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INTRODUCTION

a-Amino acids are important building blocks for proteins, peptides, and phar-
maceuticals. Among a wide variety of methods to synthesize optically active
a-amino acids,' =% the Strecker reaction’ is one of the simplest and the most
powerful. This reaction consists of three steps (Eq. 1): (1) condensation of an
aldehyde or a ketone with an amine to produce an imine, (2) nucleophilic attack
of cyanide on the imine to produce an amino nitrile, and (3) hydrolysis of the
amino nitrile to the corresponding «-amino acid. These three steps can be con-
ducted in one pot. Conversion of the nitrile group to amide, amine, or aldehyde
functionalities is also possible.

.R3
0 + H,NR? j\‘f\ asymmetric catalyst ~ R3NH. CN
R "RZ  -H0 R "R? CN- R R2
(Eq. D
hydrolysis and deprotection HN_ COH
R+ R2

The catalytic promotion and enantiocontrol of cyanide addition to imines is the
main focus of the catalytic asymmetric Strecker reaction. Therefore, isolated and
purified imines are normally used as substrates. The catalyst turnover efficiency
and enantioselectivity of this step are intimately related to the electronic and
steric characteristics of the substrate imines, with the nitrogen substituent greatly
contributing to these factors. However, since optically active «-amino acids are
generally the synthetic target of a catalytic asymmetric Strecker reaction, the
accessibility of the starting imines and ease of final deprotection of the product
are also important considerations.

Due to the importance of catalytic enantioselective Strecker reactions, there
have been several reviews on this topic to date.®~'° This chapter focuses on cat-
alytic enantioselective Strecker reactions (and Reissert reactions) and the Tables
cover all of the references through August 2007. For enzymatic reactions, the
reader is directed elsewhere.'!

MECHANISM AND STEREOCHEMISTRY

Many of the catalysts for the asymmetric Strecker reaction (and the Reis-
sert reaction) appear to promote the reaction through dual activation'?~!5 of the
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electrophilic imine and the nucleophilic cyanide, either trimethylsilyl cyanide
(TMSCN) or hydrogen cyanide (HCN).'® This type of asymmetric catalysis was
initially postulated in the closely related catalytic asymmetric cyanosilylation
of aldehydes. A dual activation mechanism was first proposed for chiral tin
(I)—cinchonine catalyst 1.7 In this reaction, the alkoxytin triflate and the ter-
tiary amine of the quinuclidine are believed to act as a Lewis acid to activate the
aldehyde, and as a Lewis base to activate TMSCN, respectively. Although high
enantioselectivity (90% ee) was obtained, the catalyst turned over only twice
(catalyst loading = 30 mol%, product yield = 63%), and the result for only one
substrate (cyclohexanecarboxaldehyde) was reported.

= H
TfOSnO
7 = N
N \ "A'[ \

*\Lcw

H SlMc;

A synergistic combination catalyst was reported for an enantioselective cyano-
silylation of aldehydes. Magnesium bisoxazoline 2 acted as a chiral Lewis acid
to activate the aldehyde, and uncomplexed bisoxazoline 3 as a Brgnsted base
to activate HCN as shown in complex 4."® HCN was generated in a catalytic
amount from TMSCN and moisture, and regenerated after TMS trapping of the
intermediate cyanohydrin by TMSCN. Only aliphatic aldehydes produced high
enantioselectivities in this report.

Extensive mechanistic studies of an asymmetric cyanosilylation of aldehydes
and ketones catalyzed by a salen—titanium complex revealed that the actual cat-
alyst is a bimetallic complex bridged by a p-oxo atom (5).!%?° One titanium
atom acts as a Lewis acid to activate the substrate, while the other titanium atom
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generates titanium cyanide (or isocyanide) via transmetalation with TMSCN. It
was proposed that the reaction proceeds through an intramolecular cyanide trans-
fer from one titanium to the substrate activated by the other titanium (5).2!22
Only aromatic aldehydes led to high enantioselectivity.

=N_ N= Bu-t
B Ti_ -
u\do//+\ Ob/

t-Bu I\\I\\ Bu-z
o ©
t-Bu
O. ={.--0.' _Ph
+-Bu Ti7 /7> g
=N’ (‘)/ \:N H
5

Asymmetric catalyst 6 (prepared from Et, AICI and the corresponding BINOL-
derived ligand) promotes cyanosilylation of aromatic and aliphatic aldehydes with
excellent enantioselectivities (Eq. 2).23%* This catalysis is believed to occur via a
dual activation mechanism, in which the aluminum provides a Lewis acidic site
to activate the aldehyde and the internal phosphine oxide acts as a Lewis base
to activate TMSCN as in intermediate 7. The additive phosphine oxide (R’3PO)
coordinates to the aluminum, and modulates the Lewis acidity and geometry
of the aluminum to be optimal for the dual activation pathway. This mecha-
nism was supported by the following: (1) the reaction rate increased according
to the electron density of the internal phosphine oxide (a nucleophile activa-
tor) at the 3,3'-positions of the BINOL scaffold, (2) an IR absorption derived
from the activated ionic cyanide was observed (v = 2057 cm™'; cf. TMSCN,
v =2192 cm™")* when the bifunctional catalyst 6 was mixed with TMSCN,
while a monofunctional Lewis acid aluminum catalyst (generated from BINOL
and Et, AIC]) did not produce this absorption, and (3) a control reaction with a
monofunctional catalyst containing diphenylmethyl groups at the 3,3’-positions of
BINOL, instead of the Lewis basic phosphine oxide, produced the enantiomer of
the products that were obtained using the bifunctional catalyst 6. Catalyst 6 was
later applied to a catalytic enantioselective Strecker reaction.’®2’ Based on the
mechanism of the catalytic enantioselective cyanosilylation of aldehydes using
6, the Strecker reaction was proposed to proceed through a dual activation mech-
anism illustrated by intermediate 8. These models (7 and 8) can explain the
absolute configuration of the products.
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6 (9 mol%),
0 R'3P(0) (36 mol%) OTMS
I+ TMSCN P (86-100%) 83-99% ece
R™ H CH,Clp, -40° R™ "CN

oy

\A] Cl

O/
OO P(O)Ph,

6 (Eq. 2)

M€3
R _Si— N/ ,/,Si\CN

Oricl Coal R
07" 07
(O)PR’3
7 P(O)Phy ] g  PO)Ph,

A dual activation mechanism illustrated by complex 9 was proposed for the
catalytic enantioselective Strecker reaction of aldimines using a titanium—peptide
complex.?®2° This transition state model was based on the mechanistic infor-
mation obtained from kinetic studies, observation of a kinetic isotope effect,
measurement of the activation enthalpy and entropy, and molecular modeling
studies.?® The titanium acts as a Lewis acid to activate the imines, while the
terminal amide carbonyl oxygen acts as a Brgnsted base to activate HCN, which
is generated in situ from TMSCN and the additive i-PrOH. Specifically, the
observed large negative entropy of activation (AS” = —45.6 & 4.1 kcal/Kemol)
supports the notion that the reaction proceeds through the highly ordered transi-
tion state 9.

% “H

Ph ‘ tBu
Jy JNBu
O T1
OBu-¢
i- PrO
OPr—i /_
9

Chiral organocatalysts now provide an important class of reagents for asym-
metric catalysis.’! Two significant asymmetric organocatalysts for the Strecker
reaction have been reported, and both of these studies presented mechanistic pro-
posals. One of the organocatalysts is the chiral thiourea catalyst 10, which is one
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of the most useful asymmetric catalysts for the Strecker reaction of aldimines
and ketimines.??~3 Detailed NMR and molecular modeling studies of the cata-
lyst—imine complex demonstrated that the E- and Z-imine geometrical isomers
of acyclic imines rapidly interconvert in the presence of the thiourea catalyst, and
that the reaction proceeds from the Z-imine complexed to the thiourea moiety of
the catalyst through hydrogen bonding as in 11 (Y = S).3® In accord with this
pre-transition-state model, a cyclic Z-imine (3,4-dihydroisoquinoline) is an excel-
lent substrate for the Strecker reaction, producing the product in quantitative yield
with 89% ee. The absolute stereoinduction from the cyclic Z-imine is identical
to that of all of the Strecker adducts derived from acyclic imines that exist pre-
dominantly as E isomers. In addition, high-level calculations suggested that the
catalyst binds to the starting imine more strongly than to the product; the energy
of formation of the thiourea catalyst—imine complex is 10.0 Kcal/mol, while
that of the catalyst—product complex is 6.3 Kcal/mol. Thus, product inhibition is
unlikely to occur.

t-Bu \/\ —
Ph\/OW(BLN NQ , /K

HO % -Bu N OCOBu-
t-Bu OCOBu-¢ /E X;

H
(¢}
10 ) (Y=0orS)

