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1. Introduction severe enough to force geometric distortions of thé sp

The efficient regio- and stereoselective synthesis of centers. These issues are compounded by the modern
tetrasubstituted olefins bearing four different carbon-linked expectation of forming single isomers on diverse scaffold.
groups presents a particular challenge in organic synthesisAs a consequence of these formidable barriers, only recently
The congested nature of the double bond can make it difficult has serious study been directed toward this synthetic chal-
for reagents to approach, and the eclipsing interactions inlenge.
the products destabilize both the products and the transition The significance of tetrasubstituted olefins is reflected in
states leading to them. This eclipsing destabilization can betheir presence in drugs such as Tamoxiféror Vioxx 2,2

natural products such as Nileprost analoggfes epillludol
* To whom correspondence should be addressed. Phone: (613) 562-5800,4’4 and in denv_atlves of these and other blologlcally _a(_:tlve
ext 6071. Fax: (613) 562-5170. E-mail: wogilvie@science.uottawa.ca. substances (Figure )Recently, compounds containing
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Figure 1. Biologically active compounds containing tetrasubsti-
tuted olefins.
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tetrasubstituted alkenes have been examined for their po-

tential as dipeptide mimeti€sand as polymerization sub-
strates or catalystsStereodefined tetrasubstituted olefins are
also key starting materials for various asymmetric transfor-
mations such as hydrogenatichesmylations, epoxida-

tions}1® and other processes that generate contiguous, ste-

reogenic, sphybridized centerdt

Tetrasubstituted olefins are implicated in materials research
because useful physicklstructural, and electronic properties
may arise from the presence of the double b&n& number
of helicenes containing fully substituted alkenes have been
prepared and are being studied as potential liquid cry&tals.
The hindered olefins are twisted in these compounds,
imparting helical chirality to the structures. In other struc-
tures, the tetrasubstituted olefin may be conjugated in such
a way so as to produce chromophores. The rotationally
locked nature of the tetrasubstituted olefin can be exploited
in molecular switches and other devidéghese compounds
have been explored extensively for their potential use in
optical data storage, among other applicati¥ns.

Classical double bond-forming methods such as the Wittig
and Horner-Wadsworth-Emmons reactions encounter seri-
ous problems of generality and stereoselectivity when used
to form tetrasubstituted double bonds. For this reason,
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butions in this area. Reflective of the difficulty of the
problem, most methods that were developed prior to 1995
produce mixtures of isomers. Only in the last 10 years or so
has more attention been devoted to this selectivity problem,
and technology is slowly emerging to form single isomer
products.

1.1. Structures of Tetrasubstituted Olefins

The construction of tetrasubstituted olefins first requires
a consideration of their shape and steric requirements. Fully
substituted contiguous $penters experience eclipsing and
steric interactions that can severely distort the double bonds.
The degree of distortion is reflected in twisting along the
olefin and depends on the steric demands of the substrates.
Tetra-aryl-substituted produbtwas isolated and crystallized
by Daik et al. in 1998° The X-ray structure showed an41
12° departure from planarity for the olefin system, as shown
in Figure 2. The geminal substituents on each terminal carbon
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Figure 2. Selected examples of twisting about double bonds to
minimize steric interactions.

indirect methods have been developed to synthesize tetra-

substituted olefins in geometrically defined ways. In this

review, approaches to tetrasubstituted olefin formation are
described that use a variety of strategies, with focus being
on those olefins in which all four appendages are linked by
carbon-carbon bonds. There are many examples of “tetra-
substituted olefins” possessing heteroatom linkages (enol

ethers and enamines, for example) that have not been

included here. Currently, the most frequently used routes to
tetrasubstituted olefins employ different types of alkynyl

carbometallation strategies, although another common tech-

nigue is the transformation of existing olefins. Some
representative papers using “traditional” olefin formation
methods such as the Wittig and Horn&Wadsworth-

Emmons reactions are discussed briefly, and for more details

of these processes, the reader is directed toward compre
hensive reviews of these reactidisThe descriptions of
cycloaddition reactions to form tetrasubstituted olefins have

been limited because the olefin moieties are often produced

as an artifact of the method rather than as a targeted

(Ar and Ph) of the alkene remain almost 2&part, and so

the compounds are twisted along the axis of the double bond,
as in the Newman projection &f Similar twisting was found

in cycloalkyl product6, prepared by Tietze et al., in which
the improper torsion was found to be as much a8?11
Smaller substituents on the olefin carbons reduce the steric
compression and give flatter structures. The methyl groups
in 7 experienced less eclipsing than the aryl rings, resulting
in an olefin that was closer to planarityThe aryl groups
produced more steric strain, resulting in a slightly larger
dihedral angle between these moieties than between the
methyl groups. Olefin8 was affected very little by the
acetylene groups, a fact reflected in the very small dihedral
angles along the olefin borfd. Twisted tetrasubstituted
olefins have also been demonstrated in several other
systemgPd.22

1.2. Structure Determination

preparation, and because many of these processes have beenlt is generally straightforward to determine the relative

previously reviewed® Strategies such as olefin metathesis, ratios of isomeric products obtained from various synthetic
radical sequences, and ynolate chemistry are just beginningstrategies, using techniques such as NMR, GC, or HPLC.
to emerge as viable techniques for the formation of tetra- Challenges may be experienced when using LC or HPLC,
substituted olefins, and we have highlighted the key contri- however, because the low polarity of many of the products
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can impair resolution. In a surprising number of reports, configuration during coupling, especially given the size of

researchers have assigned the stereochemistry of theithe Grignard reagent transferred.

products based only on the syn or anti preferences of the The analysis of chemical shift patterns has been employed

chosen reaction processes, an assumption that has, in some establish stereochemistry. For example, the methylene

cases, been shown to be false. Establishing the regiochemistrjnydrogens of Z)-stillbene-type hydrocarbond4) are re-

and stereochemistry of tetrasubstituted olefins in the absenceported to resonate downfield of the signals of the corre-

of X-ray results requires particular attention to detail because sponding protons of theEj-isomer 1325 This has been

no direct NMR couplings to olefinic protons are available. supported conclusively in at least one case by using X-ray

NOE measurements can be complicated with these com-crystallography to correlate the NMR assignméfits.

pounds as each substituent can experience interactions with In the following pages, the articles that have reported clear

two of the other groups. and thorough product identification have been highlighted
This method of structure determination has been used byas a reference point for those seeking to establish the regio-

the Larock group, in which the structures of tetrasubstituted and stereochemistry of tetrasubstituted olefin products.

olefins such a® were proven through NOESY experiments

performed on each product of the study (Schem®& The 2. Carbometallation of Alkynes

Scheme 1. Representative Use of an NOE Network To The carbometallation of alkynes is the most widely used
Determine Regio- and Stereochemistry method for the formation of tetrasubstituted olefthdn
FC principle, a high degree of control is possible in these
= Me processes, and significant structural variation is attainable
Phl + Q/ O Vo because of the convergent nature of the strategy. Regio- ar_ld
FiC ﬂNOE( _ stereocontrol are two key issues to be addressed in this
+ B(OH), O technology, as multiple products are possible (Scheme 3).
/©/ I\TSE Scheme 3. Regio- and Stereoisomeric Possibilities from
Me Me 9 Carbometallation Processes

regiochemistry of addition was first elucidated, using an NOE
interaction between the geminal aryl moieties. The second
key observation showed that addition of the two components |
across the alkyne had proceeded in a syn fashion, made R2
evident by the NOE enhancement found between the 15
substituents as shown.

In much of the tetrasubstituted olefin literature, the
structures of products are assumed rather than rigorously
confirmed. For example, the bromination of alkynes is known
to proceed in an anti fashion; therefore, it is often assumed
that subsequent organometallic couplings, for example, will
produce products that retain a trans relationship between the

newly introduced substituents. The impIicat_ions of this are The problem of regioselectivity has been addressed by the
that some methods may actually produce different products yse of directing groups, or by employing symmetrical alkynes
from those reported. A case in point is coupling reactions as substrates. The use of symmetrical alkynes greatly
of (2)-dihaloalkenes, which frequently result in stereochem- simplifies many of the synthetic issues; however, this results
ical changes, and therefore product geometry issues. In ain a decrease in structural flexibility. With unsymmetrical
report by Rathore et ai?,(E)-dibromoolefinsLO underwent  alkyne substrates, directing groups of some sort are routinely
double Kumada coupling with congested Grignard reagent employed to avoid the formation of isomeric mixtures. This
11, affording the Z)-product12 exclusively, a fact clearly  directing influence may be steric, electronic, or chelating in
established by X-ray (Scheme 2). This result could not have patyre.
been anticipated by a simple assumption of the retention of Depending on the nature of the metal or Cata|ys'[ used,
the carbometallation of the alkyne may proceed in a syn or

Scheme 2. A Surprising Result Requiring Careful Product anti fashion. Although the initial addition across thdond
Identification may be stereoselective or stereospecific, in some cases there
O is configurational erosion or full inversion during the
Br MgBr subsequent coupling reaction (i.&§ can produce0 or 21
R1J\(R2+Me Me [pd] O depending on reaction conditions). This is usually a conse-
Br 2 >00% RN guence of the low reactivity of the intermediates; however,
10 " 12 R2 some researchers have identified electronic contributions to

exclusive isomer these occurrences, particularly when the intermediate orga-
O nometallic species is of low nucleophilicity. Loss of con-
Me O figurational integrity typically occurs through enolization or
\ O Me™ elimination processes. This can be suppressed by manipulat-
‘ Me Me ing Fhe ionic character of thg metal, by improving sub§trate
y } design, by carefully selecting the catalyst, or by simply

5=1.87 ppm 5=2.14 ppm keeping the solution cold. In the foIIO\_Ning sections, the
13 14 strategies have been organized according to the metal used
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to affect the carbometalation. The strategies relating to the Table 1. Tetrasubstituted Olefins by Organocuprate Addition to
reactions of allenes, however, have been treated separately?cetylenic Esters

COaEt 5 . [RT couEt R!  CO,Et
21. Copper || R2Cu(NCy;)Li, [ _ R3X _
_ o Et;0, 0°C R CuiNGy,Li| PAPPhe)s R Rs
Some of the earliest attempted carbometalations involved R’
the syn conjugate addition of copper species,bacetylenic 2 30 3
ester22. Regiochemical control was achieved by directing yield
the addition of the organic substituent to tfeposition entry R R? RX B
(Scheme 4%’ Quenching the reactions at78 °C gave 1 Me Me Phl 89
2 Me Me PhBr 60
Scheme 4. Carbocupration of Alkynoates 3 Me Me E)-BuCH=CHI 62
COoMe 451 me me (E)-Ph(IZH=CHBr 5738
MeoZCIH 1.!\r/||_ei[2:('3-u7L; < | '1\'/'3[2:?}'7%%2 MeO,C ‘Me e e ©/
n-CoHys” “Me 2-H' n-CyHis n-CsHis” Me 6 Me Me PhCH| 53
23 or Me 24 7 Me Bu Phl 61
22 (40:60)
8 Me Ph Phl 77
trisubstituted olefins such a3 in good yield and with (44:56)
excellent stereoselectivitfE(Z 99.5:0.5 to 99.8:0.2) provided 9 Ph Me Ph 22
that THF was used as the solvent. It was noted that (38:62)

equilibration of the cuprate intermediates occurred at higher . . .
temperatures and so quenching-at8 °C was imperative. efficiently coupled to se\_/eral vinylogous halides in the
Using a large excess of Gilman reagent in the presence ofPresence of Pd(PBla. This method was useful for the
oxygen gave the tetrasubstituted prod24tin unspecified forma_uon of tetrasubstituted olefins that carried identical
yield 28 substituents on thg-carbon of the unsaturated 'esﬁar(Rll
Alexakis et al. approached the problem of enolization by = R* = Me), because the low reactivity of the intermediate

using acetals as directing groups (Schem® She addition ~ copper species3() necessitated room-temperature treatment
during the palladium-catalyzed cross-coupling reaction. This

Scheme 5. Tetrasubstituted Olefins from Alkynyl Acetals increased temperature resulted in ca. 1:1 mixtures ahd
MeO. _OMe MeO. _OMe Z isomers through enolization of the intermediate copper
1 R Culi ELO. 78 °C anions when the preparation of differentially substituted
Il 5 lIJ-II\I/’IPTZ B % Mes P pe products (R = Me) was attempted (entries—B). One
Me R’ example was reported of a tetrasubstituted double bond
25 26 bearing four different groups with aB to Z ratio of 6:4
R'=n-Bu, R? = Me, 87 % (entry 7). . . o . .
R'=Et, R2 = n-Bu, 78 % The difficulties associated with achieving regiochemical
R"=Et, R? = CH=CH,CH,, 80 % control in the addition of alkyl copper onto simple alkynes
MeO MeO were addressed by Rao and Knochel who used an intramo-
MeQOMe Q\,!ZnBrz Me © OMe lecular delivery of the organocopper species (Schené 6).
e/ Zcui  PAPPh e’ Vs Scheme 6. Intramolecular Carbocupration
27 28/
67% CO,Et
. RCu Bu Bu
of Gilman reagents to alkynyl acetals proceeded with high ~ Rcu Il npr Al e~ nPr
. : TR THF
selectivity and stereointegrity in THF at low temperatures. — CO,Et
Significant effort was invested to elucidate the factors 25°C
; . o L 32 33 34
controlling regio- and stereoselectivity in the initial cuprate R = (CN)Li-ZnMe, 57 %

addition. Copper species derived from organolithiums were
required, and the reactions had to be performed in THF to Thus, zine-copper intermediates such 38generated from
prevent the competing elimination pathway to form allenes. the corresponding alkylzinc halides and C+CIEIl under-
The intermediate vinylogous cuprates proved to have low went an intramolecular carbometallation to produce cyclic
reactivity, and tetrasubstituted olefins could only be obtained intermediate83. Because the structures of the intermediate
by using powerful electrophiles such as methyl iodide or allyl vinyl cuprates precluded enolization, the condensations could
bromide. More diversity was achieved using electrophiles be done at elevated temperatures without any loss of
such as butyl iodide in the presence of 4 equiv of HMPT, stereochemical integrity, thus increasing the reactivitgf
and two examples were given of palladium-mediated cross-toward electrophiles.
couplings after in-situ conversion of the cuprates to the Regiochemical issues have been circumvented by using
corresponding zinc species. symmetrically substituted alkynes. Thus, the Wipf gr8up
The palladium-catalyzed cross-coupling of organocupratesemployed Schwartz chemistfyby exposing 3-hexyne to
was subsequently used to generate tetrasubstituted olefinde;Al in the presence of GiZrCl, to generate vinylic alane
from acetylenic esters (Table )In this study, cuprates 36 (Scheme 7). This intermediate could then be transmeta-
carrying a dicyclohexylamido dummy ligand were employed. lated to the corresponding copper reagent for subsequent
The addition of RCu(NCy)Li to an acetylenic ester at 0 condensations with methyl vinyl ketone (MVK). In this
°C gave an intermediate organocuprate species that wagnanner, derivative7 was made in 48% overall yield.
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Scheme 7. Approach to Tetrasubstituted Alkenes Using
Symmetric Alkynes

Table 3. Addition of Organocuprates anda-Halo Ethers to
Acetylenic Esters
CO,Et

AlMe 2 4 (RY,cuLi, THF, -78°C R!  COEt
Me3Al 2 . Il Z 1z-crown-4, AMPA =
| | —— | 1. Me,CulLi o - 12-crown-4, RZ R?
Cp,ZrCl, — | 1 3.R3%,-78°Ctort
0°C 2. MVK R
-23°C 43 “
35 36 37 48% >19:1 cis addition
yield
Deslongchamps and co-workers exploited the reactivity entry R R R3X (%)
of a-halo ethers to improve the scope of electrophilic 1 Et Me ICH,SNBU; 80
additions with vinyl cuprates (Table 2)The high reactivity 2 Et Me ICHSiMes 30
3 Et Me BrCHPh 40
Table 2. Addition of Organocuprates anda-Halo Ethers to 4 Et Me BrCHCH=CH; 76
Acetylenic Esters 5 Et Me BrCHC(Br)=CH, 57
CO,Me & comdl R com 6 Et Me  BrCHCH=CMe 78
| | 1) (R?),CuLi, THF, -78 °C _ 2Me N 2Me 7 Et s-Bu BrCH,CH=CH, 72
2) RSOCH2C|, 0°C R2 CuLi R? OR? 8 TBDPSOCH Me BrCHch=CH2 85
R1 39 0 9  Et Me | ~p-O 66
38 + o
R' © CuLi R! OR®
2 2
R, O0Me R goMe Scheme 8. Ring Opening of Chiral 1,3-Oxazolidin-2-ones by
- Organocopper Reagents
yield (%)
entry R R? R (40:42) Bn, Mol Bn MeNIIi/COZtBu
“, T~ 1. 03, CHzClz “ [ =
1 TBDPSO(CH), Me BnOCH 59 /_5\
(24:1) BOC/NYO 2. Me,S BOC’N\H/O
3 TBDPSO(CH), Me MeSi(CH),OCH, 68 4 CHCls o
(>25:1)
4  TBDPSO(CH) Me MeOCH 87 ProCu(CN)MCI)2BF3| o1 iy
(25:1) -78°C-0°C, 3h
5 TBDPSO(CH), Bu  MeSi(CH).OCH, 61
(451) Me \:/ Me
6 TBDPSO(CH); Me 4-MeOGH,OCH, 72 Bn._In A Bn._Ax_Me
(6:1) \E)\K\COZ’BU + Q\E
7 Et Me BnOCH 70 BocNH  Me BooNH_ Nco,/Bu
(10:1) a7 ] 48

aEthyl ester was used. 55% 19%

yield for the isomer shown and in 71% vyield for the isomer
epimeric at C5. An organocopper-mediated alkylatiod®f
p-gave a mixture of tetrasubstituted produttsand48in 55%

and 19% vyields (HPLC), respectively. Treatment of the C5
epimer gave a mixture of the related products in 75% and
20% vyields E:Z). The authors gave a detailed analysis of
two plausible mechanistic pathways, suggesting that the
reaction could proceed either via a direct alkylation by the
organocopper reagent or through a coppallyl complex.
This methodology has since been used by the same workers
in the synthesis of dipeptide mimetics that were subjected
%o conformational studiesThe tetrasubstituted olefin moi-
eties were employed as amide isosteres in this study.

of the a-halo ethers allowed the temperature of the final
alkylation to be lowered to 0C, thus improving selectivity.
This method delivered more than 10 examples of tetrasu
stituted productd0and42in yields greater than 59%, with
typical selectivities of greater than 5:4%42). In four cases,
the minor products42) were not detected.

This technology was later expanded to improve the
substrate scope (Table ¥)Excellent regio- and stereose-
lectivities were achieved by using additives such as HMPA
and 12-crown-4 to control the extent of allenoate formation.
12-Crown-4 was added to chelate excess lithium, a specie
known to degrade stereochemical information in related
substrates'236The use of this additive alone gave unsatis-
factory yields with the electrophiles attempted, and to 22 Boron
overcome this several equivalents of HMPA were included. =
These conditions were applied to a number of active The use of boron instead of copper for the carbometallation
electrophiles giving excellent selectivity in all cases. This of alkynes offers significant reactivity advantages because
methodology has since been applied to acid-catalyzedthe intermediate vinyl boranes make excellent cross-coupling
allylboration reactions to generate stereogenic quaternarypartners for subsequent palladium-mediated processes. Re-
centers’ giochemical issues can be addressed through the use of

Oishi and co-workers have reported the preparation of di-, directing groups, or avoided by making symmetrically
tri-, and tetrasubstituted olefins through the ring opening of substituted products. The loss of stereochemical information
chiral 1,3-oxazolidin-2-ones by organocopper reagents (Schemeoccurs less frequently with these types of reactions than with
8).38 Two examples showed the application of this methodol- organocuprates because unactivated alkynes can be used as
ogy to the synthesis of tetrasubstituted olefins. The treatmentsubstrates. The initial carbometallations occur with cis
of oxazolidinonet5 with ozone and dimethylsulfide followed = geometry, although a loss of stereopurity sometimes occurs
by anE-selective Wittig reaction gave,S-enoategl6in 40% during the subsequent cross-coupling reaction. Substrate
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scope can be somewhat limited for these reactions as theScheme 11. Rearrangement of Boron Ate-Complexes To
couplings are normally done with simple aryl and alkenyl Give Tetrasubstituted Olefins

partners. 1. BuLi, -20 °C oBu Rt
Early work illustrated a method for the generation of Bu 2. BB, 0°C _
tetrasubstituted alkenes involving a tin-induced alkyl transfer 5o 3 PhSCI PhS oo BEt,
from a boron-ate complex followed by functionalization 78 %
(Scheme 9¥? In this method, a lithium acetylide, generated 1 BuLi 78 °C
i 2. CuBr-SMe,
Scheme 9. Rearrangement of Boron Ate-Complexes To Give 3. BrCH,CHCH,
Tetrasubstituted Olefins
n-Bu Et n-Bu Et
@BEtg, — PhMgBr —
|| 2-BuLi-20°c| || Me,sncl G Ft Ph \ NiCly(dppe), PhS \
‘ 2.E;B,0°C T e Sn) <BEt 62 61
n-CeH13 n-C6H13 3 51 2 52% 68 %
49 50 1. n-BuLi, -78 °C
2. CuBr-SMe,
3. CH,CHCH_Br
1.1,
n-CgHqz Et 2t Buli, -78 °C n-CgHq3  Et
e 3. CuBr-SMe,, HMPA, P(OEt); MesSr
53 A\ 4. Mel 52 A\ L . L .
68% 80% butyllithium, and the resulting lithio species transmetalated

with copper to give a product that could then react with
from acetylenet9, was transmetalated with Bt to produce  allylbromide to afford61. A final nickel-mediated cross-
-ate complex50. This material then rearranged and was coupling reaction with61 gave 62 as the endpoint of the
trapped in the presence of trimethyltin chloride to afford tin  seven-step sequence in 28% overall yield (based on recovered
adduct51 as a single isoméef. The intramolecular delivery starting material) from59. One example was given of a
of the ethyl group from boron ensured that the process wastetrasubstituted olefin, which was obtained as a single isomer.
regiospecific. The crude intermediabd underwent trans- This method was subsequently elaborated, and the prepa-
metallation twice, once witm-BuLi and then with CuBr ration of a series of tetraalkyl-substituted olefins disclosed
SMe, a process that was necessary to avoid losing stereo{Table 4)*2 Commencing with intermediate boranes similar
chemical information. The resulting organocuprate was
quenched with allylbromide to give vinyl tin addus2. The Table 4. Transformation of g-Chalcogeno Alkenyllboranes
tin group proved to be remarkably resistant to lithium R , REMgBr, NiCl(dmpe) R ,
exchange, allowing for excellent regioselectivity in this PhS)\(R J\(R

process. The low reactivity of the tin moiety necessitated a 0, reflox
halogen exchange before subsequent elaboration could be i
attempted, and a further three steps (lithium exchange, copper entry R R? R R product £z y(%)
exchange, and quench with Mel) were required to produce
adduct53 as a single isomer in 54% overall yield frof8. n-Bu
This 10-step sequence was applied in two other cases |  #»Bu »#-Bu Me  Ph Ph)\("'B” >99:1 82
(Scheme 10), using cyclohexenone as the terminal electro- Me
Scheme 10 "fenét
1. BuLi, -20 °C 2 n-Pent  Et allyl Ph Ph <1:99 38
2. Et3B,0°C X 1.1y x
o \(\% 3. Me3SnCl | Et 2.tBuli -78°C ,,fu N
4. n-Buli, 78 °C g g o 3. CuBr-SMe,, MgBr, 3 n-Bu n-Bu Me n-Bu p,py - 70
54 5. CuBr-SMe, 3 55 O 4. (é)ll:clo(r)'néxenone, Me
6. CH,CHCH,Br 759% 3Okt -Bu
Q -z 4  nBu nBu CHPh Me Me™ Y™ 901 24
o > .
| Js 0,0 10 Steps |
Et ij\/ T %% o to 60in structure, a lithium-boron exchange was performed
56 using MeLi in the presence of HMPA. The resulting lithio
51% o species could be converted to the corresponding cuprates by
the addition of Cul, and then alkylation was accomplished
phile. In each case, single isomers were obtained. as before using reactive electrophiles. Reactions that were

Using a similar method, Gerard et al. demonstrated the performed in the presence of HMPA could be run at slightly
rearrangement of a boron-ate complex in the presence ofelevated temperatures 83 °C), thus increasing the reactivity

PhSCI to give the intermediate speci&3in 78% overall of the metal species and delivering corresponding yield
yield from 59 (Scheme 113 Direct coupling to producé2 improvements. When less active alkylating agents were
using the SuzukiMiyaura protocol failed, givingh-Bu— employed, the presence of P(O&dyring the alkylation was

