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Abstract: Studies on the directed regio- and stereoselective Ni-catalyzed allylic substitution reactions involving methyl-

and phenylmagnesium bromides and various acyclic and cyclic allylic ethers are reported. In the presence of a properly
positioned internal Lewis base, C-C bonds can be formed catalytically and with excellent levels of sclectivity. Internal

chelation allows Ni-catalyzed C-C bond forming reactions that are otherwise non-selective, siuggish, or do not occur at
all to proceed to completion readily. in excellent vields. at ambient temperature and with hich regio- and stereacon tral
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Directed alkene isomerization highlights an especially attractive feature of the metal-catalyzed alkylation strategy: because
the initial product contains a prostereogenic site that remains within reach of the internal Lewis base, it can be subjected

to additional directed stereoselective manipulations. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

In recent years, the development of catalytic, regio-
and stereoselective additions of Grignard reagents to
alkenes has been one of the major research goals in these
laboratories. Our work in the area of zirconocene-
catalyzed alkylations has resulted in the development of
useful and complementary ethylmagnesation of acyclic
allylic and homoallylic alcohols and ethers,2 and the
diastereo- and enantioselective addition of Et-, Pr-, and
BuMgCl to unsaturated h(—.‘terocyclcs.3 The utility of
these catalytic enantioselective protocols was recently
demonstrated in the context of the first total synthesis of
the antifungal agent Sch 38516 (also known as fluvirucin
B1).4
EtMgCl were later utilized in the catalytic kinetic

Zr-catalyzed enantioselective reactions with

resolution of unsaturated furans,® pyrans,® oxepins,
oxocenes,?P and six-, seven- and eight-membered ring
allylic ethers.” The Zr-catalyzed reactions present their
greatest utility in the resolution arena: it is here that
there is notable product generality. As far as this class of

catalytic addition reactions are concerned, however, only

a narrow range of alkyl groups can be used (ie., Et-, Pr-
and BuMgCI).8 Furthermore, reactions with the latter
two longer chain alkylmetals afford the derived
branched adduct: #n-Pr- and n-PrMgCl give rise to the iso-
and sec-alkyl addition product predominantly.

A drawback of Zr-catalyzed carbomagnesations is
that only alkylmagnesium halides that carry an
“"active" B-hydride may be used, since the catalyst is the
derived metallacy-:lopropane.2E Consequently, Me-, Ph-
or vinylmagnesium halides cannot be utilized in reactions
catalyzed by chiral zirconocenes.

As a result, we have been in search of alternative
strategies that allow reactions of Grignard reagents with
various olefin systems, where a wider range of
alkylmetals can be used. We reasoned that Ni-catalyzed
alkylations of allylic ethers offer an attractive option,
since dialkylnickel complexes readily undergo reductive
elimination to afford a C-C bond - such transformations

do not require the presence of a B-hydride.?

0040-4020/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
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To gain further mechanistic appreciation of this
latter class of transformations, first we decided to
examine starting materials that would allow us to obtain
insight into various subtle interactions that exist between
the transition metal and the allylic ether adducts. We
decided to increase the conformational rigidity of the

Ni-olefin complexes by arming the olefinic substrates
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(1) Kurosawa and coworkers reported in 1988 that
addition of dppe to 1a (Scheme 1) leads to the formation
1q

e 1 . 2w 1 ~ 1 1 1 1 1y 1
Or lo-electron 1)¥-IN1 compilex £, wnich U.naergoes alaLKyl

reductive elimination ~108 times faster than 1a.12 A
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complexes.
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Scheme 1
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1a PPhs 2
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faster than la
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\ Ph, CeFs
1ib PPhg 3

reductively eliminates
Kurosawa, 1988 slower than 1b
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(2) We were aware of the mechanistic work of
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Komiya, Yamamoto and Yamamoto,*® who demonstrated
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complexes. Specifically, these workers demonstrated

M. T. Didiuk et al. / Tetrahedron 54 (1998) 11171130

that formation of toluene from Me(Ph)Nil; is facilitated
by the presence of excess phosphine.

Initial considerations. As depicted in Scheme 2, we
conjectured that an allylic ether that bears an
(e.g., a
phosphine), in the presence of catalytic amounts of
(PPh3)2NiCly (4; 5-10 mol %) and a Grignard reagent

should undergo directed - and perhaps regioselective -

appropriately positioned donor ligand

b PSS PRy SRy apy (R SR S IR [ RS SISt [N W o o |
10-€CICLLIVIL pcllilavaiCiil Literinedadiales (vide bllpru), -e
bond formation through reductive elimination would be

oymortad 0 oroiir mroforalilyy e = L RS R R,
expected to occur preferably through III. We therefore
et it Fo cotsbhlich ol ot o oaln Y N PR SN PR | ISy
set out to establish whether such internal coordination
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Scheme 2
5 moi% PP
OR ° i + PPha
PPh;3),NiCl, (4
K/\/k/\ (PPhy),NiCl, (4) L
L RMgBr L

I II  slow reductive
elimination

Php

.1'"'. L R—-hl

v !|<-L\

R -~ NN
N I

Regioselectivity?