The other useful organocatalyst for the Strecker reaction is the chiral
C-2-symmetric bicyclic guanidine catalyst 12.%7 This catalyst was proposed to
promote the Strecker reaction through a dual activation mechanism as shown in
intermediate 13. The nucleophile HCN is deprotonated by the basic guanidine,
while the substrate imine undergoes hydrogen bonding to the protonated
guanidine catalyst. A proximal phenyl group of the catalyst can undergo
m-stacking with one of the benzhydryl phenyls of the imine. This well-organized
pre-transition state model defines the approach of cyanide to the activated imines,
and can explain the absolute configuration of the product.
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Ketimines are generally much less reactive than aldimines. Therefore, an
asymmetric catalyst with higher activity is required to promote the enantiose-
lective Strecker reaction of ketimines. Chiral thiourea catalyst 10 can promote
this type of reaction®® through a similar mechanism to that shown in complex 11.
Chiral gadolinium catalyst 18 can promote the asymmetric Strecker reaction of
N-diphenylphosphinoyl ketimines.*~#! The active catalyst was generated from
Gd(OPr-i); and p-glucose-derived chiral ligand 14 in a 1:2 ratio (Scheme 1).
Protic additives such as 2,6-dimethylphenol or HCN dramatically accelerated the
reaction, as well as improved the enantioselectivity. Based on ESI-MS studies,
the active catalyst was proposed to be a 2:3 complex (18) of gadolinium and
14, which was generated through reaction of initially formed alkoxide complex
16 with TMSCN giving compound 17, followed by protonolysis. The Strecker
reaction should proceed through an intramolecular transfer of a cyanide to the
activated imine by the second Lewis acidic gadolinium (19). The proton in
the asymmetric catalyst should accelerate the dissociation of the product from
the catalyst (from 19 to 16), and thus accelerate the catalytic cycle. Regenera-
tion of the active catalyst 18 from 16 requires TMSCN. Direct conversion of 16

Os

N 0
B 14:X=F
Hi)” 15: X =Cl
Gd(OPr-i +
( )3 o x
HO: : :X

(Gd:14 or 15 =1:2)

,,,,,,,,,,,,,,

i =14 o0or15
NC. N (‘1‘)>Ph 0 /\/\ ‘ 0
YN © R PR A
R‘)<R2 ( Gd ‘/ )
09 2 TMSCN
PRSI S
GRYER
0 A9 o § 6.0
N
(O«Qd\ ,Gd&xov ( \! G\/O\/
/ o]
o/ CN % o
L I|{ N,Pth J Q/O CN NC OJ
|

RIJ\RZ 17

19
o o 0
o) 0
0 >\ (O~ & j (
N PR AN 2 TMSCN
‘ O CN (cat.)
R‘)\Rz |
H 18

Scheme 1
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to 18 through protonolysis by HCN did not occur, and no reaction proceeded
in the absence of a catalytic amount of TMSCN. When HCN was used as the
additive in combination with a catalytic amount of TMSCN, TMSCN was regen-
erated at the protonolysis step (17 to 18). Therefore, only a catalytic amount
of TMSCN (and a stoichiometric amount of HCN) is required. Labeling studies
using TMS'3CN and kinetic studies revealed that the actual nucleophile is not
TMSCN, but rather the gadolinium cyanide generated through transmetalation
from TMSCN.*

A catalytically active species was crystallized and its structure was elucidated
by X-ray crystallography using the dichlorocatechol-containing ligand 15.** The
crystal, however, was not the 2:3 complex 16 (active catalyst prepared in situ),
but a 4:5 complex (20) of gadolinium and 15. Although both polymetallic com-
plexes contain the chiral ligands with the same absolute configuration, crystal 20
(4:5 complex) produced the enantiomers of the Strecker products compared to
those obtained by using the in situ prepared 2:3 complex (16) (Eq. 3). These
results demonstrated the importance of the higher order assembly structure of the
polymetallic asymmetric catalyst for its function. Due to the structural complex-
ity of the catalysts, three-dimensional models for enantioinduction have yet to be
clarified.

5 89
CNL 2
o---Gd Gd~\o S-isomer

Cd o)

16 (2:3 complex)

ligands with the same chirality 3D structure unknown

but
complex with different assembly state

L R-isomer
20 (4:5 complex)
elucidated by x-ray
crystallography (Eq. 3)

The Reissert reaction* is an acyl cyanation of N-heteroaromatic compounds
using a combination of an acylating reagent (such as acyl halide or halo car-
bonate) and a cyanating reagent (such as TMSCN or NaCN). This reaction is
very important for the synthesis of biologically active compounds containing
N-heterocycles.***¢ The reaction proceeds through an initial N-acylation fol-
lowed by a dearomatizing cyanation (Eq. 4). Because the amide bond of the
N-acylated heteroaromatic intermediates 21 (such as acylquinoliniums, acyliso-
quinoliniums, and acylpyridiniums) are conformationally flexible, it is essential to
define the positions of both the electrophile and the nucleophile by the asymmetric
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catalyst to realize high enantioselectivity. All the reported catalytic enantio-
selective Reissert reactions*’ =" to date have utilized Lewis acid—Lewis base
bifunctional aluminum complexes similar to 6 as the catalysts. In a typical pro-
posed transition-state model (22), the N-acylquinolinium intermediate is activated
by the aluminum, and the TMSCN is activated by the phosphine oxide of the
catalyst. Due to steric factors, the reaction via the s-trans N-acylquinolinium 22
should be more favorable than that via the s-cis isomer 23. Thus, the reactive
conformer with regard to the amide bond is influenced by the asymmetric catalyst.

MG‘;
Me';

Ar Si—CN Ar < s
( — Ar\

Ar\
\O’ ;\_I'_ /
o= cr 0:< cr
0., 1 R 0,
oAl O,Al
Cl
P(O)Ar, 22 P(O)Ar,

(Eq. 4)

The catalytic enantioselective Reissert reaction of pyridine derivatives presents
additional difficulties. There are three similarly electrophilic carbon centers on
the acyl pyridinium intermediate (C-2, 4, and 6 of 21). Therefore, an asymmetric
catalyst needs to facilitate one specific pathway out of a possible six (three
positions x two faces) to produce one specific regioisomer with high enantio-
selectivity. As will be discussed below, a finely tuned bifunctional asymmetric
catalyst is able to elegantly solve this problem.’®

SCOPE AND LIMITATIONS

Imine Synthesis
There are mainly two types of imines that have been utilized in catalytic enan-
tioselective Strecker reactions: (1) simple amine-derived imines such as N-allyl,
N-benzyl, N-benzhydryl, and N-fluorenyl imines, and (2) activated imines con-
taining electron-withdrawing groups on the nitrogen atom, such as N-phosphinoyl
and sulfonyl imines. Simple amine-derived aldimines are the most readily pre-
pared by mixing the aldehydes and amines in the presence of desiccant. Many of
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these simple amine-derived imines are labile to purification using silica gel
column chromatography or during distillation at high temperature; therefore,
imines purified by recrystallization are preferred. The substrate purity is gener-
ally very important for catalytic enantioselective reactions, because trace amounts
of impurities might have detrimental effects on the asymmetric catalyst. There
is, however, an example of using in situ-generated aldimines as substrates for
the catalytic enantioselective Strecker reaction (see the chiral Zr-catalyzed three-
component reaction).’!

On the other hand, N-phosphinoyl imines and N-sulfonyl imines require
multistep syntheses from the corresponding aldehydes or ketones. Although
N-phosphinoyl aldimines have not been utilized as substrates for the
catalytic asymmetric Strecker reaction, N-phoshinoyl ketimines are excellent
substrates.’~#3  N-Phosphinoyl ketimines can be synthesized in two steps
from the corresponding ketones (Eq. 5)°> via oxime formation followed by
treatment with R,PCl. The reaction of ketoximes with R,PCI at low temperature
produces unstable O-phosphinyl oximes 24 as the initial products, which undergo
rearrangement to give N-phosphinoyl imines 25 at higher temperature through
a radical-cage mechanism.’** Interestingly, E/Z geometrical isomerization
of phosphinoyl ketimines is very fast even at low temperature based on
NMR studies.® This characteristic is important for the induction of high
enantioselectivity from substrates having a wide variety of substituents,
because imine geometrical isomers (with regard to the C=N bond geometry)
produce enantiomeric products. The cyanation should proceed from the more
reactive imine geometry, and so the thermodynamic stability of (E) and (Z)
N-phosphinoyl imines (E/Z ratio of imines) is not related to the enantioselectivity.
Although N-phosphinoyl imines are more electrophilic than simple amine-
derived imines, they are generally quite stable to silica gel purification. In
addition, many of the aromatic ketone-derived phosphinoyl imines are crystalline.

