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Abstract: a-Alkylstyrenes undergo efficient hydrovinylation (ad- employed in the discovery of many new asymmetric cata-
dition of ethene) in the presence of a nickel catalyst prepared fr(#}ﬁlc processes that involve the use of carbon feedstocks

[(allyNiBr] ,, Na[BAr,]- [Ar = 3,5-bis(trifluoromethyl)phenyl], 10 Selective C—C bond-forming reactighsPhosphor-

and a phosphoramidite ligand giving products in excellent yieldmidites, originally introduced by Ferirfgafor the asym-

and enantioselectivities. In many cases phosphoramidites derivextric copper-catalyzed conjugate addition of dialkylzinc

from achiral 2,2biphenol are almost as good as ligands derivegeagents to enones, are among the most versatile and tun-

from_the more expensive e_nantiopuref-hi12-naphthol)s. Th_e hy- able ligands for C—C and C—H bond-forming reactf6ris.

_d_rovmylatlon products, WhICh cartyo versatile _Iatent functional- Recently weéand the Zhou gromﬁrhave described the use

ities, an aryl and a vinyl group, are potentially useful for the e : .

synthesis of several important natural products containing benzyﬁé phosphoramidite "Qa”ds der.lved from dlffe.rent sourc-

all-carbon quaternary centers. es for the asymmetric hydrovinylation reactions of (1-

K ] . . ) . alkylvinyl)arenes leading to useful intermediates with all-

ey words: alkenes, asymmetric catalysis, hydrovinylation, phos- . .

phoramidite ligands, nickel carbon quaternary ce_znters (Equatiort .llj.thls_ paper we
disclose the full details of our efforts, including results of
more recent studies aimed at exploring the scope and lim-

Catalytic asymmetric C—C bond-forming reactions Con|§at|ons of this reaction.

tinue to attract great interest among synthetic cherists.
Among these, a subclass of reactions that depend on g

.2 L . ; + oy = H
activation and subsequent stereoselective incorporation /& INI@IWILITXT g Jj + R )\J
Ar Me Ar
2 3

CyH4 (1 bar)

small molecules such as CO, C®ICN, acetylene, and Ar (catalyst)
ethene into prochiral substrates, are among the mostct

lenging? Ideally, new reactions must accomplish the re-

quisite transformations under nearly ambient conditiorfguation 1

with high turnover frequencies, high regio- and stereo-
selectivities, all the while generating only little or no side . . .
products. Further, the newly installed functionality mugfSymmetric Hydrovinylation
be amenable to further transformations leading to valu- . I -
able end products. Research in this area could lead to nayfirovinylation;’ the addition of ethene as a hydrogen
breakthroughs in fundamental science, and under the mBag & vinyl group across an activated olefin (Equations 1
optimistic scenario, will add to our repertoire of method@nd 2), has received much renewed atteftince we

for economically viable syntheses of valuable chemicg{S¢l0Sed new protocols for this prototypical heterodimer-
intermediates. ization reactiort® During the past decade the scope of the

) ) . reaction has also been considerably broad&h&ihce
In developing new metal-catalyzed reactions, the liganddghene is an inexpensive, abundantly available feedstock

a major factor as efficiency (turnover frequency), selectiearhon source, and the vinyl group in the resulting product
ity, and catalytic stability are often dependent on the progsaily transformed into a variety of other common func-
erties of the ligand. In the area of asymmetric catalySigynalities, this reaction has huge potential to be a scal-
success often depends on the availability of enantiomegi|e  environmentally benign method for the preparation
cally pure ligands that are amenable to fine tuning for 0Bt yajuable chemical intermediates. Application of old
timum performance. Once the essential features of t gure 1,552 619 and new 7,/°1183 97 10°) ligands
catalytic system are identified, systematic modificationgaye enabled successful asymmetric hydrovinylation of
in the ligand scaffolding, especially, those affecting thginyjarenes, 1,3-dienes and strained bicyclic olefins such
steric and electronic environment around the chelating as “norbornene. Asymmetric hydrovinylation of vinyl-
oms, are often required to achieve acceptable levels of cglanes (Equation 2) has been the most developed, and the
alytic efficiency and selectivity. Such a strategy has be‘?@sulting 3-arylbut-1-ene4 have been converted into a

number of synthetically useful derivatives such alco-
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= C,Ha (1 bar) T
= | [(ally)NiBr],, L, NaBARF (0.7 mol%) =~
SO CH,Cls, low temp. 0\
R R
4
> 95% yield
> 95% ee
Equation 2
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Figure 1 Assorted ligands for asymmetric hydrovinylation

Ligand Tuning for the Generation of All-Carbon
Quaternary Centers via Asymmetric Hydrovinyla-
tion

The search for new methods for stereoselective generatjqn
of all-carbon quaternary centers is a subject of consid

We chosear-ethylstyrene 11b, Equation 3) as a prototyp-
ical substrate for the initial studies. A racemic sample of
the expected produd2b was conveniently prepared by
carrying out the reaction under conditions described in
Equation 4, using [2-(benzyloxy)phenyl]diphenylphos-
phine L3)’¢ as a ligand. This was followed by studies us-
ing 6-8, a set of ligands we had used with varying degree
of success in the asymmetric hydrovinylation of mono-
substituted vinylarenes and 1,3-dienes. The results of
these scouting experiments are listed in Table 1.

R
CyH4 (1 bar) Me—T~ A
[(ally)NiBr],/L/NaBAr,4

(1 mol% cat.) @OBn
_—
CH,CI
#-2 PPh,

11b R=Et 12b R=Et 13
Ar = 3,5-(CF3)206H3
Equation 4

Catalysts derived from the MOP ligafdentry 2}° and
the phosphinite8® (entry 6) showed no reactivity while

Table 1 Hydrovinylation ofa-Ethylstyrene (Ligand Scouting)

Entry Ligand  Temp Time Conversioreé
(mol%)  (°C) (h) (%) (%)

1 13(5) 25 48 74 rac

2 6 (5) b -5 low -

3 7(5) -10 16 67 27R)

4 7(5) 0 19 76 27R)

5 7(5) 25 2 72 25 (R)

6 8(5) b b low -

etermined by GC analysis on Cyclodex-B column. Configure

%rs'signed by GC retention times of the known compdéind.

able topical interest: Several important pharmaceuticallys various.

relevant compounds, among them, analgesic (-)-eptazo-

cine!® protein kinase C activator lyngbyatoxin and relatedlable 2 Asymmetric Hydrovinylation oé-Ethylstyrene {1b) Us-
structures like teleocidin B%,and cognitive enhancing ing Ligand9

agent (—)-phenserirté,contain an all-carbon quaternary

. . . - . i i i 0
center at the benzylic position. The viability of hydroviny=™" (Ln'qgo"’ll% ;ecr;p (Tr'];“e (Co/g)”"ers'omé (%)
lation of a-alkylstyrene as a method for generating an all-
carbon quaternary benzylic center was initially discov 9 (5) -10 21 >99 79R)
ered during the scouting phase of our studies of hydroyi-

. ; 9(5 -30 17 >99 77
nylation (Equation 3,11a — 12d), even though the ®) R
conversions were only modest under the highly catalytic 9 (5) -55 19 >99 88R)
reaction conditiong®