Our choice of the electron donor (directing) group in

rapid reductive
elimination

this investigation was a phosphine unit, since this class
of Lewis basic functions have served admirably in other
examinations of directed metal-catalyzed or -mediated
processes. Three examples are illustrated in Scheme 3.
Perlmutter and coworkers have reported P-directed Rh-
catalyzed hydroformylation reactions,14 where excellent
levels of regioselectivity are observed in favor of the
branched compound. In the absence of the directing unit,
or with substrates that bear the derived non-Lewis basic
phosphine oxide, the unbranched adduct is obtained
preferentially. Another example has been reported by

rame 1D cilaasa tlha wamda A PP T
Evans,*” where the regio- and stereochemical course of



M. T. Didiuk et al. / Tetrahedron 54 (1998) 1117-1130

the Rh-mediated hydroboration reaction is controlled
through a suitably disposed chelating group; the derived
tert-butyl(dimethyl)silyl ether affords, in contrast, a
mixture of regio- and stereoisomers. Finally, a paper by
Kocovsky illustrates the use of similar principles to
control the stereochemical course of a Pd-catalyzed

allylic substitution reaction.16

Scheme 3
B Rh-Catalyzed Hydrocarbonylation
L ~OH
0.5 mal %
Rha(OAc) /L/\
# " ppn, Me PPh,
2% Ph#
4
-~ H2, CO, 100 °C 4
| _ - A
| | o, |
b s [ Rh—p J —  Regioselectivity
>20:1
Me
]
B Rh-Promoted Hydroboration
QPPh, 1. 1.1 equiv QPPh,
Rh(PPh3)aCl Ac
O catecholborane O)
2. H,0/NaOH
8 3. Ac,0 10
Ph S Diasteraoselectivity
l |- :’P‘PTh—H -I * >10:1
‘; 9 J
B Pd-Catalyzed Alkylation
N N
25 mol %
Pd(Pha)s
— I
™ PhZnCi H ‘
1 Vg 13 Pn
\—pph
2
N Diastersoselectivity
l' "I >99:1
I AX\\/ YR T
= )
H
| = |
[ . 12 [o] -
I1. Results & Discussion
Directed catalytic regioselective allylic
substitutions. As illustrated in Table 1, when allylic

ether 14 is treated with 5 mol % (PPh3)2NiCl> (4) and 5
equiv PhMgBr for 3 hours (THF, 22 °C), only a 10% total
yield of products 15 and 16 is obtained; reaction
regioselectivity is non-existent (1:1 mixture of 15 and

16)17 and product olefins are a 3:1 trans:cis mixture. In
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contrast, when phosphine-containing allylic ether 17 is
used (entry 2, Table 1), under identical conditions, 18 is
Within 3 hours,
whereas ether 14 provides 15 and 16 in 10% yield, allylic

formed regioselectively (18:19=8:1).

substitution products from 17 (18 and 19} are obtained in
70-75% isolated yield. When the tether length is
increased by one methylene unit (entry 3; 20 as substrate),
C-C bond formation is more sluggish (24 hours for 20 vs 3
hours with 17), but
regioselectivity is enhanced to >99:1.

somewhat unexpectedly,
With conjugated
allylic ether 22, catalytic alkylation is regioselective in
the absence of the internal coordinating group (entry 4);

allylic substitution is nonetheless accelerated in the

=%

presence of a neighboring phosphine (entry 5; 73% yiel
with 24 versus 22% yield with 22).

The influence of the resident Lewis basic phosphine
is especially evident in reactions where MeMgBr is used
as the alkylating agent. As depicted in Table 2, with
substrate 14, <2% product is detected after 18 hours of

reaction time. In conirasi, when 17 is subjected to 5 equiv

AL AL T 1= 10D/ &4 /7T F\A(\ N ot 1 - . 1 - ~rang
feMgBr and 5 mol % 4 (THF, 22 °C), 26 is obtained in 74%
isolated yield. Moreover, C-C bond formation occurs with

complete control of regxochemxstry and the product

N T A entrv r\

$ (compare to en Table 1 for

It is worthy of note that (PPh3)oNiCly (4) was
selected as precatalyst, since the aforementioned
mechanistic considerations dictate that the choice of the
Ni cataiysi is critical if a directed process is desired. A

{dnnaINiCla leads to the facile formation of an eaual
(Qppe)iNiLi2 ieads O tne raCue iormaion Of an equai

ixture of nroduct reginisomers 15 and 16 in >R80% vield
mixture ©of proquct regioisemers 15 and 16 m >3U% yielq;
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Table 1. Ni-Catalyzed Allylic Substitution of Acyclic Ethers with PhMgBr. 4

entry substrate product regioselec. ©  :t®  Yield (%)7
time
- Ph
OMe /\FHV\ n-butyl
1 P . '\/Meph 15 15:16 =1:1  1:3 10,
i ) 3 hrs
Me 14 & n-butyl
~M 16
~
~ fn (\Pphz
/
OMe RPh,
M 18 18:19=8:1 5:1 70,
2 ~ < ° 3hrs
k/Me 17 Y e
K. prhg
Code 19
- /Pph2 Ph _~~_-PPhy
Me ~ -
2} ~ o I 4L >
< g NN >99:1 11 70,
24 hrs
Mo 20 Mo
OMa Bh
4 l/\\‘/\/Ln-hé’x“yn '/% " n-hexyi >95:5  >955 22,
2 hrs
# #
22 23
e fih
. (\(\/\/\Pphz NS PPh,  >95:5  >955 73,
- '{\/ 24 v 25 £ Hrs

a. Conditions: 5 mol % (Ph3P)2NiCly, 5 equiv arylMgBr, THF, 22 °C. bh. Regioselectivity determined by
GLC or 'H NMR analysis, in comparison with authentic materials. c¢. Olefin isomer ratios determined
through analysis of 300 MHz 'H NMR spectra. d. Isolated yield after purification through silica gel

chromatography.