. 1
_OPPh, .’OPPhy _PPh,
0 H,NOH NOH  pp,pC] N N
J : . I, —_ —
Rl R2 Rl R2 E[3N Rl R2 Rl RZ Rl RZ
24 25
(Eq. 5)

N-Sulfonylimines are the most activated (electron-deficient) imines. N-
Sulfonylimines derived from aromatic aldehydes or aliphatic aldehydes bearing
no enolizable a-protons are relatively easy to prepare. For example, condensation
of an aldehyde with a sulfonamide in the presence of a Lewis acid (e.g.
TiCly, BF3+0Et,, (Et0);Si)>*¢ or a Brgnsted acid (e.g. p-TsOH, amberlyst-H*,
HCO,H)" affords the target imines. Aliphatic N-sulfonyl aldimines have been
prepared in situ without purification in two steps (Eq. 6):® (1) condensation of
an aldehyde, an arenesulfinic acid sodium salt, and a sulfonamide in the presence
of formic acid and water to form the corresponding sulfonamide sulfone 26, then
(2) treatment of the isolated sulfone with a mild base such as sodium bicarbonate.
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Due to their lability, the aliphatic N-sulfonylimines are used in further reactions
without purification.

o) HCO,H NHSO,Ar
I+ p-TolSO:Na + ArSO,NH,
R™H H,O R™ “SO,Tol-p
2 (Eq. 6)
NaHCO3 NSO,Ar
H,0/CH,Cl, R H

Catalytic Enantioselective Strecker Reaction of Aldimines

The catalytic enantioselective Strecker reaction of aldimines can be cate-
gorized into two classes: (1) reactions promoted by chiral organocatalysts and
(2) reactions promoted by chiral metal catalysts.

Enantioselective Strecker Reaction of Aldimines Catalyzed by Chiral
Organocatalysts. The first example of a catalytic enantioselective Strecker
reaction was reported using organocatalyst 27, which was developed based
on the structure of a previously reported asymmetric catalyst that promotes
cyanosilylation of aldehydes.®*-% Catalyst 27, containing guanidine and
(S)-phenylalanine moieties, can promote Strecker reactions of aromatic aldimines
with high to excellent enantioselectivity (Eq. 7). Heteroaromatic and aliphatic
imines afforded products with only low enantioselectivities (up to 32% ee). The
products can be converted to optically active o-amino acids via a one-step acid
hydrolysis.

N-CHPh2 97 (2 mol%), HON (2 eq) N P o) 690,
5010 25 o
R)LH MeOH, -75° to 25 RJ\CN <10 t0 >99% ee
NN
N Eq. 7
J}, NH (Eq. 7
HN
Ph.__A\__NH
0
2

A more general asymmetric organocatalyst class for the Strecker reaction was
developed using urea or thiourea as the activating moiety of imines, giving
thiourea catalysts 28—-30. Optimization of each structural module of the catalyst
by a combinatorial approach led to the identification of catalysts that produce
excellent enantioselectivity and catalyst activity with a wide range of aldimines
containing aromatic and aliphatic substituents (Eq. 8).>>** The enantioselectivity
is not affected by the size of the nitrogen protecting group, and allylamine-derived
and benzylamine-derived imines produced comparable enantioselectivity. This ten-
dency can be explained based on model 11. Resin-bound asymmetric catalyst 30
is as effective as the soluble catalysts 28 and 29. Additional advantages of using
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catalyst 30 are facile catalyst recovery and product isolation by simple filtration.
The filtered catalyst was reusable for at least ten cycles without any loss of enan-
tioselectivity or catalyst activity. The products were converted to enantiomerically
pure a-amino acids through protection of the nitrogen atom with a formyl group,
recrystallization, nitrile hydrolysis to a carboxylic acid, deformylation, and removal
of the N-benzyl group. A typical conversion process is shown in Eq. 9.

1 1
NR O cat 2830 (14 mol%), HON  pgnR
AN toluene, ~78°, 15-20 h PN (65-99%) 77-99% ee
R H oluene, =78 1o R™CN

R =aryl, alkyl
R' = benzyl, allyl

R /By v
A (Eq. 8)
R N ONT Y 28: R?=PhCH,, R*=H, Y = O
o) H H N 2 3
N 29:R“=R°=Me, Y =S
HO 30: R? = polystyrene—-CH,, R*=H, Y = S
t-Bu OCOBu-t
~ ji
HN Ph 1. Ac,0, formic acid
— H N Ph >99% ce
+Bu CN 2. recrystallization
t+-Bu” CN
1. H,S04, (65% wiv) (Eq. 9)
45°,20h NH,*HCI

(84% overall from imine)

2. HClI (conc), 70°, 12 h -Bu CO,H >99% ee
3. H,, Pd/C, MeOH

Although substrate generality is not as broad as for the thiourea catalysts
28-30, chiral C-2-symmetric guanidine 12 is a simple yet highly enantioselec-
tive organocatalyst for the Strecker reaction of N-benzhydryl aldimines.’” The
sterically bulky N-benzhydryl group is essential for high enantioselectivity. Aro-
matic aldimines produced high enantioselectivity, while aliphatic aldimines pro-
duced less satisfactory results (Egs. 10a & 10b). The enantioselectivity reversed
depending on the substrates, with aromatic imines affording products in the
R-configuration and aliphatic imines affording S-configurational products. The
absolute configuration of the products from aromatic ketimines can be explained
using model 13.

N-CHPR2 12 (10 mol%), HCN (2 eq) N~ CHPh
099, _QR0)
PS toluene, ~40°, 20 h (80-99%) 50-88% ce
Ar H Ar CN
(Eq. 10a)
Ph--@\”—-Ph
N" N
H
12
NP2 45 (10 mol%), HON (2 eq) 1N CHPh2
\ \
R)\ H toluene, —40°, 22 h RN (~95%) 63-84% ee  (Eq. 10b)

R = alkyl
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Chiral ammonium salt 31 is an effective catalyst for the asymmetric Strecker
reaction of N-allyl aromatic aldimines (Eq. 11).%* The reaction was proposed
to proceed through the attack of cyanide on the imine, which is activated by
hydrogen bond formation to the ammonium proton of the catalyst. The reaction
should occur in the U-shaped pocket constructed by the three aromatic groups
of the catalyst. Bulky substrates containing N-benzyl or N-benzhydryl protect-
ing groups produced less satisfactory enantioselectivities. In addition, aliphatic
aldimines were poor substrates in this reaction.

1. 31 (10 mol%), HCN (2 eq),

= o =
N/\/ CH,Cl,, -70°, 24-48 h HN/\/ (86-98%)

|
%H 2. (CF;C0),0 Ao 1910>99% ee

Ar
OMe

NS E@ (Eq. 11)

BINOL-derived chiral phosphates are versatile Brgnsted acid organocata-
lysts.®3-%6 A highly enantioselective catalytic Strecker reaction was reported using
catalyst 32 (Eq. 12).7 Only aromatic imines produced high enantioselectivities.
The activation of the substrate aldimine occurs in the chiral environment through
protonation by the phosphate.

NBT 3210 mol%), HON (1.5 eq) HN P (59-97%)

‘ i
0 48— 85999
AH toluene, —40°, 48-72 h . o ee

(Eq. 12)

Chiral quaternary ammonium salt 33 is a useful asymmetric phase-transfer
catalyst for the Strecker reaction of aliphatic N-sulfonyl aldimines (Eq. 13).%%
Inexpensive and easy-to-handle KCN can be used as a cyanide source. Generally,
enantioinduction from aliphatic aldimines is more difficult than from aromatic
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aldimines. This phase-transfer-catalyzed reaction, however, is notable because
aliphatic aldimines produced better results than aromatic aldimines.

N-SOMes 331 1mo1%), 2 M ag. KON (1.5 eq) HNSOMES o1 ogan)
| :
. o o 88-97%
R)\H toluene—H,0, 0°, 2-8 h R/\CN 0 ee
R = alkyl

Mes = 2,4,6>M63C6H2

(Eq. 13)

33: Ar= 4-CF3C6H4

Enantioselective Strecker Reaction of Aldimines Catalyzed by Chiral
Metal Complexes. The (salen)aluminum(IIl) complex 34 is an excellent
catalyst for the enantioselective Strecker reaction between aromatic aldimines
and HCN (Eq. 14).%° Aliphatic imines afford products with moderate enantio-
selectivities (37—57% ee). The reaction is best performed at very low temperature
(=70°) to avoid competing background reactions. Catalyst 34 is easily prepared
on a large scale and appears to have an indefinite shelf-life even when stored
under ambient conditions.”” The products can be converted to enantiomerically
pure «-amino esters through methanolysis of the cyanide followed by N-
deprotection (Eq. 15).

