include the synthesis of

(15) For reviews see: (@) Pietruszka, J. Chem. Rev. 2003, 103, 1051-1070.
(b) Donaldson, W. A. Tetrahedron 2001, 57, 8589-8627.

(16) For examples see: (a) Arai, |.; Mori, A.; Yamamoto, H. J. Am. Chem.
Soc. 1985, 107, 8254-8256. (b) Mash, E. A.; Nelson, K. A. J. Am.
Chem. Soc. 1985, 107, 8256-8258. (c) Imai, T.; Mineta, H.; Nishida,
S. J. Org. Chem. 1990, 55, 4986-4988. (d) Charette, A. B.; Coté, B.;
Marcoux, J.-F. J. Am. Chem. Soc. 1991, 113, 8166-8167. (€) Charette,
A.B.; Lebd, H. J. Org. Chem. 1995, 60, 2966-2967. (f) Evans, D. A.;
Burch, J. D. Org. Lett. 2001, 3, 503-505. (g) Aggarwal, V. K.; Fang,
G. Y.; Meek, G. Org. Lett. 2003, 5, 4417-4420, Also see reference
34.

(17) (a) Charette, A. B.; Juteau, H. J. Am. Chem. Soc. 1994, 116, 2651—
2652. (b) Denmark, S. E.; Christenson, B. L.; O’ Connor, S. P.; Murase,
N. Pure Appl. Chem. 1996, 68, 23-27. (c) Charette, A. B.; Juteau,
H.; Lebel, H.; Molinaro, C. J. Am. Chem. Soc. 1998, 120, 11943—
11952. (d) Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem.
Soc. 2001, 123, 12168-12175. (e) Long, J.; Yuan, Y.; Shi, Y. J. Am.
Chem. Soc. 2003, 125, 13632-13633. (f) Du, H.; Long, J.; Shi, Y.
Org. Lett. 2006, 8, 2827-2829. (g) Shitama, H.; Katsuki, T. Angew.
Chem,, Int. Ed. 2008, 47, 2450-2453.

(18) (a) Nakamura, M.; Hirai, A.; Nakamura, E. J. Am. Chem. Soc. 2003,
125, 2341-2350. (b) Fang, W.-H.; Phillips, D. L.; Wang, D.-q.; Li,
Y .-L. J. Org. Chem. 2002, 67, 154-160. (c) Wang, D.; Phillips, D. L.;
Fang, W.-H. Organometallics 2002, 21, 5901-5910. (d) Bernardi, F.;
Bottoni, A.; Miscione, G. P. J. Am. Chem. Soc. 1997, 119, 12300—
12305. () Hermann, H.; Lohrenz, J. C. W.; Kuhn, A.; Boche, G.
Tetrahedron 2000, 4109-4115.

(19) For an example of the use of an a-carbony! diiodide and AIBN/HSnBug
or Zn to achieve an intramolecular cyclopropanation, see: (a) Hudlicky,
T.; Ranu, B. C.; Nagvi, S. M.; Srnak, A. J. Org. Chem. 1985, 50,
123-127. (b) For an intramolecular cyclopropanation of a zinc
carbenoid formed from an aldehyde and Zn/Hg see: Motherwell, W. B.;
Roberts, L. R. Tetrahedron Lett. 1995, 36, 1121-1124.

(20) (@) Nishimura, J.; Kawabata, N.; Furukawa, J. Tetrahedron 1969, 25,
2647-2659. (b) Friedrich, E. C.; Biresaw, G. J. Org. Chem. 1982, 47,
1615-1618. (c) Groth, U.; Schollkopf, U.; Tiller, T. Liebigs Ann. Chem.
1991, 857-860. (d) Charette, A. B.; Wilb, N. Synlett 2002, 176-178.
(e) Charette, A. B.; Lemay, J. Angew. Chem.,, Int. Ed. Engl. 1997, 36,
1090-1092.