Table 2. Ni-Catalyzed Allylic Substitution of Acyclic Ethers with MeMgBr. ¢

entry substrate product regioselec.”  cit® yi?ildmé%)’d
?Me
1 (7 by NO REACTION 18 hrs
NAMe 14
AMis BoR " g
vig Frig PPny
2 S vj Avle >99:1 <5:>85 73,
[ Me «= f Me - 18 hrs
e ¥ 4 N 26

a.-d. See Table 1.
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The reason for this unexpected lack of reactivity when
(dppe)NiCly is used with a substrate that bears an

internal phosphine 17 may be due to formation of a

As expected, and as illustrated in entry 1 of Table 3,
silyl ether 28 is recovered unchanged after treatment
with 5 mol % 4 and five equiv PhMgBr (12 h).

1121

complex such as 27, which is expected Phosphine-containing allylic ether 29, on the other

N o M e o L e oEer 14 e
\ S ¢ to render the transition metal hand, reacts smoothly to afford 30 in 85% isolated yield
L /'N'!\ significantly less reactive. Oxidative  and with excellent control of regio-, diastereo-, and olefin
A ASVAN insertion of Ni to afford the derived n®  stereochemistry (entry 2). Similarly, catalytic reaction

n-allyl complex would involve an  of 29 with MeMgBr proceeds with complete control of

i N e . . . N 57
unstable 20-electron system, and the corresponding n* 16- selectivity. When allylic ether isomer 32 is treated to

electron complex is predicted to be less reactive. Ni-catalyzed reaction conditions with PhMgBr, an equal

Effect f local Ch;rallty on Cutalyttc substitution mixture of regio— and diastereoisomers is obtained in 85%

reactions. The data in Tables 1 and 2 demonstrate that  yield after chromatography. As the data in Table 3
the presence of a Lewis basic group within the substrate ~ show, in spite of the low levels of selectivity observed

L~ gl

this reaction occurs at a rate superior {0 those o

i

s s . 1 1 . 1. . . 1 =1 aritbe
structure plays a critical role in determining both the  with 32,

reactivity and selectivity of the catalytic substitution uggest t lack of phosphine-Ni association may
reactions. A teli-tale sign of the purported P-Ni  not be responsible for the diminished levels of regio- and

association is that local chirality plays a crucial role in 5

the outcome of this class of reactions.2b-¢ Results of our Proof of stereochemistry. The stereochemical

studies on the Ni-cataiy‘zed reactions of allylic ethers 28,  identity of unsaturated phosphines 30 and 31 was
29 and 32 are summarized in Table 3 determined through comparison with authentic
rrmatamiale fh ok cione s orremtle oo 7 fem A aem e Al oL
1l iald Uld e bylluthlLt: y lut:'Pt!nut: 1L TOUES

Table 3. Ni-Catalyzed Reactions of Functionalized Allylic Ethers with Ph- and MeMgBr. Effect of Local Chirality on

Selectivity.?
entry substrate Grignard product regioselect. ¢t b e’ vield of
’ reagent us time
1 PhMgBr NO REACTION 12 hrs
h Me
2 PhMgBr — >99:1 >49:1 10:1 85
(Me 3o Fen, 6 hrs
Me Me
3 MeMgBr — >99:1  >49:11  >49:1 75
R Bon, 12 hrs
\/lvlu 31 rl’llg
r h Me
Me PPh,
4 PIMaBr DO 11 i 85
'/\Me Me 3 hrs
v‘\/\(\'
L 24 Ph  PPhz
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The example shown below for 30 {(entry 2, Tabie 3) is
exampies see the

yntheses of authentic materials
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to establish degrees of selectivity in the Ni-catalyzed
nroacecang
processes,
Qalnewn A
DCLITLIT @
Mef\>
H ~ P T ¥ Py . v H P
“ O L. IFHGAYIVIYDI, ‘:
, ) Cul; 66% - . CHO
L ) 2. (CICO), DMSO, "\) >96% ee
~ - 959 ~
35 EtN; 95% 36
on Sen 'h Me
3 i :
L l 1. rButi TMSrC,I /\_/L_/\v})TMS
hd Q,, 2 nBuli 36 [ Mo  am
Me 39% overall ~ o
37

1. HCI

2. TsCi, EiaN

3. KOt+Bu, PhaPH
55% overall

Ph Mo
A e,
S

( S e
AMa

M8 30

|
-

The
data illustrated in Table 3 indicate that Ni-catalyzed
allylic substitutions with Ph- and MeMgBr afford cis-

Directed Ni-catalyzed alkene isomerization.

olefin products exclusively or with high selectivity. We
find, however, that prolonged reaction times lead to
alkene isomerization and gradual formation of the
corresponding trans-aikenes. For example, as shown in eq
i, treatment of 29 to the aforementioned reaction
conditions in the presence of PhMgBr for 40 h (vs 12 h)

PhaP”
29
| 5 mole 4, Phmger N
l 40 h, 22 °C, THF \
Ph
PPh;
_Me Me
39

M. T. Didiuk et al. / Tetrahedron 54 (1998) 1117-1130

— ik A ~F Ty A -~ Affnd

appropriately-positioned directing group, and can afford
) . _—

trans-alkenes readily and with excellent selectivity

. . n

The example shown in Scheme 5 is illustrative, When 30

conditions, the starting material is recovered unchanged
as a cis-olefin.