P 1. 34 (2-5 mol%), HCN (1.2 eq), 1)
N toluene, -70° o )kN o (91-99%)
Ar)\H 2. TFAA 5o 79-95% ee
A~ CN
Q (Eq. 14)
_N\ /N_
/ﬂ‘l\
+-Bu O 10 Bu-t
Bu-t t-Bu
34
HN/\/ HN/\/

MeOH/HC, reflux, 8 h

93% ee

NHHCl  (Eq. 15)
dimethylbarbituric acid, Pd(PPh3), (5 mol%) !

CH,Cly, 1t, 3 h COzMe

(60%), >99% ee
recrystallized
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Asymmetric bifunctional catalyst 6 was developed as a general catalyst for the
Strecker reaction of aldimines, and high enantioselectivities have been observed
using this catalyst with both aromatic and aliphatic substrates.?®?’ Catalyst 6
acts in a bifunctional manner: aluminum activates the imine as a Lewis acid,
and the phosphine oxide activates TMSCN as a Lewis base (8 in Eq. 2).”! The
N-protecting group of the substrate has a large effect on the enantioselectivity,
and N-fluorenylimines gave optimal results. Slow addition of a catalytic amount
(20 mol%) of phenol into the reaction mixture containing a stoichiometric amount
of TMSCN dramatically increased the reaction rate (condition A), and the reac-
tion was completed in less than 68 hours. Alternatively, a more atom-economic
combination of a catalytic amount of TMSCN and a stoichiometric amount of
HCN can be used (condition B). Both conditions produced comparable enan-
tioselectivity. The N-fluorenyl group of the product could be removed through
oxidative treatment with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or
manganese dioxide to generate the corresponding fluorenone-derived imine, fol-
lowed by acidic hydrolysis (Eq. 16). A recyclable, solid-supported asymmetric
catalyst 35 was developed by connecting catalyst 6 to JandaJEL’?> (Eq. 17).73
Catalyst 35 produced slightly lower enantioselectivity than the soluble catalyst 6,
and the catalyst activity decreased significantly after the fourth recycle.

A: 6 (9 mol%), TMSCN (2 eq),
PhOH (20 mol%), slow addition over 17 h

or
O B: 6 (9 mol%), TMSCN (20 mol%),
HCN (1.2 eq), slow addition over 24 h

N . CH,Cl,, —40°, 24-68 h

PN

R™H
1. HCI, H,CO,H
2. DDQ, THF NH, ©91%)
O 3.1 NHCI R "CONH, 4steps, R=Ph
4. Amberlyst A-21
e
PY 1. MnO,, CH,Cl,

R™ CN 2. HCI, THF NH,*HCl (79%)
(66-98%) 3. 12N HCl R~ "CO.H 3 steps, R = -Bu
70-96% ce

SR
0
CAI-Cl
0

OO P(O)Ph,

6 (Eq. 16)
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O 35 (10 mol%), TMSCN (4 eq), O
. +-BuOH (1.1 eq) . (96-100%)
N O CH,Cl,, —50°, 41-66 h HN O 83-87% ee

(Eq. 17)

Corey’s oxazaborolidine'# catalyst was utilized in the catalytic enantioselective
Strecker reaction of aldimines. Enantioselectivity was, however, only moderate
(up to 71% ee, Eq. 18).74

oxazaborolidine catalyst (20 mol%), P
N~ “Ph HCN (1.5 eq) HN" "Ph

R™H toluene, —25° R/\CN

(82-95%) 39-71% ee

H Ph
N. O
Me
oxazaborolidine catalyst (Eq. 18)

Other metals that are utilized in catalytic enantioselective Strecker reactions of
aldimines are the Group 4 metals titanium and zirconium. The complex generated
from Zr(OBu-t)4, 6,6’-dibromo-1,1’-bi-2-naphthol (36) or 3,3’-dibromo-1,1’-bi-
2-naphthol (37), and N-methylimidazole (NMI) is a general asymmetric cata-
lyst that produced high enantioselectivity in the reactions between aldimines and
(n-Bu);SnCN (Eq. 19).°17 The structure of the asymmetric catalyst was pro-
posed as 38 based on NMR studies. The free phenolic group of the imine is
essential for high enantioselectivity as well as high chemical yield. This reaction
was extended to a three-component catalytic enantioselective Strecker reaction.
Thus, the Strecker products were obtained with high enantioselectivity from a
mixture of aldehydes, o-hydroxyaniline derivatives, and HCN in the presence of
1-5 mol% of the chiral Zr catalyst (Eq. 20).°>"7% The products were converted
to amino acid derivatives through methylation of the phenolic OH, conversion of
the nitrile to the methyl ester, and oxidative removal of the N-protecting group.
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Z(OBu-f); (10 mol%),
(R)-6-Br-BINOL (36: 10 mol%),

HO (R)-3-Br-BINOL (37: 10 mol%), HO
N (n-BusSn) HN

)|\ (1.1 eq) toluene/benzene (1/1)
R H -65°t00°% 12 h R CN
(72-98%)
74-92% ee (Eq. 19)

HO HO

38 (1-5 mol% .

RCHO + +HeN 8-S mol%) N (76-100%)

H,N CH,Cl,, -45°, 12 h SR 84-94% ee
R R™ "CN

(Eq. 20)

1. Mel, K,COs5
2. HCI/MeOH NH,*HCI

(24-38%) 4 steps
3. Ce(NHy4)»(NO3)e, TFAA R™ "CO,Me

4. HCI/MeOH

Titanium catalysts derived from peptide 39 promoted the enantioselective
Strecker reaction of N-benzhydryl aldimines and TMSCN (Eq. 21).28-3% The
catalyst can be systematically tuned, and the optimal catalyst structure is differ-
ent depending on the substrate. Slow addition of i-PrOH to the reaction mixture
dramatically accelerated the reaction rate. The protic additive generated the actual
nucleophile, HCN, in situ from TMSCN, and also facilitated the catalyst turnover
step. The reaction was proposed to proceed through a dual activation mechanism
as depicted in model 9.

Ph Ti(OPr-i)4 (10 mol%), Ph
peptide ligand 39 (10 mol%) -1009
N e+ TMSON o G000
P i-PrOH, slow addition for 20 h, Py 76-97% ee
R* H toluene, —20° to 4° R CN
t-Bu (0}
X (Eq. 21)
P N OMe :
Ar” N N
0 A Hﬁc])/
OBu-t
39

Ar (eg) = 2-HO—5—M€OC6H3, 2—HO-3,5-BF2C6H2 s
2-HO-3,5-C1,C¢H;, 2-HO- Fnaphthyl

A chiral titanium complex generated from an easily accessible N-salicyl-
B-aminoalcohol 40 can also promote a highly enantioselective Strecker reaction
of aromatic aldimines (Eq. 22).”’
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Ph Ti(OPr-i) (10 mol%), Ph

ligand 40 (10 mol%) .
N)\Ph + TMSCN & HN)\ (80-85%)

| i-PrOH (1 eq), toluene, 0° 1 83 to >98% ee
Ar H Ar/\CN
Ph

Hj\
[ j: H
OH ©

40 (Eq. 22)

Catalytic Enantioselective Strecker Reaction of Ketimines

a,-Disubstituted amino acids are important chiral building blocks for bio-
logically active compounds, such as enzyme inhibitors and conformationally
restricted peptide mimetics.”® The catalytic enantioselective Strecker reaction of
ketimines is a very useful reaction for the synthesis of enantiomerically enriched
o,-disubstituted amino acids. Normally, ketimines are much less reactive than
aldimines. In addition, differentiation of the two substituents (aryl vs. aryl, aryl
vs. alkyl, or alkyl vs. alkyl groups) on the prochiral carbon of ketimines is much
more difficult compared to those on aldimines (aryl or alkyl vs. hydrogen). There-
fore, asymmetric catalysts that can promote the Strecker reaction of ketimines
need to be more active and enantioselective than those promoting reactions of
aldimines.

Chiral urea 28 and its solid-supported derivative are efficient catalysts for
enantioselective Strecker reactions of aryl methyl ketimines (Eq. 23).3® Aliphatic
ketimines and ethyl-substituted ketimines react with moderate (41-69% ee) enan-
tioselectivity.