C=C-Et instead, and therefore an alternate route was necessary to realize significant amounts of intermedi&#s (
required. The vinyl borané0 was transmetalated with analogous to61. The scope of the final nickel-catalyzed
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coupling was expanded in this account to include a variety Table 5. Multicomponent Assembly of Alkynes, Imines, and
of Grignard coupling partners. The structures of the final Ofga”ObOTO” Reagents

products were inferred on the basis of the preference of the R’ R BN WO
boron-to-lithium exchange to occur with retention of stere- fg Nitcod),. P(c-CeHols 1 Jﬁ/k \ 1 )YL ,
ochemistryt! and by the results of an NOE experiment that N«R“ MeOAc, MeOH ) RET R ) R
was conducted on one isome3|. J Et;B 7 R 72 R
A method was recently reported to prepare tetrasubstituted R 79
olefins as part of skipped diene systethsA technique . - -
e yield ratio regio-
developed by Kaneda and co-workérsvas modified to entry product %) (T1:72) selectivity
produce skipped dienes such @8 (Scheme 12). In the
Et NHMe
ggzteerpne 12. Tetrasubstituted Olefins in a Skipped Diene 1 Ph/vwol 85 94:6 90:10
Me
n-Pr n-Pr. Br n-Pr Ar
I ?SiBrz(PhCN)z | ArB(OH), | E‘\ Rl
B ry n-Pr PdBry(PhCN), n-Pr 2 Ph D-CICqH, 95 96:4 90:10
n-Pr R (tBu)z, Cs,CO3 Me
66 67 THF 68 Bt NHMe
S - n'e/,\,ro: 2 I\’;ltoozscy?g‘tlnz%;f’ 83 % 3 PR (pCoMeCeH, 82 >964 9010
Me
original work# it was found that a large excess of allyl Et NHMe
bromide was necessary to promote the initial alkyne addition, 4 Ph)ﬁ/k(pCOMe)c H 78 > 96:4 91:9
. . . . 64
a constraint that limited the practicality of the process. Me
Rawal’s group demonstrated that slow addition of the alkyne
reduced polymerizing side reactions and gave the desired £t NHMe
bromides67. Regiochemical issues in these reactions were 5 Ph” N (p-CF)CeH, 98 96:4 89:11
circumvented by using symmetrical alkyrf@sThe subse- Me

quent Suzuki reactions could then be done in the same flask
simply by adding the appropriate reagents upon completion
of the allyl additions. The stereochemical assignments of the

Et NHMe
6 Ph)\fkp-anisyl 64 86:14 91:9

final products were based on the initial syn addition across Me
the alkyne. Et NHMe

Patel and Jamison developed a multicomponent method 5 npr)\H\Ph 91 94:6 .
of tetrasubstituted olefin formation involving a nickel- P
catalyzed addition of imines to alkynes, followed by an
alkylative coupling with an ethyl group from the borane to nBu NHMe
give 71 (Table 5)*6 The reactions were regioselectiveq: 8 ph)ﬁ/kph 70 90:10 91:9
1) with respect to imine addition and were accompanied by Me
small amounts of reduction produc® (4—10%). Nine

. .. . . . Ph  NHMe
different imines, bearing a variety of functional groups, were ~
successfully coupled with two different alkynes (BRCMe ? Ph)\/kPh 65 - 937
and nPr—C=C—nPr). It was also found that aryl and Me
vinylboronic acids, used in the place of triethylborane, were Me

; : AR Et HN

compatible with the process, resulting in yields of-682%. 1 « 5 > 964

Suginome, Yamamoto, and Murakami used a directing nPr c-CeH11 ‘ .
group to control the cyanoboration of homopropargylic nPr
alcohols (Scheme 13).Primary homopropargylic alcohols, Bt HN-Me
such as73, were converted to initial cyanoboryl ethefd 11 S 30 90:10 91:9
by a three-step procedure. Compotfiddsmoothly underwent Ph Me
a cyclo-cyanoboration with the alkyne moiety, giving Me
intermediate adduct?5 as a single stereoisomer in 94% Et HN--COMe
isolated yield. In the examples provided, the products were ,, « 75 946 91:9
obtained as single isomers, but sliZ isomerization was Ph Ph ' '
observed in one case (93:7). The intermediate boryl ether Me

75was converted to tetrasubstituted alk&6eising rhodium

catalysis. Two other examples were given of tetrasubstitutedabout by unfavorable steric interactions between the nickel

olefins (77 and78), each obtained by a Suzuki cross-coupling complex and the bulky amine group on the boron. One of

using the appropriate aryl iodide. the crude intermediate80 (R? = Et, R = Ph, R = Me),
Subsequently, it was shown that when chloroboryl ethers was cross-coupled with an aryl iodide or a vinyl bromide to

were treated with alkynyl stannanes in the presence of aafford products81 and 82, respectively.

nickel catalyst, trans addition across the alkyne occurred, to  This methodology also worked in an intermolecular sense

deliver cycloboranes such &8 (Scheme 14%8 The produc- (Table 6), achieving excellent regioselectivity for differen-

tion of the trans produ®0 was thought to arise from a cis/ tially substituted alkynes, provided that a bulky cyanoborane

trans isomerization prior to insertion into the alkyne, brought was employed?
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Scheme 13. Intramolecular Cyclocyanoboration of Alkynes Scheme 15. Generation of Tetrasubstituted Olefins from
1. B(OH)3 Intermolecular Cyanoboration

. N(/-Pr). i-Pr i-Pr
2.BCl;SMe,,  N(-P)2 N cl
OH Et R / CN
K/ (i-ProN),BCI O’B\CN Et Pd(PPh3), B CN Et . B 71__\/
_Z Pri-N"NPr O
I

0
= 0.0
‘\)_<Et 1.PMes A/ B p-CICH|

73 3. TMS-CN 74 1o-c 75 [CpPd(n®-C3Hs)]
73% 94% o oo~ BN CN__ PtBus . cN
-Pinacen 7s [CpPd(n®-CHs)]
)OJ\/ KF, dioxane O
I S NP NN OMe 60 °C
I-PF\NI;PF Rh(acac)(cod) L N . OMe L
; HO 88
0:3):< CN 76 85% 87%
— 85% °
75 Bt Ar .
Arl, Pdy(dba), (_on 2.3. Tin
P'Bug, KF HO Et The use of tin coupling reactions in tetrasubstituted olefin
A= 969 ; . :
" Q;;j:,’\“ﬁgézﬁ':ﬂégif preparation has received somewhat less attention than the
' use of boron or copper. As with all methods using tin, toxicity
Scheme 14. Tetrasubstituted Esters from Cycloboration of and purification problems are encountered, in addition to the
Chloroboryl Alkynyl Ethers wonderful smell. The tin-mediated methods tend to be highly
PhCHCHBr stereoselective but moderately regioselective.
Pd(PPha)s — Et Shirakawa et al. found that Ni(cad)atalyzed the addition
NP BusSn HO )= of an allyl or acyl stannane such &3to an alkyne such as
é(" & N\ "-PF\N";Pf Me AN 66 to give an initial vinylic stannan80 with excellent cis-
-~ 2 3 B 81 Wi . -
JO\% X Ni(cod)2R oB R 80% Ph selectivity (-99:1) (Scheme 16% In the case of unsym
R! PPhs, 80 °C — .
79 R! 80 \ Scheme 16. Addition of Acyl Stannanes to Alkynes
78-98 % Ph  Et
R'=H, Me, Ph R3S HO — O O
R2 = Me, Et, Ph, CH=C(Me), Phl \ O n-Pr 0CO,Et
R® = Ph, n-Pr, SiMe; Pd(PPhy), M€ 82 NT o+ ||| Nicod), o P~ 91 N
82% Ph 2\ toluene, A O ] n-er Pd,(dba)s, 0 n-pr
N 07 “SnBuy n-Pr DMF, A pp, |
Table 6. Intermolecular Cyanoborane Addition to Alkynes 89 66 BusSn % n-Pr /92 n-Pr
2 0, 0,
RZ-CN + Ar— R L(?de(n3—C3l-15)], PMe; NG R 66% 88%
joxane, 130 °C ) ( 0 R2 ) 0 R?
83 84 A g5 R! Y . Ni(cod),
RZ —_— RZ
R'” “SnR, /J\W toluene, A R? XN
II\\‘/Ie l'\\l/Ie
\ . SnR
R2:A=[ 5 C=O,B 93 94 1 , 95 SRy
N ‘N R' =Ph, R? = Me; 73%
Me Me R' = Ph, R? = Ph; 36 %
iPr Me R'=Et, R2 = Me; 56 %
N N, R' = Me,C=CH, R? = Me; 52 %
B= [ B D= ©[ 8 R'=(CHo)sN, R2=Me;73%
N N
i-Pr Me
regioisomeric _ yield metrlpal alkynes, 'the major regioisomers resulted from
entry Ar R R? ratio (%) addition of the tributyltin moiety to the more electron-
; deficient alkynyl carbon. Two examples of tetrasubstituted
1 Ph Me A 85:15 77 )L .
> Ph Me B 955 94 alkenes were given in which the substrate was then elaborated
3 Ph Me C 83:17 97 using palladium-mediated allylation and carbonylation reac-
4 Ph Me D 83:17 96 tions. While the acylstannylations gave mixtures of regio-
5 Ph Bu B 9515 89 isomers in ratios as low as 2:1, the allylstannylations were
‘75 i:(E:t[-‘?CCI—C;SH“ I\Bﬂté E gg;%z ;i highly regioselective with many reactions giving selectivities
8 Z_C%C‘;H‘: Bu B 082 59 of more than 99:1. These authors later reported a variation
9 2-MOMOGH., Bu B 991 80 in which acyl stannanes could be added across disubstituted
10 1-naphthyl Me B 99:1 72 dienes 94) to afford derivatives such &6.5! Yields of 36—
11 2-naphthyl Bu B 91:9 61 73% were realized, and single isomers were obtained when

symmetrically substituted dienes were employed.

) ) When differentially substituted alkynes were used, a

One demonstration of the conversion of these borylated radical carbostannylation could be done regioselectively if
products into tetrasubstituted olefins using a Suzuki coupling electron-withdrawing groups were present. This principle was
reaction afforded8, the precursor to a squalene synthetase demonstrated by Miura et al., who used alkynoate esters such
inhibitor, in 74% overall yield from the starting alkyrgs as96 to direct the addition of tin radicals to the triple bond
(Scheme 15). For the Suzuki process to be successful,(Scheme 1752 Vinyl tin species such a88 were obtained
however, the boron moiety first had to be converted to the in 19—85% yields along with small amounts of stereo- and
pinacol boronate ester. regioisomeric side products. The resulting vinyl tin com-
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Scheme 17. Carbostannylation of Differentially Substituted
Alkynes

EWG MeOZC
AIBN, PhH, &
| | ~come
R /\/ Snets EWG” “SnBu,
96 98
EWG = CO,Et or CN 19-85%
CF,
uSSn
Il _PhHA
COzMe
SnBua
CO,Me
100
cl 92%
99
Pd(PPhs),, Cul
Arl, DMF, 70 °C
/©5\002Me
Ar = Ph; 96 %

Ar = p-MeOCgHy; 78 %
Ar=p-Cl-CgHy; 93 %

Flynn and Ogilivie

fluorine-containing acetylene derivatives (Tablé“n this
account, the fluorinated substituents did not seem to provide
sufficient electronic bias to govern the regioselectivity of
the addition. Mixtures of regioisomers were obtained when
iodides and boronic acids bearing different aryl substituents
were employed (entries #15).

This method was complimentary to a technique reported
by the Ramachandran group that involved the radical-
mediated addition of fluoroalkyl iodides to alkyn&sAl-
though most of the alkynes described were terminal, two
internal alkynes were employed, giving vinylic iodide
products. These could, in principle, serve as coupling partners
to generate tetrasubstituted alkenes. Yields greater than 72%
and E/Z ratios of more than 91:9 were obtained, although
regioisomers resulted from the use of an unsymmetrical
alkyne.

2.4. Magnesium

The addition of Grignard reagents to alkynes has proven
to be highly successful, using directing groups to achieve
reliable regioselectivity. The organomagnesium addition to
the alkyne often proceeds in a trans fashion, resulting in
predictable stereochemical outcomes. This anti addition is
complementary to many transition metal-catalyzed processes,
which often occur in a syn manner. All of the methods shown

pounds 98) were not converted to tetrasubstituted olefins, build on a previously developed carbomagnesiation pro€ess,
but in principle the products could be so utilized. in which 2 equiv of a Grignard reagent was added to
In a similar strategy, Cfgroups were used, instead of propargylic alcohols in a highly selective fashion (Scheme
alkynoate esters, to direct the addition of tin radicals (Scheme19).
17). The Ck group exerted powerful regiocontrol, com- This process was exploited by the Negishi group, who
pletely reversing the selectivity observed for aryl-alkyl- showed that the magnesium species could be converted into
alkynes. Allyl tin reagenB7 was successfully added to a iodides11], intermediates that could be cross-coupled using
series of CEsubstituted alkynes such @8, which gave the  zinc reagents after protecting the hydroxyl grédphe anti
corresponding olefinsl00. Addition occurred in a trans  addition of the Grignard reagent set the initial stereochemistry
fashion with complete control of regio- and stereochemfStry. that was preserved in the subsequent coupling to give

Eight related alkynes were carbostannylated in-29%
isolated yields. Further Stille couplings of stanna0@with

three different aryl iodides gave the corresponding tetrasub-

stituted olefins101in 78—96% vyield.

tetrasubstituted olefins such %2 The group later utilized
this technology to synthesize a series of bisabolenes.

The Oshima group found that the carbomagnesiation could
be catalyzed by manganese compoutidBropargylic or

The proposed mechanism for the carbostannylation reac-homopropargylic alcohols (or ether$)3 could be treated

tion involved an initial addition of a Bysn radical to the

alkyne 103 This resulted in an intermediate radick)4,
which had indeterminate stereochemistry at thehsgorid-

with organomanganese species and then trapped with elec-
trophiles such as benzaldehyde or allyl bromide to directly
afford tetrasubstituted alkene products sucHL &4 (Table

ized center (Scheme 18)Selective addition of the allyltin ~ 8). This process typically occurred in a syn fashion.
Another example of a tetrasubstituted olefin being pro-
duced by this type of Grignard addition was disclosed in

1990 (Scheme 2G%.This method built on the carbomagne-

Scheme 18. Proposed Mechanism of Radical
Carbostannylation of Alkynes

SnBu, P KCFa BusSn CFs siation process developed eadfein which 2 equiv of
RY M»Bu3Sn‘ e \,\i?\[ Grignard reagent was added to propargylic alcohols, giving
R2 ’ ““Jg the cyclic intermediatel 16, in a highly selective manner.
102 103 104 R Q) Quenching this intermediate with ¢ave the corresponding

3”8“3 iodo alcohol that could be protected with a TBS group to

BU-S CF Bu Sn CF, afford 117 in 51% vyield from 115 It was found that

3 3 3 - Cs
compoundl117 could be rendered nucleophilic by lithium
exchange followed by copper exchange and that the resulting
intermediate could be exposed to a Michael acceptor to afford
118 as the sole product.

This methodology was extended and made practical by
moiety was thought to be a consequence of strong stericeliminating the halogenation/double-exchange sequence
interactions between the BSn group and the incoming allyl  through direct electrophile displacement (Scheme®2TIhe
reagent, forcing these two groups to become anti to one cyclomagnesium species were formed directly and could be
another in the productlQ6). treated with aldehydes to give tetrasubstituted olefins such

The one-pot synthesis of tetrasubstituted alkenes wasas 121 For successful reactions, the aldehyde addition
subsequently accomplished via the carbopalladation ofrequired reflux temperatures in a mixture of THF and
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Table 7. Carbopalladation of Fluorine-Containing Acetylene Derivatives

R? R4 R3B 1 2
, (OH), R R
| |1 K,COj3, PACI(PhCN), R® R*
R °
37 DMF/H,0,100°C 108
yield
entry R R? R3 R* (%)2 ratio
1 CR 4-CICsH4 Ph Ph 85
2 CR 4-CICsH, 4-MeOGH, 4-MeOGH, (86)
3 CR 4-CICsH, 4-MeGsHa 4-MeGsHa 82
4 CR 4-MeOGH, Ph Ph (88)
5 CR 4-MeGsHa4 Ph Ph 81
6 CR 3-MeOGH4 Ph Ph 71
7 CR 2-MeOGH, Ph Ph (85)
8 CR Ph(CH)s Ph Ph (83)
9 CHF, 4-CICsH, Ph Ph 80
10 (CR).CHFR, 4-CICsH,4 Ph Ph 73
11 Ck 4-CICeH, 4-MeOGH, Ph (76) 40:60
12 Ck 4-CICsH,4 Ph 4-MeOGH4 (80) 63:37
13 Ch 4-CICsH, Ph 4-MeGH, (89) 39:61
14 CR 4-CICsH,4 Ph 3-MeOGH4 (84) 57:43
15 Chk 4-CICH4 Ph 2-MeOGH,4 (60) 62:38
2Values in parentheses were based'¥hNMR spectra.
Scheme 19. Carbomagnesiation of Propargylic Alkynes Scheme 20. Carbomagnesiationlodination —Michael
_~_MgBr Sequence
M % cul RS R~ RTSS OH
% Cu l2 1. TBSCI ! oTBS
A T JLENLL 4 27
f Mg : 2. R?ZnCl, Pd(0) Il MeMgBr_|  A\— R I 2:(
0 HO TBSO 2. TBSCI
o NBu NBu,
109 110 11 12 NBu; 2 116 117 51%
R'= Me, R2= n-Bu (86%) 115 1. t-BuLi
R'=n-Bu, R2=Me (97%) ™S 2. Cul
Y oTBS 3. TMSCI, TMEDA
Table 8. Conversion of Propargylic and Homopropargylic ™SO o
Ethers to Tetrasubstituted Olefins B )k”/TMS
u
n-CgHy3z _~.Mgsr 2 ;16?&
| | 1. cat.Mn
) 2.E* Scheme 21. CarbomagnesiationCarbonyl Trapping
R°O 1"13 OH e OH
TMS —==— MgBr g_ Ph OH
entry substrate electrophile yE)eld | | THF Ph PhCHO PH
(%) N AN N\
n-Hex 119 120 TMS 121 TMS
1 Z PhCHO 92
MeO . .
Table 9. Three-Component Coupling of Alkenes and Dienes
n-Hex OH
Pz ; OH
2 oo N 4 n-CHisCHO 87 RihigC) 2
|| ) R = R1
n-Hex R2X, Pd(PPhs),
3 N 4 CH,=CHCH,Br 77 Me Me
MeO 122 123
n-Hex entry R R2X yield
4 H - 80°
Meo/% 1 Ph PhI 73
9y 2 Ph p-MeOGsH4l 71
n-Hex 3 Ph CH2=CHCHl 64
g ) a
> Bno/% 78 2 CH=CHCH, PhI 60
5 Ph MeC=CMeBr 71
Q n-Hex 6 CH,=CH PhI 41
6 FZ - 35° 7 Me Phl 10
0 o/\/
a CH,CHCH;MgBr was used.

aExcess Grignard reagent employed and reaction performed open

to air.

cyclohexane. A variety of propargylic alcohols were con- furanones, including Viox®>® This method was further

verted to olefin products in yields varying from 68% to 86%. adapted to include halide electrophffelsy using palladium
Also reported was the condensation of the intermediate catalysis to cross-couple the intermediate magnesium com-

cyclomagnesium species suchz#0with CO, giving two plexes with a variety of aryl and vinylic halides (Table 9).
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Table 10. Preparation of Butenolides Table 11. Iron-Catalyzed Carbomagnesiation of Propargylic and
OH R R2 Homopropargylic Alcohols
/ 1. R?MgX éZ:X 1. Fe(ehx)s, MeMgBr ~ OH n-CqHy OH
= . E
R ~ 2.CO, 0™ Substrate —,T';'F'O c R1)j[ or MeT
109 124 127-129 = R “Me Z
- 130 1-CaqHg 131
, yield ehx = 2-ethylhexanoate
0,
entry R R (%) yield
1 Me Et 30 entry substrate E' product (%)
2 Ph Me 51 o
3 Ph Et 45 OH
— H
4 Ph CHCH=CH, 61 1 CioHz—=— DME Me)IC ° s
5 PhCC- Et 38 127 Me Coth” ~Me
107121
6 CH,=(Me)C— Et 38
OH
OH CuCNyLiCl,
Scheme 22. Application of the Hydroxy-Directed 2 CroHat e <Me o1 bromid e o o
Carbometallation Ayl bromide o ) “Me
o o 1.CO, o on on OH OH
By Ph
1. MeMgCl Mg 2.KOt-Bu OH 3 _— PhCHO Ph Ph 51
| 2 Amge |l 073 Ac0 | oAc 128 |
Ar 4.AcOH Ar Me
125 OH OH
OH 78% from 119 Ph— OH
119 1. Hy0,, AcOH 4 = PhCHO Ph Y Ph 52
;é 2. Br(CH2)60N02 128 Et
Ar= K2CO3
SM 0] OH C.H n—C4Hg OH
e n-
Ph O/\(")?;ONOZ \ = 4Ho e
| OAc 5 & 3 - 70
n-C4Hg 129 Z
126 n-C4Hg
MeOZS %
80% a EtMgBr was used® Fe(acag), CuBr, and ByP were used.

Duboudin and Jousseaume have also described the expog heme 23. Syn Arylmagnesiation of Alkynes
sure of propargylic alcohols to Grignard reagents and
subsequent trapping with carbon dioxide to give butenolides

124 (Table 10)%3
( ) 1. Fe(acac);, CuBr OO R!