Schema 5

Ph Me 5mol % 4, Ph PPh,
H EtMgBr s
n-hexyl”g S ———— n-hexyl” R
Ph 5h, 22 °C,
20 -00% cis THF 39 95 trans Me
>98%

Ph Me
n-hexy! = —— NO REACTION

40 OTBS
Proof of stereochemistry. The stereochemical

identity of trans-alkene 39 was determined through
synthesis of an authentic mixture of 39 and its

corresponding anti diastereomer 46.Conversion of non-
Scheme 6

md
H ,'——/ 1. 1y EIN,

PPhy

|

2. NaSOgzPh,
DMF, 100 °C
anc an
>967% ee QL
|

.~ OH
41

n-Buli, 43;
Ac,0, EtOAc,
Na(Hg)

(o] OTBS

50% ee U

Me 43 +
Ph PIPh2 F;h O‘TBS

nfhexyl/W

racemic alcohol 41 (see Sch

followed by coupling with non-racemic 43 (50% ee)
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leading to the formation of a 3:1 mixture of 44:45, which
was then converted to the same isomeric mixture of 46 and
39.

A critical observation in connection to the Ni-
catalyzed directed olefin isomerizations shown in eq 1
and Scheme 5 is that in the final product neither of the
stereogenic centers is inverted. This observation indicates
that hydrido-metal-allylic complexes are probably not
involved as intermediates in the olefin isomerization
process. That is, if formation of trans-alkene occured as
depicted in Scheme 7 (through abstraction of an allylic
hydride, rotation around a C-C ¢ bond in the n} compiex,
reformation of the 12 system and repositioning of the
ailylic hydride}, phosphine 46 - and no¢ 39 - wouid be the
predominant diastereomer.19

Scheme 7
Ph Me Ph RPh2
)‘\ Mo /L A J
nhexyl” =" j N™ phexyl” g
30 PPhy 46 Me
anN.(o) )~
\ f
BPhy
L
f?\\H ™ :ijhz
R Ni Me R\,/l‘ X
7/ \ |
H Ln V Me
RPPhy FPh;
H R..
N - N
Ly Y e LT H Me
H H
vl VI
Catalutic allvlic cubctitutions wit] C:D=McBr (85
ToHMALy WL Qaiyaas Subioliiaibiie AV Q54D Y

beled Grignard reagents, <2% labeling is detected.
e, in addition to EtMgBr, Ph- and MeMgBr can
effect the aforementioned alkene isomerization. It is
therefore unlikely that Ni-H addition followed by -
hydride elimination represents the major pathway for
directed Ni-catalyzed conversion of cis- to trans-alkenes.

P_rg'r_rgspgl mechanism fg_r directed catalutic allulic

TEE mesEEmmmmessEATT s Tmesmemmmmm e o J

substitutions. It is plausible that directed Ni-catalyzed

alkylation reactions described herein proceed through a
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metal-n-allyl complex, such as X or XII (Scheme 8). The
stereochemical principles on which this proposal is
based on, are: (i) anti insertion of the transition metal
into the allylic C-O bond, (i1) syn reductive elimination

of the resuiting n-allyi-Ni-alkyl compiex.20

Scheme 8
Phae. F&lPh PPhs
A et
PhP - N~ X - o
-~ AA, n-hexw ]
PhgP i . ;
XI Major Phae P@ph
P  Pphsp ,\qk/\
-hexyl
QMe FPh, NiD) Me/ X ¥
eyt MeMgCli A.Ph
Phes,
v Wi
= Me--. =
P/ \/\n-hexyl
Ph3
Pha p31P1 X1
Med\
Pr.s;'}‘!!//\- hexy |
PhsP i
X1 PPhg

The stereochemical preferences suggested above are
supported by Ni-catalyzed allylic substitution reactions
of cyclic ethers 47 and 49 (Scheme 9). Whereas reaction
of 47 affords 48 in 70% yield in one hour with >95%
diastereo- and regioselectivity (5 mol % 4, 22 °C, THF),
subjection of 49 to the same conditions results in the

complete recovery of the starting material.

Scheme 9
OMe

5mol % 4

/
m/\Pth
PhMgBr PN

47 THF, 22°C 48
70% after 1 h

PPhp

o

| %
PPh, S™'%4  NOREACTION

PhMgBr
THF, 22°C

hC}@

Intermediates X and XII in Scheme 8 are proposed,
since positioning of the internal phosphine in the apical
site of the square pyramidal complex, where the PPhj is
trans to an alkyl group, is in accord with the previously
suggested mechanistic paradigms.'? It is tenable that
the observed trends in regioselectivity, as suggested by
molecular models, are due to unfavorable steric
interactions in complex XII between phenyl groups of the

tethered diphenyiphosphine and the bound PPh3 group;
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Table 4. Regiochemical Control In such interactions
Directed Ni-Catalyzed Aliylic exist to a lesser extent
bubstltutlo::; in X. The hypotheses
n_hexyf/\/\/\Pth proposed within
l 17 Scheme 8 imply that