(21) For the formation of tri-substituted cyclopropanes using other func-
tionalized carbenoids see: (a) For carbenoids formed from haloforms
to deliver halogens: Kim, H. Y.; Lurain, A. E.; Garcia-Garcia, P.;
Carrall, P. J.; Walsh, P. J. J. Am. Chem. Soc. 2005, 127, 13138-13139.
(b) Beaulieu, L.-P. B.; Zimmer, L. E.; Charette, A. B. Chem.—Eur. J.
2009, 15, 11829-11832. (c) For bis-zinc carbenoids formed from
haloforms to afford cyclopropylzincs: Charette, A. B.; Gagnon, A.;
Fournier, J-F. J. Am. Chem. Soc. 2002, 124, 386-387. (d) Fournier,
J-F.; Mathieu, S;; Charette, A. B. J. Am. Chem. Soc. 2005, 127, 13140—
13141. (€) Zimmer, L. E.; Charette, A. B. J. Am. Chem. Soc. 2009,
131, 15624-15626.
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functionalized gem-diiodoalkanes, and the promotion of the
IMSS over competing reaction pathways through the choice of
reaction conditions and of alylic groups. Furthermore, the
substitution requirements of the alkene have been examined,
leading to the synthesis of several bicyclo[3.1.0]hexanes and
to a diastereosel ective synthesis of a substituted tricycloalkane.

Results and Discussion

Preparation of Intramolecular Cyclopropanation Substrates:
Synthesis of gem-Diiodoalkanes. We intended to examine the
intramolecular cyclopropanation using allylic acohol-containing
diiodides 1a—3a of varying chain lengths (eq 3). This reaction
would then form meso products 4a—6a, a structural type that,
although relatively simple, would not be easy to access by other
cyclopropanation methods. In this transformation the relative
stereochemistry of the cyclopropane would be controlled
exclusively by the double bond geometry.

CHs intramolecular ( ~Hah
I\(ﬁ\/\/\/OH cyclopropanation m' "y @
———
o H o YHs
jam=1 dam=1
2am=2 Bam=2
3am=3 6am=3

The first barrier to the investigation was the preparation of
these functionalized gem-diiodoalkanes. Although several meth-
ods are available for the preparation of gem-diiodides,? they
often suffer from poor yields or limited functional group
tolerance. We planned to access the required diiodides by the
alkylation of diiodomethane,®® using our recently developed
conditions for the akylation of the sodium anion of di-
iodomethane with primary alky! iodides.?* Here, we applied our
optimal conditions (5 equiv NaHMDS/CH,l,, —78 °C) to the
corresponding iodides 7b, 8b, and 9b of different chain lengths
to form gem-diiodides 1b, 2b, and 3b in excellent yields,
containing THP-protected alylic alcohols (Table 1 entries
1—3).%° Under these conditions complete consumption of the
primary iodides was reliably achieved, enabling further inves-
tigation without the presence of the otherwise inseparable
starting material. We chose to protect the alylic alcohol with

(22) For leading examples see: (a) Furrow, M. E.; Myers, A. G. J. Am.
Chem. Soc. 2004, 126, 5436-5445. (b) Barton, D. H. R.; O'Brien,
R. E.; Sternhell, S. J. Chem. Soc. 1962, 470-476. (c) Cloarec, J-M.;
Charette, A. B. Org. Lett. 2004, 6, 4731-4734. (d) Anson, C. E;
Sheppard, N.; Powell, D. B.; Norton, J. R.; Fischer, W.; Keiter, R. L.;
Johnson, B. F. G.; Lewis, J.; Bhattacharrya, A. K.; Knox, S. A. R;
Turner, M. L. J. Am. Chem. Soc. 1994, 116, 3058-3062. (€) Gonzalez,
C. C,; Kennedy, A. R; Ledn, E. I.; Riesco-Fagundo, C.; Suarez, E.
Angew. Chem., Int. Ed. 2001, 40, 2326-2328. (f) Aufauvre, L.;
Knochel, P.; Marek, I. Chem. Commun. 1999, 2207-2208.

(23) (a) Seyferth, D.; Lambert, R. L., Jr. J. Organomet. Chem. 1973, 54,
123-130. (b) Charreau, P.; Julia, M.; Verpeaux, J. N. Bull. Soc. Chim.
Fr. 1990, 127, 275-282.

(24) Bull, J. A.; Charette, A. B. J. Org. Chem. 2008, 73, 8097-8100.

(25) See Supporting Information for the syntheses and characterization data
for @l iodide substrates.