This carbomagnesiation strategy has been used by Merck

MgBr

& Co. to synthesize a NO-releasing prodrug of Vioxx 132 , iﬁ;ﬁg:ré ‘:33:0 ' Pr
(Scheme 22§ Significant effort was devoted to modifying Pr—=——pr ' 133

R' = PhCHOH, 66%

and optimizing the reaction to sucessfully acetylate the 66 R'=Bn  49%

intermediate magnesium alkoxide and prevent facile cycliza-
tion to the corresponding furanone. All steps in the reaction 2 5 Other Metals
were carefully examined, and a particularly important factor

was the sequestering of excess OMith potassiumtert_ _Carbozirconation is a hlgh'y re|i<_’:1ble method to function-
butoxide prior to acetylation. Thus, tetrasubstituted alkene alize alkynes, proceeding with a high degree of stereoselec-
125was obtained after six steps frobi9in 78% overall tivity, and consistently providing syn isome#sThe regio-

yield. This was impressive because the first sequenceSelectivity of zirconium additions has been extensively
attempted gave a 6% yield. As in the aforementioned studied, and these reagents have significant potential for
methods, regio- and stereoselectivity were excellent. pre_paring tetrasubstituted olefins. Takahashi etal. descr.ibed

A complementary method was disclosed by Zhang and @ Zirconium-based method to selectively construct function-
Ready in which iron-catalyzed carbomagnesiation of prop- alizedo.,-unsaturated esters (Scheme 24jhus, diphen-
argylic and homopropargylic alcohols generated tri- and Scheme 24. Carbozirconation Generates Tetrasubstituted
tetrasubstituted olefins with the opposite regio- and stereo- gefins
selectivity as had been previously observed (Table®41h).

this method, alcohols were treated with a Grignard reagent Fh 1.CpzrEt,  Ph~ ~CO:Et RX Ph__ CO,Et

in the presence of Fe(ehxjehx = 2-ethylhexanoate). Syn | — E[ — E[

addition of the Grignard reagent across the triple bond Ph 2. CICOEL  pn™™ziCiCp, Ph™ R

followed by electrophilic trapping gave produdt30. Trap- 134 135 . 136

ping of the vinyl iron or magnesium intermediate species 2:8??685“;35 *) EZE&@&?}S@{;’

generated from one substrate2@) with a pendant alkyne

gave dienel31in good yield. ylacetylene was treated with eyEt, in the presence of ethyl
The arylmagnesiation of alkynes using an iron/copper chloroformate to produce an intermediate acyl zirconium

catalyst system was recently described (Schemé&®ZR)is species that could be cross-coupled with electrophiles in the

process employed a syn addition across the alkyne to givepresence of Pd(PR)a to give tetrasubstituted olefiris36in

an intermediate magnesium reagent that could be trapped31—65% yield. Four examples were illustrated, and in each
with benzaldehyde or benzyl bromide to give tetrasubstituted case the addition was found to occur in the expected syn
olefins. fashion.
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Grigg and co-workers showed that carbopalladations could Scheme 27. Carbolithiation of Diphenylacetylene To Form

be carried out intramolecularly to give products suchh 28 Tamoxifen

This compound was isolated as a single isomer in 31% vyield M RILL10°C. THE R
after Suzuki-type coupling (Scheme Z5A hexenyl group |’| e Ph)\(Ph
Scheme 25. Intramolecular Carbopalladation § Elgr:r;r)h”e E

Ac Ac 134 146

! R = Et, Bu, hexyl 30-54%
N 3y ’
N m E =Br, |, B(OH),
PPh; 1
Ol NaBPh, \ SO R
or Me | Ph
137 \ 138

OR |
o-B R = Ph, 31% SN0
I R = CH=CHC,Hg, 41% |
B(OH),

n-C4Hg

o
Me _~Me Me. Pd(PPh3)s, Na,CO3, DME/H,0 \T/\/
= Z “SnBuj | | 147
L Pd(OAG) 62 - 73%
TR . >05:5ZE
NBn PPh; NBn NBn
Et,NCI
o] o] o]
140 141

reacted in situ with electrophiles such as 1,2-dibromoethane,
139 1,2-diiodoethane, or triisopropylborate to form tetrasubsti-
tuted precursor§46 These materials were treated with either
an aryl iodide or an arylboronic acid, as appropriate, in
was also transferred in slightly higher yield (41%). In this refluxing DME/H,O using Pd(PP{), as catalyst and Na
example, regiochemistry was controlled by the intramolecular CO: as a base to give tetrasubstituted olefid in 62—
reaction in which only the formaexodig pathway was /3% yield and with>95:5 selectivity E:2).
productive. Indolylborate could be used in similar reactions  Zinc has been used in several instances to prepare
as transfer reagenft$and tin coupling partners could be used tetrasubstituted olefins, primarily through Negishi coupling
in place of the boron reagerf&These reactions occurred ~Féactions, but also in other contexts. For example, a car-
successfully in both the Bxodig and the Gexodig modes ~ Pozincation of alkynes was described in which nickel
in the four examples described. Thegedig processes gave ~ catalysis provided smooth syn addition to diphenylacetylene

33%

5 1

single isomer products, whereas one of thexédig affording a vinyl zinc intermediatel 8. This material could
cyclizations gave a 5:1 mixture of syn and anti isonisté be captured with different electrophiles to give tetrasubsti-
and141in 33% combined vyield. tuted products (Scheme 28)Although the intermediate zinc

Carboalumination has been used to prepare Tamoxifen

through the addition of Tebbe-type reagents to alkynes Scheme 28. Carbozincation of Alkynes

Scheme 26). In this case, TMS acetyld® was exposed Ph
( ) y p || e PhIZnEt N Ph/leR
Scheme 26. Carboalumination Route to Tetrasubstituted Ni(acac)| o ~~pg | 2 RX Ph  Et
Alkenes 1';2 148 149
R = C(O)Me, 58%
™S 1. EAlCl B ™MS. Ph R = C(O)Ph, 55%
I p2TiCl, E[ PhznCl I oho I Ph. Ar R = c—(’ 71%
2.NBS Pd(PPhs)s __ArZnBr, 2
oh Ph” TEt Ph” “Et | Pd(dba), PPh: | CO,Et
142 143 144 Et” “Ph Ph
85% 95% 150 151

p-MeOCeH4IPh 1. Br, Ar = p-TIPSOCgH,, 81%

op gy 2. p-MeOCHeZNCI Ar = p-(Me;NCH,CH,0)CgHg, 75%
145  Pd(PPhs) . . . L
71% (2 steps) species could be directly coupled with electrophiles in the

presence of CUCN and LiC¥ the authors reported that

to ELAICI and CpTiCl, to effect carboalumination, and the  superior results were obtained when the intermediate zinc

resulting intermediate was quenched at low temperature with species were captured withdnd the resulting vinylic iodides

NBS to afford silyloromide 1437 This material was  cross-coupled with other organozincs under Negishi condi-

subjected to Negishi coupling conditions to introduce a tions. Similar results were described using cobalt catalysts

second phenyl group with excellent yield and stereocontrol. to mediate initial allyl zinc couplingé'

After exchanging the silicon group with bromine, a second  Xue et al. found that organozinc species reacted with

Negishi reaction supplied tetrasubstituted prodidéin 71% [B-substitutedh,S-acetylenic ketones, when Cul was used as

yield over the two steps. This material was then elaborated a catalyst, to give tetrasubstituted olefin products as mixtures

to Tamoxifen using a four-step sequence. In a subsequenbf stereocisomers (Table 1.

communication, a modification of this route allowed the A nickel-catalyzed five-component reaction utilizing di-

synthesis of Tamoxifen in 35% vyield in a single operation methylzinc, symmetric alkynes, 1,3-butadiene, aldehydes, and

from diphenyl acetylen& amines furnished eithet54 or 155 depending on the type

Tamoxifen and related compounds have similarly been of amines employed (Scheme Z9)Aromatic amines gave

prepared by carbolithiation strategi€sThe carbolithiation product154, while aliphatic amines gave produtbs.

of diphenylacetylene generated a seriesg)f1-lithio-1,2- A common limitation of the carbometallation of internal

diphenylalkyl-1-enes (Scheme 27). These alkenes werealkynes is the issue of regioselectivity. Nishikawa, Yorimitsu,
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Table 12. Carbozincation of Alkynes Promoted by Cul
OH O

Flynn and Ogilivie

additions. It was initially shown that enones could serve as
effective electrophiles for a multicomponent process involv-

o)
4
/Rz + R'CHO CFC00ZnR R3 R2 ing alkynes and alkyl zinc reagerftsEarlier work by lkeda
R Cul, CH,Cly, 1t . | , and Sato had demonstrated that, in the presence of TMSCI
152 R 5 under nickel catalysis, enones would serve as electrophilic
ol m-allyl partners for alkyne insertiofsand that tetrasubsti-
entry R R? R? R y(%) ZE tuted olefins could be realized from this process (only one
: example was shown). It was found that Ni(codyould
1 n-CgH; Ph  Ph Me 91 41 : "
) catalyze multicomponent additions of alkynes, enones, and
2 n-CsH; Ph  4-MeGH, Me 88 31 5 X X .
3 nCH; Ph  Ph Et 85 1.2:1 alkyl zincs, without the need for TMSCI, if the reaction was
4 n-C;H; Ph  4-MeOGH, Et 90 1.3:1 run intramolecularly. The reaction was presumed to operate
5 Ph Ph  Ph Et 85 311 via the formation of a nickel(O)-complex that underwent
6 n-CsH; Me  4-MeOGH, Et 82 1.2:1

Scheme 29. Nickel-Catalyzed Five-Component Coupling

oxidative cyclization to form metallocyclé62 (Scheme
32) 8 This complex could then undergo transmetallation with

Me NHR' Scheme 32. Intramolecular Carbozincation
MeZn  + E'\ B NN R Ph Ph_o Ph._O
Et Ni(acac), Et 154 o .
74-98 % — Ni(cod),, THF R2,Zn/R?ZnCl
= . Me NHBn oc L —
+ + RCHO + R'NH, P P 0°C =~ n R2
Z BN Ph ki i
Bt 155 161\ 162 163}
94 % »

and Oshima reported that the allyzincation of l-aryl-1-
alkynes took place with high regio- and syn stereoselectivity
when the reaction was catalyzed by cobalt (Scheme”30).

Scheme 30. Cobalt-Catalyzed Regio- and Stereoselective
Allylzincation of 1-Aryl-1-alkynes

n-Cetlis_~_ zZnBr

the organozinc, followed by reductive elimination to produce
the tetrasubstituted olefing63 These compounds were

obtained as single isomers, with the regioselectivity of the
addition being dictated by the steric constraints of the
substrate. A dramatic effect was observed if phosphine
ligands were used together with alkyl zincs containing

nCethis AT | ectrophile  MCethia AT B-hydrogens? Under these conditions, a trisubstituted
I THF. rt, 48 h T Yax| cucNezLic "k product was obtained, resulting fronanydride elimination

Ar 156

157: Ar = 4-CICgH,, E = CH,CO; 44 %
158: Ar = 3,5-(CF3),CeHs, E = CH,=CHCH,; 70 %

that was likely a consequence of the increased electron
density imparted by the phosphine ligands. These ligands
presumably displaced the electron-poor alkene spectator
ligands that are known to promote reductive elimination. Two

Numerous examples were reported that gave trisubstitutedexamples were given of tetrasubstituted olefins that were

products after quenching the intermediate alkenylzinc com- produced stereoselectively. The intermolecular variant was

pound156with HsO*. In addition, two examples were shown  also successful using aldehydes and terminal alkynes, giving

in which the alkenylzinc compound was condensed with trisubstituted olefins.

acetyl chloride or allyl bromide in the presence of CuCN  Other electrophilic partners could participate in this

2LiCl to give tetrasubstituted olefint57 and 158 whose  process. Aldehydes gave allylic alcohols through a multi-

geometries were confirmed by NOE experiments. component ynal cyclization (Scheme 33)Treatment of
The Mori group has developed a nickel-catalyzed al- o _

kylative carboxylation of alkynes that was used to make four Scheme 33. CarbozincatiorrAldehyde Trapping

tetrasubstituted olefins with complete stereoselectivity (in one R Ln R2
case, a 3:1 mixture was obtain€d)Regioselectivity was / Ni(cod), O,N|/ R'|  znR2, HO R
apparently controlled by steric interactions as the initial THF, 0°C 6/

carbonylation occurred at the less hindered side of the triple  ©HC

bond. The intermediate oxanickel species that resulted from 164 165 166

CO;, insertion underwent coupling with Mén to afford160

after esterification with diazomethane (Scheme 31). This substrated64with Ni(cod), and a suitable alkyl zinc resulted

in smooth conversion to the tetrasubstituted products with
complete stereocontrol. This method was extremely flexible
because a common intermediate was used. The desired

Scheme 31. Alkylative Carboxylation of Alkynes
1.CO;, (1 atm)

N Nitod R substituted alkynal464 were prepared simply by a Sono-
\/\ph  eaan _ Ph gashira extension or acetylide alkylation to give the corre-
R'= Ar £Bu 2.CHzN; Mé  CO,Me sponding alkyne. Four examples were given, with yields
159 160 ranging from 64% to 76%. The reaction was thought to

proceed through oxametallacycls5 which would be
methodology was applied to the synthesis of Tamoxifen, produced by the oxidative cyclization of the nickel species,
affording the drug in eight steps in 36% overall yiétd. alkyne, and aldehyde, or by the carbometallation of the
Montgomery’s research group has extensively used orga-alkyne followed by cyclization with the aldehyde. Orig5
nozinc reagents, together with nickel-catalyzed reactions, towas formed, transmetallation and reductive elimination
construct tetrasubstituted olefins by intramolecular alkyne provided the observed produc§6. Reductive cyclization
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was only efficient if PBy was added as a ligand in
conjunction with alkyl zinc reagents.

Chemical Reviews, 2007, Vol. 107, No. 11 4711

Scheme 35. Nickel-Catalyzed Cyclizations and Couplings
with Vinyl Zirconium Reagents

A trans-selective variant of the above reaction could be X R' XH
accomplished through the use of a palladium catalyst (Table J\/\/ Nicod) | 2
. . . . H ZnCl X R
13) to give tetrasubstituted alken@sEmploying terminal . 178 2
CpCIZr A~ R
Table 13. Trans-Selective Addition of Organoboron Reagents 179 180
50 - 68 %

X =0 or HC-C(O)R®

,/——=—FR! R2B(OH), Q if\w R' =Me, Ph; R2 = CgHya, Ph
TsN R'+ TsN
L\\o Pf,fedob,j )%op%ys contained highly substituted 1,3-dienes, which are potentially
167 1ss valuable synthetic intermediates. Using ynals as precursors,
yield the reaction was found to be capable of producing both five-
entry R R2 (%) 168169 and six-membered rings, and worked well in the presence
1 Me Ph 90 6139 of amines. When enones were used as electrophiles, the
2 Bu Ph 66 83:17 reaction would not function intermolecularly, in contrast to
3 4-MeGH, 4-MeOGH, 97 937 the tin process described abdVdiowever, an intermolecular

alkynes as substrates gave products of t#68 almost
exclusively, while mixtures 0168 and 169 were observed
when an internal alkyne was used.

A four-component extension of the lkeda group’s three-
component methd@was subsequently developed (Scheme
34) 83 By including an alkynylstannane, and performing the

Scheme 34. Four-Component Nickel-Catalyzed Cyclization

version of the alkynal process producing trisubstituted olefins
was provided.

2.6. Additions to Allenes

Allenes provide an interesting case of tetrasubstituted
olefin formation® These functional groups are known to
insert rapidly into carbon metal bonds, readily forming
m-allyl complexes’® Carrying out a carbometallation across
one of therr bonds of the allene system creates netvaspl

o LE sp® centers and leaves behind an olefin product. Issues of
R! Rq . o Ni ) regioselectivity become more complex here as the reagents
" //R3 + __Nifacac), _ | ( must not only select the correct double bond, but must add
R2 Z TMSCI, DIBAL in the correct direction to that bond (Scheme 36). This raises
17 172 SnBu, R' R?
174
173 Scheme 36. Possible Regioisomers from the Addition to
‘ Allenes
L R* RZ Nuc RZ Nuc
5 L (0]
ot OH R o-Ni R K Nue R‘>\r + F{K N R1>&j :
1 5,
R R 7R m R _R? R" ~Rd R37 R RY”R3 R4 R?
" - - Ni(cod), R2 = R3 1. Nuc
177 o 176 R 6368 2e
| oA 1 1 2 2 1 2 1
b R3” R R\TR . RTR X RTR , R |R
. . . . |
reaction intermolecularly, substituted carbocycles bearing B Nue NN e B e MO
exocyclic tetrasubstituted double bonds were obtained. R® R? R® R* R? R* R® R*

Several tetrasubstituted examples were given that were

isolated as single alkene isomers (Table 14). This processthe possibility of forming four distinct regioisomers from

involved a sequence of two nickel-mediated oxidative the allene, in addition to the issue of stereocontrol during
cyclizations, both of which occurred with complete syn the process.

selectivity. Thus, an initial cyclization between components  The problem of regioselectivity in the allene insertion

171, 172, and 173 gave aldehyded75 which were then
exposed to alkyl zincs in the presence of Ni(gaaffording
the productsl77.

process has been extensively studied by the Cheng group.
In an early report, it was shown that symmetrically substi-
tuted allenel81 could be carbostannylated using palladium

Recently, it has been shown that zirconium can participate catalysis to give allylstannanes suchl#gl (Scheme 37%7

in analogous processes (Scheme #85. catalytic amount

This reaction proceeded in a typical manner, in which

of zinc was required for the successful vinylzirconation of carbopalladation of the allene afforded ti@llyl intermedi-
alkynes. These reactions were followed by intramolecular ate 182 Transmetallation ofil82 gave 183 and reductive
additions to a variety of electrophiles. Thus, alkynyl enones elimination subsequently occurred, during which the tin
were cyclized in the presence of vinyl zirconium reagents added to the less-substituted carbon, thus delivering the major
using Ni(cod) and ZnC} as catalysts. The cyclic products product184. Aryl, vinyl, or heterocyclic iodides could be

Table 14. Multicomponent Coupling To Give 177

yield of yield of
entry R R? R® R* RS (reagent) 175(%) 177 (%) (dr)
1 H H H Ph Et (E$Zn) 68 81
2 Me H H Ph Me (MeLiizZnC}) 63 74 (2.7:1)
3 H H H Ph Me (MeLi/ZnC}) 68 71
4 H Me H Ph Me (MeLi/ZnC)) 67 80 (5.3:1)
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Scheme 37. Aryl Stannylation of Allenes The use of boron was subsequently explored in an
acylboration sequence (Scheme 88F8 Symmetrically

Me SnR3
\MHV Pd(o)\< Scheme 38. Allylic Boranes from Allenes
e
184

Ar

o, .0

/|~\ Arpar RSz, pr Pd -SnR, ,K< 8° r

- 3epd SnRs PdCl,(MeCN), o
ArSnR3 RCOCI, toluene |

side product Me”™ Me

181 186

Ar
R3Sn);
" Mo s e | | |
MePd. | €181 substituted allenel81 was coupled with a series of acyl
182 chlorides using pinacolborane to give the corresponding

allylboranesl86. Fifteen examples of single isomer allylbo-
rane products bearing tetrasubstituted olefins were produced,
in yields ranging from 57% to 92%.

In the above reaction, the production of an allylboron
species represents a valuable synthetic intermediate. The
utility of this was demonstrated in a multicomponent
variation that introduced further diversity By employing
substituted phenylboronic acids and adding CsF, further
coupling took place to furnish tetrasubstituted olefin products.
The halide partner could be aryl, vinyl, heterocyclic, or even
ana-haloester. lodides and bromides readily underwent the
process, and a variety of substituents were tolerated on the
arylboronic acid moiety.

Ma and co-workers exploited the electronic and steric
biases inherent in the allene system to carry out hydropal-
ladations (Scheme 39).They found that aryl substituents

used as coupling partners, and the reactions were highly
regioselective, producing a single isomer in each case. Yields;
varied between 26% and 93%.For an effective reaction,
syringe pump addition of the tin component was required.
Surprisingly, the less reactive reagentBnSnBy produced

a more effective reaction than M&gnSnMe. This was
postulated to be a consequence of a competing two-
component coupling between the dialkyl tin reagent and the
aryl iodide. As M@SnSnMeg was more reactive, this
competing process was more significant when this reagent
was used, and lower yields of the desired three-component
coupling productl84 were observed.

The analogous silicon variation has also been repdited.
Symmetrically substituted alleri81 was coupled with the
same iodides as in the above study, but this timgSB&iMe
was used as the coupling partner. Efficient overall carbo-

silylation was realized in yields over 80% giving NnUMerous gscheme 39. Hydropalladation-Transmetallation of Allenes
examples of single isomer allylsilane products bearing

OMe
tetrasubstituted olefins (Table 15).
B(OH), Me
Table 15. Three-Component Coupling Incorporating Allenes Pd(PPh3), |
MesSt R Bn " ACOH, THF, 1t Bn
RX Pd(dba),
. | MeO,C~ ~CO,Me OMe Me0,C~ ~CO,Me
Me” “Me BusSnSiMe, CSF PMF. 70°C mepe 188 COuEt oA 189 81%
181 185 i) 1
N . R, H_UANLR
entry R yield (%) H-OAc H-[Pd] -OAc——~
190 Cokt
1 Ph 85 lArB(OH)z
2 4-NO,CeH, 88 Ar o A"
3 4-MeOCH, 86 )%(R — xR
4 2-MeOCH, 83 102 o O
5 3-Et0,CC4H,4 82

could be added across one double bond of the allene, in the
6 2-thienyl 85 presence of acetic acid, using boronic acids together with
7 o 0 Pd(PPh), as a catalyst. Allenel88 was converted into
tetrasubstituted olefii89in 81% vyield, as a 91:9 mixture
of E/Z isomers. Four other examples were illustrated, giving
R similar yields and ratios of products. Selectivity was sig-
nificantly improved when the starting allene bore an ester
8 WY 8 substituent. Compounti90 was converted td92 in 86%
CO,Et yield as a single regioisomer and with excellent control of
stereoselectivity (R= n-CzH7, Ar = 4-MeOGH,4, 97:3). Four
other examples proceeded equally successfully, in most cases
providing only one isomer of the product. While hydropal-
g ladation processes typically add first to the central carbon
of the allene to generateraallyl intermediateé’® in this case
83 a less commonly observed regioselection was operative. The
initial hydropalladation gavd 90, in which the palladium
was situated on the central carbon, precluding formation of

VA
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a s-allyl intermediate, as is typically implicated in allene halides such a&96in a multicomponent process involving

chemistry. Subsequent transmetallation and elimination gavealkynes, methyl vinylketone, and a halide source (tetraalkyl-

the major regioisomet92 ammonium salts). While exploring the substrate scope of the
Furuta and co-workers explored domino Heck reactions reaction, these researchers found that two alkyh@gand

of unsymmetrically substituted [3]Jcumulenes (Table %6).

Table 16. Domino Heck-C-H Activation Reaction of
Unsymmetrically Substituted [3]Cumulenes

ArX Ph
Pho 4 3 Me Pd(OAc),
/ \ ‘ Ar
Ph CHO i~ProNEt \
193 MeCN, 80 °C CHO
Me
194
entry ArX yield (%)  ratio
(Z:E)
1 Phl 61 34:1
2 | R=0Me 46 36:1
3 R=0Ms 39 24:1
4 R R =NO, 66 43:1
R=Br 55 2.7:1
5
6 | R =0Me 47 23:1
7 @\ R=OMs 62 2301
R R=NO, 47 251

The aryl palladium species, generated from the oxidative
addition of the palladium catalyst with the aryl halide,
inserted selectively into the €34 double bond of cumulene
193 A C—H insertion reaction at the ortho position of the
neighboring phenyl moiety, followed by reductive elimina-
tion, gave the tetrasubstituted alkene produt®! as
mixtures of E/Z isomers in yields of 3966% (combined
yields of the mixtures of isomers obtained).

2.7. Direct Alkyne Functionalization

While developing a method for the stereoselective forma-
tion of vinyl chlorides (96) from terminal alkynesX95),
Trost and Pinkerton found that several substrates did not form
the expected vinyl chloride but instead were converted to
tetrasubstituted olefins such 498 (Scheme 409%? In this
study, ruthenium catalysts were developed to form vinyl

Scheme 40. Ruthenium-Catalyzed Generation of
Cycloalkenes

Il ? NH,CI R Q
A e TR
it \)LMe Rucat ¢ X Me
MVK
195 196
o
on |l CpRu(cod)Cl
¥ MVK, NH,CI on
pret DMF/H,0 e
1
129 200 201
)2 ‘H® O~ m"
OH
203 202 I

199, unexpectedly formed carbocycles bearing a tetrasub-
stituted double bond. This result was rationalized by an
intramolecular nucleophilic attack of the hydroxyl group onto
an activated alkyne as shown. This process would only occur
if the hydroxyl were situated at a suitable distance from the
alkyne, such that the rate of this intramolecular process was
competitive with intermolecular capture by the halide.

A cascading cyclization process that delivered tetrasub-
stituted olefins in a specialized ring system was developed
in which two successive palladium-mediated cyclizations
across unsaturated bonds produced central tetrasubstituted
alkenes (Scheme 419.Aryl bromides such a204, when

Scheme 41. Allylsilane-Terminated Domine-Heck Double
Cyclization
OH

Pd(PPhs),, KOAc OH

Br | Pr,NBr, DMF, 80 °C

Rex

204

/

205

R

exposed to the appropriate palladium catalyst, underwent an
initial ring closure involving the triple bond, followed by a
Heck process with elimination to give the products shown.
The process worked well to give five- to seven-membered
rings from the initial ring closure, and five- to six-membered
rings from the second ring-forming process.

A rhodium-catalyzed cyclization/hydroboration of 1,6-
enynes 206) permitted the simultaneous generation of a
chiral center and a tetrasubstituted olefin moiety (Tablé47).
A ligand screen was performed ang-BINAP proved to

Table 17. Rhodium-Catalyzed Asymmetric Cyclization/
Hydroboration of 1,6-Enynes

R2
__ _, 1. HBcat [Rh(COD),]*SbFs"
R! =R (S)-BINAP R! 7 Ar
R R
RIT N\ 2. Arl, Pd(OAc), RIL, Me
R acetone/H,0, 65 °C R
206 207
yield ee
entry enyne product (%) (%)
R =Me Me
R1 1
O L o
R1
R' = CH,0AC Me CFs
R1 =—Me Me
R R1
2 Meﬁ:\ X T 70 45
Me ¥ CF
R! = CO,Me & e Me 3
R! = n-pentyl n-pentyl
R1 1
3 :\ R 68 82
R1
R! = CO,Me Me NO,
/—==—n-pentyl n-pentyl
4 Q i 40 98
\ Me NO,

220:2:1 mixture of isomers.
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be the best. In this report, four tetrasubstituted olefin Table 18. One-Pot Route to Tetrasubstituted Alkenes from
examples were reported in addition to other cyclization Alkynes

products. R PICHIPRCN), o
An iron-catalyzed carbolithiation process was shown to Al + ||+ PhB(OH), ° _
generate tetrasubstituted olefins when the product of the ) DMF/H0 R'" R?
alkynyl carbolithiation was quenched with aldehydes or R 100°C 215
ketones (Scheme 42).Three examples were provided of  entry Ar R R? yield
N , 1 Ph M Ph 90
Scheme 42. Carbolithiation-Carbonyl Trapping 2 Ph n-&Hg Ph 86
1.Fe(acac); g Bu 3 Ph Ph Ph 92
I BuLi, -20 °C L pn 4 4-MeGH,  COMe Ph 80 (1.2
- 5 4-MeGH,  CO:Et Ph 78 (1.9
BnO 2. PhCHO, 1t 209 OH 6 Ph CHOH Ph 77
208 83 % 7 Ph Me CQEt 82
8 Ph CH(OEY)  Ph 85
reactions with benzaldehyde, propionaldehyde, and 1-phen- 18 22 rf(%EHt7 r?_gzj: ?zg
ylpropanone. Single isomers were obtained in all reported 11 Ph Ph 4-NQCeH, 88

cases.
This type of reaction could also be done with the
nucleophilic capture of an intermediate palladigraomplex
in a Wacker-type process (Scheme #3Yhus, bromides  stoichiometry, solvent, and base. The presence of water was
o ) necessary for efficient conversion to products, with optimal
Scheme 43. Wacker-Type Cyclization of Palladium results being obtained in 4:1 DMF:B. Using KHCQ as
-Complexes the base gave significant advantages over other bases such
as KF or KCQO;, and a 2:1:3 ratio of iodide:alkyne:boronic

a Mixture of regioisomers.