R PPy

minor allylic

5mol % )\2 the i Iyli
‘N'(Ppha)ac'z n-hexyt substitution pathway

n-hexyl

W affords the trans-
PPh,

alkene product.
ral

entry AMgC! C5:Cab(yield)g Consistent with this

contention, reaction of

1 MeMgCl >99:1 (70%)

oBr capitle

4 -
PhM g witih L/

3 gCi 4:1 (78%)
combared to Brocesses
M \_\_uuytucu L3V lJL LALTOOTO
7 See Table 1 where MeMgBr is
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hydrlde addition to allyhc ethers can be reachly

explained by the present mechanism schemes as well 21

a rational explanation for the observations made in

connection to stereoselective Ni- catalvzed

substitutions of 29 and 32 (cf. Table 3). As illustrated in

allylic

Scheme 10, substrate isomer 29 can easily form the
corresponding n-allyl-Ni complex XV; subsequent
reductive elimination affords final product 30 with
intramolecular Ni

excellent selectivity., In contrast,

complex derived from diastereomer 32, XVI, would suffer

M. T. Didiuk et al. / Tetrahedron 54 (1998) 1117-1130

from destabilizing steric interactions. As a result, with
the latter substrate, other metal-alkene complexes that
lead to the formation of alternative regio- and
stereoisomers, become energetically accessible, causing a
Reactions of

notable diminution in selectivity.

diastereomer 32 likely still involve the resident
phosphine, as the reaction proceeds readily, albeit non-
selectively.

Scheme 10

Favored Pathway

HI. Conclusions

The studies detailed in this article demonstrate that,
with an appropriately-positioned directing group, Ni-
catalyzed allylic substitution reactions involving
Grignard reagents and acyclic allylic ethers can occur
with excellent regio- and stereoselectivity. The

structural organization that is gained from the

[oag)
o
g
o
o
=
T
(2]
o
=
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Experimental Section
General. Infrared (IR) spectra were recorded on a Perkin Elmer 781 spectrophotometer, vmax in em-1. Bands are
characterized as broad (br), strong (s), medium (m), and weak (w). 1H NMR spectra were recorded on either a Varian

[y

{400 MHz) or Varian Unity 500 (500 MHz) spectrometer. Chemical shifts are

reported in ppm from tetramethylsilane with the solvent resonance as the internal standard (CHCl3: & 7.24 ppm).
Data are reported as follows: chemical shift, integration, multiplicity (s=singlet, d:double{, t=triplet, g=quartet,
br=broad, m=multiplet), coupling constants (Hz), and assignment. 13C NMR spectra were recorded on either a Varian

Unity 300 (75 MHz), Varian GN-400 (100 MHz) or Varian Unity 500 (125 MHz) wi h complete proton decoupling.
Where appropriate, the 13¢.31p coupling is reported in parentheses following the chemical Shlft. Chemical shifts are
reported in ppm from tetramethylsilane with the solvent as the internal reference (CDCl3: § 77.0 ppm). Combustion
microanalyses were performed by Robertson Microlit Laboratories (Madison, New Jersey). High resolution mass

spectral analysis were performed by the Mass Spectra Laboratory at University of Illinois.

All reactions were conducted in oven (135 °C) and flame-dried glassware under an inert atmosphere of dry argon or
nitrogen. Tetrahydrofuran was distilled from sodium metal/benzophenone ketyl. Ethyl- and phenylmagnesium
bromide were prepared from the distilled bromoalkanes and unpurified Mg (turnings purchased from Aldrich). In order
to minimize the amount of haloalkanes remaining in solution, a two-fold excess of magnesium was used in these
preparations. Methylmagnesium bromide was purchased from Aldrich chemical company as a 1.0 M solution in

I'HF/toluene and was titrated immediately before use. (Ph3P)oNiCly and (dppe)NiCly were purchased from Strem Co.
TN 22
handled in a glovebox under an argon atmosphere; (dppb)NiCly was prepared according to published procedures??

anmd
and stored in the drybox. Styrene oxide 35 and phosphonium salt 37 were purchased from Aldrich Chemical Co. and

were used without further purification.

then sealed w1th a rubber septum, removed fmm the glovebox and was kept under an argon atmosphere. 1-
Diphenylphosphino-3-methoxy-trans-4-undecene (17, 100 mg, 0.27 mmol) was dissolved in 1.7 mL of anhydrous THF.
This solution was added by cannula to the original flask containing the catalyst; the solution was allowed to cool to 0 °C
(ice). MeMgBr (1.0 mL, 1.3 mmol) was added in a dropwise fashion, and the mixture allowed to stir at 22 °C for 18 h
under argon atmosphere. The resulting solution was cooled to 0 °C and quenched by the addition of 1.0 mL of HyOQ. After
addition of another 15 mL of HyO, the mixture was washed with 3x35 mL of CH2Cly. The combined organic layers were
dried over anhydrous MgSO4. Removal of the drying agent through filtration, followed by solvent evaporation in
vacuo, atforded a yellow oil. Silica gel chromatography with 15:1 hexanes:EtOAc as eluent afforded 69 mg of 26 as a

nee ALl AN AN

colorless oil {0.1% mmol; 73% yield).

5-Phenyl-trans-6-tridecene and 7-phenyl-trans-5-tridecene (15 and 16). IR (KBr): 2957 (s), 2926 (s), 2872 (s), 1453
(m), 966 (m), 698 (s) cm~!; 1TH NMR (15+16): § 7.35-7.20 (5H, m, aromatic CH), 5.57 {1H, dd, J=15.0, 7.3 Hz, vinylic
CCHCH) 545 (1H, dt, J=15.0, 6.1 Hz, vinylic CHzCH), 3.20 (1H, q, J=7.3, benzylic CH), 2.03 (2H, g, ]=5.9 Hz, allylic
CHy), 1.69 (2H, q, ]=7.3 Hz, allylic CH3), 1.45-1.24 (12H, m, aliphatic CH3), 0.91 (3H, t, 1=7.3 Hz, CH3), 0.90 (3H, ¢,
J=7.1 Hz, CH3); 13C NMR (major isomer): & 145.7, 134.0, 131.0, 128.3, 127.5, 125.8, 48.9, 35.9, 32.6, 31.7, 29.8, 29.3, 28.8,
27.5,22.6, 14.0 (2C). HRMS Calcd for C19H30 requires 258.2347, found 258.2348.