4 9 (5) -70 17 >99 93R)
R
R
5 9(5 -70 4 >99 96
C,Hq (1 bar) Me oS ®) R
[(@llyl)Ni([PPh3)[/AgOTf (0.007 equiv) 6 9(1) -70 4 >99 95R)
CHzCl2, 0°C 7 9(2) _70to 65 4 99.7 97.RP
2 RZYe 122 R = Me (42%) aDetermined by GC analysis on Cyclodex-B column, for auther
product see ref
Equation 3 b Reaction was performed on a 50-mmol scale.
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those derived from the phospholane lig@nahich gave as 10 °C difference can bring about a deterioration of the
very high enantiomeric excess and turnover numbers selectivity (entries 2—4). We also noticed that the hydrovi-
the hydrovinylation of a number of styrene derivatit’es, nylation reaction, even at —70 °C, is exothermic and care-
and 1,3-diene&, showed only moderate reactivity underful control of the reaction conditions (<-70 °C) is
similar conditions (entries 3-5). At this point we turne@ssential for obtaining high enantioselectivities. Under
our attention to phosphoramidite ligands, starting witthese conditions, no isomerization [B){and E)-2-aryl-

one of the ‘original’ Feringa ligandsderived from R)-  but-2-enes] or oligomerization of starting alkenes was de-
binaphthol and bisf)-a-methylbenzyllaminé® The re- tected, as judged by careful GC analysis #AdNMR
sults of these experiments on the asymmetric hydrovingpectroscopy. The surprisingly high yields and selectivi-
lation of a-ethylstyrene 11b) using the ligand9 are ties are highly reproducible and are independent of the
shown in Table 2. In a typical experiment, the phosphoraatalyst loading (entries 5-7), indicating the total absence
midite ligand was treated with allylnickel bromide dimef nonselective reactions for this substrate. The reaction
[(ally)NiBr] , and sodium tetrakis[3,5-bis(trifluorometh-can be performed on a 50-mmol scale using 0.02 equiva-
yl)phenyllborate {NABARF]-, BARF = [3,5- lents of the nickel catalyst (entry 7).

(CF5).CeHsl,B} in dichloromethane and was subsequentyy grovinylation of severalo-alkylstyrene derivatives

ly placed under an ethene atmosphere at —70 °C for a fgire attempted under the optimal conditions and the re-

. o :
minutes® The ethene line was removed, and the styreQ@s are tabulated in Table 3. While the 4-methylstyrene
dissolved in dichloromethane was added while maintaify gaye excellent selectivity for the formation of the ex-

ing the reaction mixture at —70 °C. After all the startin% cted producel (entry 1), the 4-chloro derivatives
material had been consumed, the product was |solated@g—ve up to 5% isomerization of the starting olefin to a

ter workup by simple filtration through a silica gel cOlyyjyire of )- and €)-a,-disubstituted styrenes (entry
umn. Optimization of reaction conditions revealed that t

. o : ~C . A similar minor side reaction was also observed for the
enantioselectivity of the reaction depends critically on th, pstrate1 7. An isopropyl group at the-position of the
temperature at which the reaction is carried out. As I'ttl&yrenem retards the reaction (entry 3), and it is best ac-

Table 3 Asymmetric Hydrovinylation ofi-Alkylstyrenes Using Ligan@®

Entry Vinylarene Product Temp (°C) Time (h) Yield (%) ee %)

-
21 -60 12 >90 90
%~
22 /©/§ -70 11 >90 90
Cl
”':' =
23 @/? o4 20 60 >95
e
. 24 - -70 8 03 >50
e
25 ( -70 14 >98 93

1 14

+88

ol IN
& iy
o Q
o)
74

7 20 —70 14 0 -

.

h” X

he)

aSee Equation 4 for details.

b Determined by GC, th&Rj-isomer was assigned by analogyl&b.

¢ The remainder was isomerized product from the starting material.
410 mol% catalyst used.

€ The remainder was starting material.

f Determined via Mosher esters of hydroboration product.
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complished at 24 °C with 10 mol% catalyst. Even thoughearing quaternary center at the benzylic posfidie

the yield of the reaction is only moderate, very high enareasoned that asymmetric hydrovinylation on a highly
tiomeric excess (~97%) was observed for the isolatédnctionalized styrene of generic struct@&would give
product. The 2-naphthyl derivativé8 gave excellent 30, from which it should be possible to reach the target
yield (>98%) and selectivity (93%) for the expected prodnolecule(s) (Scheme 1). Asymmetric hydrovinylation of
uct25. 2-(1-Naththyl)but-1-en€l@) failed to undergo the these substrates would also test additional functional
reaction (entry 6) andej-1-phenyl-3-ethylbuta-1,3-diene group compatibility of this demanding reaction.

(20) gave a nearly racemic product. In the event, a number of new styrene derivatR@s-g
Asymmetric hydrovinylation of functionalized vinyl- were prepared by Stille coupling of a suitable (tributyl-
arenes with and without a 1-substituent on the vinyl growgtannyl)alkene and the appropriate aryl iodide parfher.
of the arene is a key reactiona number of on-going total Results of asymmetric hydrovinylation of these com-
synthesis efforts in our group. Some limitations in the ug®unds using different phosphoramidite ligands, starting
of ligand9 have been noted in the previous paragraph, amdth 9 are shown in Table 4. As seen from entries 1-3,
others have become apparent as our studies continuedt-butyldimethylsiloxy and azido substituents on the
This applies to asymmetric hydrovinylations of even simalkyl tether are detrimental to the reaction and no products
ple vinylarenes where we had made the most progress. Bog formed even when high catalyst loading (10 mol%) is
example, 4-isobutylstyrene and 3-fluoro-4-phenylstyrenased. Surprisingly, the phthalimido group is tolerated (en-
precursors of ibuprofen and flurbiprofen, gave only 90%ies 5-10) and gives produ@&8d and30g(Table 4) from
and 86% ee usingas a ligand. In an attempt to improvethe respective precursors. However,catiho-substituent
the selectivity we decided to take advantage of the verga:g.,29eand29f) prevents the reaction from taking place
tility of the phosphoramidite ligands, especially the eagentries 11 and 12). Ligar&gave marginally better enan-
with which the biaryl and the amine moieties can be motieselectivity in the asymmetric hydrovinylation 26g
ified.?* Figure 2 shows a selection of the modified phogentry 6 vs 9), compared &8, prepared from achiral 2;2
phoramidites26-28 that were found to be especiallybiphenol and $9)-bis(@-methylbenzyl)amine; the latter
useful in early studies for the asymmetric hydrovinylatiowas found to give a quantitative yield of the product (entry
of simple vinyl arenes. We have since examined the scope especially under slightly elevated pressure. Ligaénd

of these ligands for the generation of all-carbon benzylgave 68% yield and 50% ee under comparable conditions.
guaternary centers and the results are described in the Wl had earlier found that ligar&8 gave low enantiose-
lowing paragraphs. lectivities in the hydrovinylation of even simpler sub-

One early application of the modified phosphoramiditedrates such as-ethylstyrene. In terms of the overall
has been in our approach to pyrrolidinoindolines like phyfficiency (10 mol% catalyst) and selectivity (best: 61%
sostigmine and related compounds that carry a meth?ﬁ) of hydrovinylations, these highly functionalized mol-

ecules are among the worst substrates we have examined.

Q (\ 7 d
o = 0 Bn X O o
A\ A ’ /
PN PN PN

U ‘ LI O‘
9 Ra,S.S binaphthyl 27 (Ra,S) 28 (Ra,S.S)

W
ent-9 S, R,R binaphthyl
26 S,S biphenyl
ent-26 R,R biphenyl
rac-26 R,R/S,S (1:1)

-

-

-

=

Figure 2 Selected phosphoramidite ligands

Me,

"ol ek R
— - | - N N Me
z pA \Me
29 30 (pyrrolidinoindolines)

R = MeNHC(O)-, (-)-physostigmine
R = PhNHC(O)-, (-)-phenserine

Scheme 1 o-Alkylstyrene precursors for pyrrolidinoindolines
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Table 4 Asymmetric Hydrovinylation 029 Using Phosphoramidite Ligands

C2H4
[allyINiBr], (1 mol%)
L, NaBARF (2 mol%)

RO CH,Cl,
Y
z
29 30
Entry Styrene R Z Y Ligand (mol%) Conditions Product  Yield (%} €é)
1 29a Me H OTBS 9 (10) CH, (1 bar), r.t, 12 h - 0 -
2 29%a Me H OTBS 9(10) GCH, (1 bar), 35 °C, 12 h - 0 -
3 29b Me N(Boc)Me N 9(10) GH, (1 bar), r.t., 12 h - 0 -
4 29c Me H NPhth 9(5) CH, (1 bar),rt,12h - <5 -
5 29d Me H NPhth 9(10) CH, (1 bar), 35 °C, 12 h 30d 47 -
6 29g Bn H NPhth 9 (10) CH, (1 bar), 35 °C, 48 h 30g 69 61
7 29d Me H NPhth 26(10) GH, (1 bar),35°C, 12 h 30d 81 -
8 299 Bn H NPhth 26(10) GCH, (1 bar), 35 °C, 48 h 30g 76° 53
9 29g Bn H NPhth 26(10) CH, (8.07 bar), 25 °C, 0.5h  30g >95 55
10 29g Bn H NPhth 27(10) CH, (1 bar),35°C,12h 30g 68° 50
11 29e Me NO, NPhth 26 (10) CH, (8.07 bar), 25 °C, 0.55h - 0 -
12 20f Me Br NPhth 26(10) CH, (8.07 bar), 25 °C, 0.5°h - 0 -

2 Determined by°F NMR of theN-MTPA derivative of the hydrovinylation product.

b |somerization of the double bond (~15%83th see Figure 3) observed, the configuratioBbivas established by NOE studies.
¢ Carried out in a Fischer—Porter tube.

d Analyzed as a-lactam after oxidative degradation of the alkene and cyclization.