R acid gave the cleanest reactions. Other stoichiometries
Br|| R™°R Pd(OAG), DPPE R resulted in oligomer formation after multiple alkyne inser-
1-heptene, 18-C-6 tions.
210: R = CO,Me fBUOK, DMSO, 90°C , 1) R = CO,Me; 58 % Regioselectivity was reasonable for this process (mixtures
211:R=CN 213:R=CN;  48% of 2:1 to 15:1 were obtained), and the geometry of the major

) products was found to be a consequence of steric effects in
210 or 211, in the presence of Pd(OAcjand DPPE,  \yhich the aryl iodide tended to add to the less-hindered

underwent cyclization to theo correspc(J]ndi_ng prod@diBand  carhon. Electronic influences were also seen, as the arylbo-
213as single isomers in 58% and 48% yields, respecti®®ly. onic acid was connected to the electron-deficient side of
An interesting multicomponent reaction has been devel- e gikyne. These compounds were well-characterized, and
oped by the Larock group involving the direct addition of NOE data were presented to support the assignments. The
aryl boronic acids to alkynes (Scheme 44Jhis process  |eaction was stereospecific, and no evidence of trans-addition
Scheme 44. Pd-Catalyzed Addition of Arylboronic Acids to was reported. In all, more than 16 tetrasubstituted olef|n§
were prepared, each bearing at least three aryl groups. This

Alkynes 4
Y method was employed to construct Tamoxifet) énd
= e —PdOA, AN A derivatives such ag19in a highl t synthesis i
Ar—B(OH), + R'—=—R T = _ highly convergent synthesis in
DMSO, Oz, 4 R" R? which the product was obtained as a mixture of regioisomers
a0, that was obtained in a ratio of more than 20:1 (Scheme 45).

featured an unusual twist in which the regiochemical issue Scheme 45. Three-Component Coupling of Aryl lodides,
was circumvented by adding the same aromatic group to both!nternal Alkynes, and Arylboronic Acids
ends of the alkyne. Stereochemical control was complete, Me O/_\NMe Me
and the reaction tolerated a wide variety of functional groups /©/ Ph PACL(PhCN) 2

on the substrate (OH, CHO, ketone, ester, TMS, aryl). ! 216, |‘| K22003 : O Q

Unfortunately, the reaction failed for dialkyl-substituted e DMF/H.0

alkynes, but a wide variety of tetrasubstituted olefins bearing Me,N Et 45°C -
three or four aryl groups were prepared. Several key 218 O
experimental modifications made this process possible. 217 B(OH), 219
Improved yields were observed when molecular sieves were 2%

used, either by providing a surface upon which the reactions
could take place or by simply acting as water scaventjers. Notably, olefin 19 was obtained in 72% yield using the
The reaction proceeded much faster if performed under anmulticomponent, single-step procéss.
O, atmosphere rather than being simply left open to air, and  An extension of this work described the coupling of vinyl
the Pd(OAc)DMSO system was found to be superior to iodides and aryl boronic acids across alkynes to give
others teste® Two possible mechanistic pathways were tetrasubstituted olefins bearing 1,3-diene and 1,3,5-triene
presented, although investigations to support one over theunits (Scheme 46f! The additions were completely ste-
other are still in progres¥® reoselective, but regioselectivity was limited in this method.
Another multicomponent process saw the palladium- Unsymmetrical alkynes gave low ratios of products (1.5:1
catalyzed coupling of iodides and boronic acids with alkynes ratio of regioisomers) unless a strong electron-withdrawing
(Table 18)31% The reactions required tight control of group was present as one substituent of the alkyne.
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Scheme 46. A Representative Three-Component Coupling
To Give 1,3-Dienes

I
Ph X
Ph
220 I Pd(OAc), Ph Ph
+
LiCI, DMF — Ph
NaBPh, Ph 100 °C Ph 222

221 134 71 %
Researchers at Eli Lilly & Co. have prepared dibenzox-

apines containing tetrasubstituted exocyclic alkenes as single

stereoisomers through the cyclocarbopalladation of alkynes
(Scheme 47392 The cyclization precursors223 were

Scheme 47. Cyclocarbopalladation of Alkynes
B(OH),

R2 R! o
® ®
RZ
P NO, i O
[ Pd(OAc),, Na,COj3
dioxane/H,0 (4:1) O
\ 100 °C
223 224
_ o,

R'=H, F, OMe 67-91%
RZ2=H,F

prepared through Sonogashira couplings of aryl halides
followed by either Mitsunobu reactions or a two-step
alkylation procedure. Alkynyl halidez23were then exposed
to a variety of boronic acids, in the presence of Pd(QAc)
and NaCQG; in dioxane/water at 100C. The use of water
as a co-solvent and ligand-free conditions proved to be critical
to give the seven-membered ring24.

Carbometallation is the most widely used strategy for the

generation of tetrasubstituted alkenes as evidenced by the

b

e

number of methods that have been developed to address th
various challenges in the formation of these substrates. Th
regioselectivity in most of these has been controlled by
electronic differentiation on the alkyne. Steric differentiation
of the alkynyl termini can also be effective, but requires a
significant size difference between the substituents.

The stereochemistry of the initial attack usually proceeds
reliably, with most reagents showing a strong preference for
syn addition. Anti carbometallation is sometimes observed

Chemical Reviews, 2007, Vol. 107, No. 11 4715

stereocontrolled generation of the template is often the most
difficult aspect of this chemistry as mixtures of regio- and
stereoisomers are often obtained. The types of templates that
can be synthesized are currently somewhat limited, thus
diminishing the scope of attainable olefins. Some examples
of common motifs are shown in Figure 3. Cyclic templates

X! X! X! R2
2 X1
(Q[ (E[ RH\VR RH\K
"R "2 X2 X2
225 226 227

228
X! R3
R 2. R*M, catalyst R
X2 R4
227 229

X=halogen or pseudo halogen

Figure 3. Common olefin template motifs and general template
strategy.

such as225 and 226 are generally formed from the
halogenation or metalation of an existing olefin, although
Dieckmann condensations have also been used. Acyclic
templates such @27 and228are often synthesized by the
halogenation or metalation of alkynes, or occasionally by a
Claisen condensation. Templates such?2a8 present the
possibility of carbene generation during halogenetal
exchange, and so the metal partner must be chosen with care.
A few examples exist in which unsubstituted alkenes are
sequentially coupled, thereby directly accessing tetrasubsti-
tuted olefins without the need for intermediate template
generation.

The next challenge is faced once the desired template has
een created, as suitable conditions must be found to
transform the material into a tetrasubstituted olefin. The
desired olefins229 are typically synthesized either via
halogen substitution of a template such2ag, followed by
coupling with an organometallic complex, or by halogen
metal exchange followed by coupling with an organohalide.

Regioselectivity is the first issue faced here because
identical halogens (X= X?) are often employed at both

and dominates the carbomagnesiation of propargyl alcohols.template locations, and the system therefore requires some
Low temperatures during the carbometallation step normally type of influence that distinguishes the two. The simplest
must be maintained to preserve stereochemical information,way to avoid regioisomers is to use symmetric substrates, a
particularly when lithium and copper serve as the counterion. tactic that limits the types of products that can be synthesized.
This often requires reactive electrophiles to be used, althoughOther alternatives expand the scope of products by exploiting
additives can prevent stereochemical degradation. Metalssteric or electronic biases in the substrate, or by the use of
such as boron and tin can resist stereochemical degradationgirecting groups. Over-reaction during the couplings can be
and a wide variety of organometallic coupling techniques problematic, resulting in consecutive substitution at both of
are available to further elaborate these intermediates. the halo-substituted carbons, producing symmetric products.

r(I)Dcee\ggg I?r?wﬁgﬂr:ﬁ(laogtlgrz olghgr]r:?st?eilg " Iﬂ%gﬁle Ccr)?]ctjr'gﬁlé d Stereoselectivity is the largest hurdle to overcome in any
b ' yis typicaly tetrasubstituted olefin synthesis. Cyclic templates circumvent

by sterics, as well as allene reactions, which offer somewhatthis roblem, but generating acyclic molecules in this manner
more regiochemical control as the initial addition usually P » OUtQ ating acy :
requires built-in functionality such that the ring can be

occurs on the central carbon. Highly efficient multicompo- d the desired olefin has b installed. Th
nent processes offer significant advantages by delivering opened once he desired olehin has been Installed. 1he use
of an acyclic olefin template will usually give products of

complex products in a single chemical transformation. i X , - b
Georpnetricpcontrol remains a sgi]gnificant obstacle to overcome €fined stereochgmlstry prowdeq that 'ghe orlglnall template
in many cases. was created or '|solated as a single isomer. It is always
necessary to verify the structure of the products, rather than
. . . . rely on literature precedent, as occasionally stereochemical
3. Manipulation of Existing Olefins information is lost, particularly when highly ionic conditions
Tetrasubstituted double bonds of distinct geometry can beare used, or when enolization provides a mechanism for
prepared by manipulating a pre-existing olefin template. The olefin isomerization.
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3.1. Cyclic, Monosubstituted Olefin Templates esters. The intramolecular couplings were fast and regiospe-
cific, giving the desired products in excellent yields.

Metal insertion into the carberhalogen bond of-halo-
§enated enones results in the generation of umpolung
reagents, because the typical reactivity of fhposition of
an o,5-unsaturated carbonyl is reversed. Knochel and co-
workers have used this technique and have described the
reparation and reactivity of several types of organozinc,
rganochromium, and organocopper derivatives (Scheme
0)194 A wide variety of cyclic, heterocyclic, and acyclic

When employing cyclic templates, stereocontrol is not an
issue and so researchers using cyclic substrates focus on th
challenge of regioselectivity. Several of the following studies
describe the coupling of cyclia-halo (or OTf) ketones to
form tri- and tetrasubstituted olefins. While the focus of these
studies was not the production of tetrasubstituted alkenes,
these papers have been included as they describe usef
methodology, which may lead to further developments for 5
the formation of tetrasubstituted olefins.

Piers and Romero generated carbocyclic systems bearingscheme 50. Generation of Nucleophilig-Enone
polysubstituted conjugated diene units suct233 via an

intramolecular CuCl-mediated stannane coupling282 i Me 1.CrCl,, PhCHO i
(Scheme 48). The requirgtitrimethylstannyle,5-unsatur- @/ “NETC Me
Scheme 48. Polysubstituted Conjugated Dienes 240 | 241Ho o
CO,Et 57%
EtOzc SnMe; CO,Et
1. LDA } SnMe; CuCl (5 equiv) H iodo-enones have been coupled with vinyl, aryl, stannyl, and
2 <o H SnMegDMF 60°C % acyl electrophiles, forming trisubstituted olefins. One tetra-
15 min COEt substituted olefin was formed through the insertion of GrCl
COZE‘ 233 into B-iodoenone240, followed by condensation with ben-
7% 67% zaldehyde, to givR41in 57% yield.

Hesse and Kirsch recently use@-inyl triflate (243 in

ated ester230, prepared from 2-ethoxycarbonylcyclohex- @ Sonogashira coupling to generate the corresponding tet-
anone, was deprotonated with LDA, and the resulting enolate rasubstituted olefi244in 42% overall yield (Scheme 51}
was exposed to the brominating agent sho281) to provide

the dimeric stannan232in 47% yield. A final ring closure ~ S¢heme 51. Sonogashira Coupling with a VinyI Triflate

using 5 equiv of CuCl in DMF at 60C gave tetrasubstituted A0 1. Na, (MeORCO_ 7
diene233in 67% yield. This methodology was used in the 2. triflic anhydride i f PdC|2 PPh:
construction of four- to eight-membered rings and tolerated o 2,4,6-collidine TfO Cul, THF Ph
remote substituents such as esters and haloalkyl groups. EtsN
The formation of tricyclic compounds such &39 MeOC 243 MeO.C 244

(Scheme 49) has also been explored by the Piers dféup. 5%% 79%

This method enabled the generation gfaubstituted enone
243 by carbonylation of a cyclic keton242), provided the
starting ketone was symmetrical or bore a single enolizable

co,r J-KH THF it KH 1.KH, THF, rt_ 9 COR KH, THF, A proton.
é/ 2 18 crown-6 Substrates of type43 could also be generated by a
)n SnMe3 Dieckmann condensation, followed by enolate trapping to

Scheme 49. Polycycles via Sequential 1,3-Ester Shift and
Stille Reaction

234 ; ; ;
R = Me, Et Messn 235 66 92% give p-triflate esters such @45 (Scheme 52). Nakatani et
n=1-3 Me;Sn
Scheme 52. Sonogashira Coupling with Vinyl Triflate
RO,C _1.KH, THF ROC SnMes Template Generated from a Dieckmann Condensation
2. PhN(TR), Ph _——Ph
OTf =
237 _Z
75 97% 60-75% PdCly(PPhs),
CO,Et 2,6-lutidine, Cul CO,Et
Pd(PPh3),, Cul, 245 246
THF (reflux) 88 %
o NMP (70°C) _ n
2~ 539 al. showed that a subsequent Sonogashira coupling reaction
74-99% with phenylacetylene gave tetrasubstituted alk&tin 88%

yield.2% The presence of the highly activated triflate in both
The required olefin template235) were generated from the  of these substrates could potentially allow many alternatives
reduction of esters of typ230, followed by treatment of  to the Sonogashira coupling reaction to proceed under mild
the resulting alcohols with BRBr, in the presence of conditions.
imidazole. These reagents were used to alkylate 2-ethoxy- Butenolides have been functionalized at the 3-position to
carbonylcyclopentanone or 2-ethoxycarbonylcyclohexanone,provide an insertion point for palladium-catalyzed cross-
thus providing access to the derivativa36. A subsequent  coupling with 9-alkyl-9-borobicyclo[3.3.1]nonanes (Scheme
1,3-ester shift 0236 and functional group manipulations 53)07 In this method 3-ketolactones were converted to the
gave the required coupling partn@38 Intramolecular Stille corresponding enol triflate47, and these compounds
coupling reactions led to tricyclic dien@89. It was shown underwent alkyl Suzuki coupling to deliver tetrasubstituted
using related substrates that many functional groups wereolefins 248 Three examples were provided of fully substi-
tolerated in the Stille process, including ketones, acetals, andtuted alkenes that were prepared in-4®%% yield.
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Scheme 53. Suzuki Coupling of an Enol Triflate

o
Me_ Ao, TEODPEA e o
) CH,Cly, 78 °C
HO TIO 247
PA(OAC), PPhs | KyPO,
RCH;CH,-9-BBN | 60 °C
R = CH,0C(O)Me, 40 % P
R=(CH,}s0SiEty, 67%  Me— g
S R\
R= H,Cc— } 75%
S 248

Bicyclic rings could be generated by analogous reactions,
using carbon monoxide as the coupling partner, in a process

developed by Crisp and Meyer (Scheme B4)Treatment

Scheme 54. Olefin Templates Applied to the Synthesis of

Bicyclic Molecules
OH Pd(PPhs)s
TO (Tatm) (1 atm)

COEL. 71,0, PProNEL,
<;\[ T 78°C, CH,Cly
n
¢} n-BusN, LiCl 251

2. DIBAL, THF
249 .
-78°C 65 °C 3665 %
overall yields
of p-ketoester249 with triflic anhydride, followed by

exposure to DIBAL, generated the olefin templa&h The
vmyl triflate 250was then extended with carbon monoxide
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Scheme 56. Negishi and Stille Coupling ofi-lodides and
Triflates

o (@]
I PdCI,[P(2-furyl)s], R
n-BulLi, RZnBr
DMF
259 260

=CH-nBu, 66%
E)-CH=CHCH(OTHP)-nCsH11, 51% (GLC)
E)-CH=CHCH(OMOM)-nCsHy4, 63%

2 )
OTf  pd(PPhj),Cly, n-BuLi N
ZnBr(CH=CHBU) s
261 Me 262 Me
45%
o) | o
PhCsznBr Pd(PPh3)2C|2 Ph
Me DMF, 23°C
e Me
264
72% (GLC)
o o)
RSnBus, Pd(PhCN),Cl, R
Cul, PhsAs, NMP, 90-100 °C
Me 266 Me
265 R = vinyl, 81%
= 2-methylpropenyl, 93%
= p-tolyl, 89%

in the presence of a palladium catalyst, base, and lithium Shown, in which thex-iodide or triflate @59 or 261) was

chloride to afford a variety of tetrasubstituted bicyclic rings
251 (n = 1—-4) in 36-65% overall yields.

In most cases, the coupling @fhalo enones requires more
forcing conditions than the correspondifighalo counterparts
due to the reduced reactivity of theposition. Transforma-
tions of a-bromoketone derivatives such 2583 to tetra-
substituted olefins such @58, were initially achieved in
the late 1970s (Scheme 58).The a-bromovinyl acetal256

Scheme 55. Coupling obi-Bromoacetals

[e) OH
g \_OH d g, Bra HBI
TsOH ® B0
o)
B 253Me 254 Me 255Me
N2 t-BuOK
Et,0 + t-BuOH
252 M€ % 3.0
Br ﬁ/ar
Me 257 256 Me
0_0 1. n-BuLi, -78 °C (SN
Br "2 RX=n-CsHql, 60% @/R
=CICOOE, 62%
256 Me 258 Me

required for this transformation were prepared from the
corresponding ketone®%2) using a four-step sequence as

shown!!® Decomposition of the bromoenone was observed
under the coupling conditions unless the carbonyl was first
protected, and only highly activated electrophiles could be
employed in this process.

The palladium-catalyzed cross-coupling of alkenyl zincs
with cyclic a-iodoenoneS?! has been described by Negishi
and co-workers (Scheme 58%.The increased reactivity of
iodide over bromide allowed the cross-coupling reactions to
proceed without carbonyl protection. Four examples were

coupled to an alkenyl zinc partner under palladium catalysis.

Later studies expanded the scope of these reactions, which
had initially been limited tax-alkenylation andx-arylation.

In 2000, the paIIadlum catalyzealalkynylation of cyclic
iodoenones to give trisubstituted alkenes was reported and,
impressively, thex-alkylation of cyclic iodoenones such as
263 with organozincs to give tri- and tetrasubstituted
alkenes’® Although stringent reaction conditions were
required for this process, the use of organozinc reagents
expanded the scope of the reaction significantly.

Stille reaction conditions were also employed to generate
tetrasubstituted olefins from similar templates. Thusodo
enone65were coupled with a variety of alkenyl, alkynyl,
and aryl stannanes to give tetrasubstituted alke2@®
(Scheme 563 Higher temperatures were required to effect
the sterically hindered couplings; however, the reactions were
complete in under 7 h.

Recently, a SuzukiMiyaura coupling of a-iodocyc-
loenones with arylboronic acids was disclosed (Scheme
57)115 The catalyst used was simply 10% Pd/C and could
be recycled after minimal workup. This represented the first

Scheme 57. Suzuki Coupling Using Pd/C as Catalyst

0 )
| Ph
PhB(OH),, 10% Pd/C (5 mol%)
Na,CO3, DME/H,0 (1:1), 80 °C
Et0,C” “CO,Et Et0,C” “CO,Et
267 268
46%
0 o)
| PhB(OH),, 10% Pd/C (5 mol%) Ph
Na,COs, DME/H,0 (1:1), 50 °C
M
260 ° 270 Me
81%
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time that metallic palladium had been useddehalo-cyclo- Table 19. Coupling of Dibromofuranone 276 with a Variety of
enone coupling reactions with arylboronic acids. The reac- Coupling Partners o

. . . . . 0
tions typically proceeded in air and at room temperature, in . . Goupling Partner . .
/) /
,

a mixture of DME and HO. Most of the reported substrates

gave trisubstituted olefin products in isolated yields of over 5 % PdClL(PhCN); AsPh,

80%. Two examples267 and 269, gave tetrasubstituted 276 &' ’ P
olefin products, although higher temperatures were required.

. . . ent coupling partner ield (%
This method was extremely practical, cost-effective, and lry l;hsi]}; Y > 6( )
highly amenable to extension. us

. . . 2 4-MeOCGH4SI1BU3 68
3.2. Cyclic Di-halosubstituted Enones and
Lactones 3 3-FCsHsSnBus 58

Cyclic dichloro-, dibromo-, or diiodosubstituted enones 4 4-MeCH,ySnBus 73
and lactones can undergo controlled, sequential organome-

; ; . X : 5 78
tallic coupling reactions to give fully substituted products )\

. . . . .. . SnBujg
with more structural diversity. Regioselectivity is the only
issue to address as the cyclic structures preclude the 6° n-CsH17B(OH), 71
formation of stereoisomers. This regiocontrol normally arises .
from the presence of a carbonyl group that provides 7 t-C4HoO(CH2)sB(OH), 70
electronic differentiation between the reaction sites. The more a

. . . . rn 8 }’Z-C4H9B(OH)2 79
activated, electron-pogit-site reacts significantly faster than
the a-positions, although over-addition at thesite is a 9 * 85
common side reaction in these processes. Ph

The elevated reactivity g8-haloenones over the-halo 10 [ 84
variants was illustrated by the Negishi group in a competition \K
experiment!? An equimolar mixture off- anda-iodoenones
(271and272) was subjected to an organozinc reagent using 11° "N 91
conditions under which coupling was known to occur on both n-C4Hg
substrates (Scheme 58). The results showed that coupling .

12 X oH 40
Scheme 58. Competition Experiment between- and f-lodo \ﬁ
Enones 13 ~ 30
X
o o) o) N s
+
o Zn ij\A ij\ 14° [ 75
| (nBu” N A n-Bu | \n-CsH13
271 (055 equiv) 273 271
* 62% 37% a3 equiv of AgO was added, THF was used instead of NMP, reflux,
o] PA(PPhs) (3 mol%) o] (o] 24 h.b P(2-furyl; was used in place of AsBandolo% Cul was added,
| THE 25 °C X M-Bu | toluene:water (1:1) was used in place of NMP.°@0 ¢ P(2-furyl); was
' * used in place of AsRhand 10% Cul was added, toluene was used in
place of NMP, 60°C.
272 274 272
not observed not observed

of side-products were observed, however, including addition
of the undesired alkyl tin substituents (i.e., 8khen ArSn-
(CH3); was employed as the coupling partner) rather than
the targeted aryl moiety. Attempts to couple alkyl substituents
with substrate@76using the Stille process gave poor results,
although unbranched alkyl groups could be introduced using
alkyl boronic acids (entries-68). It was not possible to
couple hindered alkyl substituents using either Suzkig-
(OH),) or Kumada protocolsPrMgBr). To circumvent this,

an indirect route was employed to access fhisopropyl
derivative of277. Thus, a Stille coupling reaction was carried
out using (2-methylvinyl)tributyltin, and the resulting ter-

occurred exclusively at the-position of enon@71to give
alkene273 An instability of thea-haloenon&€72was also
demonstrated, as neither the coupdegroduct274nor the
starting material72 were detected after the reaction. This
instability mandated that conditions be controlled such that
cross-coupling reactions dt72 occurred faster than the
competing decomposition pathway.

Bellina and co-workers have explored the Sonogashira,
Stille, and Suzuki coupling reactions of 3,4-dibromo and 3,4-
dichloro furanones such @56 (Scheme 59} which were

Scheme 59. Preparation of Dibromo Olefin Template 276 minal olefin was reduced by hydrogenation with Wilkinson’s
o o catalyst to furnish the correspondiigisopropyl furanone
in 78% yield (entry 5164 Alkynyl substituents could be
ﬁ/& 1. NaBHy, MeOH, ? C o\ﬁ/Br coupled to276 using tin derivatives. Sonogashira reactions
2. conc. H;S0,, 0°C of furanone276with a variety of acetylenes proceeded using
HO Br Br . k 116a
275 276 electron-donating acetylenes (entries19l).