Table 1. Preparation of Functionalized gem-Diiodoalkanes As
Substrates for Intramolecular Simmons—Smith Cyclopropanation

CH, NaHMDS, CH,l, CH,
/W/OR THF/ether, =78 °C to rt IMOR
O S
|
entry iodide m OR yield (%)? diiodide

1 7b 1 OTHP 89 1b®

2 8b 2 OTHP 94 2b

3 9b 3 OTHP 95 3b

4 8c 2 OBn 92 2c

5 8d 2 OMe 95 2d

6 8e 2 OCONMe, 77 2e

7 8f 2 OMOM 20 2f

8 89 2 OMEM 920 29

9 8h 2 OTIPS 94 2h

10 8i 2 H 77 2i

aYield of isolated product. P Reference 25.

Scheme 1. Synthesis of Allylic Alcohol-Containing
gem-Diiodoalkanes

GHe TsOH, MeOH Qe
I\(@\/\/K/OTHP S ,rt’ ]\’/H\/\/\/OH
m m
m=196% 1
: Tom=1 m= 2 95% lam=1
2bm=2 m =3 90% 2am=2
3bm=3 3am=3

the THP group for the ease of subsequent deprotection, which
was indeed removed in high yields to afford the desired gem-
diiodide-containing alylic alcohols 1a—3a (Scheme 1). With
these substrates in hand we could investigate their performance
in an intramolecular cyclopropanation reaction.

For studies described later in this paper we required a range
of gem-diiodoalkanes containing various groups at the alylic
position. Consequently, gem-diiodides 2c—i were prepared in
good to excellent yields from iodides 8c—i (Table 1, entries
4—10).%® The conditions proved to be compatible with allylic
benzyl and methyl ethers, acetals, carbamates, and TIPS ethers,
extending the scope and functional group tolerance for this
transformation. Further examples of the preparation by this
method of functionalized gem-diiodides as substrates for the
IMSS reaction are described in alater section of this paper (see
Synthesis of Bicyclo[3.1.0]hexanes).

Intramolecular Smmons—Smith: Effect of Ring Size. In 1964
Simmons and Smith reported that alkyl diiodides gave low levels
of cyclopropanation in an intermolecular reaction,?® and to date
there remain relatively few examples of akyl-substituted zinc
carbenoids in cyclopropanation reactions.® This is in part due
to the additional carbenoid decomposition pathways that are
available in these cases®” on top of those that occur with the
unsubstituted carbenoid.***"28 Also, substituted ethylzinc car-
benoids have also been shown to undergo migration of the ethyl
group to generate secondary akyl zinc reagents® As a
consequence of these alternative reaction pathways, an excess
of the diiodide is required to achieve high yields in the
intermolecular processes.®

We first examined the feasibility of the IMSS reaction with
the different chain-length diiodides 1la—3a, aiming to form

(26) Simmons, H. E.; Blanchard, E. P.; Smith, R. D. J. Am. Chem. Soc.
1964, 86, 1347-1356.

(27) Neuman, R. C., Jr. Tetrahedron Lett. 1964, 37, 2541-2546.

(28) For areview on the reactions of zinc carbenoids: Motherwell, W. B.;
Nutley, C. J. Contemp. Org. Synth. 1994, 1, 219-241.

(29) shibli, A.; Varghese, J. P.; Knochel, P.; Marek, I. Synlett 2001, 818—
820.
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Scheme 2. Ratios of Cyclopropane Product to Side Products Obtained with Increasing Ring Sizes

CHs Et,Zn, CH,Cl,
_ o,
| P OH 10°Ctort
m
[
lam=1
2am=2
3am=3

(Q‘HOH T
0.
R |/ /\)\/ ~
" H CH \ H /
3
dam=1

Sam=2
6am=

side products

Scheme 3. Formation of [3.1.0] and [4.1.0] Bicycloalkanes by Intramolecular Simmons—Smith Cyclopropanation and Terminal Alkene Side

Products on Increasing the Chain Length

am=1 CHa EtoZn, CH,yCl,
IMOH “10°Ctont QH OH
../
| 84% H H
1a 4a O
CHs EtpZn, CH,Cl, H TSOH, MeOH H
I\(MOTHP -10°Ctont N “”/OTHP rt ; ””/OH
i 77% H CHs quant. H CHy
1b 4b 4a
b,m=2 | CH. Et,Zn, DCE WH
)\/\/\)\3/0THP oCtort N T
| & — LN S~ A OR
67%, R = THP i on
1 3
2 3.1 : 1 mixture 5 10
5b: 10b
TsOH OR = OTHP
MeOH, rt OR = OH, 5a (69%) + 10a (23%)
c,m=3 CHj CHj;
I A~OR EtgZn, CHCle /\/\/\/\/OR
—_—
OR = OH: 72%
I 3aOR = OH OR = OTHP: 80% 11aOR = OH
3b OR = OTHP 11b OR = OTHP