Notice that the higher pressure of ethene, in addition ¢eptable for the planned synthesis of pyrrolidinoindolines,
having a decidedly beneficial effect on the overall yield ofe turned our attention to other substrates that could serve
the reaction, also prevents isomerization of the startinigat role. One such class of compounds, more readily ac-
alkene ta31 (entries 8 and 9. cessible compared 29, is represented by the 1-methyl-

The low turnover and enantioselectivity notwithstandinggnetetralin derivative82a-c shown in Scheme 2. We
one notable feature of these ligands is the small differed&2Soned that these alkenes would be sterically less de-

in the selectivities imparted by the more elaborate (af2"ding for the nickel coordination in the hydrovinyla-
expensive) R)-1,7-bi(2-naphthol)-derived phosphora-t'on reaction, and, without the phthalimido group, would

midite 9 and the simpler (and less expensive)-Bighe- possibly be less Lewis bajsicatda:ng to Iarger turnoversin
nol-derived ligand26, and this may have practicalthe catalyst. After hydrovinylation (to gi\a88), the prod-
consequences in terms of the cost of lig@Adesides ucts would still carry either a relatively reactive benzylic

the use of such ligands for the synthesis of racemic inté}gsition, or a functionalized aromatic carbon suitable for
mediates is not without some value since hydrovinylatidyrther elaboration into the desired compounds. For exam-

represents a hew method for the generation of quaterngt?z when X = CH, benzylic oxidation followed by some
centers. variation of the Beckmann or Schmidt rearrangement

. . L ) . would place the nitrogen at the correct position.
Since the enantioselectivity in the asymmetric hydroviny-

lation of the alkene precurs@Bgwas found to be unac- Nickel-catalyzed asymmetric hydrovinylation 8a—
using ligand<9, 26, and27 were carried out under opti-

mized reaction conditions (Equation 5) and the results are
shown in Table 5. Most gratifyingly, these substrates un-

BnO NPHT dergo efficient (<2 mol% catalyst) hydrovinylation at low
temperature, giving excellent enantioselectivities (up to
99% ee) for the expected product. Apart from a minor
31 isomerization of the double bond in the starting materials
Figure 3 to give more stable internal alkené&sld or 34b), this is
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C,H4 (1 bar)
R R~ [(ally)NiBr],, L, NaBARF (0.7-2.0 mol%) R
= X = CH,
> _— X X CH,Cl,, low temp.
X X X
32a X=CHy, R=H 33a X=CHy, R=H
32a X=CHy, R=H 2
323 X = CH22 R = OMe 3 \ 32b X =CH,, R = OMe 33b X =CHy, R =0Me
32¢ X=0,R=H 32c X=0,R=H 33c X=0,R=H
R
pyrrolidinoindolines | <—
Scheme 2 Exomethylene precursors for pyrrolidinoindolines
X
. . . . 35
an exceptionally clean reaction to give the highly value 34a X =CHp R=H

34b X =CH;,, R=0Me

products. There is very little of this isomerization in the 34c X=0.R = H

oxygenated substraB2¢ but it undergoes a competitive

dimerization (to give85in ~15% yield) in addition to the Equation5

hydrovinylation product. Compounds likd8a and 33b

have been used in the syntheses of analgesic (-)-eptatiastereomeric phosphoramidites. Upon examination of
cine, narcotic (-)-aphanorphine and related conTable 5, entry 3, it is clear that the chirality of the product
pounds'®*26:2"The minor detraction of the isomerizationis determined by the axial chirality of the biaryl moiety of
notwithstanding, the asymmetric hydrovinylation signifithe ligand, not by the chirality of the amine. Thus both
cantly shortens the synthesis of these compocaaiging (R, SS-ligand9 and a diastereomer witR{R,R)-config-

a benzylic all-carbon quaternary center. For exan33e, uration gave theR)-product in comparable enantiomeric
has been previously synthesized via stoichiometic oxazexcess (94% and 89%). THg,R R)-ligand ent-9) as ex-
line directed alkylation (12 steps, 35% overall yield, 99%ected gave theS[-product. Since the phosphoramidite
eef® or an enzyme-catalyzed desymmetrization of a chirab (S S), a ligand derived from flexible biphenyl scaffold-
malonate (13 steps, 31% overall yield, 97%?@&)close- ing, also gives theR-configuration in the product, it

ly related compound has been prepared by using asysiould be presumed that the chirality of the bis-amine
metric intramolecular Heck reaction (~10 steps, 3748 S inducesR-configuration in the biphenyl unit, a be-
overall yield, 93% ee) in a key st&fJ.For comparison, havior that was previously recorded by Alexakis and co-
asymmetric hydrovinylation yields the produg8b in  workers?® Further support in the present context comes
80% vyield and ~99% ee in two steps from 3-methoxytérom the solid state structure of a catalytically active (al-
tralone! Attempts to convert these adducts into pyrrolidlyl)Ni( 26)(Br) complex. These results will be reported in
noindolines, and intermediates for lyngbyatoxin andue course.

teleocidins, are currently underway. Incidentally, we alsm this study, we have reported the details of a new cata-
found t.hat the modified phos.p'h'oramidite ligands als'o gi\fﬁtic method’for the generation of all-carbon quaternary
very_h|gh'y|elds and selectivities in the asymmetric hyéenters starting from relatively simple vinylarene deriva-
drovinylation of our model substratilb (entry 4). tives. Fine-tuning of the phosphoramidite ligands sug-
We briefly examined the origin of asymmetric inductiorgests that in the construction of these ligands, inexpensive
in the 3,4-dihydro-Bi-1-benzopyran produd@3c using 2,2-biphenol can effectively replace the more expensive

Table 5 Asymmetric Hydrovinylation of Exomethylene Compouhds

Entry Substrate Product Ligand
9 26 27
Yield (%) ed (%) Yield (%) eé (%) Yield (%) eé (%)
1 32a 33a 71° 99 68 >95 64 99
2 32b 33b 8 99 - - - -
3 32c 33c 70 94 66° 84 - -
4 11b 12b >97 >97 95 92 92 94

aSee Equation 5 and experimental section for details.

b Determined by GC R)-isomer of products. Configurations assigned by comparisar gffto an authentic sampté.
¢ The remainder was isomerized prod84from starting material.

4 Also contains 15% dimeric produ@5 (configuration not established).

¢ A diastereomer of this ligand witRR(R,R)-configuration also gaverj-adduct in ~70% yield and 89% ee.
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enantiopure 1/1bi(2-naphthol)s. Expansion of the scopé®C NMR (100 MHz, CDC): § = 150.1, 150.0, 149.5, 139.3,
of this reaction to dienes and strained bicyclic molecules36.52, 136.46, 133.9, 123.8, 132.5, 131.5, 131.4, 130.5, 130.2,

and applications in natural product synthesis will be r%—ég-g* 128.8, 128.7, 128.4, 128.3, 128.1, 128.0, 127.02, 126.96,
oorted in due course. 26.9, 126.0, 125.6, 125.4, 125.3, 124.9, 124.8, 124.4, 124.1, 124.0,

123.8, 122.3,122.2,121.7,52.0, 47.2, 21.7.