Ph 28 (2 mol% .
)\ +HCN ( o) NC, JNHBn (45-100%)
toluene, —75°, 24-90 h AT 42-95% ee

H 1Bu )(i Q
_N
oy N (Eq. 23)
O

t-Bu OCOBu-t

Chiral titanium catalyst 41 derived from BINOL’ and heterobimetallic cat-
alyst 42%° have been shown to promote the asymmetric Strecker reaction of an
acetophenone-derived ketimine (Eq. 24). However, this was the only substrate
studied in these reactions.
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P

N
)\\ + TMSCN
Ph” Me toluene, —20° Ph

41, 1 h: (80%) 56% ee
42,9 h: (>95%) 88% ee

SeINGS s Rile o B
O\\"'Nj o_ 0

/T1 R P Sc\
o N o o
i-Pro V2
41 42

A synthetically useful catalyst for the enantioselective Strecker reaction of
ketimines is a gadolinium complex derived from ligand 14 (Scheme 1).%-#
This catalyst was prepared from Gd(OPr-i); and 14 in a 1:2 ratio. Excellent
enantioselectivities were obtained from a wide range of N-diphenylphosphinoyl
ketimines (aromatic, heteroaromatic, and aliphatic) in the presence of minimal
catalyst loadings (0.1-2.5 mol%). The reaction can be performed either in the
presence of a stoichiometric amount of TMSCN and 2,6-dimethylphenol*® or the
combination of a catalytic amount of TMSCN and a stoichiometric amount of
HCN (Eq. 25).4! Using the latter combination, excellent catalyst turnover (up
to 1000) was observed. The N-diphenylphosphinoyl group was easily removed
under acidic conditions.

catalyst 41 or 42 (10 mol%) NC. NHBn

Gd(OPr-i); (1-2.5 mol%)—14 (2-5 mol%),

0 TMSCN (1.5 eq), 2,6-dimethylphenol (1 eq),
Il
EtCN, —40°, 2.5-67 h |
N FPh NC. HN-PPh,
| or >
I 2 ROR2

R R Gd(OPr-i)3 (0.1-1 mol%)—14 (0.2-2 mol %),

TMSCN (2.5-5 mol%), HCN (1.5 eq), (73-99%)

EtCN, —40°, 3-54 h 80-99% ee

(Eq. 25)

Catalytic Enantioselective Reissert Reaction

The catalytic enantioselective Reissert reaction is very useful for the syn-
thesis of biologically active compounds containing N-heterocycles. The reaction
requires the use of strong electrophiles such as acyl chlorides. In addition, TMSCI
is generated during the course of the reaction when TMSCN is used as a cyanide
source. Therefore, an asymmetric catalyst should be tolerant toward these strong
electrophiles. The catalytic enantioselective Reissert reaction of quinolines was
developed using BINOL-derived Lewis acid—Lewis base bifunctional catalyst 43
(Eq. 26).*7*8 The use of 2-furoyl chloride and methylene chloride/toluene mixed
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solvent gave the best results with the fewest side-products. In addition, ligand 43
containing di(o-tolyl)phosphine oxide as a Lewis base to activate TMSCN pro-
duced slightly improved enantioselectivity compared to the original bifunctional
catalyst 6 containing diphenylphosphine oxide. Generally, quinolines containing
electron-donating substituents resulted in higher yields and enantioselectivities as
compared to those containing electron-withdrawing substituents. This tendency is
consistent with the following results obtained from mechanistic studies: (1) the
rate-determining step of the Reissert reaction is the catalyst-independent acyl
quinolinium formation, and (2) the catalyst-independent background cyanation of
an acyl quinolinium intermediate is faster for electron-deficient substrates. The
reaction was conducted using the JandaJEL-supported catalyst 44; the enan-
tioselectivity, however, was slightly lower than with the soluble catalyst 43.
The solid-supported catalyst 44 was recyclable and the aluminum was retained,
although the enantioselectivity decreased with each run (from 86% ee in the first
run using 44 to 64% ee in the fourth run).

z W

7 W 43 (1-9 mol%), 2-furoyl chloride (2-4 eq), Y- X
Y. TMSCN (2-4 eq)
h X N~ CN
~

CH,Cly—toluene, —40°, 40-112 h

X N AN 0
R P(O)(tol-0) Lo
o)
OO (57-99%) (Eq. 26)
Oak-c 67-96% ce

O
OO P(O)(tol-0),
43:R=H

44: R = (CH,);CH=CH(CH,);0CH,—JandaJEL

Taking advantage of the multifunctionality of the quinolinium products, several
subsequent useful transformations were possible. An enantiomerically enriched
tetrahydroquinoline-2-carboxylate derivative 46 was synthesized from the Reis-
sert product 45 via rhodium-catalyzed hydrogenation followed by hydrolysis and
methyl esterification, without any loss of enantiopurity (Eq. 27). In addition,
epoxidation of cyanoquinoline derivative 47 proceeded selectively from the side
opposite to the nitrile (Eq. 28). After conversion of the nitrile to an amide, regios-
elective epoxide ring-opening with water using ceric ammonium nitrate (CAN)
followed by cleavage of the N-furoyl amide produced functionalized tetrahydro-
quinoline 48 containing three contiguous stereocenters.

X 1. LiO,H,
@\/\/[\ Ha, Rh/C @O H,0-McOH @
NN /IL N N °COMe
Ph” SO

/& AcOEt 2.6 NHCI i
6} 1% 3. CH;N, 46

(58%) 3 steps
(Eq. 27)

Ph
45
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22
(0] (0]
@@ ©(<J aq. Hy0;, NayCOs,
- m-CPBA ] (n-Bu)4HSO, )
N CN N CN N~ “CONH,
= 0 CH,Cly, 15h CH,Cl,, 1.5h
Q (71%) ~"S0 (62%) ~"S0
0 \d \_d

47
4 OH OH
_OH
CAN (10 mol%) @\/\/r sat. NH; @\/\/(
aq. MeCN, 1 h N° CONH:  jproH, 40°, 6 h N~ “CONH,
(66%) ~ "0 (73%)

\ 48

(Eq. 28)

The catalytic enantioselective Reissert reaction was applied to the synthesis of
quaternary stereocenters by tuning the bifunctional catalyst (Eq. 29).* To over-
come the attenuated reactivity of substrate 49, catalyst 50 containing an enhanced
Lewis acidity was developed. The Lewis acidity of aluminum in complex 50
should be higher than in the previous catalysts 6 or 43 due to the electron-
withdrawing bromine substituents on the BINOL core and the electronegativity
of the triflate anion. Excellent enantioselectivity was obtained from a number
of highly substituted isoquinolines. The reaction was utilized as a key step in
the catalytic asymmetric synthesis of several biologically active compounds (see
“Applications to Synthesis”).

50 (1-2.5 mol%),

R! N CH,=CHOCOCI (1.8 eq),
L CHxCl,40°0-60° 48 h T

R CNO
49 (62-98%)

73-95% Eq. 29
Br OO P(O)Ph, o ee (Eq )

(0N .

CA-OTSf

90K
s P(O)Ph,
50

Chiral piperidines are among the most important building blocks for bio-
logically active compounds. The catalytic enantioselective Reissert reaction of
pyridine derivatives can produce such chiral building blocks. An asymmetric
catalyst prepared from Et, AICI and chiral ligand 51 in a 1:2 ratio promotes the
enantioselective Reissert reaction of nicotinamide derivatives 54 with excellent
regio- and enantioselectivity (Eq. 30).° The electron-withdrawing amide func-
tional group at the 3-position of the substrates is essential for high conversion and
enantioselectivity, and the configuration of the sulfoxides at the 3,3’-positions of
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the ligand is also critical for the observed high selectivity. The aluminum com-
plexes derived from the C-2-symmetric ligands 52 and 53 are poor catalysts in
terms of catalyst activity, enantioselectivity, and regioselectivity. On the basis of
structural studies of the active catalyst using mass spectroscopy, a 2:3 complex
of aluminum and ligand 51 is proposed to be the active enantioselective catalyst.
Proper configurational matching between the axial chirality of the BINOL core
and central chiralities of the two sulfoxides is essential for the stabilization of the
active bimetallic catalytic species, and thus for the high regio- and enantioselec-
tivity. Ligands 52 and 53 did not generate the corresponding 2:3 complexes. A
different type of enantioselective bifunctional catalyst, generated from Et, AICI
and phosphine sulfide-containing ligand 55 in a 1:1 ratio, was the optimal cat-
alyst for slightly different substrates 56 containing a halogen substituent at the
4-position of the pyridine core (Eq. 31).%°

o EAICI (5 mol%), 51 (10 mol%), 0

_ FmocCl (1.4 eq), TMSCN (2 eq) J\/j)kNRz (89-98%)
[ R CH,Cl,, -60°, 5 h ) 93-96% ee
N 2Clp, —60°, NC' N
54 Fmoc
R = Me or i-Pr

51: Z,Y'=Ph; Z,Y = O
52:7Z,27=07;Y,Y =Ph
53:Z,Z'=Ph; Y, Y'=0"

(Eq. 30)
< o EtAICI (10 mol%), 55 (10 mol%), X 0
neopentyl-OCOCI (1.4 eq), _ N(Pr-i
fj/U\N(Pr-i)z TMSCN (2 eq) [N
SN CH,Cl,, —60°, 27-36 h NC /IL
56 ~Bu” 07 O
X = Cl or Br P(S)Ar (89-92%)
86-91% ee
OH
OH
OO P(S)Ar»
55: Ar = 2-EtCeHy (Eq. 31)

APPLICATIONS TO SYNTHESIS

The importance of catalytic enantioselective Strecker and Reissert reactions is
demonstrated by their effective use in the synthesis of biologically active com-
pounds. The catalytic enantioselective three-component Strecker reaction of alde-
hyde 57, aniline derivative 58, and HCN using 2.5 mol% of chiral zirconium catalyst
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38 produced the corresponding product 59 in 80% yield with 91% ee. This product
was converted to D-pipecolic acid methyl ester (60) in three steps (Eq. 32).!