Preparation of starting material 17. As illustrated below, aldol reaction on trans-nonenal followed by reduction,
tosylation, methylation and displacement of the tosyl group with diphenylphosphinopotassium?3 provides the desired
starting material 17.

#ort
QL QMe QTs PhzPH QMe PPhp
<. LAM
. +BuOK
n-hexyl = phexyl —% p-hexyl
3. TsCl, TEA 17

4.KH, CH,l
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1- Diphenylphosphino—S—phenyl-cis -3-undecene (18). IR (KBr): 3070 (m), 2925 (br m), 2854 (m), 1433 (m), 738 (m),

695 (m) cm™ -1, 1TH NMR: § 7.65-7.12 (15H, m, aromatic CH), 5.60-5.44 (2H, m, vinylic CH), 3.4 (1H major alkene isomer,
q, ]=8.3 Hz, benzylic CH), 3.35 (1H minor alkene isomer, q, ]=7.0 Hz, benzylic CH), 2.30-2.10 (4H, m, allylic CH3 and

o s aTie - _ S SN 1300 WIRAT £y
CH;P), 1.40-1.20 {10H, broad m, aliphatic CHjj, 0.91 (3H, t, J=6.6 Hz, CH3); °C NMR {major): § 126-134 (20C), 43.4,
37.0,317,292,282(d, Jpc=124 Hz), 275, 24.0 (d, Jpc=16.8 Hz), 22.6, 14.0. HRMS Calcd for CpgH35P requires 414.2476,

Proof of structure for 18. The 1H NMR spectrum of the derived phosphine oxide (3.0 eq H2O3 in CH3Clp) was
examined, since the vinylic protons of the reaction product (18 and 19) exhibit overlapping peaks in the proton spectrum
(400 MHz, CgDg). Irradiation of the major benzylic proton (phosphine oxide) results in the collapse of one of the
vinylic protons from a triplet to a doublet (J=10.5 Hz); this observation indicates that the major compound bears an
alkene with cis stereochemistry. The regiochemistry of alkylation was determined by GLC analysis of the alcohols
obtained from ozonolysis/reduction of the reaction product. In this case, only the alcohols arising from non-phosphine-
containing fragments are recovered. Presumably, ozone oxidizes the diphenylphosphine group to its corresponding

oxide which cannot be analyzed by GLC.

1-Diphenylphosphino-6-phenyl-4-dodecene (21). IR (KBr): 3070 (m), 2926 (m), 1480 (m), 1433 (s), 739 (s), 696 (s)
cm; 1H NMR (C(,D(,)' 87 50-734 (5H m, aromatic CH) 7.25-7.05 (IOH m, aromatic CH), 5.62 (1H, dd, J=15.2, 7.7 Hz,

an /aTT n-- ™o a /nr

H, m, CHP), 1.4-1.8 (2H, m, CHCH,P), 1.40-1.20 (10H, broad m, aupnatxc Lﬂz), 0.91 (31-1

ortea for th der ved phosphine-oxide): 6 136.0, 131.5 (jpc=2.0 Hz), 130.7 (jpc=2.9 Hz),
1.6 Hz), 128.4, 128.

130.6 (Jpc=2.9 Hz), 128.6 (Jpc= 3,128.2, 127.3, 125.9, 48.9, 35.9, 33.4 (Jpc=15.5 Hz), 31.7, 29.3, 29.2,
27.6,22.6,21.0 (Jp.c=3.9 Hz), 14.0. HRMS Calcd for CapH37P requires 428.2632, found 428.2633
1-Diphenylphosphino-5-methyl-cis-3-undecene (26). IR (KBr): 2955 (m), 2924 (s), 2854 (m), 1434 (m), 737 (m), 695
(s) cm™1; TH NMR: § 7.40-7.25 (10H, m, aromatic CH), 5.37 (1H, dt, ]=10.7, 6.6 Hz, Vinylic CHyCH), 5.10 (1H, t, J=10.2
Hz, vinylic CHCH), 2.40-2.00 (5H, m, allylic CH3, allylic CH and CH3P), 1.30-1.00 (10H, broad m, aliphatic CH3),

0.85 (3H, d, J=6.6 Hz, CHCH3), 0.85 (3H, t, J=6.8 Hz, CHpCH3); 13C NMR: & 133.8 (d, Jpc=19.2 Hz), 132.8 (d, Jpc=2.7
Hz), 132.6 (d, Jpc=2.8 Hz), 128.5, 128.4 (d, Jpc=16.5 Hz), 128.4 (d, Jpc=8.3 Hz), 128.4, 127.9 (d, Jpc=13.7 Hz), 37.5, 31.8 (d,
JP-Cc=19.2 Hz), 29.4, 28.6 (d, Jpc=11.0 Hz), 27.4, 24.0, 23.9, 22.6, 21.2, 14.1. Anal. Calcd for Cp4H33P: C, 81.78; H, 9.44.
Found: C, 81.98; H, 9.50.