[3.1.0], [4.1.0], and [5.1.0] bicycloalkanes. Preliminary inves-
tigations showed that treating the allylic alcohol-containing
diiodides with one equivalent of Et,Zn returned the diiodide
starting material unchanged, indicating stability of the diiodide
to the EtZn-alkoxide formed. Excess diethylzinc was employed
to ensure a uniform reacting species was formed, as the
iodoalkyl (ethyl)zinc carbenoid, and the use of 4 equiv ensured
complete consumption of the diiodides. Aware that decomposi-
tion of the carbenoid by non-cyclopropanation pathways may
form various side products, we measured the ratio of the bicyclic
product to all other products in the crude mixture.®* Pleasingly,
under standard cyclopropanation conditions the bicyclic product
appeared to be formed in al cases (Scheme 2). However, on
increasing the chain length to form 6- and then 7-membered
rings, the formation of other products became dominant.
High conversions to the bicycloakane were observed by
applying 4 equiv of diethylzinc to diiodide 1a in the formation

(30) Our previously reported conditions (ref 20e) for the intermolecular
cyclopropanation with alkyl-substituted carbenoids employed 4.4 equiv
of the akyl diiodide and 2.2 equiv of Et,Zn to generate the
bis-iodoalkyl zinc reagent. In thisintramolecular case the bis-iodoa kyl
reagent could not be employed in order to ensure a uniform reacting
species: reaction with one-half of the reagent would generate the
iodoalkylzinc iodide which would undergo the IMSS reaction with
different selectivity. The use of excess Et,Zn will favor the equilibrium
towards the ethyl(iodoalkyl)zinc carbenoid (see ref 13c).

(31) For Scheme 2: Ratio determined by *H NMR based on the ratios of
the integration of the remaining olefinic proton (assumed to be present
in al non-cyclopropanation products) against the integration of the
CH,OH or cyclopropane C—H signals in the bicyclic product as
appropriate. For Table 2: as above using the integration of the CHHO
signals of 5b (6 3.38 (d, J = 10.0 Hz, 1H)) and the alkene CH signal
for 10b (6 5.79 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H)). For Table 3: as
above using the integration of the cyclopropane CH signal of 5 (0 ~3
0.65 (m, 2H)).
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of bicyclo[3.1.0]hexane 4a (Scheme 3a). The cyclopropane-
containing product was isolated in high yield, which constitutes
the first example of the desired intramolecular Simmons—Smith
cyclopropanation reaction. Applying these conditions to the
THP-protected alylic acohol 1b aso led to a successful
cyclopropanation to afford 4b in good yield. Deprotection of
the THP group provided acohol 4a with ayield over the two
steps comparable to that obtained by performing these reactions
in the reverse order.

Employing alylic alcohol 2a with an extended chain length
(m= 2) to form abicyclic compound containing a 6-membered
ring gave a complex mixture of products with the desired [4.1.0]
bicycle constituting only 34% of the mixture. Early optimization
of thisreaction showed it to be independent of temperature and
gave similar results using CH,Cl, or DCE as the reaction solvent.
Further investigations with this system did not lead to improve-
ment in selectivity for cyclopropanation. In al cases the complex
mixture of products prevented isolation of the individua
components. Somewhat surprisingly, applying similar conditions
to diiodide 2b carrying the THP-protected alcohol led to a
significant improvement in the proportion of the cyclopropane
product formed, 66% of the mixture. Furthermore in this case,
a 3.1:1 mixture of cyclopropane 5b and terminal alkene 10b
could be isolated in 67% yield (Scheme 3b).3? Removal of the
THP group from the mixture allowed separation of the structural
isomers, providing the deprotected alcohol 5a in a 46% yield

(32) A pure reference sample of THP-protected bicyclohexane 5b was
obtained by dihydroxylation of the mixture of 5b and 10b (OsO,,
NMO, acetone/H,0). The relative stereochemistry of compound 5b
about the cyclopropane ring was confirmed by NOESY correlations
between the cyclopropane CH and CH,OTHP, which were absent
between the cyclopropane CH and the methyl CHs.
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Table 2. Optimization of Reaction Conditions for the Intramolecular Cyclopropanation of Diiodide 2b