3P NMR (101 MHz, CDG)): § = 145.5.

Reactions requiring air-sensitive manipulations were conducted yn- . . . )
der an inert atmosphere of, My using Schlenk techniques or aﬁir’:ﬂdségg?g%g [M + NaJ" calcd for GeHaNNaG,P: 598.1906;

Vacuum Atmospheres glovebox. @H, was distilled from Cakl
under N and stored over molecular sieves. THF was distilled under . . . .
N, from Na/benzophenone ketyl. Unless specified other wise, vinyl \symmetric Hydrovinylation, Synthesis of R)-3-Methyl-3-phe-
arenes were made via Wittig reaction of the corresponding al
hydes or ketones with methyltriphenylphosphonium bromide usi
BuLi in hexane soln in THF as a base to generate the yli
Ligandg®?® 9, ent-9, 26, ent-26, 27, and 28, NaT[3,5-
(CF5),CHsl,B]- (NaBARF)2%2 and [(allyl)NiBr],2°%° were pre-
pared according to the literature. Ethene (99.5%) was purcha
from Matheson Inc., and passed through Drierite before use. A
lytical TLC was performed on E. Merck precoated (0.25 mm) silic
gel 60 F254 plates. Flash column chromatography was carried
on silica gel 40 (Scientific Adsorbents Incorporated, Micron
Flash). Enantiomeric excesses of chiral compod2ds21, 22, 23,
25, and33a-c were determined by GC analyses on chiral stationa
phase, which were performed on a Hewlett-Packard 5890 equipp&gymmetric hydrovinylation: A 1-L, three-necked, round-bottomed
with Cyclodex-B (25 mx 0.25 mm, 0.12im film thickness) capil- flask equipped with a rubber septum, a Teflon-taped flow-con-
lary GC column purchased from Chrompack; He was used as tielled argon inlet, a thermometer, and a magnetic stir bar was
carrier gas. The ee @ffwas determined byF NMR using the cor- flame-dried and purged with argon. The flask was then charged with
responding Mosher ester of the alcohol derived from hydroborati@nhyd CHCI, (150 mL). The catalyst soln prepared above, now re-
of 24. For determining the ee 80g the free amine was liberated moved from the dry box, was introduced to the vessel via cannula.
from the phthalimide, and was converted into the Mosher affiigle. The flask containing the catalyst soln was further rinsed with
NMR analysis of the diastereomeric amides reveals the ee of %G&l,Cl, (10 mL), and this soln was also transferred to the mixture.
original HV product30g Optical rotations were recorded on aUpon completion of precatalyst transfer, the system closed at the
Perkin-Elmer Model 241 polarimeter at the Na D line in CHCI  flow-controlled stopcock and then was cooled to —70 °C in a dry ice/
The following phosphoramidites were prepared using our recepfclone bath, creating a small vacuum. A strong flow of dry ethene
modification® of the previously reported methotis. was introduced through a needle _through _the serum stopper to re-
lieve the vacuum and then was adfalsto maintain a pressure of 1
mbar by releasing excess gas through an oil bubbler. The introduc-
tion of the ethene caused the internal temperature to rise. Within ca.
5 min, the internal temperature increased by 5 °C and the ethylene
line was removed. The soln was cooled back to —70 C with vigor-
ous stirring. A soln of 2-phenylbut-1-enklp, 6.60 g, 50.0 mmol)

ylpent-1-ene (12b)*° Typical Procedure
ecatalyst preparation: In a glovebox, a 100-mL, pear-shaped
chlenk flask with one side-arm fitted with a rubber septum and
equipped with a magnetic stirrer bar was evacuated, flame-dried,
and purged with argon. The flask was charged with anhysCGH
égg mL) and was transferred into a glovebox. To the flask was
uickly added [(allyl)NiBr} (180 mg, 0.50 mmol, 0.01 equiv),
)-1,2-binaphthyl-2,2-diyldioxy{bis[( §)-(1-phenylethyl)]ami-
équhosphine 9, 539 mg, 1.00 mmol, 0.02 equiv), and NaBARF
6 mg, 1.00 mmol, 0.02 equiv) in the order mentioned. The result-
ing suspension was stirred at r.t. for 2 h to afford a dark-brown soln
&Pntaining a small amount of fine particles (NaBr).

(Biphenyl-2,2-diyldioxy){bis[( R)-1-phenylethyllamino}phos-
phine (ent-26)

(Biphenyl-2,2-diyldioxy)chlorophosphine (125 mg, 0.5 mmol) was
treated with (-)-bisRR)-1-phenylethyllamine (102 mg, 0.454

H _ -\ /1 . 0/n: — —
ngl) ";3_-55”: to affordeent-26; yield: 94%;R; = 0.49 (pentane in anhyd CHCI, (30 mL) was introduced as a weak stream into the
2 = soln of precatalyst over a 2-min period via syringe followed by a
'H NMR (400 MHz, CDCJ): § = 7.48-7.44 (m, 2 H), 7.36-7.31 (m, rinse with CHCI, (10 mL). Ethene was introduced again through a
2 H), 7.30-7.27 (m, 2 H), 7.20-7.19 (m, 2 H), 7.14-7.09 (m, 10 Hjeedle, first as a strong flow and then regulated to maintain a pres-
4.61-4.56 (m, 2 H), 1.72 (4= 7.20 Hz, 6 H). sure of 1 atm. Under an ethene atmosphere, the internal temperature
13C NMR (100 MHz, CDCJ): § = 151.9, 151.0, 142.9, 131.2, 129.8,0f the mixture was then maintained between —65 °C and —70 °C for
129.0,127.9, 126.6, 124.3 (tk 256.0 Hz), 122.2 (d,= 192.0 Hz), @aperiod of 4 h. Atthe end of this period the ethene line was removed
52.6, 22.1. and the mixture was slowly poured into an Erlenmeyer flask con-
a1 e o8 taining pentane (500 mL) and was combined with a pentane rinse
P NMR (101 MHz, CDG): & = 146.4 (Lit™® 147.0). (50 mL) of the reaction vessel. After warming to r.t., the resulting,
HRMS (ESI):m/z [M + Na]" calcd for GgH,sNNaO,P: 462.1593; cloudy soln was filtered through a plug of silica gel [Merck, grade

found: 462.1591. 9385, mesh 230-400, 60 A, 4 en® cm, (dx h)], which was eluted

with pentane (100 mL). The combined eluates were concentrated by
{Benzyl[(S)-1-(1-naphthyl)ethyl)lamino}[(R)-1,2-binaphthyl- rotary evaporation (20 °C/26.7 mbar) to afféb (7.99 g, 99.7%)
2,2-diyldioxy]phosphine (27) as clear liquid; 97.6% ee.

The coupling of (-)-[R)-1,1-binaphth-2,2diyldioxy]chlorophos- 5~ (HP methysil e ;
) . ylsilicone column, 25x10.25 mm, conditions: 5 min

phine (175 mg, 0.5 mmol) witt§f-N-benzyl-1-(1-naphthylethyl- ;150 °C, 5 °C/min, 5 min at 200 °@):= 10.61 min.

amine (119 mg, 0.45 mmol) gav&’; yield: 90%; R = 0.48 . . . ) )

(pentane—ChLCl,, 2:1). GC (Cyclodex-B, 40 min at 70 °C, 5 °C/min, 10 min at 90 ?Ck

'H NMR (400 MHz, CDCJ): 6 = 7.94 (d,J = 8.8 Hz, 1 H), 7.86— 53.90 ), 55.65 min §. _

7.84 (m, 3 H), 7.82 (d}= 8.8 Hz, 1 H), 7.8 (d1=8.2 Hz, 1 H), 7.66 [0]p??—22.3 €1.05, CHCJ) {Lit. *[a]**~12.5 £ 0.8, CHC}, 92%
(d,J=8.8Hz, 1 H), 7.62 (dl= 7.2 Hz, 1 H), 7.54 (= 8.8 Hz, 1 €e)}-

H), 7.48 (t,J = 7.4 Hz, 2 H), 7.43-7.37 (m, 2 H), 7.33-7.28 (M, 3R (neat): 3083, 3058, 2966, 2877, 1636, 1600, 1493, 1446, 1030,
H), 7.25-7.16 (m, 7 H), 6.96 (d,= 8.8 Hz, 1 H), 5.40-5.33 (m, 1 913, 760, 700 cm.