HO
HCN, 38 (2.5 mol%)

S~ CHO
TBSO H,N CHyCl,, —45°

57

58

HO
-
HN -
/V\)\ COMe
TBSO CN 60

59 (80%) 91% ee

(Eq. 32)

Sorbinil (63) is a highly potent aldose reductase inhibitor, considered to be a
pharmaceutical lead for the treatment of diabetic neuropathy.®! Sorbinil contains
a spirohydantoin structure with a quaternary stereocenter. A concise catalytic
enantioselective synthesis of sorbinil was achieved using the catalytic enantiose-
lective Strecker reaction of ketimine 61 as the initial key step (Eq. 33).*° Product
62 was obtained in quantitative yield with 98% ee using 1 mol% of the gadolin-
ium complex derived from ligand 14. Enantiomerically pure 62 was obtained
through one recrystallization. Synthesis of 63 was completed in three steps from
intermediate 62.

Gd(OPr-i)3 (1 mol%),

%Ph 14 (2 mol%), TMSCN (1.1 eq), H 9
N2 2,6-dimethylphenol (1 eq) NC, ,N-PPh,
| F p
o 0
61 62 (100%) 98% ee

(93%) >99% ee, recryst. from CHCl3-hexane

HN\/(O

e e)
O
63 (Eq. 33)

Lactacystin (66) is a potent and selective proteasome inhibitor isolated from
Streptomyces by Omura and coworkers.?? It contains a quaternary stereocenter
in a highly substituted y-lactam ring. Due to its challenging structure, many syn-
thetic chemists have studied and achieved the total synthesis of lactacystin.33~%3
The catalytic enantioselective Strecker reaction using a gadolinium catalyst was
applied to construct the quaternary stereocenter (C-5) of lactacystin starting from
N-phosphinoyl imine 64 (Eq. 34).3¢ The catalyst prepared from Gd[N(TMS),]3
and ligand 14 in a 1: 1.5 ratio gave the best results. The reaction was completed
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in two days using 2.5 mol% of catalyst, and produced chiral product 65 in quan-
titative yield and 98% ee. The chiral catalyst prepared from Gd(O-Pr-i); and 14
in a 1:2 ratio as used in Eq. 33 produced less satisfactory results. Three of the
other stereogenic centers (C-6, 7, and 9) of lactacystin, except for the one derived
from cysteine, were controlled by the configuration of the quaternary stereocenter
at C-5 with excellent stereoselectivity.

GA[N(TMS), 15 (2.5 mol%),

0 14 (3.75 mol%), TMSCN (2 eq),
N,Pth 2,6-dimethylphenol (1 eq) NC. g,'ﬁ,th
| S . p
pr ﬁ EtCN, —40°, 48 h l-Pr\©
64 65 (>99%) 98% ce Ea 34
HOZCJ,NHAC (Eq. 34)

66

L-689,560 (70) is a potent NMDA (N -methyl-p-aspartate) receptor antagonist
identified by the Merck group.}” The synthesis involved the catalytic enantio-
selective Reissert reaction of quinoline 67 using 1 mol% of aluminum catalyst
43 (Eq. 35).#* When the Reissert reaction was complete, intermediate enam-
ine 68 was reduced in situ by subsequent addition of NaBH3;CN, AcOH, and
MeOH. This one-pot catalytic enantioselective Reissert reaction—reduction pro-
tocol selectively (>20:1) produced 69, with the cyanide trans to the amine, in
91% yield and 93% ee. Subsequent functional group transformations and enan-
tioenrichment by recrystallization furnished 70 in enantiomerically pure form.
Solid-supported catalyst 44 was also utilized in the Reissert reaction of 67; the
enantioselectivity was 86% ee using 3 mol% of 44.

Cl  N(allyl),
Cl Nllyl), 43 (1 mol%), TMSCN (2 eq), X

2-furoyl chloride (2 eq)
N ~
_ CH,Cl,, —40°,40 h a .
cl N ©/§O
\ (0]
Cl  Nallyl),

1
NaBH:CN /dj Cl HN~ "NHPh
AcOH-MeOH ¢ N° CN /@\/'j
oS o cl N~ "CO,H

69 70
(91%) 93% ee

(Eq. 35)




26 ORGANIC REACTIONS

MKS801 (dizocilpine, 73), which contains a quaternary stereocenter,3® is
another highly potent NMDA receptor antagonist. The synthesis of this agent
involved the catalytic enantioselective Reissert reaction of isoquinoline 71 using
2.5 mol% of the enantiomer of catalyst 50 (ent-50) to form 72 in 62% yield and
95% ee.*® Subjecting 72 to radical cyclization conditions using (7-Bu);SnH and
AIBN produced the tetracyclic core. Synthesis of MK801 was completed through
a series of functional group transformations (Eq. 36).

| = ent-50 (2.5 mol%), TMSCN (2 eq), X
~N CH,=CHOCOCI (1.8 eq) : N\H/O\/
Br CH,Cly, -40°, 48 h - CNg
. :
7 72
(62%) 95% ee (Eq. 36)

(6] Vi

/L N
-Bu);SnH
e A = 0
AIBN O

NC 73
(85%)

Anticonvulsant phenytoin analogues 78 and 79% were synthesized using the
catalytic enantioselective Reissert reaction of compounds 74 and 75, respectively
(Eq. 37).* Thus, the Reissert reaction of these two substrates in the presence
of catalyst ens-50 produced the corresponding products 76 and 77 with high
enantioselectivity. These compounds were converted to the target molecules 78
and 79 through hydrogenation and hydrolysis of the nitrile.

ent-50 (2.5 mol%), TMSCN (2 eq),

A N
| CH,=CHOCOCI (1.8 eq)
_N N O~
CH,Cl,, 48 h o

R R CNg
Temp
74: R =Me —60° 76: (88%) 89% ee
75:R =Ph —40° 77: (95%) 95% ee

(Eq. 37)

78: R =Me
79:R =Ph

The catalytic enantioselective Reissert reaction of isoquinoline 80 was utilized
as a key step for the synthesis of biosynthetic intermediate 81°° of a dopamine-
derived alkaloid salsolinol (Eq. 38).*° The Reissert reaction of 80 proceeded with
excellent yield and enantioselectivity using ens-50 as the catalyst.
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ent-50 (2.5 mol%), TMSCN (2 eq),

PhCO, ‘ X CH,=CHOCOCI (1.8 eq) PhCO, N
N o
PhCO5 = CH,Cl,, —60°, 48 h PhCO; > NYO\/
7N
80 (94%) 94% ee
HO
[ + _
. NH, CI
" YCo,H
81 (Eq. 38)

An asymmetric formal synthesis of a dopamine D4— receptor-selective antago-
nist CP-293,019 (85)°! was achieved using the catalytic enantioselective Reissert
reaction of pyridine derivative 82 as a key step (Eq. 39).° The Reissert reaction
of 82 using a catalyst derived from Et, AICI and a chiral sulfoxide-containing
ligand 51 in a 1:2 ratio produced the corresponding product 83 in 98% yield
with 91% ee. The known key intermediate 84 was synthesized from 83 in several
steps.