Proof of structure for 26. Olefin stereochemistry was determined to be cis by analysis of the vinylic coupling
constant (J=10.7 Hz). The regiochemistry of alkylation was determined by GLC analysis of the alcohols obtained from
ozonolysis/reduction of the reaction product.

(5,R)-1-Diphenylphosphino-2-methyl-5-phenyl-cis-3-undecene (30). IR (KBr): 2956 (m), 2925 (br m), 2893 (m),
2856 (m), 1430 (m), 739 (m), 696 (m) cm1; 1H NMR: § 7.50-7.10 (15 H, m, aromatic CH), 5.45 (1H, t, ]=10.0 Hz, vinylic
.33 (1H, t, J]=10.5 Hz, vinylic CsHsCHCHCH), 3.25 (1H ,m, benzylic CH), 2.68 (1H, m, allylic CHCH3),

t,
4, 5.80, 1.80 Hz CHP), 1.98 (1H, ddd, J=13.5, 8.4, 1.0 Hz, CHP), 1.50 (2H, m, C¢H5CHCH}3), 1.20-
I T- TT 13/ ATAAD, €
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below The derwed (S)-MTPA ester shows a 10:1 mixture of
the formation of 30 (from 29).
(5,R)-1-Diphenylphosphino-2,5-dimethyl-cis-3-undecene (31). IR (KBr): 2955 (3), 2924 (br s), 2869 (m), 2854 (m),
1455 (m), 1434 (s), 1095 (m), 762 (m), 739 (s), 695 (s) cm1; 1H NMR: § 7.38-7.24 (10H, m, aromatic CH), 5.18 (1H, t, J]=10.0
Hz, CHCH(CH3)CH3P), 5.06 (1H, t, ]=10.5 Hz, CHCH(CH3)CH3P), 2.46 (1H, m, allylic CH(CH3)CH3P), 2.00 (3H, m,
CH2CH,CH, CH3P), 1.10 (10H, broad m, aliphatic CHp) 1.05 (3H, d, J=6.4 Hz, CHCH2P), 0.82 (3H, t, J=7.20 Hz,
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CH,CHa), 0.77 (3H, d, ]=6.80 Hz, CHoCHCH3CH), 13C NMR: 5 134.1, 133.2, 133.1, 131.8, 131.6, 127.4, 127.3, 127.2,
127.1, 36.4, 36.3 (d, Jpc=12.3 Hz), 30.9, 28.5, 28.4, 28.3, 26.4, 21.7, 21.6 (d, Jpc=15.1 Hz), 20.2, 13.1. HRMS Calcd for
Ca5H3sP (mixture of cis and trans isomers) requires 366.2407, found 366.2476.

Proof of structure for 31. The vinylic protons of the reaction product exhibit a coupling constant of 10.0 Hz,
indicating that the product contains a cis-olefin. The regiochemistry of alkylation was determined through C
dnd.lyblb of alcohols obtained from OZGﬁOiniS/ reduction of the reaction pfOuuu \1 1 mixture of cis to trans isomers) J. 1ne
(5)-MTPA ester of the major reglmsomerlc alcohol was compared to an authentic and racemic mixture of Mosher esters.
The 1H NMR thus shows the enantioselectivity to be >98:2

ine *ri INMIX Thus sSnows the enantiosel avasy D¢ 2704,

mnnf nf etovonrhomictes for 21 Thao gtorenchamiatry of 231 wag determined by commnaricon with anthantic materiale
700 Of siereoCnemisiry jor Gi. i€ SICIEOCRCIMUSHY Of S wWas Qeermuned oy Comparison wiil autieniic mareria:s
(3:1 mixture of diastereomers), which was prepared according to the route shown below. Oxazolidinone 52 was treated

with KHMDS and alkylated with methyl iodide with >98:2 diastereoselection (determined through analysis of the
1H NMR of derived MTPA esters).24 The aforementioned alkylation product was treated with LiBHg (to remove the
chiral auxiliary) and subsequently subjected to Swern oxidation conditions to afford aldehyde 53 in the non-racemic
form. Racemic 53 was synthesized starting with the commercially available 54 in the straightforward manner shown.
As illustrated, a 1:1 mixture of non-racemic and racemic 53 (50% ee) and the phosphonium ylide derived from silylated
37 afforded 50, which was then converted to 51 (3:1 mixture of diastereomers), in a manner similar to that described

above.

HO  PPh
u B Bull, TMSCI 1. HCI
—_— -
Y 2. n-Buli, 3:1 &/j 2. TsCl, Et, l
iV Yy Ceg s ) .. 2 VA!D P‘|2PL‘

e 97 ('s‘),ssm.ss 3. RUI-DU, I

0 \
/\N 1 KN(TMS)2, Mel I Mo Me
0 H H
2. LiBH,, EtOH H Mpphz
Me Me n-hexyl =
3. (CICO),, DMSO, Et;N
" K‘) {Q\_K2 a4
‘U’ Al 1
A _ 3:1 mixture
"i of diastereomers
NN 1. Me3Al, Cp,TiCl, k Fa P aN
Me 2.BHy; H,0, NaOH Ie Me
54 3. (CICO)2, DMSO,EtsN rac-53

Preparation of substrate 32. The product of the aldol reaction of ethylacetate and trans-nonenal was used in a
diastereoselective alkylation25 followed by reduction with LAH to afford the anti product in 84% yield. This diol
was then treated with one equivalent of tosyl chloride to afford the primary tosylate. Methylation of the secondary
alcohol and displacement of the tosyl group with diphenylphosphinopotassium yielded 32 in 70% yield.