H), 3.95-3.36 (dAB Qy, = 4.21,vg = 3.11,J,5 = 15.3 Hz,Jyp =

2.1 Hz, 2 H), 1.69 (d] = 6.8 Hz, 3 H).
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H NMR (400 MHz, CDCJ): § = 7.33-7.27 (m, 4 H), 7.19-7.15 (m, (R)-3-Methyl-3-(2-naphthyl)pent-1-ene (25)

1 H), 6.02 (ddJ = 17.6, 10.8 Hz, 1 H), 5.10 (ddl= 10.8, 1.2 Hz, 1 GC (120 °C isothermalji = 130.79, 132.86 min; 93% ee.

H), 5.03 (ddJ=17.6, 1.2 Hz, 1 H), 1.88-1.70 (ABX/, = 1.83, 20_99 9 £1.43. CH

vg = 175005 = 13.8 HzJpx = 7.4 Hz,Jgy = 7.4 Hz, 2 H), 1.34 (s, EQ]D -9 €143, CHC)).

310, 076 (= 7.4 1z, 3 1) 750-740 (m, 319, 6.02 (4= 17.5, 11 1 1H), 516 (4 12.0
20—/, m, , 0. =179 Z, ) 9. — 1l

13C NMR (100 MHz, CDC)): § = 147.4, 146.9, 128.0, 126.7, 125'7*Hz, 1 H), 5.09 (dJ = 11.0 Hz, 1 H), 2.00-1.90 (m, 1 H), 1.90—1.80

111.7,44.5, 33.4, 24.4, 8.9. (m, 1 H), 1.46 (s, 3 H), 0.80 @,= 7.5 Hz, 3 H).

160.1257. 128.1, 127.6, 127.5, 126.0, 125.9, 125.5, 125.0, 112.2, 44.9, 33.4,
Other compounds in the Tables 3— 5 were prepared by appropridée5, 9.1.

modifications in the amount of catalyst, reaction temperature, aﬂﬁ-?MS (LCT ESI):mz [M + NaJ* caled for GgHyNa: 233.1306:
reaction time as indicated therein. found- 233 1310, 6 s ' '

(R)-3-Methyl-3-(4-methylphenyl)pent-1-ene (21) hesis of Alk 20a—f Vi il ling: P }
GC (85 °C isothermal), = 53.69, 55.96 min: 90% ee. j&’:‘et esis of Alkenes 29a—f via Stille Coupling; General Proce

[a]p?°—22.1 € 1.28, CHC)). A flask was charged with the aryl iodide (100 mol%, 1-5 mmol
IH NMR (500 MHz, CDC): § = 7.21 (d,J = 7.5 Hz, 2 H), 7.11 (d. scale), vinyltin (120 mol%), Pd&PPh), (5 mol%), K,CO, (100
J=75 H(z 2 H) 62.01 (d%): 175 11$0’|]—|z 1H) 25.09 zﬂl: 11_(0 mol%), EtNCI (100 mol%), and deoxygenated DMF (5 mL), and

Hz, 1 H), 5.03 (dJ = 17.5 Hz, 1 H), 2.32 (s, 3 H), 1.90-1.70 (m 2the resulting mixture was stirred at 110 °C overnight. After the re-
H)’1.34 '(5'3 H), 0.77 ('ﬂ = 6.5 Hz. 3 .H). ' T ' ' “action was completed, the mixture was cooled to r.t. and then was

L filtered through Celite to remove solid impurities. The soln was di-
°C NMR (125.7 MHz, CDG): 8 = 147.2, 144.6, 135.2, 128.9, |yted with HO and the crude product was extracted with EtOAc,

126.7,111.7, 443,335, 24.5, 21.0, 9.1. dried (MgSQ), and purified by column chromatography.

HRMS (LCT ESI):nvz [M + Na]* calcd for G3H gNa: 197.1306;

found: 197.1302. 1-[4-(tert-Butyldimethylsiloxy)but-1-en-2-yl]-3-methoxyben-
zene (29a)

3-(4-Chlorophenyl)-3-methylpent-1-ene (22) Following the general procedu2Z9awas obtained in 70% isolated

GC (105 °C isothermal}; = 57.68, 62.15 min; 90% ee. yield as a colorless oil.

[0]p2° —21.5 € 1.25, CHC)). 'H NMR (400 MHz, CDC}): § = 7.31-7.27 (t)= 7.8 Hz, 1 H, Ar),

7.09-7.02 (m, 2 H, Ar), 6.89-6.86 (m, 1 H, Ar), 5.40 (s, 1 HH2C
5.17 (s, 1 H, =€,), 3.85 (s, 3 H, ArOMe), 3.80-3.77 {t= 7.2 Hz,

2 H, CH,0TBS), 2.81-2.78 (m, 2 H,KGCH,0TBS), 0.98 (s, 9 H,
t-Bu), 0.09 [s, 6 H, Si{Bu)Me,].

13C NMR (100 MHz, CDC)): § = 159.8, 145.4, 142.8, 129.4, 118.8,
114.2,112.9, 112.2, 62.6, 55.3, 39.1, 26.1, 18.5, -5.2.

IH NMR (500 MHz, CDCJ): § = 7.35-7.20 (m, 4 H), 6.00 (dd=
17.5,11.0 Hz, 1 H), 5.14 (d= 11.0 Hz, 1 H), 5.05 (d,= 17.5 Hz,
1 H), 1.90-1.70 (m, 2 H), 1.36 (s, 3 H), 0.78)( 7.5 Hz, 3 H).

13C NMR (125.7 MHz, CDG)): § = 146.6, 146.1, 131.6, 128.4,
128.2, 112.4, 445, 33.6, 24.6, 9.0.

3,4-Dimethyl-3-phenylpent-1-ene (23) 1-[(tert-Butox ; .
. A o ) . oy - - ycarbonyl)(methyl)amino]-2-[4-(tert-butyldi-
(13002 (g?go mlr.\ g;ozo C, 0.5 °C/min, 60 min at 90 *G)= 101.39, methylsiloxy)but-1-en-2-yl]-4-methoxybenzene (29b)
-9 min; 0 €€. Following the general procedu29b was obtained in 56% isolated
'H NMR (500 MHz, CDC}): § = 7.40-7.25 (m, 3 H), 7.25-7.10 (m, yield as a pale yellow solid.

2 H), 6.19 (ddJ = 17.5, 11.0 Hz, 1 H), 5.19 (4= 11.0 Hz, 1 H), 1H NMR (400 MHz, CDCJ): 6 = 6.95-6.93 (dJ = 7.6 Hz, 1 H, Ar),
?-‘_)g(g'JH-l;-a H(Z)v 718%2_'275;2'135,5,“ 1H),1.35(s, 3H), 0.86 (¢ 75_6 69 (m, 2 H, Ar), 5.15 (s, 1 H, vinyl), 5.02 (s, 1 H, vinyl), 3.78

= 7.0 Hz, 3H), 0.78 (d = 7 Hz, 3 H). (s, 3 H), 3.60-3.55 (M, 2 H), 3.03 (s, 3 H), 2.52-2.50 (m, 2 H), 1.32
13C NMR (125.7 MHz, CDG): § = 148.4, 144.9, 128.1, 126.8, (s, 9 H), 0.84 (s, 9 H), —0.02 (s, 6 H).