The compounds of typ277 were converted to tetrasub-
readily prepared from the reduction of mucobromic or stituted structures using various coupling reactions (Table
mucochloric acids such a&75'7 Aryl substituents were  20). Using the Stille reactiongi-aryl substituents were
selectively coupled to thé-position of dibromofuranon276 introduced onto the enone carrying a phenyl substituent at
via the Stille reaction (Table 19, entries-4).116° A number position three (entries 1 and 2). Simple methyl transfers could
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Table 20. Coupling of a-Bromoenone 277 with Various Coupling Partners To Form Tetrasubstituted Olefins
O (o}

O\ﬁ/ar Coupling Partner O&/Rz
| ] Conditions | ]
277 R 278 R
entry R' coupling partner R* conditions®  yield (%)
1 Ph 3,5-C12C(,H3SHBU3 3,5-C|2C(,H3 A 26
2 Ph 4-MeSC¢HySnMes 4-MeSCeHy A 23
3 Ph SnMe, Me B 58
4 n-CgHy7 SnMey Me C 90
5 Z-C4H90(CH2)(, SnMey Me C 88
6 i-Pr PhCH,ZnBr PhCH, D 36
7
- PhCH,SnBus PhCH, E 22
8 n-C4H9 n-C4H9
X A _
\f rCatt \fr F 31
9 n-C4H9\\
\,f 4-MeOCsHsSnBus 4-MeOC¢Hy C 50
10 Ph
\f 2-MOMOCH,SnBus ~ 2-MOMOCH; c 36

11 Ph S ’ fo) ;]?7
\f (2-furyl)SnBus < C 15

12 n-C4Hg
\f 4-MeOCH,B(OH), 4-MeOCgH, G 59
13 Ph
\f 3,4,5-(MeO):CsHaB(OH),  3,4,5-(MeO):CeHa G 69

a Conditions: A, 5% PdG(PhCN}, 10% AsPh, 10% Cul, NMP, 8C°C, 3 d. B, 5% Pgl(dba}, 10% AsPh, 10% Cul, NMP, 8C°C, 3 d. C, 5%
PdCL([(o-tolyl)sP],, 10% Cul, NMP, 85°C, 3 d. D, 5% PdG([(o-tolyl)sP],, DMF/THF (1:1), 60°C. E, 2.5% Pgdba}, 10% P(2-furyl}, 10% Cul,
NMP, 80°C. F, 5% PdCG(MeCN),, 10% AsPh, 10% Cul, 4 equiv of KF, toluene, . G, 5% PdCIPPh),, toluene/water (1:1), 3 equiv of CsF,
5 mol % BnEtNCI, 60 °C.

also be done using M8n1cOther products were obtained tion quickly improved the result$? Suzuki coupling reac-

through Stille couplings using tetramethyltin in the presence tions of 279 with aryl boronic acids, bearing electron-

of both phenyl and long-chain alkyl groups at {hxearbon donating or electron-withdrawing groups, gave—-58%

(entries 3, 4). A more complex side chain at carbon 3 of the isolated yields of the mono-coupled produ2&0 (Scheme

enone was also tolerated (entry 5). The introduction of a 60). When phenylboronic acid was employed, double

benzyl moiety in the presence of an isopropyl or isopropenyl

substituent was possible, using either Negishi or Stille Scheme 60. Coupling of Dichloro Enones

conditions (entries 6, A% A Sonogashira reaction was Af'SHB

demonstrated in one case at thosition, giving the desired cl sz(db:)z

product in 31% yield!2In this account, the authors also Plotolyl)s

described a series of Stille-type couplings with enones

bearing alkynyl groups at th&position (entries 911). The

Suzuki reaction proved to be the most successful when Ar :thSS% ,

. " =4-MeOCgH,, 78 %

alkynyl groups were present in the-position, and two =3,4-(MeO),CeHs, 75 %

electron-donating arylboronic acids were employed, to give =2-naphthyl, 67 %

products in 59% and 69% vyields, respectively (entries 12,

13). Single regioisomers were obtained in all cases, ascoupling to give produc281was a significant side reaction.

coupling occurred selectively at thg-position of the The analogous Stille process produced slightly improved

dibromides, followed by coupling at the-position. yields, but mixtures of mono- and double-coupled products
The analogous dichlorofuranones were of interest not only 280 and 281 were realized. Efforts toward the deliberate

for their utility in tetrasubstituted olefin formation, but also generation o281 from 279 using large excesses of arylbo-

for their anti-cancer propertié&? Initially the coupling of ronic acids were successful, giving yields of -687%.

dichloroenones had suffered from poor yields, but optimiza- Attempts to generatg82from 280 via the Stille or Suzuki
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Table 21. Preparation of Tetrasubstituted Lactones

o] Ar?
2 &
Ar' Ar!
280 282
yield
entry Al Ar? conditions (%)
1 Ph 3,4,5-(MeQiCeH> A 42
2 4-MeOGH4 3,4,5-(MeO)CsH> A 58
3 3,4-(MeO)CeHs  3,4,5-(MeO)CeH, A 58
4 2-naphthyl 3,4,5-(MeQ¥sH: A 39
5  4-MeOGH, 3,4-(MeO)CeHs B 46
6 4-MeSGH4 Ph B 26

aA: Ar2B(OH),, Pd(dbay, t-BusP, KF, toluene. B: AiSnBu,
Pd(OAc), CysP, KF, toluene.

processes resulted in lower yields of-28% (Table 21).
The best results were achieved using Suzuki-type conditions
with t-BugP as the ligand. With these conditions, yields
ranged from 39% to 58% (Table 21, entries4)). The use

of tin reagents as coupling partners resulted in slightly lower
recoveries. The reason for this observation, when using the
differential-substitution sequence, in light of the facile
conversions oR79to 281, was not clear.

Olefin templates can also serve as the nucleophilic
component in cross-coupling reactions to obtain tetrasubsti-
tuted alkenes. Mabon, Richecoeur, and SweEhggnerated
cyclic olefin templates284 by bis-stannylation of alkyne
283%! followed by an acid-catalyzed cyclization (Scheme
61). Subsequent Stille coupling reactions provided trisub-

Scheme 61. StannytOlefin Templates

CO,Me
1. (BusSn), 0
Il PACI(PPhs)y SnBug Ar'l, Pdy(dba)s SnBu;
2. Dowex, MeOH AsPhj3, Cul J
283 OTHP  50°C 284 SnBu; THF,rt 285 Ar'!
56 % 1
Ar' =Ph, 37 %
o Ar' = 2-MeO,CCgHg, 51 %
Ar|

o)
S Ar?
PdCl,(PPhj),, Cul, )/

DMF, 18-20 h, 50 °C Art

287
Ar' = Ph, Ar2 = 2-MeO,CCgHg, 69 %
Ar' = 2-Me0,CCgH4, Ar2=Ph, 73 %

ij _SnBuj

Ar'
286

stituted furanones as single regioisomers in yields of 22
51%. It is likely that steric hindrance from the remaining
tributyltin substituent was a major factor that inhibited the
initial coupling. Two examples illustrated the viability of a
second Stille process to form tetrasubstituted olefins. Two
aryl iodides were introduced onto-stannyl enone286 to
produce the corresponding tetrasubstituted olefin products
287. Higher temperatures were required to force these
reactions at the less activatedposition, but conversions
were significantly better than for the initial coupling reac-
tions.

A previous approach to substituted furanones, Nostoclides
I and Il, employed furanolate chemisti3? Using straight-
forward reactions, the desired product was obtained in 30%
overall yield (Scheme 62). TetramethyldiamidophospBag:
was ortho-lithiated, and the resulting anion trapped with
benzyl bromide to provide butenoli@89in 72% yield. The
isopropyl group was introduced regioselectively in 56% yield
via a 1,3-dipolar cycloaddition, followed by thermolysis to

Flynn and Ogilivie

Scheme 62. Nostoclides via Furanoate Chemistry

0=R(NMe),
Y P 9 P 9
Eﬁo 1. n-BuLi, THF \\&/o MeCN, (o
=/~ 2. PhCH,Br 2. CgHg, reflux, 1 h
288 3. HCO,H 289 i-Pr° 290
72% 56%
TBSOTHf,
EtsN, CH,Cl,
Ph o Ph OTBDMS
1. TBSOTf, ArCHO
(o r 70
2. DBU, CHCl3, reflux
i-Pr Ar 3 Hol i-Pr
292 291

82% 88%
release gaseous nitrogen. Aromatization was accomplished
by treatment of the tetrasubstituted butenolide with triethyl-
amine andert-butyldimethylsilyl triflate, providing furar291

in 88% yield. The desired target92 was obtained as a
mixture of diastereomers (4.3:1) aftert-butyldimethylsilyl
triflate-induced aldolization and dehydration.

Substituted cyclobutenediones are important in the syn-
thesis of quinine and alkylidenecyclopentenones, and the use
of alkene templates to prepare these cyclobutenediones has
emerged as a complementary method to the classic squaric
acid ester sequenc&8.Liebeskind and Wang employed the
Stille reaction to generate differentially substituted cy-
clobutenedione products (Scheme &3)The coupling reac-

Scheme 63. Synthesis of Fully Substituted
Cyclobutenediones

Me 0 Me 0
R'SnBug, Pd(PhCH,)CI(PPh),,
Cul, 50 °C, 6-20 h
X 0 R! o
293 294
X=Cl, Br 50-85%

tions proceeded smoothly with both chlorides and bromides
(293, using aryl, alkynyl, and vinyl stannanes bearing
electron-donating and electron-withdrawing groups, to give
fully substituted butenedione294.

Rubin and co-workers described the generation of 2,3-
dialkynyl-2-cyclopropenone®96 and 3,4-dialkynyl-3-cy-
clobutene-1,2-dione®98 from precursors295 and 297,
respectively (Scheme 64% The reactions of trichlorocy-
clopropenylium tetrachloroalumina2®5with alkynylsilanes

Scheme 64. Synthetic Design of Strained Ring Systems
Containing Tetrasubstituted Olefins

cl
Caicl, o)
cl Gl 1.CH,Cly, -40 °C
295 2. NaHCO, Z A
+ R! R’
R’ 296
=z R'=Me, 50%
Me;Si R" = H, no reaction
R' = SiMes, decomposition
o o) o o)
j:ﬁ Pd(PPha)s, 20 °C
o o CICHCHCL.2:6h
297 //298 N\
+ Re R2 R2
FZ R? Yield
BuzSn Ph 70%
PhCC 1%
n-Pr 51%
™S 30%
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were first studied. The reaction was quite successful whenas templates. This facilitates the discovery of new methodol-
1-(trimethylsilyl)-1-propyne (R= Me) was employed as a  ogy to access molecules of intriguing architecture before the
coupling partner at-40 °C followed by quenching with  issue of asymmetrically substituting the double bonds must
water, giving the desired cyclic olefig96 in 50% yield. be addressed. Some of the successful techniques for the
Unfortunately, it was not possible to obtain the unsubstituted generation of acyclic, tetrasubstituted double bonds are
or silyl-substituted products by this method, as the acetylenic described below.
substrates were either unreactiveé' (R H) or decomposed In 2003, a new tetraphosphane ligand was disclosed by
under the reaction conditions {R= SiMes). Berthiol et al., and the utility of this ligand was demonstrated
The investigators then turned to the reaction of dichloro- in the Heck and Suzuki reactions (Scheme 86}.etrasub-
cyclobutenone297. Stille coupling reactions with this
substrate proved to be successful with the four stannanesScheme 66. Generation of Tetrasubstituted Olefins Using
tested; however, purification of the products was very Tedicyp

difficult due to tributyltin chloride contamination. The key Me- Me (b Hs)CllTedioyp  M1© | Me
product (R = TMS) decomposed extensively during chro- I ArB(OH),, K,COg, DMF
matographic purification on silica. Seeking alternatives, zinc Mes B 100°C,20h "’; 4 Ar
acetylides were tested. These worked well only in the case A= Ph 4%
of phenyl acetylide, as other substrates either did not react PP PPh = 4-MeOCqHa, 92 %
i ; 2 PPh 64, 92 7
or decomposed rapidly. The use of copper acetylides, rather 2 =4-FCgH; 88%
than tin reagents, proved ideal, and of the number of silyl Tedicyp

acetylides that were usetkgrt-butyldimethylsilyl and tri-
isopropylsilyl-substituted derivatives gave the highest yields
(57% and 59%, respectively). Having achieved the synthesis
of their starting materials, the formation of cyclobutenode-
hydroannulenes and analogues was examiffed.

Barluenga et al. accessed cyclic olefin templates via the
electrophilic iodoarylation of alkyn€'g® A wide variety of
trisubstituted vinyl iodides were produced using this method,
and while these were not transformed to tetrasubstituted taple 23. Tetrasubstituted Alkenes via lodide Templates

stituted olefins were successfully generated via Suzuki
reactions using extremely low catalyst loading0(1%
palladium).

Shao and Shi reported methodology for the formation of
acyclic 2-alkynylbuta-1,3-dienex07 from diiodide precur-
sors306 (Table 23) that were prepared from an electrophilic

alkenes, in principle they could have been. Three examples >

were shown in which the cyclic bromo-iodo intermediates R? R _R'
301 were converted to tetrasubstituted olef8G2 (Scheme Pd(PPhg),, Cul \ P
65 and Table 22). In all cases, the first coupling occurred ; EtoNH, reflux " %7

R.__R' | RL__R'
Scheme 65. Cyclic Olefin Templates I D—é’E» IA |
X X ' :
IPy,BF #/HBF 4 305 306 R X R\ _R'
CH,Cl, -80 °C P - . AI/
f I Pd(OAC);, NaHCO3, g3y~ ~\F

seo R 200 R DMF, BugNCI, 100 °C 308
X=0, NTs, NMs 71-96% yield (%)
R'= Me, Ph, PMP, 3-thienyl entry R =Y (307
OO ;oo & :
32 -Metsts
7 2 ROMS, [Pd] @Rz 3 4-CIGH, Ph 97
Br R3 4 Ph 4-MeOGH, 99
301 302 5 4-CIGH4 4-MeOGH,4 99
6 4-MeOGH4 CH.OH 30
Table 22. Conversion of Bromoiodo Derivatives 301 into 7 4-MeGH4 CH,OH 49
Tetrasubstituted Olefins 302 8 Ph CHOH 28
jas 5 Aheon cuom :
3 ) -MeCgHs 20BN
entry R R (%) 11 4-MeOGH, n-CaHo 51
1 4-MeGH4CHCH 4-MeOGH4 72 12 4-MeGH4 n-CsHg 47
2 Ph 4-MeOGH4 54
3 3-thienyl 4-MeGH4,CC 67

ring opening of methylene cyclopropan@$The reaction
worked with a wide variety of aryl alkynes, although
significantly lower yields were observed when coupling
reactions were attempted with alkyl alkynes. In each case,
elimination of the alkyl iodide was observed, giving an
extended conjugated system. This was perhaps unfortunate,
- . . as the alkyl iodides would have provided a handle for further
3.3. Geminally Symmetric Olefin Templates elaboration. The effectiveness of the method could only be
There are significantly fewer methods available for the demonstrated with symmetric cyclopropanes because mix-
formation of acyclic, tetrasubstituted double bonds than for tures of isomers were obtained when the geminal substituents
the formation of cyclic olefins. Yields can erode dramatically (R') were different:?® The analogous Heck reactions were
when mixtures of isomers are formed in the process, and sothen examined, which produced conjugated trienes, such as
methods often employ geminally symmetric double bonds 308, in yields of 30-99%12° Again, elimination of the alkyl

selectively at the iodide position, and the subsequent coupling
occurred at the bromide position. High temperatures were
required to effect the coupling reactions, and in many cases
heating in sealed tubes was necessary.
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iodide occurred under the reaction conditions, producing
triene products.

This method was later improved and expanded by replac-
ing the iodine on the side chain 806 with a selenium or
sulfur substituent3® This avoided the elimination process
during the coupling reaction and allowed for subsequent alkyl
transformations at the selenium or sulfur position. Heck
reactions were achieved with a wide variety of substrates,
in yields of 82-94%. Kumada couplings were also success-
ful, although lower yields were reported for substrates bearing
electron-withdrawing aryl moieties. Suzuki and Negishi
couplings were effective, and, notably, the Negishi reaction
made possible the introduction of an alkyl substituent to the

tetrasubstituted alkene. Most reactions proceeded at room

temperature and in many cases without using ligands or
additives. This was explained by a mechanism that involved
the participation of the selenium or sulfur atom as a ligand
to the palladium, thus activating and directing the catalyst

to the desired site (Scheme 67). These reactions did not

Scheme 67. Catalytic Cycle Describing the Role of the S or
Se Substituent

R

| R [Pd”]
+ EtsNH™T
[Pd] |
313 XPh 309
ELN X=Se, S
ts
R1/\/\% Sol- PdJ\/j
I (AN
HF;d —x
' Ph 310 Ph

Sol Ph

311

proceed with substrates lacking the selenium or sulfur atom
(i.e., Se replaced with CHl

This methodology was recently exploited by Chen and co-
workers in their synthesis of pyrrolotriazoles (Scheme'88).

Scheme 68. Synthesis of Pyrrolotriazoles

I N
__R' cuHp rt NaNg 3 -
X X
R? MeCN R2 95% EtOH R2
314 315 reflux 316
RB——
H,0, ascorbate
CuS0,, 70 °C
Pd(OAc),
N NaHCO
N‘ /2 R’ : N-N R!
N R2 BuNCI N \/) 17N
R3 DMF, 100 °C L R2
318 317
51-70%

Flynn and Ogilivie

dition products317 in yields of 51-70%. Intramolecular

Heck reactions were then carried out to provide the final
products318 which each contained a tetrasubstituted olefin
moiety (Table 24). In one case, two different R groups on

Table 24. Conversion of Template 317 to 318

yield

entry R R? R3 (%)2
1 Ph Ph n—C4H9 82
2 Ph Ph n-CsHag 85
3 Ph Ph MeOCH 52
4 4-ClGsH4 4-CICeH.4 n-C4Ho 82
5 4-C|QH4 4-C|C6H4 n-C5H11 58
6 4-FGHa4 4-FC6H, n-C4Ho 68
7 4-FGH4 4-FGH4 n-CsHiq 70
8 Me Ph n-C5H11 71

aYields are based on recoverdd?.

the methylene cyclopropandi4) were employed (entry 8).
While a Knoevenagel condensation with a ketone will
generate a tetrasubstituted olefin directly, this process
generally only proceeds well with cyclohexanone or methyl
ketone derivative&? An indirect method of generating olefin
templates from the Knoevenagel condensation has been
reported by the Turner research group that provided ad-
ditional product scope (Table 25). Treatment of diethyl

Table 25. Vinyl Chlorides from Modified Knoevenagel
Condensation Sequence

(0] O O (0]
ArB(OH),,K,CO4
Eto)‘tkaEt = EtOth‘\OEt
R Cl PdCl,('Bu,POH), R Ar
319 THF 100 °C, MW 320
yield
entry R Ar (%)
1 Me 3-CIGH, 70
2 Me 3,5-RCeH3 59
3 Me 3,5-MQC5H3 60
4 Me 4-MeOGH,4 65
5 Me 2-MeO-5-FGH3 66
6 Me 3-NQCgHg4 72
7 i-Pr GHs 71
8 i-Pr 3-CIGH, 57
9 i-Pr 3-FGH4 55
10 i-Pr 2-MeO-5-FGH3 52
11 Ph 3-CIGH, 55
12 Ph 2-MeO-5-F¢H3 50
13 Ph 3-CRCgH4 68
14 Ph 3-NHCeH4 60
15 Ph 3-HOGH, 58

malonate with an acyl chloride in the presence of MgCl
followed by chlorination with POGIBusN, gave vinyl
chlorides319. Subsequent coupling reactions with arylbo-
ronic acids delivered the corresponding tetrasubstituted
olefins 320. Microwave irradiation was found to greatly
increase the rate of the reaction, and it was shown that a
wide variety of aryl substituents were tolerated, including
those possessing unprotected amino and hydroxy! substitu-
ents.

Geminal halide substitution provides more opportunities
for elaboratiornt® but the control of stereoselectively poses

The olefin templates were prepared as before through thea serious challenge. Methodology was disclosed forming

Cul-mediated dihalogenation of methylene cyclopropanes
314, to give olefin template815 These were treated with

sodium azide in refluxing ethanol, and a variety of acetylenes
were subsequently introduced to give 1,3-dipolar cycload-

geminally symmetric tetrasubstituted olefins (Table 26) using
Corey—Fuchd43* templates §21) that were generated from
various ketone&® Suzuki coupling reactions with-46 equiv

of various arylboronic acids furnished the olefiB22 in



Stereocontrolled Synthesis of Tetrasubstituted Olefins Chemical Reviews, 2007, Vol. 107, No. 11 4723

Table 26. Coupling of Geminal Dibromo Olefins Scheme 69. Differentiation of Dibromo Substituents

R' Br

ATB(OH) R A Ph Br 4 BuLi, THF/ELO, -110°C '\ /Ben
R? Br PdCly(PPh3)or Pd(PPhs)y g2 Yy, e B 2 952 110°Cort  Et o Bin
321 322 323 0-5-B-g 324
. o 0,
entry alkene 321 Ar yloild ° 2%
(%) Ar'l, Pd,dbas, P(t-Bu)s,
1 o MeOCH, 97 KOH aq., THF, rt
N Ph Ar? AP, PAP(-Bu)d, Ph Bpin
2 Meoe Br 4MeSCeH, 95 Et>_< Ar! NaOH aq-f 60 )é2 Et>=<Ar1
326 325
3 nCsHq Ph 26 single isomers
”05H11)\(Br .
4 Br 4-pyridyl 46 These materials were then cross-coupled, and, impressively,
. single isomers325) were formed, a fact that was confirmed
5 Ph 4-MeOCeHs 87 by both NOE and X-ray analysis. Yields ranged from 39%
60 Ph)\(Br 3CF-CAH 75 to 87% for a wide variety of alkyl groups, including sterically
Br T crowdedi-Pr andt-Bu moieties, although small drops in
7 Ph - yields were observed wheert-butyl groups were present
Br (39—54%). A W|gle range of functhr_lallty was tolerated on
= the aryl moiety, including a free aniline. Yields of 589%
8 MeO Br 4-MeOCsH, 7 were achieved for the second, more difficult, coupling
reaction to give final produc326 (Table 27). Often steric
9 Ph Ph 69
\@/Br Table 27. Conversion of 325 to Tetrasubstituted Olefins 326
10 2-CF;CeH, 24 yield (%)
Br entry Al Ar? (326
11 (\0 Ph 89 1 Ph 4-MeN(CH,),0CsH, 59
0)@/ 2 4FGH, 4-MeOGH, 75
Br 3 4-MeOGH4 4-CRCeH4 78
12 4-MeOCsH, 97 4  4-MeOGH, 4-MeGiHq 89
Br 5  4-MeN(CH,),0CGH, Ph 75
5 6  4-MeGH, Ph 89
13 j\:)\/e’r 4-MeCsty 85 hindrance is the factor that determines the regioselectivity
Br in such couplings. However, it appeared that this was not
TON the case in these substrates, as thengiety was delivered
cis to the alkyl group in every example, even when the alkyl
14 mﬁf 4-MeOCeHy 81 moiety was atert-butyl group. Naturally, this incurred
Br limitations, requiring at least one aryl and one alkyl group
N to be on the distal carbon, and only aryl couplings were
0 described. The exceptional regioselectivity observed provided
15 &/Br Ph 92 a distinct advantage over many other methods and makes

Br

a Pd(PPh)s and DME/HO (4:1) were employed at 9TC.

an impressive contribution to the formation of tetrasubstituted
olefins.

3.4. Acyclic, Vicinally Symmetric Olefin

yields of 24-97%. A wide variety of functionalities were Templates
tolerated, including esters, acetals, ketones, oximes, and
amides, but yields decreased when ortho-substituted aryls Methodology outside the domain of geminally substituted
were employed, presumably due to the steric crowding in olefins requires controlling elements, either at the coupling
these already congested centers. Higher reaction temperaturestage or, more often, during the construction of the template.
were necessary to couple acyclic olefins, and it was found An early example by Fitzgerald and colleagues utilized
that large excesses of the boronic acids were required to forcesymmetrical, 1,2-dibromo olefins for the generation of
the reactions to completion. Interestingly, the mono-arylated tetraazaporphyrins (Scheme #&)Bromination of 3-hexyne
products were never isolated, likely indicating that these

substrates were more activated toward coupling than theScheme 70. 1,2-Dibromo Olefin Precursors to

dibromo starting materials. It was not possible to couple two Tetraazaporphoryns 5 N
different arylboronic acids using this method. R Br. AcOH. LiBr r CuCN. DMF

To achieve differentiation at the geminally substituted R/ W Rj/\R m Rj)\R
carbon, an extra step was added by Shimizu and colleagues Br
to the sequence described above, giving geexdiboryl s27 328 7% szl*_:’t T8

alkenes324 shown in Scheme 69¢ Treatment of the 1,1-
dibromoalkene323with butyllithium at—2110°C, followed
by slow addition of the solution at-110 °C to bis-
(pinacolato)diboron in THF, gave the 1,1-diborylalkeB24.