0 Et,AICI (5 mol%), 51 (10 mol%), 9]
MeOCOCI (1.4 eq), TMSCN (2 eq) = NMe
= | NMe, . | 2
\N CH,Cl,, —60°, 5 h NCT N
|
82 Fmoc

83 (98%) 91% ee
cr

N T N
BOCNJ N\\rNd
84 FJ/VN 85

—_—
E—

(Eq. 39)

COMPARISON WITH OTHER METHODS

Due to the importance of a-amino acids in a variety of fields, a number of
excellent stereoselective methods have been developed for their synthesis.!~® As
shown in Scheme 2, there are mainly four types of retrosynthetic bond discon-
nection. Any non-stereoselective reactions for the synthesis of o-amino acids
can theoretically be extended to asymmetric synthesis using the chiral auxiliary
method. Asymmetric synthesis of «-amino nitriles through the chiral auxiliary
method is the main focus of this section. However, given the importance of and
current emphasis on developing catalytic enantioselective reactions, three other
types of catalytic enantioselective methods for chiral «-amino acid synthesis are
also discussed in some detail.
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alkylation hydrogenation
Mannich-type reaction etc. (R?=H)

amination Strecker reaction

Scheme 2

Chiral Auxiliary-Controlled Asymmetric Strecker Reaction

It is possible to control the stereochemistry of the Strecker reaction by intro-
ducing a chiral auxiliary to the amine moiety of substrates. There are two
main features of this methodology: (1) the diastereoinduction is reliable and pre-
dictable, and (2) the enantiomeric purity of the target compounds can be easily
enriched through separation of the intermediate diastereomers even if the ini-
tial stereoselectivity is not completely satisfactory. Disadvantages of the chiral
auxiliary method are that a stoichiometric amount of a chiral source is always
required, and that chiral auxiliaries normally decompose during the deprotection
of the nitrogen atom to obtain final target amino acids. Therefore, the use of inex-
pensive chiral auxiliaries is essential. Imines derived from 1-phenylethylamine (or
its analogues)®'-92~1% and chiral N-sulfinyl imines'®~!!! are two representative
chiral substrates used in the asymmetric Strecker reaction. The diastereoselec-
tivity of 1-phenylethylamine-derived imines is normally moderate (ca. 1.5:1
to 4:1),°39493.190 with some exceptions. When high diastereoselectivity was
obtained (Eq. 40), reversible cyanide addition occurred concomitantly with frac-
tional crystallization.®! The desired diastereomer 87 was obtained from 86 as a
single isomer in 82% yield. The product is a key synthetic intermediate of an
aldose reductase inhibitor.

H
N Ph NC N—
F HCN, EtOH, 0° F Ph (82%)
single isomer
(0) (0)
86 87 (Eq. 40)

Chiral N-sulfinyl ketimines afford high diastereoselectivity in the Strecker
reaction (Eq. 41).'% The chiral auxiliary is removed under acidic conditions,
and «,«-disubstituted amino acid derivatives are obtained with high enantiomeric
purity.
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(0] (0]
I I
S. Et,AICN (1.5 eq), i-PrOH (1 eq) .S<
p-Tol” "N THE 78° p-Tol " "NH  (95%) 99:1
Bu-t -Bu CN

(Eq. 41)

To highlight the utility of the chiral auxiliary-controlled method, two recent
examples of the asymmetric Strecker reaction of trifluoromethyl ketone-derived
imines are described. A diastereoselective Strecker reaction of chiral oxazolidine
88 containing a phenylglycinol auxiliary proceeded with moderate to low selectiv-
ity in the presence of 1.5 eq of BF3.OEt, (Eq. 42).!'? The resulting diastereomers
89 and 90 were separable by silica gel column chromatography. The diastereo-
merically pure 89 was converted to trifluoromethylalanine hydrochloride (91)
through acid hydrolysis in 60% yield.

Ph Ph
HN o ;xfggz(:iéscg;’) pN O uN~>OH
CF"%;; CH,Cl, CFy~ fCN * CF311\CN
88 89 (91%) 90
89:90 = 54:46
conc. HCI, reflux, 14 h NH,*HCl
® CF"[~co,H
91 (60%) (Eq. 42)

Highly diastereoselective Strecker reactions of trifluoromethyl-substituted
N-sulfinyl imine 92 have been reported (Eq. 43).!'3 Imine 92 can be synthe-
sized through condensation between trifluoromethylketones and the correspond-
ing enantiomerically pure sulfonamide in the presence of an excess amount
(1.5 eq) of Ti(OPr-i)s.''* !5 Trifluoromethyl-substituted sulfinyl amides 92 are
not very stable, and should be generated and purified quickly prior to use.
The diastereoselectivity of this Strecker reaction was strongly dependent on
the solvent. When non-coordinating hexane was used as a solvent, isomer 93
was obtained as the major diastereomer. However, the other isomer 94 was
the major product when highly coordinating DMF was used as a solvent. The
authors attributed this dramatic solvent effect to the switch of the transition
state from cyclic (in hexane) to acyclic (in DMF). In hexane, the oxygen atom
of the sulfinyl amide acts as a Lewis base to activate TMSCN. On the other
hand, the oxygen atom of DMF activates TMSCN, thus liberating the oxygen
atom of the sulfinyl amide from coordination to silicon. Isolated diastereomer
94 was converted to amino acid 95 via acid hydrolysis. Currently, there is no
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catalytic enantioselective Strecker reaction that is effective with trifluoromethyl-
substituted aldimines and ketimines. Therefore, the diastereoselective methods
are the only asymmetric approaches to access chiral trifluoromethyl-substituted
amino acids.

j ‘«:; z?
N Bur TMSCN H}N\/ ~Bu- H}N\' ~Bu-
‘ +
69-92%) R~ CF5~
CF3)\ R ( © CpCN s 4N
2 4
? Solvent Temp 23 ?
hexane It 93:94 ="7:11t099:1 (Eq. 43)
DMF -35° 93:94=1:6to0 1:19
conc. HC1 NH;
94 CFy ij\COZH (80%)
95 R =Ph

Catalytic Asymmetric Hydrocyanation of Hydrazones

Hydrazones can be considered to be stable surrogates for imines. Despite
the existence of several examples of racemic cyanation of hydrazones,''®!!”
including a Lewis acid catalyzed reaction,'!® there is only one catalytic enan-
tioselective variant reported (Eq. 44).''° An ErCl;—PhPyBox (96) complex was
used as an asymmetric catalyst (5 mol%). Hydrazones derived from aromatic
aldehydes afforded high enantioselectivity (76—97% ee). Aliphatic substrates
and ketone-derived hydrazones, however, produced only moderate enantioselec-
tivity.

O P 0
\H 96 (5 mol%), TMSCN (2 eq) anASpn (85-100%)
i MeOH (2 eq), CHCI3, 0° NCXNH 31-97% ee
R!” "R? RI”OR2
| N (Eq. 44)
~
7N \3
N Ercl; N~
Ph 9% Ph

Catalytic Asymmetric Hydrogenation
Asymmetric hydrogenation of dehydroamino acids 97 by chiral rhodium or
ruthenium catalysts is one of the most general and reliable methods for the syn-
thesis of a-amino acid derivatives (Eq. 45). Because this reaction is fundamental
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and has been extensively reviewed,'?°~128 it will not be discussed here in detail.
Excellent catalyst turnover rates, catalyst turnover numbers, and enantioselec-
tivities are generally obtained. This method is used practically for large-scale
syntheses of chiral a-amino acids. «,«-Disubstituted amino acids, however, can-
not be synthesized using this method.

PN CO,R! chiral catalyst % _CO,R!

R + H R (Eq. 45)
NHCOR? NHCOR? q.
97

A potentially important but much less studied catalytic asymmetric hydro-
genation route to chiral ¢-amino acids is the reductive amination of «-keto acids
98. A catalytic enantioselective hydrogenative amination of 98 in the presence
of N-benzylamine and 1 mol% of a chiral rthodium complex derived from 99
proceeded with moderate to excellent enantioselectivity (Eq. 46).'?° The reaction
conditions were tolerant of the carboxylic acid functional group.

[Rh(COD),|BF4 (1 mol%),

O 99 (1.1 mol%), H, (60 bar) NHBn (19-99%)
Py +BnNH, Py
R™ “COH MeOH, 1t, 3-24 h ROCOH  19-98% ee
%8 PPh,
BnN
“PPh,
” (Eq. 46)

Catalytic Asymmetric Introduction of the Side Chain through
C-C Bond Formation

Asymmetric Phase-Transfer-Catalyzed Reactions. The asymmetric alky-
lation of glycine-derived Schiff base ester 100 using chiral phase-transfer catal-
ysis is an alternative approach to chiral a-amino acids.”'3%!3! Phase-transfer
catalysis generally offers the following advantages: (1) mild reaction conditions,
(2) simple reaction procedures, and (3) the use of safe and inexpensive reagents
and solvents. Thus, the reaction can be easily conducted both on small and large
scales. Chiral phenylglycine derivatives, however, cannot be synthesized using
the phase-transfer methodology. Since the first report of catalytic enantioselec-
tive alkylation of 100 using cinchona alkaloid-derived phase-transfer catalyst
101,32 the efficiency has been significantly improved by modifying the catalyst
structure (Eq. 47). Specifically, N-9-anthracenylmethyl catalyst 102!3%13+ and a
catalyst containing two cinchona alkaloid moieties (103)'3 are highly effective
asymmetric catalysts.
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(Eq. 47)

Ph catalyst Ph>:N CO,Bu-
N._ CO,Bu-1 ~ ]
Ph>: 2R R-X, base PK :
100 R
R=Bn
Catalyst mol% Solvent Temp Time Yield %ee
101 10 CHyCl, rt 9h  (75%) 64
102 10 CHyCl, -78°  23h  ®7T%) 94
103 1 toluene-CH,Cl, 0° 10h  (95%) 97
104 0.2  toluene 0° 12h  (81%) 98
=
101: R! = benzyl, RZ=H
+ Rl_o. 2_
H N : Br 102: R = 9-anthracenylmethyl, R” = allyl
R K .
S “OR? 103:R! = % OO ¥ JRZ =allyl
N~

eoNiIee
N+
LI I

104: Ar = 3,5-Ph2C()H3
105: Ar = 3,4,5—F3C()H2

The most useful asymmetric phase-transfer catalysts in

terms of enantio-

selectivity, substrate generality, and catalyst activity are the binaphthyl-derived
quaternary ammonium salts 104 and 105.'3¢137 It is noteworthy that the method
can be applied to a catalytic asymmetric synthesis of «,x-dialkyl-substituted
amino acids using sterically less crowded prenucleophile 106 (Eq. 48). The abso-
lute configuration of the quaternary stereocenter can be controlled by the order

of addition of the alkylating reagents.