125.7,113.3, 47.6, 36.3, 20.7, 18.3, 17.9. 13C NMR (100 MHz, CDC)): § =157.9, 155.3,129.3, 114.9, 113.1,
3-Methyl-3-phenyloct-1-ene (24) 79.7,61.6, 55.4, 39.4, 28.3, 27.8, 26.8, 25.9, 18.2, —4.5.
50-55% ee by Mosher method. 1-(4-Azidobut-1-en-2-yl)-3-methoxybenzene (29c)

[a]5*°~6.9 € 1.06, CHC)). To a stirred soln 029a (50 mg, 0.17 mmol) in EtOH (2 mL) was

1H NMR (500 MHz, CDCJ) §=17.40-7.28 (m, 4 H), 7.25-7.15 (m, added 1 M HCI (01 mL) and the resulting soln Wa_S stirred at rt for
1 H), 6.05 (ddJ) = 17.5, 10.5 Hz, 1 H), 5.10 (d= 10.5 Hz, 1 H), 1 h. When the deprotection was complete, the mixture was diluted

5.04 (d,J=17.5 Hz, 1 H), 1.85-1.65 (m, 2 H), 1.37 (s, 3 H), 135Wlth H,0O (3 mL) and the product was eX_traCtedZCIj'(3>< 3mL).

1.10 (m, 6 H), 0.88 (i = 7.5 Hz, 3 H). The combined organic layers were _drled (M_gﬁcﬁltered, and

L o evaporated. The crude alcohol was dissolved igGTH3 r_nL) and

°C NMR (125.7 MHz, CDQ): 5 = 147.9, 147.4, 128.2, 126.7, EtN (59 uL, 0.042 mmol), and methanesulfonyl chloride (il

125.8,111.7,44.4,41.3,32.7,25.1,24.3,22.7, 14.2. 0.021 mmol) were added in succession at 0 °C. The resulting mix-

Mosher ester ture was stirred at r.t. for 2 h after which the solvent was evaporated.

19 e . The residue was dissolv@dDMF (2 mL) and Nai (23 mg, 0.034

(dli:agt'\grReé?r)n?:r.SZ)l\AHZ' CDQ): §=-71.30 (diastereomer 1), _71'31mmol) was added. The mixture was heated to 60 °C for 12 h. The
’ soln was diluted with kO (5 mL), and the product was extracted

13C NMR (125.7 MHz, CDG)): 3 = 24.10 (diastereomer 1), 24.04 with EtOAc (3x 5 mL). The crude product was purified by prepar-

(diastereomer 2). ative TLC to give29c (28 mg, 82%) as a colorless oil.
HRMS (LCT ESI):m/z [M + NaJ" calcd for GsHpNa: 225.1619; H NMR (400 MHz, CDCJ): § = 7.33-7.29 (tJ = 8.0 Hz, 1 H, Ar),
found: 225.1618. 7.03-6.98 (m, 2 H, Ar), 6.90-6.88 (dii= 4.0, 2.4 Hz, 1 H, Ar),
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5.44 (s, 1 H, =Ck), 5.22 (s, 1 H, =C}}, 3.86 (s, 3 H, ArOMe), Ar), 7.20-7.18 (tJ = 8.0 Hz, 1 H, Ar), 7.05-7.01 (m, 2 H, Ar),
3.42-3.38 (1) = 7.2 Hz, 2 H, ChNs), 2.85-2.81 ()= 7.0 Hz, 2H, 6.81-6.78 (m, 1 H, Ar), 5.33 (s, 1 H, =QH5.12 (s, 1 H, =C},

CH,CH,N,). 5.06 (s, 2 H, O6,Ph), 3.83-3.79 () = 7.4 Hz, 2 H, E,NPhth),

13C NMR (100 MHz, CDC)): § = 159.9, 144.8, 141.8, 129.6, 118.7,2-88-2.85 () = 7.2 Hz, 2 H, &1,CH,NPhth).

115.1,113.1, 112.3, 55.4, 49.9, 35.2. 13C NMR (125.7 MHz, CDG): & = 168.2, 158.8, 144.8, 141.6,
137.1,133.8,132.1,129.4, 128.6, 128.0, 127.6, 123.2, 118.9, 114.9,

1-Methoxy-3-(4-phthalimidobut-1-en-2-yl)benzene (29d) 114.0, 112.7, 70.0, 37.4, 34.0.

_Followmg_the general Stille p_rocedu&Qd was obtained in 63% HRMS: miz [M + H]* calcd for GgH,,NO5: 384.1600; found:

isolated yield as pale yellow oil. 384.1583

IR (neat): 3072, 2941, 2835, 1770. 1712, 1598, 1576, 1488, 1466,
1434, 1394, 1359, 1328, 1287, 1231, 1187, 1120, 1087, 1047, 1@&lymmetric Hydrovinylation of Substrates 29a—g; General
cnrl Procedure

14 NMR (400 MHz, CDC)): = 7.80—7.78 (ddJ = 3.0, 2.4 Hz, 2 In_ a l\g-charged drybox, a twg-necked Schlenk tube was charged

H, Ar), 7.(69—7.66 (ddy :Cj:)so 2.4 Hz, 2 H,(A(ri)J, 7.22-7.18 &= with [(allyl)NiBr] , _(1 mol%), Ilgand 2 r_nol%), and NaBARF (2

8.0 Hz, 1 H, Ar), 7.04-7.02 (d,= 7.6 Hz, 1 H, Ar), 6.99 (s, 1 H, MOI%), and the mixture was dissolved in anhyd,Chi(5-7 mL/

Ar), 6.75-6.73 (dd) = 8.0, 2.4 Hz, 1 H, Ar), 5.37 (s, 1 H, =QH mmol of olefin). This precatalyst was stirred at_ r.t. for 10 min, and

5.16 (s, 1 H, =CkJ}, 3.85-3.79 (m, 5 H, ArOMe, RGNPhth), then taken out of the drybox. After the ethene line was connected to

2.91-2.88 (t] = 7.2 Hz, 2 H, E1,CH,NPhth). the reaction vessel, the line was evacuated 3 times to remove oxy-
' ' gen in the line, and then ethene was introduced to the vessel. Into

*C NMR (100 MHz, CDC)): 8 = 168.1, 159.6, 144.9, 141.6, 133.8,the activated catalyst, starting olefin in anhyd,CH (1-2 mL/

132.1,129.3,123.0, 118.6, 114.7, 113.1, 111.7, 55.2, 37.5, 34.0mmol of olefin) was added, and the resulting mixture was stirred at

HRMS: m/z [M + H]* calcd for GgH,gNOs: 308.1287; found I.t. under the atmospheric pressure of ethene. After the reaction, the

308.1272. solvent was evaporated, and the crude product was purified by col-

umn chromatography.

4-Methoxy-1-nitro-2-(4-phthalimidobut-1-en-2-yl)benzene

(29e) (R)-3-(3-Methoxyphenyl)-3-methyl-5-phthalimidopent-1-ene

Following the general procedure, purification by column chrom430d)

tography (25% EtOAc—hexandR[= 0.5 (50% EtOAc—hexanes)] Following the general procedure using (allyN26{(BARF) (10

gave29e(39% yield) as a colorless oil. mol%) at 35 °C for 12 h ga\&dd (81% isolated yield) as a pale yel-
IR (neat): 3085, 2943, 2848, 1770, 1722, 1601, 1574, 1514, 1363" O
1337, 1249, 1187, 1097, 1065, 1027tm IR (neat): 3072, 2930, 2837, 1772, 1707, 1601, 1484, 1396, 1366,

H NMR (400 MHz, CDCJ): § = 8.01-7.99 (d) = 9.2 Hz, 1 H, Ar), 1284, 1249, 1173, 1049 cin

7.81-7.79 (m, 2 H, Ar), 7.70-7.66 (m, 2 H, Ar), 6.86-6.80 (m, 2 HH NMR (400 MHz, CDC)): 3 = 7.74-7.72 (m, 2 H, Ar), 7.67-7.63
Ar), 5.16 (s, 1 H, =Ck), 4.99 (s, 1 H, =C}), 3.89 (s, 3H, ArOMe), (M, 2H, Ar),7.15-7.11 (§=8.0 Hz, 1 H, Ar), 6.92-6.87 (m, 2 H,
3.80-3.77 (tJ = 7.0 Hz, 2 H, &,NPhth), 2.80-2.76 (1= 6.8 Hz, Ar), 6.59-6.56 (ddJ = 8.0, 2.4 Hz, 1 H, Ar), 6.09-6.02 (dii=

2 H, CH,CH,NPhth). 11.2,6.0 Hz, 1 H, B=CH,), 5.15 (s, 1 H, CH=8,), 5.12-5.10 (d,

15C NMR (125.7 MHz, CDG): § = 168.4, 163.2, 144.9, 140.7, ). .0 Hz 1 H, CH=@,), 3.76 (s, 3 H, OMe), 3.64-3.60 = 8.0

134.3, 131.9, 127.5, 126.2, 123.4, 118.2, 116.6, 116.3, 113.7, StgI ’Siﬁ,lﬁzﬁgmyN%ﬁ?62.fiég é E'gHZNPhth)' 2.10-
. , » Bl 7) y L. , ,

37.0, 35.2.
. 13C NMR (100 MHz, CDGJ): 6 = 168.4, 159.6, 147.9, 145.9, 133.9,
';;Mlslizg’/z [M + H]" caled for GoHi/NOg: 353.1137; found: ;45 4 12(9.4, 123.2, 11%.)1, 112.9, 112.7, 111.2, 55.3, 43.5, 38.6,

34.8, 25.2.