=Ph, 81 %

or diphenylacetylen27 gave the dibromo alkene328
These alkenes were converted, via the Rosenmund
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Braun reaction, to dinitrile829that were further transformed

Flynn and Ogilivie

Table 29. Generation of Tetrasubstituted Alkenes
OMe

to tetraazaporphoryns.
It has been shown thd&-dibromo olefin template831
could be generated, in greater than 98% stereochemical

purity, by the exposure of 2-alkynyl este&330to pyridinium Br

; ; : 1. CO;Me 4-MeOCgHsM e COMe
bromide perbromide (Scheme 7%§.Mixtures of E andZ R )\B/ —onditons
r
Scheme 71. Generation oE-Dibromo Alkenes for the 331 335 O
Production of Tetrasubstituted Olefins
N R2 OMe
O Pd RN CO,Me COMe yield
COMe gNg Br R2ZnCl Br * || entry R M conditiong (E:2)
B
[ R1)\(002Me 332 b 1 GHu  znCl A 13% (1:1)
IV B THE, . 1881% S 2 CsHu  znCl B 13% (12:88)
330 331 R? 0 3 CsHis SnBu C 27% €)
70-98% CO.Me R?—R? 4 COEt ZnCl B [
10 2 .
R ) + 5 COEt SnBuy C 60% (55:45)
R
— — 333 aCatalyst A: Pd(PP, THF, rt, 48 h. Catalyst B: Pd(OAg)AsPh,
R? 2-5% THF, rt, ~50 h. Catalyst C: Pd@PhCN}, Cul, AsPh, NMP, rt.
RIS COMe R? b Starting material wasH)-332 R? = 4-MeOGH,. ¢ An E/Z mixture
R%ZnCl 4 _Ix,CO.Me was obtained but the ratio was not determined. Basomer was
ZnCl Pa] R isolated in 39% yield. The ethyl ester was employ&dield and E/Z
331 R2 f R ratio were determined indirectly. The ethyl ester was employed.
R2ZnCl 333
[Pd] R! OMe |— . . . . .
332 integrity in these transformations was likely due to the
‘OZnC' R2 formation of allenoate intermediates. A single isomer was
g2 H* 1)%#002,\,,6 achieved in only one example by using the Stille reaction,
R1)§/ZnCI R in 27% yield (entry 3). Trisubstituted side produc8s4)
H were obtained in the Negishi couplings as mixtures of
CO,Me 334 . . . .
L | isomers, which were probably derived from halogemc

isomers were obtained if Bwas used alone at temperatures
above—78 °C, or if the reaction was contaminated with
traces of HBIE* Various palladium-catalyzed reactions of
the 1,2-dibromo olefins gave the corresponding trisubstituted
olefins in 18-61% yields (Table 28). Several side products

Table 28. Generation of Trisubstituted Alkenes from
2,3-Dibromoalkenoates

exchange and isomerization through the zinc allenoates,
followed by protonation in the workup stage.
Stereochemical assignments were made on the basis of
chemical shifts. The authors noted that the methylene
moieties of the Rsubstituents in products such &-335
resonated downfield of the corresponding signals of the
correspondingZ isomer. In a few cases, a chemical trans-
formation was used to establish olefin stereochemistry

R2ZnCl, (Scheme 72). Alkenyl esteB36were refluxed with HCI in
Br PA(OAC),, R? EtOH to provide the corresponding lactorgsy.
R1)§/002Me R1)\(002Me
Br AsPhg Br Scheme 72. Structural Proof via Derivatization
331 THF, rt 332 MOMO R R’
i Br
yield = HCI, EtOH Br
entry R R2 (%) mzR A b
1 CsHur 4-MeOGH, 61 236 s O
2 GsHu 2-MOMOGH, 43 R'=n-pentyl, Me, Ph
3 CsHu 4-FGHa 56 T
4 Me 2-MOMOGsH, 24 i . . .
5 CsHiy CeH1:C=C 57 Henaff and Whiting described a method for the selective
6 Me 4-MeOGH, 49 formation of eithelE- or Z-diiodo template$° By carefully
U Ph 4-FGH4 27 controlling the reaction conditions, they could access either
8 Ph 4-MeOGH 18 ; L
o ph 2-MeOMO(.i:;H 38 the E- or theZ-isomers (Scheme 73). Isomeric mixtures were
. 4 ; , .
100 COLEL 4-MeOGH, 23 obtained during the generation of ma@siodo alkenes339),

25% Pd(PP¥), was used as cataly$tThe ethyl ester was employed.

and it was only possible to obtain puEetetrasubstituted
precursors in two cases. Suzuki or Stille coupling reactions
of the E-diiodo templates341 were described to give

were obtained in these reactions, including double-coupled trisubstituted alkene842 and one tetrasubstituted olefin
products (2-5%), alkynes resulting from eliminations of the (343 was reported, a result of over-addition to teeliiodo
dibromide substrates {815%), and significant amounts of substrate841, in a 12% vyield. The attempted generation of
homocoupled biaryl materials. Mixtures of stereoisomers Z-tetrasubstituted products from the correspondirigdides
were observed when phenyl or ester substituents were presenf339 was not described.
at R (entries 7-10). A potential explanation for the extremely low yield of
Tetrasubstituted olefins were subsequently obtained from tetrasubstituted olefii343 was the competitive palladium-
these products, as mixtures of isomers, by Negishi or Stille catalyzed elimination of the vicinal dihalogens (Scheme
coupling reactions (Table 29). The loss of stereochemical 74)138141 Oxidative addition of palladium into the first



Stereocontrolled Synthesis of Tetrasubstituted Olefins

Scheme 73. Attempted Generation of Tetrasubstituted
Olefins via Dihalo Olefin Templates

"R RZ| R R2
ICI, Et4NI R ol
e | 88 [ )
(- -l 23390%
1_— p2 _| Ky i 57
B ) - EZ2:3 > 0:1
338 R! R? |
i. ICI H ; 2
ii. Nal ey : R'&fR
@l |
- 340
R'=R?=Et 56% (E:Z 100:0)

R'=n-CgH;3, RZ=CH(OEt), 52% (E:Z not reported)

| i
Et P-MeO-CgH4B(OH), -MeO- CGH4B{DH)2 ~ _Et " . Et
Et Pd(PPhs).. Na,CO,

| DMF-water

k73|
OMe
342 343

35% 12%

Scheme 74. Palladium-Catalyzed Elimination of Vicinal
Dihalogens and Formation of Sterically Congested
Tetrasubstituted Alkenes

R2 [Pd] g2 PB-elimination R2
RS — RS —  Z
[PdIX R
344 345
MgBr
PdCly(PPhy),

THF, A

N

>95 % <1%

MgBr
Br
r1 Me X Me PdCIy(PPhy),
R A \ - -
Br 2 VYR? THF, A
352 353 354
R' = alkyl, Ph exclusive isomer

>90 %

carbon-halogen bond of templat844 would form the
organopalladium intermedia@45 that could then undergo
subsequent-halogen elimination to produce alkyBd6. A
reaction performed using-tolyl-magnesium bromid&48
and dibromo alken&47* produced less than 1% of the
desired tetrasubstituted isom851, and instead gave the
eliminated alkyne produ@&49and biaryl350, consistent with
the above hypothesis.
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method allowed access to highly hinde&tetrasubstituted
alkenes 854) that are typically very difficult to prepare, but
was only effective for di-ortho-substituted aryl Grignard
reagents.

The elimination product was not observed when stannanes
were used instead of halides, as illustrated by the Piers
research group (Scheme 7%j.Double stannylation of

Scheme 75. Stannylated Olefin Templates

MesSnCu-LiBrSMe, R MeLi

-48 °C MesSn Xx-SnMe; _ggoc
CO,Me | to0°C 355 COR R
820 e i
|‘| — 70-82% MeSSn/g(LI
i R! CO,Me
330 |(MeSn) _corMeli | 356 2
Pd(PPh3)s Me;Sn 2% 98°C
357S5nMe,
R' R’
Messn)ﬁ/cozR Me3Sn/\/OR
OLi
358 Li 359 :
R R! 1.DIBAL gt
- 2.1,
Megsn/&fl'I 7§ < Me3Sn/&(E I)\[E
3 M -
35 COMe 360 COMe 3. MEM-CI 364 Sopen
50-84% ) l 1. BuLi
Riy2 E 78°C
o )\[E
362 “oMmEM

alkynylesters330gaveE- andZ-stannane855o0r 357. Tin—
lithium exchange ontrans-distannane355 (R* = Me)
provided thea-lithiated alkene356 that captured strong
electrophiles regioselectively (Mel, 84%; GHCHCH,Br,
79%; BnBr, 76%; GHgl, 50%; cyclohexanone, 71%).
Exposure of theis-stannan857to methyllithium caused a
rapid isomerization, after lithium exchange, to gig866
exclusively, presumably through alleno&®9. Direct tin—
lithium exchange was not possible at {hgosition 0f360.
Instead, thgg-stannan@60was reduced with DIBAI, treated
with iodine, and protected to give vinyl iodid861 These
compounds were then subjected to lithiviadide exchange
using butyllithium. Finally, an electrophile was introduced
giving the tetrasubstituted produ@§2 (Mel, 93%; n-Bul,
65%; ICHCH=CMe,, 67%; |(CH,)sCl, 72%). Multiple steps
were required, under strictly controlled conditions, and only
highly activated electrophiles could be employed. Single
isomers were produced, as shown by careful NOE analysis.
Efficient product isolation is desirable in any process. A
way to achieve this goal was investigated by Brown and
Armstrong through the use of solid support (Scheme!¥®).
Symmetrically substituted alkyne8@3 were borylatet*
using palladium catalysis, and the crude prod®&4were

An interesting effect was demonstrated by the Rathore then coupled in solution with an organohalide. This process

research group (Scheme 74)Six different trans-dibro-
moalkenes 352) were coupled with ortho-substituted aryl
magnesium bromides3%3 in yields greater than 90%.

produced the trisubstituted olefin produBg5, together with
some double-coupled produ@86. Subsequent resin-capture
with a polymer-supported aryl iodide gave the resin-bound

Complete inversion of stereochemistry was noted in all casestetrasubstituted olefin867 in good yields. Impurities and

to give exclusively th&Z-alkene products354). The stereo-

side products such a366 remained in solution, and the

chemistry was confirmed in one case by X-ray crystal- desired alkene867 could be recovered from the resin by
lographic analysis, and the remaining structures were as-treatment with TFA (Table 30). Mixtures of regioisomers
signed through the correlation of NMR chemical shifts. This were obtained when differentially substituted alkynes were
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Table 31. Carbolithiation of Trifluoromethyl Enolethers To
Generate Tetrasubstituted Alkenes

Scheme 76. Synthesis of Pure Tetrasubstituted Olefins via
Synthesis on Solid Support

CFs 4 RL CFs
0. ,on Ph 2. E Ph
g R 368 369
/W o-§ TR o R3X, PdCl,(PPhy), entry RLi ele+ctrophile product yield (%)
R'3g3  Pd(PPha)s N O)K (E)
1 t-BuLi  C,HsCHO CF3 OH 75
364
| X
H R’
N Ph
=S = S = T of \H/©/ \ R
>_i i >—< o H 2 n-Buli C2H5CHO CF. OH 83
08 R R R2 — N R? ¢
0 ( , X
W 365 366 0 L
Table 30. Synthesis of Tetrasubstituted Olefins on Solid Support 3 s-Buli  CHsCHO GFs OH 82
- X
yield?
entry R R? (%) Ph
1 Ph Me >05 4 t-BuLi  PhCHO CF; OH 95
2 Ph 2-Me-1-propenyl 78 X Ph
3 Ph 2-propenyl >95 Ph
4 Ph Bn >95
5 Ph 4-MeGH,4 83 5 -BuLi PhCHO 85
6 Et Me >95 St §Fs OH
7 Et 2-Me-1-propenyl 75 A Ph
8 Et 2-propenyl >95 Ph
9 Et Bn 83
10 Et 4-MeGH, 85 6 s-BuLi PhCHO CF; OH 88
a After removal of the solid support. th
Ph
7 t-BuLi  CICO,Et CF3 79

used, and the products had to be stable to the strong acidic
media required to remove the polymer. Alkene isomerization
was an additional complication as one of the conjugated
alkene products was obtained as a mixturg ahdZ isomers

A\~ CO2E

Ph

3

during the resin-removal phase.

Scheme 77. Carbolithiation To Generate Alkenes

. . . . CFs3 . CF3 CF3
c| R

3.5. Differentially Substituted Olefin Templates Eto)\ m2e Etoﬂ\,&'ﬂi - R)\(H

Additional control must be introduced when utilizing fully Ph Ph Ph
asymmetric templates. Reactivity is controlled primarily by 370 371 372
electronic effects in these compounds, and additional control RLi, 20 °C t
elements such as directing groups must therefore be present.
The distinct advantage of these templates lies in their GFs QH o ¢Fa
potential use to generate tetrasubstituted olefins bearing four R)\H\/ ~ R)\( .
different carbon substituents. Ph Ph

The Bonnet-Delpon group demonstrated that carbolithia- 374 373

tion of alkenes such a868 using various alkyl lithium
reagentst(BuLi, n-BuLli, s-BuL.i), followed by trapping with The efficient production of single isomer tetrasubstituted
electrophiles, generated tetrasubstituted alkenes stereoselegjiefins bearing all different carbon substituents was described
tively in yields of 75-95% (Table 31} , in a recent report (Scheme 78y.E-3-Chloro-a-iodo-a, -

The mechanism of this transformation apparently involved nsatyrated ester templat86 were generated as single
an unusual pseudosubstitution of the ethoxy group. In the isomers by exposure of 2-alkynyl este25 to BuNI in

resent case, the reaction was thought to involve a cis : . . ;
gddition of alkyllithium across the dougle bond, a process reflu>§|ng d|ch|oroethan&7Th|s method provided access to
! a variety ofE-f-chloro-a-iodo-a,f-unsaturated ester376,

encouraged by the electron-poor nature of the initial olefin . . i
(Scheme 77). Regioselectivity was controlled by the stabiliz- bear Ing aryl, ajkyl, anq hindered aIky_I substltug nts at the R
position. Regioselective Sonogashira reactions occurred

ing influence of thes-aryl ring that was responsible for the ; . X X i -
reaction following a pseudosubstitution pathway. Because exclu_swely at thex-position tc_) prowd_e trisubstituted vinylic

the reactions were performed at room temperature, anti-chlorides377 (Table 32). This was in stark contrast to the
elimination of the intermediate speci@¥() occurred rapidly results obtained with unsaturated esters bearing identical
to produce trisubstituted olefir872 These compounds were halogens at both positions, as those substrates reacted
deprotonaned in situ by a second equivalent of the alkyl- selectively at thg8-position. The reactivity of vinyl iodides
lithium affording the reactive speci@€¥3 which reacted with ~ toward oxidative insertion overrode the higher reactivity
an electrophile to give the final product. typically observed at thg-position ofa,S-unsaturated esters.
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Scheme 78E-f-Chloro-a-iodo-a, f-Unsaturated Ester
Templates as Precursors to Tetrasubstituted Olefins

1 R1
R BugNl, 83 °C
urs COEt CI7 CO,Et
6291%
R
=
PdCI,(PPhs),, Cul
i-Pr,EtN, dioxane, rt
R! R? R R?
N =Z R3B(OH), ~ F
0
CO,Et [ Pd’] CO,Et
378 377

Table 32. Preparation of Trisubstituted Alkenes from
p-Chloro-a-iodo-a,f-Unsaturated Esters

M R
e // Me P R
N S
cl Pd(PPh;),Cl, Cul,  Cl
CO,Et DIPEA, dioxane, r.t. CO,Et
379 380
yield
entry R (%)?
1P Ph 78
2 4-FGH,4 77
3 TMS 68
4 CeH1s 74
5 CH,OTBS 76
6 (CHZ)ZOTBS 72

a|solated yield? 0

°C.
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Scheme 79. Pyrimidyl Sulfide-Templated Alkenes
a) Ar'l, PA[P(t-Bu)sl,, Nﬁ
Et3N, toluene, 60-90 °C Ar x
/\s)\\N | - \,IA//1\S N
r

382 bAA 383
81-95%
>95% regioselectivity

t-BuLi, -78—0 °C
Arl, Pd(PPhs),
AP Nl/j\ Cul Li_"N/i
2 |
Arzﬁ%s)\lﬂ +Bu - | Ar %SJ\N tBu
1 .
AT 35 H Ar'3gs L

1. DDQ
2. A*MgBr, Pd cat.
60-90 °C

A
\%\ At

Ar'

382 two successive Heck reactions gave proB&3 with
defined stereochemistry. Exposure 883 to 2 equiv of
t-BuLi introduced at-butyl substituent onto the pyrimidine
ring, and the resulting lithio species underwent directed
metalation at thea-positiort*® of the alkene to generate
intermediate384. This material suffered a cross-coupling
reaction in the presence of an aryl iodide to afford the
corresponding trisubstituted derivati385. Subsequent re-
aromatization of the pyrimidine gave the vinyl pyrimidyl
sulfide that was subjected to a final palladium-catalyzed
cross-coupling reaction with aryl Grignard reagents (Table

Subsequent coupling reactions, employing either the 34) | ow yields were obtained when Awas particularly
Sonogashira or the Suzuki process, provided the tetrasubqyjky (2-naphthyl for example), although the palladium-

stituted olefins381 as single isomers (Table 33). Photo-

Table 33. Preparation of Tetrasubstituted Alkenes from
p-Chloro-o,8-Unsaturated Esters

Me R R2-R3 Me R’
o 4 Pd cat, ligand 2 4
o “base, dioxane, 1L
CO,Et ’ e CO,Et
380 381
yield
entry R R? R3 (%)2
1v Ph PhCC- H 55
20 TMS PhCC- H 42
3 T™MS Ph B(OH} 77
4¢ TMS 4-MeGHa B(OH), 75
5¢ TMS 4-FGH4 B(OH), 71
6 TMS PhCH=CH—- B(OH), 67
7d TMS CHs(CHy)sCH=CH— B(OH), 64

2|solated yield.” Reaction conditions: phenylacetylene (6 equiv),
Pd(PPB).Cl, (10 mol %), Cul (15 mol %), DIPEA (3 equiv), dioxane
(0.1 M), rt, 18 h.c Reaction conditions: #(OH). (2 equiv), Pd(dba)
(5 mol %), PBusHBF, (20 mol %), CsCO; (2 equiv), dioxane (0.1
M), rt, 2 h.9Reaction conditions: #8(OH), (2 equiv), Pd(dba) (5
mol %), S-Phos (20 mol %), O, (2 equiv), THF (0.1 M), rt, 2 h.

catalyzed coupling reaction tolerated Grignard reagents
bearing electron-withdrawing and electron-donating substit-
uents.

Itami and co-workers also developed a copper-catalyzed
carbomagnesation across alkynyl(2-pyridyl)silar3&s to
give products such @88 (Scheme 803)>° Borodesilylation
occurred stereoselectively at low temperature, and subsequent
treatment of the reaction intermediates with pinacol in the
presence of triethylamine gave produ8&9 with retention
of stereochemistry. Interestingly, it was found that the
isomeric purities 0B89were greater than those of the starting
alkenylsilanes. The authors felt this may have been due to
reactivity differences between the isomeric alkenylsilanes
during the borodesilylation. A final palladium-catalyzed
cross-coupling reaction, with a wide variety of aryl iodides,
gave tetrasubstituted olefirg90.

Overall, olefin templates are emerging as a reliable method
of forming tetrasubstituted alkenes; however, there is still
significant room to improve the generality and practicality
of the methods. The selective production of the template is
a limiting factor for much of this chemistry, and, for reasons
of convenience, symmetrical templates have often been used.
Symmetrical carbon substitution often limits diversity,

isomerization of the esters provided access to the oppositeWhereas symmetry in the construction handles (halogens)
stereochemical isomers, and after reducing the esters withPresents obstacles of regio- and stereocontrol. The most
DIBAL, NOE analysis was used to unequivocally establish successful templates utilize electronic differences and/or
the structures of the products obtained.

An innovative approach developed by Itami and colleagues
efficiently elaborated very simple alkene templates to tet-
rasubstituted olefins by using vinyl-2-pyrimidylsulfide pre-
cursors382(Scheme 79)#8 Beginning with the vinyl sulfide

directing groups to generate stereodefined products.

4. Carbonyl Olefination

A wide variety of structures can be made using carbonyl
olefination processes, but serious limitations to this type of
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Table 34. Generation of Tetrasubstituted Olefin 386 from 385

Flynn and Ogilivie

yield
entry Al Ar? Ard Ar4 (%)
1 Ph Ph 4-MeO@H4 Ph 72
2 Ph Ph 4-MeO@H, 2-naphthyl 46
3 Ph 4-MeOGH4 4-MeGsH4 4-MeGsH4 40
4 4-MeGHg, 4-MeOGH4 Ph 4-FGH4 52
5 4-MeOGH4 4-MeGsH4 Ph 4-FGH4 42
6 4-MeOGH, 4-MeGsH,4 1-naphthyl Ph 22
7 4-MeOGH,4 4-MeGsH,4 1-naphthyl 2-naphthyl 14
8 4-MeOGH, 4-MeGsH,4 1-naphthyl 2-thienyl 21
9 1-naphthyl 1-naphthyl 4-MefEl, Ph 31
Scheme 80. Regio- and Stereoselectivity Achieved in the Scheme 81. Thiophosphonate Approach
Pyridylsilane-Directed Carbometallation of Alkynes
1. Ar'Mgl
Et N . A2 N7
S Q Cul, E,0, 0 °C | N . :\O\-
\Si P Ar1\%\8i x (MeO),P 1. ZBuLl THF, -50 °C 1% t-Bu
Me 2. Arl, P[P(t-Bu)sl; Bt Me Y 2 U ,50°C
387 THF. 40 °C 388 391 ‘8 \ Ph
’ 55-80% 0 Fh 25 C
1.BCly . ¢ 393
CH,Cly, -40 °C 80%
2. Pinacol, Et3N
heme 82. Phosphonate Approach to Tetr i
1 Ar? A%, PAP(EBUM], . 1 Ar? g<|: eme 8 osphonate Approach to Tetrasubstituted
Ar\ A, 3 Arl - ) efins
Ar B(pin) 0 COLE
Et NaOH/H,O Et i o) 2
390 THE. 60 °C 389 (Eto)2P COZEt + /U\ M j[
67 -99% ' 64 - 82% \r Me” “R'  refux  Me” R!
394 395 396
. . . . . =1 0,
reaction are evident during the formation of tetrasubstituted E‘.;O1 ﬁs_f’zﬂ

alkenes. Most of these methodologies are strongly affected
by steric hindrance, and therefore the yields of tetrasubsti-

tuted olefins are generally low. Mixtures of sterecisomers
are almost always obtained, due to the difficulty in generating

stereochemical bias in the reactive intermediates. Neverthe-
less, most of the standard carbonyl olefination reactions have;

been employed in the synthesis of tetrasubstituted olefins.
The successes and limitations of the classic Wittig, Hotner

Wadsworth-Emmons, Julia, McMurry, metal carbene, and
Peterson reactions in the formation of all-carbon tetrasub-
stituted alkenes are described belgw.

4.1. Wittig and Horner —Wadsworth —Emmons

tetrasubstituted olefin896 by the reaction of triethyl
phosphonoacetat@94 with ketones395 While asymmetri-
cally substituted ketones reacted, the be&t selectivity
“obtained was 2:1. This selectivity problem has since been
investigated, but has not been resolved for this metfod.

Tungsten-based reagents have been employed to synthesize
tri- and tetrasubstituted olefit8’ While the focus of this
study was on the expansion of the Wittig reaction to less
reactive functional groups such as esters, lactones, or amides,
one example of a symmetrical, all-carbon substituted, tet-
rasubstituted olefin was given (Scheme 83).

Phosphorus-based olefination reactions are generally notScheme 83. Application of Tungsten-Based Olefination
amenable to the formation of tetrasubstituted olefins, as the Reagents

ylides do not react well in sterically demanding environ-

ments. When tetrasubstituted olefins are formed, mixtures
of stereoisomers are obtained unless the starting materials

are symmetrically substituted.

The standard Wittig reaction was employed by Scherer

and Lunt, who synthesized a symmetrically substituted
alkylidene cyclobutan&! The analogous reaction was
employed by Utimoto, Tamura, and Sisido in the preparation
of one symmetrically substituted alkylidene cycloprop&#e.
Corey and Kwiatkowski showed in 1966 that the Horner
Wadsworth-Emmons reaction could be used to form gemi-
nally symmetric tetrasubstituted olefir392 and393) if an
o-lithiophosphonothioate was employed (Scheme 8%).
They described the condensation of thiophosphd@itevith
two symmetric ketones to give olefi®®2and393 Reports
in recent years still illustrate the difficulty of preparing
tetrasubstituted olefins by the Wittig reactit.