! CH, conditions C&* /OTHF’ CHj
A CHs
2b 5b 10b

entry? Zn reagent® temperature solvent conv. (%) bicycle (%)° alkene (%)°
19 Et,Zn 0°Ctort® CH,Cl, 100 66 16
2 Et,Zn 0°Ctort® DCE 100 66 16
3 Et,Zn 0°Ctort® hexane 100 52 28
4 Et,Zn 0°Ctort® toluene 100 39 41
5 Et,Zn 0°Ctort® ether 100 25 47
6 Et,Zn 0°Ctort® CH,CI,9 100 63 18
7 Et,Zn 0°Ctort® CH,CI," 100 45 24
g EtZnl 0°Ctort® CH.Cl, 100 55 33
9 EtZnOCH,CF; 0°Cto rt® CH.Cl, 68 11 55
10 EtZnO,CCF; 0°Ctort® CH.Cl, ~10 - -
11 Et,Zn (0.6 equiv) 0°Ctort® CHCl, 74 53 18
12 Et,Zn —40to 0 °C CH,Cl, 100 72 12
13 Et,Zn 0°C CH,Cl, 100 72 12
14 Et,Zn rt CH,Cl, 100 63 20

@ Reaction performed on 0.1-mmol scale, 5 h reaction time. ® Addition of 4 equiv (unless otherwise stated) of zinc reagent to solution of diiodide
(0.05 M). °Proportion of crude reaction mixture as determined by "H NMR (see ref 31). 9 An identical result was obtained on reversing the order of
addition of reagents. © Addition at 0 °C then warmed to rt. F Primary iodide 9b formed (~5%). ¢ Ether additive (8 equiv). "NMP additive (4 equiv).
" Reverse addition procedure. ! A 5.3:1 mixture of 5b:10b was isolated in 73% yield on a 0.35 mmol scale.
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Figure 2. Trangition states for the formation of bicycles and side products.

over the two steps from 2b (Scheme 3). Terminal alkene 10a
was also isolated, confirming this as the major side product
formed in both cases with OH or OTHP groups.

Due to the poor kinetics of 7-membered-ring formation, a
low level of cyclization to the [5.1.0] system was obtained
from diiodide 3a. Terminal alkene 11la was formed as the
major product and isolated in 72% yield (Scheme 3c). In
this case performing the reaction with diiodide 3b, containing
the THP-protecting group, did not lead to an enhancement
in the proportion of the bicycle formed, and again the terminal
alkene (11b) was isolated in high yield.

The above results suggest two major reaction pathways are
operative for the intermediate Zn carbenoid. To achieve the
desired cyclopropanation requires the complex to fold up on
itself to adopt a butterfly-type transition state (Figure 2, path
A).*® This is more easily adopted in the case of smaller rings
due to the lower entropic constraints. The second major pathway
leads to the terminal alkene by rearrangement of the carbenoid
intermediate via a hydride shift with the loss of EtZnl (Figure
2, path B).26,27,33

IMSS Reaction Conditions. The study into the ring sizes
showed that for [3.1.0] bicyclesthe IMSS reaction isthe favored
pathway of the carbenoid intermediate, whereas for [5.1.0]
bicycles the formation of the terminal akene is favored.
Therefore, we explored the reaction to form [4.1.0] bicycles,

(33) Other minor products observed include the vinyl iodide due to
elimination of HI from the diiodide. The chain-extended compound
was observed, resulting from migration of the ethyl group.

ZnEt m

which formed both products in more similar anounts. We aimed
to promote the cyclopropanation over other reaction pathways
for this system by the choice of reaction conditions, as well as
to study the reactivity of the zinc carbenoids. We chose to
optimize the reaction using THP-protected alcohol 2b, focusing
particularly on minimizing the formation of terminal alkene 10b
(formed as the major side product and difficult to separate from
the bicyclic product).

Initialy, we examined the effect of the solvent on the amount
of bicycloalkane 5b and termina akene 10b formed, with
CH,Cl, or DCE proving to be similar and superior to other
solvents tested (Table 2, entries 1 and 2). Moving from hexane
to toluene and ether gave progressively increasing amounts of
the terminal alkene product with the corresponding decrease in
formation of the bicycle (entries 3—5). When diethyl ether was
used as the solvent, the formation of 10b was favored. In
addition 5% of primary iodide 9b was formed, corresponding
to protonation of the carbenoid in the quench, after a5-h reaction
time. The coordinating solvent stabilized the carbenoid, reducing
its reactivity, but also reduced the tendency to coordinate with
the THP group to promote cyclopropanation. Coordinating
additives to the dichloromethane solvent (ether or NMP) aso
gave poorer resultsin terms of formation of the bicycle (entries
6 and 7).