(12-gfr)omo-4-methoxy-2-(4-phtha|imidobut-l-en-2-yl)benzene (R)-3-[3-(Benzyloxy)phenyl]-3-methyl-5-phthalimidopent-1-

. . . . ene (30

F_ollowmg the genera! procedu29f was obtained in 40% isolated Follo(winggi the general procedure using (allyl2EJ(BARF) (10
yield as a colorless oil. mol%) under 35 °C for 48 h ga88g(76%, isolated yield) as a pale
'H NMR (400 MHz, CDCJ): § =7.79-7.77 (m, 2 H, Ar), 7.68-7.65 yellow oil.

(m, 2 H, Ar), 7.35-7.33 (d] = 8.8 Hz, 1 H, Ar), 6.81-6.80 (d,= 22 0

2.8 Hz, 1 H, Ar), 6.63-6.60 (dd= 8.8, 3.2 Hz, 1 H, Ar), 5.21 (s, 1 (40" +1.87 €1.03, CHCJ, 53% ee).
H, =CH,), 5.00 (s, 1 H, =Cl), 3.76-3.73 (m, 5 H, ArOMe, IR (neat): 3084, 3025, 2942, 2872, 1772, 1707, 1601, 1437, 1390,
CH,NPhth), 2.85-2.82 (] = 7.0 Hz, 2 H, &,CH,NPhth). 1360, 1243, 1084, 1026 chn

13C NMR (100 MHz, CDC)): 5 = 168.3, 158.8, 146.6, 143.7, 134.0,'H NMR (400 MHz, CDCJ): § = 7.76~7.74 (m, 2 H, Ar), 7.66-7.63
133.5,132.2,123.3, 117.8, 116.2, 114.9, 112.3, 55.6, 36.9, 34.9(M, 2 H, Ar), 7.44-7.30 (m, 5 H, Ar), 7.16-7.12) 8.0 Hz, 1 H,
Ar), 6.96-6.92 (m, 2 H, Ar), 6.67—6.65 (m, 1 H, Ar), 6.08—6.01 (dd,
1-(Benzyloxy)-3-(4-phthalimidobut-1-en-2-yl)benzene (29g) J=10.8, 6.0 Hz, 1 H, B=CH,), 5.15 (s, 1 H, CH=8,), 5.12-5.10
Following the general procedut29gwas obtained and further pu- (d,J=8.0 Hz, 1 H, CH=8,), 5.01 (s, 2 H, O8,Ph), 3.63-3.59 (t,
rified by column chromatography [10% EtOAc-hexaRes 0.3 J=8.0 Hz, 2 H, EI,NPhth), 2.25-2.18 (m, 1 H,HGCH,NPhth),
(15% EtOAc—hexane)] to give9g (63% isolated yield) as a pale 2.13-2.04 (m, 1 H, B,CH,NPhth), 1.46 (s, 3 H, Cj{
yellow oil. 13C NMR (100 MHz, CDC)): § = 168.4, 158.9, 148.1, 145.8, 137.4,

IR (neat): 3062, 3031, 2945, 2869, 1771, 1713, 1597, 1574, 14483.9, 132.4,129.4,128.7,128.4,128.1, 127.8,126.6, 123.2, 119.3,
1435, 1395, 1360, 1288, 1224, 1121, 1087, 1026, 1001 cm 113.9,112.7,112.2,70.1, 43.5, 38.6, 34.8, 25.2, 21.3.

H NMR (400 MHz, CDCJ): 8 = 7.79-7.77 (dd) = 5.4, 3.2 Hz, 2 HRMS: m/z [M + H]"* calcd for G7H,NO;: 412.1913; found:
H, Ar), 7.67—7.65 (dd) = 5.4, 3.2 Hz, 2 H, Ar), 7.45-7.31 (m, 5 H, 412.1916.

Synthesis 2009, No. 12, 2089-2100 © Thieme Stuttgart - New York

Downloaded by: Collections and Technical Services Department. Copyrighted material.



2098 C. R. Smith et al. SPECIAL TOPIC

3-[3-(Benzyloxy)phenyl]-1-phthalimidobut-2-ene (31) J=17.60, 1.20 Hz, 1 H), 2.84 (8= 7.6 Hz, 2 H), 1.90-1.83 (m, 3
H NMR (400 MHz, CDCJ): = 7.90—7.69 (m, 4 H, phthalimido), H), 1.76-1.71 (m, 1 H), 1.46 (s, 3 H).

7.49-7.29 (m, 5H, An), 7.193=6.4 Hz, 1 H, Ar), 7.05-6.85 (M, 15c \\MR (100 MHZ, CDC)): 5 = 148.8, 142.3, 135.8, 129.1, 128.5
2 H, An), 6.84-6.79 (m, 1 H, An), 585 [0 = 7.0 Hz, 1 H, 1557 1256 1120, 40.9, 37.6, 34.1, 28.3, 22.4. ' ’
Ar(CH;)C=CHCH,NPhth], 5.03 (s, 2 H, O&,Ph), 4.50 [dJ = 7.5 ’ ’ P T 20D IS 285

Hz, 2 H, Ar(CH)C=CHCH,NPhth,E], 4.22 [d,J = 6.5 Hz, 2 H, HRMS (ESI): mz [M]" calcd for GgH,s 172.1247; found:
Ar(CH)C=CHH,NPhth, 7, 223 [s, 3 H, 172.1245.

Ar(CH))C=CHCHNPhth, E, 201 [s, 3 H, _

Ar(CH,)C=CHCH,NPhth,Z]; the configuration of the major prod- 1-Methyl-3,4-dihydronaphthalene (34a)

uct was established by NOE studies (Figure 3). 'H NMR (400 MHz, CDC}): = 7.23-7.17 (m, 2 H), 7.15-7.10 (m,

2 H), 5.85-5.83 (M, 1 H), 2.75 &= 8.0 Hz, 2 H), 2.26-2.20 (m, 2
13C NMR (100 MHz, CDC)): § = 168.4, 144.5, 139.4, 137.3, 134.1, ) )2_04 @dJ, :(3”.12 L ?]2 > 1.6(1HZ e H)Z. ) (m

132.5, 129.6, 128.1, 127.8, 123.4, 121.6, 119.1, 113.7, 1131, 7

36.5, 16.4. 3¢ NMR (125.7 MHz, CDG): & = 136.3, 135.9, 132.3, 127.3,
126.7, 126.3, 125.4, 122.8, 28.3, 23.2, 19.3.

HRMS: m/z [M + Na'] calcd for GsH,,NNaO;: 406.1419; found:

406.1400.