An early report by Gallagher and Webb illustrated the
problem of forming tetrasubstituted olefins with differential
substitution (Scheme 823 They synthesized a variety of

o f)
P Q:W(OCHZBU)ZBQ - O=<

397 398 399
95%

Very recently, carbonyl olefination was employed in an
approach that combined a radical addition of phosphorus
hydrides with the HornerWadsworth-Emmons reaction
(Scheme 84)%8 Exposure of terminal alken400to dieth-
ylthiophosphite, in the presence of AIBN, produced the
corresponding phosphonothioate. This was immediately
deprotonated, and the resulting anion was quenched with
Mel. A second deprotonation witls-BuLi, followed by
condensation with a ketone, produced the tetrasubstituted
olefin 402 While this method efficiently accomplished three
operations in a single pot, the desired materials were
inseparable from side products when symmetric ketones were
employed (in two of the three examples given). A third
example produced tetrasubstituted oledidd, bearing ad-
ditional functionality, as a single isomer.
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Scheme 84. Tandem HWE/Radical Approach olefin formation, and has therefore frequently been used
1. (EtO),P(S)H R to prepare highly strained and sterically hindered mol-
| AIBN, THF, A P(SXOEt:2| 1. sBuLi Me P eculest314.1922.1635imjlar to other carbonyl olefination reac-
CgHiqg 2 SBUL oH 2.RCOR tions, mixtures of£/Z isomers are generally obtained.

3. Mel e CeH1s A series of distellenes was prepared using the McMurry

400 401 Rggﬁ 519 process to ligate the hindered-olefin termini together (Scheme
=(CHy)s, 60% 87). Ketone4ll, when treated with TiGIDMS in the
1-(BORPEH e o p(s)0ED, Me Scheme 87. Distellenes Prepared Using McMurry Coupling

i AIBN, THF, A \[ .
CuH.. 2. LDA (Et0),CO X COEt
* 3.LDA Cohi | 1O
400 ethyl pyruvate 403 404 CgH Ol
Yl py 75% 61113 o TiCl3:DMS, Zn(Cu) 412
- . o DME 40 °C +
Stereoselectivity has been achieved using intramolecular
approaches that restrict the freedom of the coupling partners, an
thus enabling the stereocontrolled formation of alkenes 413
(Scheme 85). This strategy was used by Mandai and co-

presence of Zn/Cu couple, afforded a mixture of derivative
412 and413in 12% yield63
The McMurry coupling has been used to generate optically

Scheme 85. Intramolecular Diastereoselective
Horner —Wadsworth—Emmons Reaction

o} o 0 . M ) ;
(MeO),P . active olefins, in Wh_ICh b_ulky substituents cause permanent,
I\/% % out-of-plane distortions in the double bond (Scheme!88).

0" o . .
: © Scheme 88. Optically Active Alkenes
Ph 0" q
e $ ron i ()
405 406 O TiCl3, LAH

86%, de=97.5%

. THF, A

workers in their diastereoselective synthesis of the CD ring

component of vitamin R%° Exposure of phophona#05,

bearing a chiral auxiliary, t¢-BuOK gave tetrasubstituted M4

a,B-unsaturated estet06in 86% yield and 97.5% diaster- not observed

€0meriC excess. The difficult isolation and resolution of isomers was achieved

o . by Feringa and Wynberg using chiral HPLC techniques (trans

4.2. Olefination with Metal Carbenes isomers could be completely resolved, cis isomers only
The reaction of metal carbenes with carbonyls is signifi- partially).

cantly affected by sterics, and this process generally fails to  The intermolecular coupling of two distinct carbonyl

form tetrasubstituted olefins. This problem can be partially moieties generally provides a statistical mixture of products,

circumvented by the use gfemdihalides as illustrated by  although yields can be improved through the use of a large

the Takeda group (Scheme 869.The reaction ofgem excess of one reagent, or by modifying the electronic
properties of one or both compounds (particularly when one

Scheme 86.gemDichloroalkanes as Precursors of the coupling partners is a diaryl ketone). The intramo-
0 s lecular vgiriant is particylarly valuable as the stereoche_mistry

2 Cp,TIP(OEY] TiCps Rsf(tR‘a RIR of the final product is dictated by the conformational

g 22#, A R R, restraints inherent in the molecule. The intramolecular

McMurry reaction has been used to generate a number of
407 408 410 terpenes’ such ag)-araneosene that was achieved by Jenny
52-79%
R'=R2 or R3=R" and Borschberg (Scheme 89.
dichloro alkaneg07with titanium complexes in the presence Scheme 89.9-Araneosene via McMurry Reaction

of various ketones gave the corresponding tetrasubstituted 50

olefins 410in 58—73% vyields. | TiCl,

Either thegemdichloro alkanet07 or the ketongl09was Zn/Cu, DME |
symmetrical in all of the reported cases'(R R? or R® = RO R
R%), resulting in only one possible isomer being formed. 418 419

. . R = CH,0SiPh,t-B!
The McMurry reaction provides one of the most successful 22SIhalEY

methods for the formation of tetrasubstituted olefins and has : o
been extensively reviewéd!®! Titanium trichloride or 4.3. Peterson and Julia —Lythgoe Olefination

titanium tetrachloride are typically used in conjunction with Elimination processes, such as the Peterson and—Julia
a reducing agent such as LiAller Zn, in a refluxing solvent ~ Lythgoe olefinations, offer perhaps the most challenges for
to effect the condensation of two ketones. The reaction is the generation of tetrasubstituted olefins, as they require the
driven by the formation of a strong FO bond, which generation of two contiguous quaternary centers before an
overcomes the typical steric resistance to tetrasubstitutedelimination can take place. Even if the two quaternary centers
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can successfully be formed, the molecule must be able toTable 35. Julia—Kocienski Olefination of Electron-Deficient
adopt the required conformation for the elimination to Sulfones with Ketones

succeed. The Peterson olefination, which occurs via the 0, Joj\ Mo M
elimination of -silyl alcohols, is quite limited for the FsC SYMe R R? eI e
formation of tetrasubstituted olefins. A rare example from Me Schwesingersbase o
the Jenkins group showed the preparation of two geminally ¢k THF, 1t > refiux

symmetric tetrasubstituted olefins (Scheme 90)Thus, 429 430
Scheme 90. Peterson Olefination entry olefin 430 yield (%)

—

SiMe; RMgBr SiMe, AcOH
Ph A
><H/V - >S(\/Ph ACONa )\/\/Ph |
o] R R OH R O O 71
420 421 422
R= )\,ﬁ: 64 % cl cl
PN 9
R= & o 72 % |

® ?
o-silyl ketone420was treated with two different alkylating ol
reagents to give the3-silyl alcohols 421 Subsequent

exposure to sodium acetate in acetic acid provided the |
tetrasubstituted alkend®22in 64% and 72% overall yields, 3 10
respectively. O O

MeO OMe

The generation of intermediates bearing two contiguous
quaternary centers is even more difficult in the Julia
Lythgoe olefination, in whictB-hydroxy sulfones423 are

[\

eliminated in the presence of a base (Scheme 91). The 4 35
Scheme 91. Julia Sequence o\_/o
SOLAr o] ArO,S OH Reductive RU R

1> N R* Elimination o35 ‘n3
RWR RR R R? R® R intermediate with an electrophile such as benzyl chloride.

423 424 425 426 This approach was used to prepare three tetrasubstituted
First step fails if R" = H olefins @33 in 29—33% overall yields. Two of the products
were obtained in greater than 9:1 selectivity in favor of the

synthesis of theS-hydroxysulfones that are required for £ isomer (Scheme 93J The product distribution was

tetrasubstituted olefin formation necessitates some modifica-
tions to the typical reaction conditions because it is extremely scheme 93. Sulfoxide Modification
difficult to force secondaryx-sulfonyl carbanions to react

with ketones. Q Z) :;?é OR? BzO_ R' g, i
The synthesis of sterically congestgéydroxy sulfones S\Phcg&%» Phc\y%Rz AMPA CVW/ARZ

has been achieved by the Falck and Mioskowski groups by d) Me,N(CH,)s0H i

using a geminally substituted disulfone (Scheme 92). 431 2 O 432 2‘;3330/

e 0 (0) 0 (0}
Scheme 92. Sml Modification = , ,
A ) A A,

Me_ SO.Ph 1. Sml, (3 equiv) Me_SO,Ph
Ph > .  ~Ph
3 "SOPh 2. O 3 _ .
@ HO thought to be controlled by sterics as the larger substituents
427 428 occupied positions trans to each other in the major products.

. . o This was one of the few cases in which the generation of
Treatment of disulfond27 with samarium iodide followed gjfferentially substituted tetrasubstituted olefins has been

by addition of cyclohexanone affordgehydroxysulfonet28  gyccessfully accomplished using the Julia method.
in 85% y|eld. The researchers did not procee_d to the reqluctlve While carbony! olefination techniques are widely used for
elimination step to generate the tetrasubstituted olefins, soihe convergent formation of mono- and disubstituted olefins,
it is unclear whether the elimination would be possible.  thejr usefulness remains limited for the formation of tetra-
Alonso and co-workers have employed electron-deficient g pstituted double bonds. A uniquely effective method for
sulfones such ad29to facilitate the-elimination step®® the widespread formation of tetrasubstituted double bonds
This method was highly successful when the sulfones werejg the McMurry reaction, in which the formation of a strong
exposed to Schwesinger's b&Send a variety of aldehydes,  tjtanjum—oxygen bond provides an overwhelming driving

substituted alkenes such4B30were generated under similar  siereoisomers, unless intramolecular steric constraints limit

reaction conditions, but heating at reflux was required t0 the formation of the other isomers.
deliver the desired products (Table 35).

Sterically congested JukidLythgoe intermediates can be S :
formed by using sulfoxides, as the resulting anions are far 5. Elimination Reactions
less stabilized, thus assisting the formation of the intermediate The production of tetrasubstituted olefins via elimination
B-hydroxysulfoxides’® The equilibrium can be further reactions is often complicated by the synthesis of the
shifted toward the products by trapping the hydroxide precursors. The E2 reaction is the best way to ensure single
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isomer products, but to achieve this, the relative stereochem-Scheme 97. Tamoxifen Analogue via Elimination

istry of the two contiguous $genters in the substrate must N O/\/CI
be precisely controlled (Scheme 943172 An additional
Scheme 94. E2 and E1 Elimination Reactions S'Meﬁ
L O s.00|2 A0°C
R R* base 1 2 ° pyndlne
_base, R R THF, 78°C
R;@R“ R® R¢ @ //
X Me;Si

O/\/C' O/\/C'

1® H wR3 1 3
X H RRQ--’.E_QL-\; ﬁzl’” e '\“:‘E
Ry R i ¢ @
R R* R@ R R, RY
Ri”gj\F{3 I O /‘5/‘
: Me;Si Me;Si
444

complication exists because the hydrogen and leaving group
in this material must adopt an antiperiplanar arrangement, a 443
potentially problematic requirement because rotation between 10
the tertiary and quaternary carbon centers may be difficult. 65%
This can force the substrate to follow the E1 pathway,
resulting in a loss of stereochemical information. For E1
reactions, one must design the elimination such that the
desired product is also the kinetic one (Scheme 94).

Exocyclic tetrasubstituted olefins have been generated by
the elimination of3-chloroketones (Scheme 95§ Treatment

lithium (trimethylsilyl)acetylide at—78 °C to give tertiary
alcohol 442 with undefined stereochemistry. The crude
alcohol was dehydrated using thionyl chloride in pyridine
to give a mixture of andZ alkenes443and444in a 10:1
ratio, with the major isome443being obtained in 65% yield
after purification.
Scheme 95. Elimination off-Chloroketone The application of the well-known and successful aldol
Me reaction/dehydration sequence has been used in the synthesis
N\k'\(;' of madindolines’® The Kobayashi group used this method
" e
DBU/THF

MeO

to illustrate a novel stereoselective construction of a qua-
ternary carbon. Intermediatl5 was subjected to DBU at

Ve room temperature, generating the desired tetrasubstituted
Me 434 Me 435 alkene446in 91% yield (Scheme 98). While there were two

of macrocycle434 with DBU—THF (1:3) at reflux gave  Scheme 98. Aldol/Dehydration Sequence
olefin 435in 82% yield. o) o]

. Me
Approaches to Tamoxifen and analogues have employed 3 DBU, benzene, < OBn
oBn . 12h
0 0

tertiary alcohols that were subjected to acidic conditions to
promote elimination (Scheme 98Y. Selectivity for the

™~ 446
Scheme 96. Tamoxifen Analogues via Acid-Catalyzed 91%
Dehydration ﬂ
OR® o
X ©0 Me
| R Bn %% A/ﬁ\yosn
o]
448
OR! R%0O
| N 2 1. n- BuL| ) . ]
I 2 ossible aldol product447and448, destabilization o447
. P p : p .
B ro would likely occur due to the presence of Astrain as
436 37 1o shown. Thus, the more stable aldol proddd8 would be

formed preferentially, leading to tetrasubstituted alké#@é
A final deprotection-oxidation sequence afforded the ulti-
mate, enantiopure product.

Isomerization of existing alkenes can also generate tetra-
substituted alkenes (Scheme 99)Olefin 449 was isomer-
diastereomer shown came from the preferred formation of ized in refluxing methanol in the presence of potassium
the hydroxy intermediaté38 which was separated from the carbonate to give the thermodynamic product: tetrasubsti-
undesired isomer by recrystallization. Alcoh4B8 was tuted olefin450. Notably, the isomerization proceeded with

dehydrated under strongly acidic conditions to affd@9, total configurational inversion at the tertiary allylic site. The
together with the undesired isom&40, in approximately authors used this technology to synthesize Spinosyn A.
an 8:1 ratio. A few approaches to llludol and analogues have employed

Valliant et al. used a base-promoted approach to Tamox-selenium-based syn eliminations to achieve the tetrasubsti-
ifen analogues (Scheme 97}.Ketone441was treated with  tuted olefin as the final product (Scheme 10G)Keto ester
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Scheme 99. Base-Promoted Internalization of the

Cyclopentenone Double Bond
H
K,cO; ©
+OTBS +:OTBS
MeOH, A
OMOM OMOM
449 450

63%
Scheme 100. llludol via Se Syn Elimination

Me02C

2. PhSeCl Hey
EtO OEt
451 452
(e}
MeO,C
H,0,, 25 °C, 0.5 h
“Me
EtO OEt
453

451 was treated with a strong base followed by the addition
of phenyl selenium chloride to give intermediate selenide
452 Oxidation with hydrogen peroxide promoted the syn

elimination to give the advanced intermedid&3 bearing

an internal tetrasubstituted olefin. Selenium-based syn elimi-
nations were also used by Ott and Little in their synthesis

of substrates used for the generation of the ABC-ring system

common to Taxol and analogu&$,and by Bella and co-
workers in their synthesis of highly substituted butyrolac-
tones'®® Similar reactions, using selenoxid&sor xan-
thates!®? have been used to effect similar transformations
in the context of natural product synthesis.

A samarium diiodide-promoted preparation of tetrasub-
stituted o, 5-unsaturated amide455 from 2-chloro-3-hy-
droxyamidesA54, was described by Concéfiet al. (Table
36).182 Selectivity in the generation of di- and trisubstituted

Table 36. Samarium Diiodide-Promoted Synthesis of
(E)-a.f-Unsaturated Amides

R2 OH O R O
Sm|2 A
R! NEt, R1J\KU\NEt2
Cl Me Me

454 455
% yield
entry R R? (% de)
1 Et Et 70
2 —(CHy)s- 80
3 Et Me 70 (42)
4 n-CsHy Me 73 (40)
5 n-C5H11 Me 70 (44)
6 Ph Me 71 (78)
7 Ph Et 75 (91)
8 Bn Me 96 (94)

Flynn and Ogilivie

Scheme 101. Tetrasubstituted Olefins from Lithiated

Epoxides
;;;{Lmo\

group and the elimination of lithiumoxide generated
products such a457. Numerous examples of olefin products
were reported, one of which was an acyclic tetrasubstituted
olefin (457).

The elimination ofa-hydroxy epoxides can also lead to
tetrasubstituted olefin products (Scheme 182).reatment

s-BuLi

-70°C—>-10°C

Scheme 102. Reaction o&-Hydroxy Epoxides with a Strong
Base

HO R 0 0
@ n-BuLi (3 equiv) &R‘ . @/Rz
Lo
éz R2 R1
458 459 460
R' = Me, n-Bu, Ph 59 - 95%
R? = Me. n-Bu 459:460 10:90 — 50:50

of a-hydroxy epoxideg158 with 3 equiv of n-butyllithium
generated tetrasubstituted alkenod&® and 460 in 59—
95% combined yields.

In a related method, it was shown that LDA could be
added to a mixture of an epoxide and a zirconacycle in THF
at low temperature to produce olefin products as shown
(Table 37)87

Elimination reactions are commonly employed for their
simplicity. These reactions are most successful when applied
to ring systems to ensure selectivity. Mixtures of isomers
are generally obtained in acyclic systems, unless the geom-
etry of the starting material has been tightly controlled and
the substrate designed to avoid the E1 mechanism. Because
of the difficulty in generating these starting substrates,
eliminations are not commonly the reaction of choice for
the selective formation of tetrasubstituted olefins.

6. Olefin Metathesis

Olefin metathesis is a powerful method for the formation
of more substituted double bonds from those that are less
substituted. It is commonly used in ring-closing and ring-
opening reactions and has achieved broad applications in the
synthesis of complex organic moleculé$Since the dis-
covery of the cross metathesis reaction almost 50 years ago,
extensive research has been devoted to the development of
metathesis pre-catalysts, which show high activity, stability,
and functional group tolerance (common metathesis pre-
catalysts are shown in Figure 4). Schrock and Grubbs made
the reaction practical by developing convenient and effective
pre-catalysts that have been further improved by subsequent
research. As many reviews have been published on the
subject of olefin metathesis, herein we will focus only on
applications to tetrasubstituted olefitg.

amide products was excellent, and the diasteriomeric excesses The first active metathesis pre-catalyst was introduced by

ranged from 40% to 94%, in the generation of tetrasubstituted
olefin products. A mechanism to explain the high stereose-
lectivity was proposed on the basis of chelation of thd'Sm
center with both oxygen atoms.

The elimination of lithiated epoxides can also generate
tetrasubstituted olefin$* Strong organometallic bases such
asn-BuLi can deprotonate at the-position of an epoxide
such ast56 (Scheme 10138 The incorporation of the alkyl

Schrock in 1993%° This pre-catalyst461) has very high
activity and succeeds in the formation of sterically congested
center$® such as tetrasubstituted alkenes (Table 38, entries
1-3). The electrophilic molybdenum center and the oxidation
state of the metal result in high air and moisture sensitivity,
and these factors, coupled with a low tolerance for polar and/
or protic functional groups, can limit its applicability. The

first generation Grubbs pre-cataly€2 provided a metathesis
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Table 37. Insertion of Lithiated Epoxides into Zirconacycles
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entry epoxide zirconacycle product yield (%)
(0} MeO
1 /ZGCz MeO 70
MeO "
CN e MeO n, CN
(0}
ZrC
, O O CQ/O .
' A
CN SlMe3
SiMe;
0} MeO
3 ><{ ... 21CP: Meo}d\l/l\ 66
CN MeO MeO "ty CN
(0}
ZrC
4 ><K <" O;\cf\ 64
CN SiMes

SiMe;

reagent that was very convenient to use, but proved to be

Table 38. Pre-catalyst Comparison for the Generation of
Tetrasubstituted Olefins

incapable of generating tetrasubstituted olefins unless a relay
group was employed. The second generation Grubbs pre-
catalyst463has activity that approaches that of the Schrock
pre-catalyst, while maintaining stability to air and moisture

(entries +5).1%2 Some of the limitations and successes of

the second generation Grubbs pre-catalyst in the synthesis

of heterocycles possessing tetrasubstituted alkenes have bee
previously describef31%4

The Hoveyda-Grubbs pre-catalys#64) and derivatives
have shown enhanced reactivity for disubstituted alkenes,
particularly with electron-deficient substrates, but tends to
be less efficient for the formation of tetrasubstituted olefins
than the Schrock461) or second generation Grubb46Q)
pre-catalystd?® One type of tetrasubstituted olefin (entry 1)
can be formed with this compound, however, in yields of
38—65%19%2

A number of useful applications have been demonstrated
using ring-closing metathesis. Yoshida and Imamoto have
developed a new approach to phenol derivatives (Scheme
103)1% This method allowed the formation of specific
phenols467 that could not be selectively achieved using
typical Friedet-Crafts conditions.

Neipp and Martin applied RCM to the formation of
bridged azabicyclic structures, including one containing a
tetrasubstituted olefin (Scheme 102) While the desired
tetrasubstituted olefid69 was formed in good yield from
diene468 high temperatures and multiple additions of the
pre-catalyst were necessary.

The ability to recover and reuse pre-catalysts is highly
valuable. Yao and Zhang have investigated a polymer-bound,
fluorous pre-catalyst based on the Hovey@xrubbs design
to investigate the beneficial effects of fluorine in metathesis

entry product pre-catalyst
Schrock ~ Grubbs 1 Grubbs 2™
461 462 463
O _Ph 93% N/A N/A
. L
Me Me
2 EtO2C3 ECozEt 93% NR“ 31%
Me Me
3 EtO,C. CO,Et 52% NR 90%
Me’ :
Me
EtO,C_ ,CO,Et N/A NR 71%
Me Me
5 0] N/A N/A 63%
Me
6 N/A N/A 42%

aNR = no reaction.

] I\ I\
iPr iPr PC Mes~NN-Mes Mes~NxAN-Mes
CF NMe Me Y3 T T
80 | c Cl Cl.,
Me/)\O' Mo= Ph  Ru=, Ru=, Ru=
F;C fo) cl lC Ph CI/ lc Ph Cl/gb
Y3 Y3
F3C MeCF3 \(
461 462 463 464

Figure 4. Common metathesis pre-catalysts.

reactions:®® The RCM activity of this polymer-bound pre-
catalyst was tested with a wide variety of alkenes, and two

tetrasubstituted olefins471 and 473 were successfully
formed (Scheme 105). Fluorous solvent was required to form

the tetrasubstituted products with the fluorous polymer.