Increasing the reactivity of the carbenoid by using the
Simmons—Smith reagent and the trifluoroethanol-zinc carbenoid
gave progressively less of the cyclized product (entries 8 and
9). These more electrophilic carbenoids must increase the rate
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Table 3. Effect of Allylic Directing Groups on the Intramolecular Cyclopropanation of Diiodide 2

EtZZn , CHzclz

0°C
|)\/\/\/K/OR -

~H op CH,
VAN pars
H CHs

5 10

entry® diiodide \/OR

bicycle alkene

major product*

(%) (%)
1 2a \/OH 354 19 ~H ol 5a
A AéHa
2¢ 2b \/0 0 12 Q:‘ OTHP 5b
4ll||/
3 2¢ 3 ~H opn 5¢
\,o ) ol
H CHs
48 2d \,O\ 10 Q\"' /OMe 5d
A ”C.:Hs
L0.__0 WH
5 2e \ NS 31 Q\ OCONMe; Se
NMe, Lo\
A CHg
6 2f \/0\/0\ 2 Q:‘ /OMOM 5f
A bHs
7 2g \,O\/O\/\O/ 654/ 26 Q:' OMEM 5g
A CHg
K CH
8 2h \/o\sz‘f/ 66 W\/\G/OTlps 10h
9¢ 2i H 75 CHy 10i

@ Reaction performed using 4 equiv Et,Zn over a 5-h reaction time, 0.05 M. ° Proportion of crude reaction mixture as determined by *H NMR (see
ref 31). ©Major product observed in crude reaction mixture. ¢ Products could not be isolated from mixture by flash chromatography. © Entry as for Table
2, entry 13. " Bicycloalkane 5c isolated in 70% yield. 9 Reaction performed in CD,Cl, to alow direct analysis of the crude mixture due to volatility of
products. " A 1.8:1 mixture of 5e: 10e was isolated in 78% yield. ' Bicycloalkane 5f isolated in 83%. } Bicycloalkane 5g was isolated in 48% vyield over
two steps following treatment of the crude mixture with dihydroxylating conditions. ¥ Alkene 10h was isolated in 58% yield.

of formation of the terminal alkene to a greater extent than the
rate of the IMSS reaction is increased. These results suggest
that the use of less electrophilic carbenoids will be advantageous
in the formation of trisubstituted cyclopropanes using akyl-
substituted carbenoids. The more electron-deficient zinc reagents
also displayed a decreased propensity to undergo akyl exchange
with the diiodide, as evidenced by the lower conversions (entries
8—10). Attempts to form the bis-iodoalkylzinc species also gave
reduced amounts of the cyclized product and incomplete
conversion (entry 11). However, formation of 5b was improved
by lowering the temperature (entries 12—14). Performing the
reaction at 0 °C provided the optima conditions and a
convenient procedure.
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Effect of Allylic ‘Directing’ Groups. It is well-known that
zinc carbenoids can be directed by Lewis basic groups, often
in the context of facial selectivity.3 It was apparent from our
results with diiodides 2a/2b that the nature of the alylic group
(OH vs OTHP) affected the rate of the IMSS reaction by acting
as a directing group. On the other hand, we assumed that the
rate of the hydride-shift would be largely independent of the
allylic groups. This prompted us to investigate the effect of
directing groups on this reaction to influence the reaction
pathway.

(34) (a) Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93,
1307-1370. (b) Charette, A. B.; Marcoux, J.-F. Synlett 1995, 1197—
1207.



Intramolecular Simmons— Smith Cyclopropanation

ARTICLES

Figure 3. Proposed transition state for the OMOM directing group.

We have previously shown that in some circumstances an
OBnN group provides a more effective directing group than an
OH group.* As a wider comparison of directing groups has
not been undertaken, we were keen to assess the ability of other
groups to promote the IM SS reaction. We assumed that the OTHP
group provided a better product ratio than the hydroxy group due
to improved coordination to the zinc carbenoid, lowering the
entropic cost of adopting the butterfly trandition state. We envi-
sioned that aternative directing groups could further improve the
product distribution in favor of the bicyclic product.