(v}
A~ /\k 1. EtOAc, LDA A~ AJ\ JL.... 1. LAH
S A H 3 R T “OMe
Me 2. LDA, Mel, o Me 2.TsCl, EtsN
55 THF/HMPA 56
QMe PN, oH oTs

! 1. Mal, KH
Y R —— v —-—
Me 35 Me 2. KOt-Bu, PhPH Me g7 Me

(S,R)-1-Diphenylphosphino-2-methyl-5-phenyl-trans-3-undecene (39). IR (KBr): 3070 (w), 2956 (s), 2926 (br m),
2869 (m), 2855 (m), 1435 (m), 1027 (w), 740 (m), 697 (s), 541 (s) cm™}; 1TH NMR: CgDg: & 7.48-7.34 (10H, m, aromatic
P(CgHs)p), 7.20-7.00 (SH, m, aromatic CHCgHs), 5.52 (1H, dd, J =15.3, 6.62 Hz, vinyl C¢H5CHCH), 5.44 (1H, dd,
J=15.6, 7.20 Hz, CgHsCHCHCH), 3.14 (1H, q, J=7.5 Hz, benzylic CH), 2.25 (1H, m, allylic CHCH3), 2.05 (1H, dd,
J=13.2, 7.5 Hz, CH,P), 1.95 (1H, dd, J=13.5, 6.9 Hz, CH,P), 1.66 (2H, m, C¢H5CHCH3), 1.25-1.15 (8H, broad m,
aliphatic CHp), 1.05 (1H, d, J=6.60 Hz, CHCH3), 0.91 (3H, t, J=6.60 Hz, CH3); 13C NMR: § 136, 133.1, 133.0, 128.5, 127.8
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Preparation of substrates 47 and 49. Diels-Alder reaction2® of E-1-acetoxybutadiene with acrolein, followed by
wadssrbine and tncrdatine affaudes syn-88 Qhuwbineg manbosinl 4D siraa mmarmanad £ crsee _BQ fan bvarm cbame levr allerbabioan el
LIV AL LAV Adlu KUD’ LCGALEIVIL QLIVLIVD OWIi~JU. VWINIB ALlEVCLIiIAL XY VYV QO Plcyalcu .llUlll. Dy =0 ML LYVUO DlClJ Uy au\yl {® L [LO N
tosyl displacement. Anti-58 was prepared from syn-58 by a Mitsunobu inversion?” of the secondary carbinol, followed by
hydrolysis of the resulting benzoate group. Allylic ether 47 is prepared from anti-58 in a manner analagous to 49,

o

or o H OTs CHg RPh;

) J twsocc 1. KH, CHyl 1
ST || |

W e O Zememaod LU

3.7sCl  syn-58 49
| 1. CgHCOOH
Ha PPh H oT .1 Y
QCHs fPhz 9 s DEAD, PPh,
_ 1.KH, CHy | 2.KzCO3, CHyOH
B
v 2. PhoPH, KOBU U

47 anti-58

Cis-3-phenyl-6-(diphenylphosphino)methylcyclohexene (48). IR (KBr): 3022 (m), 2927 (m), 1433 (s), 739 (s), 696
(s) cm™1; 1H NMR: § 7.55-7.23 (15H, m, aromatic CH), 6.01 (1H, broad dt, J=10.0, 1.8 Hz vinylic CH), 5.75 (1H, broad d,
J=10.0 Hz, vinylic CH) 3.42 (1H, m, allylic CHCHCH), 2.32-2.15 (3H, m, CH2P, allylic CHCHCH,P), 2.00-1.55 (4H,

m, alicyciic CH?); 13C NMR: 8 145.9, 129.5, 129.5, 128.6, 128.5 (d, Jpc=21.2 Hz), 128.4 (d, Jpc=15.2 Hz), 128.4, 128.2,
127.9, 126.0, 41.3, 35.4 (d, Jpc=13.6 Hz), 32.2 (d, Jpc=13.7 Hz), 29.7, 27.1 (d, Jpc=9.1 Hz). HRMS Calcd for Cp5Hy5P

requires 256.1694 found 3556.15902
I.C\iuu AUTT, lULul\.l STV AT S

) 3 VO SR ST AR ISR DA SR SRSV’ I« B ol WU [ M. SIS [N S, NP SIS R § DR PSSR [y S SR [
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carbomethoxycyclohexene (62) was accomplished by a method similar to those reported in the literature.28
Knovenagal condensation?? of malonic acid on trans- cinnamaldehyde followed by esterification vields diene (59).
Subsequent cycloaddition with maleic anhydride,30 followed by hydrolysis of the anhydride affords 64.
Hydrogenation of 60 provides 61, which upon decarboxylation3! effected by Pb(OAc)4 leads to 62. The desired product

(48) can be prepared from 62 as illustrated below.
?cna

o
1. CH2(COCH)z, !(\ 0 1°§( YO /\)\OMG

N\AO piperidine [/\“/\/’ ==/ M
| —_— = —> 2O0H

! ! P T TLOOR
2. MeOH, 2. THF / H0 6
\/ \) OOH
cat. pTsOH 59 60
roun |
Haz / PiO2,
HOAC ¢
[o] o}
i ']
1. LAH
PPh, Me  PDIOAC), Me
2. TsCl pyridine
- ~——————
P AR o Ph &y P OOH
e 3. KOrBu e LMSO
Loon
PhPH 61
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