In an attempt to form acyclic, tetrasubstituted olefins,
Denmark and Yang explored the RCM of alkenes using a
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Scheme 103. Phenol Derivatives via RCM Scheme 107. Comparisons of Grubbs First Generation
Pre-catalysts in RCM and RRCM

o]
Ph Me (0] OH " " " "
Vi 463 (7.5 mol%) |Ph Me Ph Me /iji/i e EE Me
40°C,2h T
Me ar7 478

Me Me
Me catalyst 462 catalyst 462
463 466 322}0 no reaction CH,Cl,, 45 °C
Scheme 104. Azabicyclic Structures via RCM intramolecular
JCJ)\ o Me EE Me relay  Me EE Me
N OBn 463, toluene N OBn [Ru] M
100 °C, sealed tube O
%ﬁ = 480 Me™ 479
Me Me l . [Ru]
469 ring closure
468
75% £ E
Scheme 105. Tetrasubstituted Olefins Using a Polymeric
Fluorous Pre-catalyst E = CO.Et
Me Me 2
R 3
/Q\ ?s/; 474 (5 mol%), ’
Me Ma [RRCEs R RH A A tandem enyne metathesis process employed a relay
Me  Me tether that could be used to bias the reaction toward the
it A desired product486 or 487, depending on the starting
0, / material chosen (Scheme 108). In this strategy, a discriminat-

0
Meo o Me 474 (5 mol%) S
)\/‘5’\/1\ PhCFs, 36 h =

Me

472 473

50% 0
Lk O k
5 cl.| k —_— _— P
—Ru
Fluorous ( cl ( /482 || \[Ru] 486
Polyacrylate o o'Pr 462 - 484
A -

47 CGDev rt o)

0
© o}
Scheme 106. Failure of Silicon Tethers in the RCM of /JA/\( — ~ |— _
Hindered Olefins - j
0

Scheme 108. Selectivity of Grubbs First Generation

Al Pre-catalyst in Enyne Metathesis

-
483 (Ru]
| CeHis
N L 485 m

terminal double bond first. A subsequent ring closure with

extrusion of dihydrofuran would then give intermediates such
not ofsgrved as484 and485 These species would give rise to either of

the tetrasubstituted olefin produet86 or 487. The authors

siloxy tether (Scheme 106). The ruthenium pre-catalysts found that the less reactive_Gr_ub_bs first generation_ pre-
failed for this application, and while it was possible to catalyst 462 gave the best discrimination for the terminal
generate di- and trisubstituted alkenes using the Schrock pre-2lkene. When compound82 was exposed to pre-catalyst

catalyst4611% even this reagent failed for substra@sin 462 the initial reaction indeed occurred at the least-
the formation of tetrasubstituted olefins. substituted alkene, and compou8b was obtained almost

) ) . exclusively (45:1,486487). Similarly, when the tether

Relay ring-closing metathesis is a successful method usedyjrected the initial reaction to the right-hand side of the
to form compounds that are difficult to access by typical moecule (as iM83), the reaction proceeded through species
RCM % Hoye and co-workers have shown the efficiency 485 giving 487 as the major product (1:2886487).
of the relay ring-closing metathesis strategy (Scheme #07). A significant limitation when using metathesis technology
The Grubbs first generation pre-catalyéi2 failed to form g form tetrasubstituted olefins appears in the application of
tetrasubstituted alkenes directly, as it was not sufficiently cross metathesis. The increasing activity and selectivity of
active to form the required ruthenium intermedia8from metathesis pre-catalysts have allowed the preparation of
the hindered, disubstituted precursbf7. Incorporating @  olefins by cross metathesis with a high degree of functional
metathesis relay into substra4&@8 enabled the favorable  group tolerancé® However, it has not yet been possible to
formation of the ruthenium intermediad@9. Olefin 479then synthesize tetrasubstituted olefins by cross metathesis.
metathesized with the nearest double bond, generating the Enyne metathesis constitutes an alternative method of
desired intermediatet80, which underwent ring-closing  forming olefins2°3 Dienynes were employed in ring-closing
metathesis to givd81in 66% yield. The beneficial applica- metathesis by Grubbs and co-workers for the generation of
tion of the less active, but more selective, Grubbs pre-catalystfused, bicyclic ring systems (Scheme 186%)One tetrasub-
462 was also described in this report (Scheme 107). stituted alkene example was shown, obtained using a

S \./
o I 461 O'SI CeH13 . .
ﬁé )\I ing catalyst would be expected to undergo metathesis at the
Ph/K_( 6He, Ph Me
Me
475
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Scheme 109. Enyne Metathesis Scheme 112. YneCarbonyl Metathesis of Ynamides
PCys R2_ee EWG [ oEWG ]
Cl N R2-N
. Ru= Ph , LA O/LA
OS]EtS /’ —{ 15 mol% OSIEtg ||R1 _0
¢] ® .
498
| l Me CeHs, 65°C, 12 h Me
Me 489 Me A gwe
488 89% \N R1 RZ/N §
- . . S - |
derivative of the Grubbs first generation pre-catalyst, and, EWG Bw
although successful, both a high pre-catalyst loading and an
elevated temperature were required. 500 L 499 _
The Dixneuf group has shown the utility of silicon tethers o
in the generation of tetrasubstituted olefins by enyne me- ()% O
tathesis (Scheme 118% Temporary silicon tethers, useful Ph BF3 OEt, Q/N
N ) ||Me o CHCl, Ph M
Scheme 110. Silicon Tether Enables Formation of e
Tetrasubstituted Olefins via Enyne Metathesis o
501 502 88 %
Ph.__Ph
Hy Pd/C\L _
N \’ CH,Cl, hindered substrates and products generally preclude the use
NN 492 of the Grubbs first generation pre-catalyst unless a relay
H [RUC'Z(p cymenell; S Ph 85% strategy is used. The Schrock, Grubbs second generation,
?S 2C03 7 and Hoveyda pre-catalysts are the most commonly employed
oluene 80°C | Ph_ _Ph . . . : .
Jo 491 TBAF \)/\/ for direct ring-closing metathesis and enyne metathesis
Mes™ TS g Mes 70 % CHClp X A s processes, and the Fogg pre-catalyst also shows potential in
these reactions. Cross metathesis has not yet been realized
493 in tetrasubstituted olefin production.

75%

for a variety of applications in organic chemistry, were 7. Ynolates

employed to direct a favorable RCM giving alked81,

avoiding the difficulties associated with cross metath&is. A convergent olefination reaction has recently emerged

The tether was cleaved with simultaneous rearrangement offeaturing the reaction of ynolates with aldehydes or ketones.

the double bonds, to afford products such48@ and 493 An initial report by the Shindo research group described the
The efficient generation of tetrasubstituted olefins has beenformation of three tetrasubstituted olefins using this strategy

demonstrated with ruthenium pseudohalide pre-catalysts(71-82%, R = phenyl, R = alkyl, Scheme 113)®

designed by the Fogg research group (Scheme #11).
Scheme 113. Ynolate Precursors in Selective Formation of
Scheme 111. Tetrasubstituted Olefins via Enyne Metathesis Tetrasubstituted Olefins

Bu

= 0
i HO,C
Ph ~Na—N- Bu AL, Lo Bu .+ 192
495(5mol%) _Ph 0 Mes™ "7 Mes / R* "R — H I
i E[\ 2
O ~R?

CDCI3> reflux, 2 h — OC¢Brs LiO 78 °C R R
= 406 M€ al | Pn 503 504 R' 505
494 4960 Y ¢l 71-82 %
0% 495 41t0 71 EZ

Substrate494 was exposed td95 (5 mol %) in refluxing Exposure of alkynoatB03to various ketones generated the
chloroform fa 2 h toprovide metathesis produ®6in 70% corresponding-lactone enolateS04that opened to produce
yield, a result superior to those achieved using the secondthe corresponding.,f-unsaturated acids05
generation Grubbs163), Hoveyda-Grubbs 464), or Grela This method provided access to sterically hindered tetra-
pre-catalystd?sb substituted olefins that could not be generated using the
Ring-closing yne-carbonyl metathesis of ynamides has Wittig or Horner-Wadsworti-Emmons reactions. The
very recently been disclosed by the Hsung group (Schemeproducts were obtained as mixturesbfind Z isomers in
112)2%8 This Lewis-acid promoted reaction was accom- ratios as high as 7 to 1. An enormous increase in selectivity
plished in the absence of a traditional metathesis pre-catalystwas achieved when acylsilanes were used, producing a wide
and gave moderate to excellent yields. In this process, variety of olefins in 74-98% yields?'® These reactions
exposure of an ynamide to Lewis acid induces a cyclization proceeded at room temperature, were complete within an
to give a keteniminium io@98that rearranges via oxetene hour, and, impressively; 99:1Z:E selectivity was achieved
499 to give 500. Surprisingly, one of the best yields was in every reported example. The drawback to this method was
achieved when forming a tetrasubstituted oleB02). The the need for additional transformations to generate all-carbon
lowest yields were obtained when non-amide starting materi- linked tetrasubstituted olefins, of which three examples were
als were used or when the closure of seven-membered ringsshown. This was addressed in a more recent study that
was attempted. explored the formation of all-carbon tetrasubstituted olefins
The success of metathesis in tetrasubstituted olefin syn-directly?!! The scope of the process was impressive, as even
thesis depends largely on the pre-catalyst chosen. Thet-Bu groups were tolerated on the ynolate. In the absence of
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the directing silyl group, th&:E selectivities decreased to The heteroatom-guided, torquoselective olefination of

the range of 4:1 to 6:1. a-oxy ando-amino ketones via ynolates is also able to
Surprisingly, this process was not susceptible to steric produce tetrasubstituted olefins (Scheme PABA large

factors, as was the case with most carbonyl olefination

reactions. Similar to the silyl moiety, a bulkyBu group at Scheme 116. Olefination ofx-Oxy and a-Amino Ketones via

R? finished cis to the carbonyl group in the major product Ynolates o
(Scheme 114). Steric repulsion in the cyclobutaB89( = /Ol:l . o ot 12hr Me]/\(:;’::e
Scheme 114. Preferred Ring Opening of Oxetanes 516 517 2. Mel Ph518

OLi i a1 R = Me, MOM, PMB, TES ;_PE- fg;{;

OJIW inward E inward
R ! R :;t;te'.on o nga :;t:tz'on variety of tetrasubstituted olefins were described, prepared
506 507 R with high Z selectivity (provided that there was a heteroatom
= : z in thea-position of the ketone). A theoretical discussion was
e By, oL sl given that explained the high ratios induced, invoking orbital
RinehsaRba M and steric interactions rather than chelation.

An analogous method employing ynamines as substrates
was successful in generating tetrasubstituted olefins (Scheme
117)21¢ Exposure of Cksubstituted ynamines to ketones

inward rotation

a
oL path A ,/jj(_, 88_8&35 @5
— g || N7 Ve | szt i
(il Scheme 117. Reaction of Ynamines and Carbonyl

=l o = Compounds
s PO o

gL
509

L
CF
: . s - s O BF,OEt :
|nwar(lfr(§at|0n 513 < 514 515 || . )J\ 3OEL 1 o
RR® s A 2
: R? NBu
- . . . NBU2 2
during the conrotatory ring-opening process might be CH,Cl, 519

expected to favor outward rotation of the largt-butyl R'=R?=Me, 85%

group (Scheme 114, path B). This clearly required an R'=R®=Et, 77%

investigation, and the Shindo group has reported a mecha- R'/R? = (CHp)s-, 77%

nistic analysig!! Experimental results clearly showed that R'=Ph, R? = Me, 72%, Z:E = 71:29

as the -lactone enolate intermediate collapsed, inward _ .

rotation of the R group was preferred over the inward in the presence of BFOEL gave the corresponding enamides

rotation of R in the order of silyl> t-Bu > Me > phenyl. 519 In one e_xgmple, a d|ffere_nt|ally subst|tuteq ketone was
These observations were additionally supported by anemployed, giving produck19in a 71:29Z:E ratio.

analysis of stereoelectronic effects, in which Hammett plots  This method allowed access to products that could not be

indicated that the reaction was indeed dependent on theformed by traditional olefination methods such as Wittig or

electron density of the syste#? Electron-rich aryl groups ~ Horner~Wadsworth-Emmons reactions. Thg reaction toler-

were directed trans to the ester in the major products andated aryl, alkyl, bulky alkyl, and acetal substituents; however,

electron-poor substituents were directed cis to the ester,the full functional group tolerance has not yet been estab-

presumably by influencing the stability of the-© bond.  lished. This chemistry provides a creative addition to
An analogy can be found in Houk’s description of commonly employed olefination techniques, and it will be

torquoselectivity in the ring-opening of 3,3-dialkylcy- interesting to see how this reaction will be developed in the

clobutenes, in which the best electron-accepting substituentsuture.

rotate inwarc?*® Mori and Shindo used theoretical calcula-

tions to elucidate the various secondary orbital effects present8. Cycloaddition and Sigmatropic Reactions

in the ring-opening reaction that supported the hypothesis

that G-O overlap with an empty Forbital was the dominant

stereoelectronic interaction controlling selectivity (Scheme

115)?11,214

Cycloaddition reactions can be powerful methods of
controlling stereochemistry and have occasionally been used
to make tetrasubstituted olefins. Substrate scope may be
limited by the requirements of the reaction, and not all

Scheme 115. Orbital Explanation for Preferred Direction of isomers of a given target may be accessible. While regiose-

Ring Opening lectivity is an issue for intermolecular processes, dictated
: . Lio by sterics and/or electronics in many cases, it is less of a
L o = concern in the intramolecular versions. When rings are
7;)1'?3 —= formed, control of stereochemistry is typically straightfor-

By ward. The advantage of cycloadditions is the ability to form
\_ single isomers through the virtue of predictable, cyclic
inward rotation Chamnarth transitions states. As these reactions have been previously
oE s o reviewed, herein only key methods have been examined that
j@: k%u have served to form tetrasubstituted olefins.
O—==gr* — =
3R “‘sé\) 8.1. The Diels —Alder Reaction

inward rotation C-0 overlaps with

empty Si orbital

There are two main ways by which the Dielalder
reaction can be used to generate tetrasubstituted olefins
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Scheme 118. Tetrasubstituted Olefins from DielsAlder
Reactions
2

R3 RZ RS
L
R X Rl X

R, RZ=H

et K
P _—
AN ’ R4/

(Scheme 11838 Either the diene can be substituted at the
C2 and C3 position¥?27or a disubstituted alkyne can be
used as the dienophifé?

In efforts directed toward the synthesis of Quassinoids,
the Spino group has highlighted the difficulty of preparing
exocyclic tetrasubstituted double borfé&Many approaches
were attempted for the generation of this stubborn linkage,
including displacements, 3,3-sigmatropic rearrangements,
eliminations, and even the McMurry reaction, a process that
is often successful for the preparation of hindered double
bonds. Finally, the successful [4 2] cycloaddition of
vinylallenes with tethered dienophiles such %20 was
employed (Scheme 119).

R

R4

R5

Scheme 119. Diene-Transmissive DietdAlder Reaction
Applied to Quassinoids

(0]

EtOZC/VJ\O

R

520

Diels—Alder cyclization strategies have been investigated
by the Fallis research group. One of their strategies for the
construction of the AB taxane ring system is described in
Scheme 1262°

Scheme 120. Carbometallation-DielsAlder Strategy for the
Construction of the AB Taxane Ring System

CHO
R®MgCl R>—§1 RZ)EK | o
g —
R1/\OH 4>Mg T =~ Y R1
AN
o HO R
OR®

OR®
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reoselectivity of the reaction. Selectivity and yields were
excellent in this process.

While many thiophenes do not undergo cycloaddition
reactions, thiophenes-oxides 524 underwent [4+ 2]
cycloaddition reactions with methylenecycloprop&2sto
form single diastereomer produck26 (Scheme 122%!

Scheme 122. [4+ 2] Cycloaddition of Thiophene
S-Monoxides to Activated Methylenecyclopropanes

Me

]! Me ,
= CHCl;, 60°C R
_s=0+ | —— R?
R’ R R® R 3
Me M R
e
524 525 526
R" = Bn, p-BuBn, or p-OMeCgH,4 50-92 %
R? = CO,Me, CO,Et, or CO,H
R®=HorcCl
M Me
e 1 S
R\ Php=CHR® R S
s=0 " PhCO,H RY
=, 2! 1
R’ HO OEt benzene, 80 °C R H
Me Me
527 528

529
52-91%
R* = COPh, COPh-p-Cl, COMe, CN, CO,Et

Tetrasubstituted olefin produci®9could be obtained more
efficiently by the Wittig olefination of cyclopropanes28
and cycloaddition reaction with substrate®7 in one pot.
TheN-heterocyclic carbene rhodium complex, [Rh(NHC)-
Cl(cod)]/AgSbF, has been developed to catalyze intra- and
intermolecular [4+ 2] and [5+ 2] cycloaddition reactions
(Table 39)222 The reactions proceeded very quickly, most
in less than 10 min, and a variety of products were produced.

8.2. [2 + 2 + 2] Cycloaddition Reactions

Internal tetrasubstituted olefins have been generated under
mild reaction conditions via the [2 2 + 2] cycloaddition
of diynes with CQ (Scheme 123322 The reaction tolerated
alkyl substituents at Rsuch as methyl, ethyl, and isopropyl,
but did not allow very bulky substituents suchtag-butyl.
The isolated yields were generally greater than 85%, except
if R or R? was a hydrogen, suggesting that the Thetpe
Ingold effect was operative in promoting the cyclization.

8.3. [4 + 3] Cycloaddition Reactions

The synthesis of octahydroazulenes was reported by Trost
and MacPhersof?* In their report, enynes were exposed to
Pd(OAc), using N,N'-dibenzilideneethylenediamine as a
ligand, to give cycloaddition products (Table 40). Seven-
membered ring formation, and therefore tetrasubstituted
olefin formation, was favored when larger substituents were

The_ use of highly substituted dienes to generate complexpresem at Rand R/R* (entries 3, 5, 6), and the authors
organic molecules has been demonstrated by the Barriaultyescribed the mechanistic factors that favored the formation

research group in their investigations into the hydroxy-
directed Diels-Alder reaction (Scheme 123 In this report,

Scheme 121. Hydroxy-Directed DielsAlder Reaction

J%(OH

Ph
522

PhMgBr, toluene
2 CO,Me, 78 °Cort

they described the use of a temporary metal tether with
tertiary allylic alcohols such a§22 to control the diaste-

of the seven-membered rings.

8.4. Sigmatropic Reactions

Tetrasubstituted olefins can be prepared by sigmatropic
reactions, although a quaternary center must be present in
the allylic position of the substrate. Tong and Kallmerten
demonstrated the generation of tetrasubstituted double bonds
using a [2,3] Wittig rearrangement (Scheme 1Z4)Con-
struction of the quaternary center was achieved by chelation-
controlled Grignard addition to various ketones sucba
Transmetallation 0633 with methy! lithium promoted the
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Table 39. Rh—NHC-Catalyzed [4 + 2] and [5 + 2]
Cycloaddition Reactions
[Rh(NHC)ClI(cod)/AgSbFg

Reactant(s) Product

CH,Cly, 15 - 20 °C, < 10 min

entry reactant(s) product yield (%)

&"
=
Nl
el
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A A
&
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Scheme 123. [2+ 2 + 2] Cycloaddition Reaction
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1 __ 3 Ni(cod), (5 mol%) 1
R/ —="R"  |pr(10 mol%) RU~>°
R2\_— g3 1atmC0,60°C,2h g2 0
\/ \/ R
A\ 531
75-96 %

[2,3] rearrangement through cyclic intermediates sudBds

Flynn and Ogilivie

The stereoselectivity in this method was later improved
by Mulzer and List (Scheme 12%¥ This was achieved by
the incorporation of an additional substituent on the starting
alkene538 that disfavored the transition states leading to
minor products. Thé&:Z selectivities for producb41 were
greater than 95:5 for the eight examples shown (except when
R? was Ph), and yields ranged from 87% to 99%.

The control of alkene geometry has recently been achieved
by using the Claisen rearrangement. Mcintosh and co-
workers have described the generation of exocyclic all-
carbon, tetrasubstituted alkenes using the Irela@idisen
reaction (Scheme 126,'R= H or Me, R = Me or Br)2?’
Treatment of the starting esté#A2 with base triggered the
Claisen rearrangement to produce tetrasubstituted olefins. Of
the bases examined, LDA was found to work best, giving
exclusively alken®46in two of the three substrates reported.
In the third case presented, a 5:1 selectivity 56 over
545 was realized. The origin of selectivity in this process
was interesting. Presumably, the transition s&t8 expe-
rienced a strong steric interaction involving thesRbstituent
and the metal alkoxide moiety that disfavored this transition
state. A stereoelectronic component could also be operative
in 544. Orbital overlap of the €0 o* bond could occur
with thesz-system of the cyclohexene, facilitating-© bond
cleavage and accelerating the formatiorbdt.

Endocyclic tetrasubstituted olefins have been obtained
through the oxy-Cope reactiéf® The addition of vinyl
lithium at —78 °C resulted in attack on the concave face of
the substrat®47 to give allyl alkoxide548 (Scheme 127).
The sigmatropic rearrangement®48was therefore set up
to proceed as the reaction was warmed to room temperature.
Quenching with sodium bicarbonate afforded the tetrasub-
stituted alkenes such &50 in 56—65% yields. Sixteen
examples were shown with a variety of substitution patterns,
illustrating the generality of the system.

Cycloaddition strategies such as the Dieddder reaction
proceed with good control of alkene geometry but require
the formation of the appropriate substrate. Because sigma-
tropic rearrangements tend to proceed via defined, chairlike
transition states, they are well-suited to the stereocontrolled
formation of double bonds. There have been few examples
to date explicitly targeting tetrasubstituted alkenes, but
developments are underway.

9. Radical Cyclizations

Radical reactions can give efficient access to cyclic and
polycyclic molecules. The major advantages of radical
reactions include mild conditions and high selectivity,
although reagent toxicity and cost can be issues. Radical
cyclizations can be used to form polycycles bearing tetra-
substituted olefins by incorporating an alkyne in the starting
material??® An early example by Stork and co-workers
illustrated this strategy with B®nH (Scheme 128%° The
reactions proceeded in good yields and achieved the regio-
selective placement of the double bond, although mixtures
of stereoisomers were obtained.

Since then, substantial research has been devoted to this
methodology and, in particular, to the generation of single
regio- and stereoisomers. An interesting example of cyclo-

and the intermediate alkoxides were subsequently trappedpropanation under free-radical conditions was observed by
with benzoyl chloride to afford the tetrasubstituted olefins the Malacria group (Scheme 128}.While attempting the
536 The rearrangements of the syn substrates proceeded witliormation of a triquinane, the authors observed preferential
similar yields and selectivities, and it was also shown that 3-exatrig cyclization instead of the anticipatedexotrig

the reaction worked with a cyclic substrate.

pathway. It was postulated that the chemoselectivity was
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Table 40. Synthesis of Octahydroazulenes
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R! R! RS R! RS
R2 =—R® Pd(OAc), Ligand R2 R2 )~
.
R? AN benzene, 45-50°C R? R?
3 R3
R R4 R4 R*

TMS>: R®
AcO

7:5-membered

entry enyne product yield (%) ring ratio
M602C
=——CO,Me
14 76 2.4:1
N
. PhH,CH,CO,C
=—C0,CH,CH,Ph
2 X 88 5.7:1
N
TBSQ T8S0 CO,Me
3° ><jCOZMe \/ 3:[ > 87 7 only
N
CO,Me
——CO,Me
4 ;; 65 8.2:1
TBSO Me\
T8SO Yo
PhO,S
=—S0,Ph
5¢ ; 73 36:1
7850 g Q@:
TBSO \e
MeOZC
= CO,Me
a .
6 > g\ >Q(\:>= 80 19:1
PMBO

PMBO

aN,N'-Dibenzylideneethylenediamine was employed as ligdinb ligand was used:. Tetrakis(methoxycarbonyl)palladiumcyclopentadiene was

used.

Scheme 124. Tetrasubstituted Olefins via [2,3] Wittig

Rearrangement
MOMO R 1. MeMgBr.THF, -78 °c MOMO R
2. KH, DME, Me3SnCH;l
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Scheme 125. Improvement in Selectivity of [2,3]
Rearrangement by Incorporation of R!

BOMO Me

1. R2MgBr, THF, -78 °C BOMO  Me

X R"2 KH, THF/DMPU, Me;SnCH,l R
o} R%2 O
538 539
Me3Sn
Me 1
R BOMO Me
n-BuLi, BOMQ </ L H
THF, -78 °C ~ 0y Z " OH
R2 R R
540 541

(Scheme 13032 In the case of aldehydes, a [1,5]-proton
transfer first occurred to give a resonance-stabilized radical
intermediate, which underwentexatrig cyclizations to give
bicyclic and tricyclic structures. Vinyl radicals could also
be generated from bromomethyldimethylsilyl propargy ethers
to initiate radical cascade cyclizatioffs.

Radical closure to form tetrasubstituted alkene products

achieved due to the formation of a more thermodynamically was accomplished enantioselectively by employing sulfox-

stable double bond.

ides as temporary auxiliaries (Scheme 131 )Vinyl sul-

Vinyl radicals can initiate radical cyclization cascades as foxides such as563 when exposed to B8nH at low

illustrated by Malacria et al. in 2000, in which aexedig

temperature, gave produd84containing a tetrasubstituted

cyclization preceded other closures of silyl enol ethers alkene and new asymmetric center. These materials were
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Scheme 126. Irelane-Claisen Reaction Scheme 130. Radical Cascadereactions To Form Polycycles
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generated by an enantioselectiveXatrig cyclization fol

lowed by g-elimination. The process was efficient, giving

two tetrasubstituted olefin products in 77% and 93% vyield. sequence furnished various bicyclic products bearing exo-

By adding the bulky Lewis acid MAD, the authors were able cyclic tetrasubstituted olefins in yields of 549%, and with

to reverse the facial selectivity. diastereoselectivities of greater than 92:8 as determined by
The exposure of alkynylcycloalkenones to UV lightinthe NMR (assignment by NOE). An explanation of selectivity

presence of various alkenes converted the substrates tgostulated that the approach of the olefin was hindered by

systems bearing internal tetrasubstituted olefins (Schemethe O[Ti] complex, forcing olefin isomerization prior to the
132)2% In many cases, however, mixtures of products were (g ction236.237

obtained.

Exocyclic, tetrasubstituted olefins have been generated Radical reactions can be used to generate many types of
diastereoselectively by Ganser and co-workers (Scheme hindered carbon centers, including tetrasubstituted olefins.
133)2% The initial radical was generated from the reduction To date, however, the number of applications has been
of Cp,TiCl, with zinc. The resulting radical intermediate limited, and examples are generally only found as intermedi-
reacted with the exocyclic epoxide to suffer ee¥edig ate steps in total syntheses. There is significant potential here
cyclization that was followed by trapping of the resulting for future development, especially in reactions that involve
electrophile with an electron-deficient olefin. This reaction alkynes.
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