Severad gem-diiodoa kanes were synthesized, bearing a variety
of directing groups (Table 1), and were subjected to our
optimized IMSS conditions. Initially the substrate bearing the
benzyl ether (2c) was tested (Table 3, entry 3), which gave a
significant improvement in the product ratio in favor of the
bicyclic product (5¢), compared to results from the OH or OTHP
examples (entries 1 and 2). In particular the amount of the alkene
product formed was very low, which allowed bicycle 5¢ to be
isolated cleanly in 70% yield. The methyl ether gave results
similar to those of the OTHP example (entry 4).

We hoped that the use of more Lewis basic groups would further
improve the proportion of the intermediate carbenoid that undergoes
the IMSS reaction. However, the dimethyl carbamate of substrate
2e was a poor directing group, with the bicyclic product and the
termina akene formed in similar amounts. This highlighted the
two competing effects of the alylic groups: favorable coordination
to the carbenoid can lower the AS' of the cyclopropanation,
however, the carbamate has an e ectron-withdrawing effect leading
to a more electron-poor olefin that is less reactive toward the
electrophilic carbenoid.*®

We next examined other acetals to offer grester ease of
introduction and remova of the directing group. Indeed the
introduction of an OMOM group proved to be the most effective
directing group in this study (entry 6). Analysis of the crude product
mixture displayed that the desired bicycle was formed almost
exclusively (89% of the mixture), with other side products only
formed in very small amounts. The MOM-containing bicyclic
product was then isolated in 83% yield. This significant improve-
ment is presumably due to the second oxygen group being well
located to coordinate the Zn atom of the carbenoid, increasing the
rate of the IMSS over those of other reaction pathways (Figure 3).
This improvement over the THP group which dso has a well-
located acetal oxygen atom is likely because the THP example
will lead to diastereomeric trangition states which may not favor
cyclopropanation equdly, or due to being constrained in a ring,
preventing an efficient coordination. Although the MEM group,
containing an additional ether oxygen, may have been expected to
increase coordination and hence the degree of cyclopropanation,
it proved to be a poor directing group. Thisis presumably due to
coordination of zinc species to the OCH,CH,0 unit of the MEM
group, which was not conducive to cyclopropanation (entry 7).

Conversely, using diiodide 2h containing an OTIPS group gave
the termina akene as the magjor product, which was isolated in
58% yield (entry 8). The bicycle was formed in low levels due to
the adverse steric and electronic effects of the large silyl group

100 7 ==-amccmcacanmasacasanansnaaaany
| i

=]
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Figure 4. Directing group effects: proportion of 5/10 formed with different
allylic directing groups.

causing unfavorable interactions in the trangtion state and prevent-
ing coordination of the oxygen atom to the zinc carbenoid. For
comparison akyl diiodide 2i (OR = H) was prepared, and athough
2i contains the most eectron-rich double bond, the level of
cyclopropanation is very low in the absence of a directing group,
comparable to that obtained with the OTIPS example.

Placing these results in order of the amount of bicyclic
product formed provides a scale of the ability of alylic groups
to promote the IM SS reaction over alternative reaction pathways
(Figure 4). The OMOM group provided the most effective
enhancement of the IMSS reaction, followed by the OBn, OMe,
and OTHP groups. At the other end, the diiodides containing
the OTIPS group and no directing group favor the formation
of the alkene side product.

Plotting these vaues highlights that for the hydroxy group
formation of the two major products accounts for an unusually
small amount of the total materia. Thisis presumably due to other
reactions occurring involving the hydroxy group (e.g., etherifica-
tion) which must be particularly favorable at this ring size.

Synthesis of Bicyclo[3.1.0lhexanes. Having established the
optimal reaction conditions for the IMSS reaction and that the
OMOM group acts as the more efficient directing group, we
next chose to examine the structural requirements on the alkene
and at the dlylic position through the synthesis of substituted
bicyclohexanes. Pleasingly, in al cases the gem-diiodides were
successfully employed in the IMSS reaction to access the
corresponding bicyclohexanes (Table 4).