(R)-7-Methoxy-1-methyl-1-vinyl-1,2,3,4-tetrahydronaphtha-

lene (33b)

ene (300) Following the general procedure, using 4 mol% of (al-
) Iyl)Ni( 9)(BARF) as the catalyst, 7-methoxy-1-methylene-1,2,3,4-

Uk?der Ele(\j/at(ta)d Pressl,tljrle’\?f Etgepr\lséTable 4 ellwtry 9)1' In ar|]o/’\£_' tetrahydronaphthalen&Zb, 0.30 g, 1.72 mmol) was reacted at —70

charged drybox, (allyl)NEE)( ) precatalyst (10 mol%) in oc f5r'6h Pyrification by column chromatography gave the product

CH,CI, (1.5 mL) was prepared, and then the soln was added tqf3q g, >99%) as a mixture of the hydrovinylation proc&i

Fisher—Porter tube. After 10 min of stirring at r.t., starting materi 206 ;99% ee by chiral GC), isomerized starting mat&dal

299 (20 mg, 0.0487 mmol) in CI, (1.5 mL) was added to the (1504) and unconverted starting mate@ab (3%). The ratios of

precatalyst soln. The tube was tightly closed, and then tal_<en Lse compounds were determined by integration of the diagnostic
from a drybox. After the tube was connected to an ethene line, €aks in thdH NMR spectrum

line was evacuated ¢3, and then ethene gas was introduced to the ) . )

tube, and pressurized to 17 psi. During the reaction, internal préC (Cyclodex-B, isothermal, 120 °G):= 56.09 R-isomer), 57.10
sure decreased, so the system was rechargell he soln was Min (Sisomer, obtained usingnt-9); 99% ee.

stirred for 30 min and then concentrated. The crude product was py},22—14.5 ¢ 0.142, CHCJ) {Lit. 26 [¢],°—21.1 ¢ 3.8, CHC})}.

i . neer A
{g;eniiﬁé’g’?ﬁﬁﬁ;a;;’;v&i E’X%Zﬁmggtmg (>95%) of the prod0g |- o). 2958, 2829, 1722, 1637, 1606, 1580, 1488, 1443, 1368,
: 1322, 1223, 1190, 1121, 1064¢m

Determination of the Enantiomeric Excess of 30g by Mosher's *H NMR (500 MHz, CDC}): § = 7.01-6.96 (m, 2 H, Ar), 6.68—6.65
Method (m, 1 H, Ar), 5.95-5.88 (dd,= 17.2, 10.4 Hz, 1 H,l8=CH,), 5.85
The phthalimide protecting group in hydrovinylation prodg@y (br s, 1 H, isomerized product’s vinyl-H), 5.02—-4.99 (@, 10.4,
(15 mg, 0.036 mmol) was removed by refluxing this material with.2 Hz, 1 H, CH=@E,), 4.87-4.82 (ddJ) = 17.6, 1.2 Hz, 1 H,
hydrazine hydrate (500 mol%), and EtOH (3 mL) for 12 h. Th€H=CH,), 3.75 (s, 3 H, OMe), 2.71-2.68 (t,= 6.2 Hz, 2 H,
crude amine was purified by acid—base workup, and subsequent%€H,R), 1.85-1.73 (m, 4 H, ArC}€H,CH,, ArCH,CH,CH,),
traction with CHCl,. A soln of the amine in C)€l, (2 mL) was 1.36 (s, 3 H, CHj).

The enantiomeric excess was determined by the integratiR of 159 0 1138 112.2 111.9 55.4. 41.4 37.7. 29.6. 28.4. 19.6.
NMR peaks in the diastereome$F NMR & (CsDg): Mosher ' ’ ' ' ' ' ' ' '

amides from the racemic product: 68.61, and 68.57]. The diaster R)-4-Methyl-4-vinyl-3,4-dihydro-2H-1-benzopyran (33c)

meric ratio using ligan@6 was 1.0:3.5 corresponding to an ee o ollowing the general procedure using 10 mol% of (al-
~55% in the asymmetric catalyzed reaction. For both reactions pgl)Ni(Q)(BARF) and32c(0.2 g, 1.37 mmol) at 35 °C for 12 h, the
formed under 1 atmosphere of ethene at 35 °C for 48 h (Table 4, gl eq produc83c (0.167 g, 70%) was obtained as a pale yellow

try 8), and under 17 psi of ethene at 25 °C for 0.5 h (Table 4, enigy 4fier purification. In addition to the expected product, a head-to-
9), the selectivity was approximately same, within experimental €5i| gimer35was also obtained.

ror. The enantioselectivities for reactions using other ligands were . .
estimated the same way. GC (Cyclodex-B, isothermal 100 °C; = 47.03 Gisomer, ob-

. tained from liganent-9), 48.76 min R-isomer); 94% ee;
Ligand9 (Table 4, entry 6): d.r. 1.0:4.1, ~61% ee.
IR (neat): 2959, 2830, 1722, 1637, 1605, 1579, 1487, 1443, 1368,

(R)-3-[3-(Benzyloxy)phenyl]-3-methyl-5-phthalimidopent-1-

Ligand27 (Table 4, entry 10): d.r. 1.0:3.0 (~50% ee). 1321, 1223, 1190, 1121, 1064¢m
(R)-1-Methyl-1-vinyl-1,2,3,4-tetrahydronaphthalene (33a) 'H NMR (400 MHz, CDCJ): 6 = 7.15-7.07 (m, 2 H, Ar), 6.88-6.84
Yield of 33a 71% contaminated with ~28% 1-methyl-3,4-dihy-(M; 1 H, Ar), 6.81-6.79 (dd,= 8.2, 1.2 Hz, 1 H, Ar), 5.92-5.87 (dd,
dronaphthalene3¢a). J=17.5,10.5 Hz, 1 H,I@=CH,), 5.12-5.10 (ddj = 10.5, 1.5 Hz,

. . . . 1 H, CH=(H,), 4.87-4.82 (ddJ = 12.2, 1.2 Hz, 1 H, CH=g,),
GC (HP methylsﬂlcone, 5 min at 100 °C, 5 °C/m|n, 5 min at 209»18—413 (m 2H Oc:bl 1.89-1.86 (m 2 H OCJ'@HZ) 1.43 (S

oc): tR =13.10 min. 3H C|_b)
GC (Cyclodex-B, 75 min at 90 “Q) = 62.85 §, 63.69 minK);  2c NMR (100 MHz, CDCJ): 5 = 154.3, 147.5, 128.9, 127.9, 127.7,
>99% ee. 120.4,117.1,114.2, 62.9, 37.9, 36.1, 27.9.

[0]p2°-35.4 ¢ 1.15 CHCJ).

'H NMR (400 MHz, CDC)): § =7.21-7.13 (m, 4 H), 6.01 (dd=
17.60, 10.40 Hz, 1 H), 5.10 (ddi= 10.40, 1.20 Hz, 1 H), 4.89 (dd,

4-[(3,4-Dihydro-2H-1-benzopyran-4-yl)methyl]-4-methyl-
1,2,3,4-dihydro-H-1-benzopyran (35)

Isolated yields of dimeB5 as a pale yellow oil, from HV using
ligand9 and26, were ~15%.
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IR (neat): 3058, 2927, 2856, 1725, 1590, 1578, 1487, 1450, 1347,

1266,

1221, 1165, 1090 chn

'H NMR (400 MHz, CDCJ): § =7.16-7.02 (m, 4 H, Ar), 6.84-6.76
(m, 4 H, Ar), 5.42-5.40 (1= 3.8 Hz, 1 H, vinyl), 4.63-4.62 (d~=
3.6 Hz, 2 H), 4.21-4.18 (m, 1 H, ®GCH,), 4.14-4.11 (m, 1 H,
OCH,CH,), 2.89-2.86 (dJ = 14.0 Hz, 1 H, CKC), 2.71-2.67 (d,
J=14.0 Hz, 1 H, CBEC), 2.00-1.97 (m, 1 H, OCIBH,), 1.75-1.69
(m, 1 H, OCHCH,), 1.29 (s, 3 H, CHK. The assignments were fur-
ther confirmed by COSY and NOESY experiments.

13C NMR (100 MHz, CDC]J): § =154.1, 128.9, 127.7, 127.5, 124.1,
122.8,121.2,120.5, 117.2, 116.4, 65.3, 63.0, 42.4, 34.9, 34.5, 29.7.
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