First we prepared diioide 12 containing a trans-disubstituted
alkene. Applying our optimal conditions provided the corre-
sponding bicyclohexane in good yield (entry 1). We showed in
the synthesis of 4a/b that the alkene could be trisubstituted with
a substituent at the a-position. Introducing a substituent on the
akene at the 5-position of the alkene in diiodide 14 was aso
successful, leading to bicyclohexane 15 in good yield. Next we
prepared diiodide 16 with substitution at the allylic position.
This substrate afforded bicyclohexane 17 in high yield, perhaps
aided by the additional substituent orientating the directing group
toward the reacting centers. The corresponding cis-alkene 18
of the same substrate was also prepared, leading to the

(35) For other routesto similar products and their reactivities see: (8) Nishii,
Y.; Fujiwara, A.; Wakasugi, K.; Miki, M.; Yanagi, K.; Tanabe, Y.
Chem. Lett. 2002, 30-31. (b) Kang, S. H.; Jun, H. S. Bull. Korean
Chem. Soc. 1992, 13, 227-229.

(36) Magjor diastereoisomers assigned on the basis of NOE studies and the
chemical shifts of the CHO protons; endo-isomer: ¢ 4.28 (t, J = 8.0
Hz), exo-isomer: ¢ 4.11 (d, J = 4.6 Hz) (ratio 16:1 endo:exo). See
Supporting Information for further information on the NMR studies
on this compound. For analogous examples see: (a) Ohira, S. Bull.
Chem. Soc. Jpn. 1984, 57, 1902-1907. (b) Friedrich, E. C.; De Lucca,
G. J. Org. Chem. 1983, 48, 4563-4567. (c) Freeman, P. K.; Grostic,
M. F.; Raymond, F. A. J. Org. Chem. 1965, 30, 771-777.
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Table 4. Preparation of Bicyclo[3.1.0]hexanes by Intramolecular Simmons—Smith Cyclopropanation

NaHMDS, CHl,

R" Et.Zn, CHzolz

R
THF/ether, —78 °C to rt 0% wH

I/\/\/L‘YOH lWYOR Qm(OR

R R" R’ R

| R R" R"
entry diiodide yield” bicyclohexane yield”
1 'Y\/\/A/OTHF’ 87% ~H 73%
' i, OTHP
H
12 13
2 ! AOMOM 990, \:AH 79%
I N omMoMm
.- H
14 15
3 'th 90% < 83%
| OMOM Q’H Ph
" omom
16 17
4 MOMO Ph 95%, “H omom 81%
ijv Q;Q(&F’h
| H M
18 19
5 , Mowmo 829 MOMQ, 81%
H\/\/@ (94:6 d.r)?
H
20 21

a|solated yield of diiodide from corresponding primary iodide. ° Isolated yield of bicyclohexane.  OTHP group used as directing group due to
volatility of the low-molecular weight MOM-protected products. 9 By 'H NMR (ref 36).

diastereoisomeric compound 19, obtained in essentially the same
yield as the trans-isomer. This confirmed that the IMSS reaction
proceeds with complete retention of the double bond stereochemistry.

We were keen to combine the directing effect to promote the
cyclopropanation with a facialy selective reaction. We fet this
could provide access to well-defined tricyclic systems® Therefore,
diiodide 20 was prepared in high yield and submitted to the optimal
IMSS conditions. Pleasingly 5—3—5 fused tricycloakane 21 was
obtained in good yield and in excellent diastereosdlectivity (dr =
16:1) as the endo-isomer, corresponding to the carbenoid being
directed by the OMOM group.®®

Conclusion

We have described the first intramolecular Simmons—Smith
cyclopropanation reaction involving an akyl diiodide with a
pendant alkene, which is successful for the synthesis of [3.1.0] and
[4.1.0] bicycloakanes. On forming bicyclo[4.1.0]akanes atermind
alkene product resulting from a hydride shift of the intermediate
carbenoid becomes significant. For larger ring sizes this akene
product becomes dominant. We have examined conditions to
promote the IMSS reaction over the alternative reaction pathways.
Performing the reaction at 0 °C and forming the iodoalkyl(eth-
yl)zinc carbenoid are optimal. We have also shown that the nature
of the dlylic directing group has a large influence on the product
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digtribution. The OMOM group provides significantly improved
conversion to the bicyclic product. On the other hand the presence
of a TIPS group under identical reaction conditions leads to the
formation of the akene product in high yield. In addition these
conditions have been used to construct severa substituted
bicyclo[3.1.0]hexanes in high yields. This was extended to the
synthesis of a 5—3—5 fused tricycloakane with high yield and
diastereoselectivity. These studies will have implications for
cyclopropanation reactions involving the use of substituted car-
benoids and for directed cyclopropanation reactions.
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