1. A>~Br (1 eq), CsOH*H,0 (5 eq),
toluene, —10°, 3.5 h
AT N ACOBUL 5 by CHLBr (1.2 eq), 0°, 30 min
106
+
105 (1 mol%)

Ar = 4-C1C6H4

3. 10% citric acid

Asymmetric Allylic Substitution Catalyzed by Chiral
Complexes. The catalytic asymmetric allylic substitution

H,N___CO,Bu-¢
\\/Ph
Vi
(80%) 98% ee
(Eq. 48)

Transition Metal
by azlactone 107
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produces enantiomerically enriched precursors of «,x-disubstituted amino acids.
Two kinds of constitutional isomers can be formed selectively, depending on the
asymmetric catalyst used (Eqs. 49 and 50). Using the palladium catalyst con-
taining chiral diphosphine ligand 108, substitution occurs at the C-1 position
having the acetoxy leaving group.'3¥13 Using a molybdenum catalyst derived
from ligand 109, the substitution occurs at C-3.'*" High enantio- and diastereo
selectivities are obtained in both reactions. The product azlactone was solvolyzed
in basic methanol to give the amino acid derivative 110 in quantitative yield.

OA 0 [Pd(n3-C3H5)Cl], (2.5 mol%), OAc O
3 ¢ R 108 (7.5 mol%), NaH (2 eq)
PhA\)l\O Ac T (0] . Ph™ Y (6}
2 N_{ DME, 0° to rt, 2-24 h R N:<
Ph Ph
107 (225 eq) (60-91%) 83-99% ee
R =alkyl dr=4.4:1to0>19:1
o 0
NH HN
PPh, Ph,P
108 (Eq. 49)
0O  C;HgMo(CO); (10 mol%), Ar O
3 OCOMe 109 (15 mol%), NaH (2 eq) <
R o~ o+ R 0 - 0
S N={ THF, 65°,3-6 h R N=
Ph Ph
107 (2.25 eq) (76-92%) 85-99% ee
R = alkyl dr =97:3 to >98:2
A
K,CO3, MeOH r Q
WOMC (100%)
R’ 'NH,
110

oy
— A\
N N
N\ 109 _

An asymmetric allylic substitution by zinc enolates (such as 111) derived from
N-protected glycine esters catalyzed by a chiral palladium complex and ligand
112 has been reported (Eq. 51). The substrate generality of this reaction is not
very broad.'*!

(Eq. 50)
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0COMe  CF;0CN ) [PdMm3-C3H5)Cl, (1.2 mol%)  CF3CONH. __CO,Bu-1
+
AN Zn_l /\)i
PhA)\ Ph o~ OBu- 112 (3 mol%), THF P X Ph
111 (62%) 94% ee
dr =95:5
0
|
N  PPh,
112
(Eq. 51)

Catalytic Asymmetric Addition to Imino Esters. Imino esters (113, 118,
or 121) are reactive electrophiles, and they have been used in various cat-
alytic asymmetric carbon—carbon bond-forming reactions (e.g. the Mannich-type
reactions) using diverse nucleophiles. Enol silyl ethers react with 113 in the
presence of the chiral cationic palladium catalyst 116 with high enantioselec-
tivity (Eq. 52).!% The binuclear p-hydroxo complex 116 was prepared from
the mononuclear dicationic palladium complex 114 through treatment with 4 A
molecular sieves in acetone. The dicationic complex 114 did not induce any enan-
tioselectivity in the Mannich-type reaction shown in Eq. 52. This reaction was
recently extended to the direct addition of B-ketoesters to imino esters using dica-
tionic 115 as an asymmetric catalyst (Eq. 53).!43 Interestingly, binuclear complex
117 was an unsatisfactory catalyst for this reaction. A three-component reac-
tion involving a glyoxalate, an amine, and a B-ketoester was also reported in
which the enantioselectivity was high, but the diastereoselectivity was moderate.
Similarly, addition of nitroalkanes was developed with high diastereo- and enan-
tioselectivity from imino ester 113 using cationic copper (II)—chiral bisoxazoline

complexes. 44145
CAr Ar<
l\ll OTMS 116 (3-5 mol%), DMF NH O
+
i-PrO,C~ H R 28 17-24h i-PrO,C R
113 2eq (62-95%)
Ar = 4-MeOCgH, 53-90% ee
Sor e
r r Ar
I _A o Al
P OH, 4AMS OO B THAN OO
2 Pdt 2B y Pd% Pt
P\ OH2 acetone a \O/ N
AT -2 H,0, -2 By~ O Poar H AP
Ar Ar
114: Ar = p-TolCgHy 116: Ar = p-TolCgHy
115: Ar=Ph 117: Ar=Ph

(Eq. 52)
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Ar<
N-AT \rCOZBu—t 115 (5 mol%) NH
\ + T T CO,Bu-t
EtOZC)\H Ac THF, rt, 35 h EtOZC)><AC 2B
Ar = 4-MeOCgH,4 (70%) 86% ee/55% ee
dr = 74:26

(Eq. 53)

N-Acyl imino esters 118 can be synthesized through elimination of HBr
from the corresponding 2-bromoglycine derivative using a polymer-supported
amine. The chiral copper(Il) triflate—diamine complex 119 catalyzed the asym-
metric addition of enol silyl ethers (Eq. 54),'4:147 alkyl vinyl ethers,'* and acyl
enamides'*® to 118. Reactions using propionate-derived enol silyl ethers also pro-
ceeded with high enantio- and diastereoselectivity. Syn-isomer 120 was produced
from both E- and Z-enolates. The catalytic asymmetric Mannich-type reactions'#’
and allylation reactions'® proceeded in aqueous media (H,O/THF = 1 : 9) using
more stable N-acylhydrazono esters as substrates. A combination of zinc fluoride
(50 mol%), chiral diamine (related to 119), and triflic acid (1 mol%) was used
as the catalyst. The hydrazine moiety of the products was converted to the amine
by reduction with samarium diiodide.

.COR? R?0C.
N . OTMS Cu(OTH)-119 (10 mol%) 1 NH 0
R Ojﬁ R3%R4 CH,Cl,, 0° to —78°, 12-18 h R ONR“
0 0 R
118 120 (44-97%)
Ph  Ph 42-96% ee

NH HN
119 (Eq. 54)

N -Tosylimino esters 121 should be more electrophilic than N-acylimino esters,
considering the strong electron-withdrawing ability of the tosyl group. The chiral
cationic copper(I) complex derived from Tol-BINAP and copper(I) perchlorate is
a useful asymmetric catalyst for Mannich-type reactions using enol silyl ethers,
ene reactions using alkenes, and allylation reactions using allylsilanes and sub-
strate 121.!5! More recently, a catalytic asymmetric Staudinger-type B-lactam
formation (Eq. 55) was reported.'>> A ketene generated in situ from an acid
chloride and proton sponge was nucleophilically activated by benzoylquinine
(122). Addition of 10 mol% of indium triflate, acting as a Lewis acid to activate
imine 121, dramatically accelerated the reaction without affecting the excellent
diastereo- and enantioselectivity.
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122 (10 mol%), In(OTf); (10 mol%),

T 0]
‘N/TS . CI\EO proton sponge (1 eq) S\IJ\I:/(
EtO,C R toluene, —78°, 16 h EtOzcl ‘R
121 leq (91-98%) 96-98% ee
O}/Ie dr=9:1to 60:1 (Eq. 55)
NS <@
‘ = N
T N
OBz
122

Organocatalysts can promote direct asymmetric Mannich-type reactions of
ketones or aldehydes to imino esters.'>3~193 Generally, proline-catalyzed or
dinuclear zinc-catalyzed'®* direct asymmetric Mannich-type reactions between
imino esters and «-substituted ketones or aldehydes result in syn products with
excellent diastereo- and enantioselectivity. Through logical consideration of the
transition state structure, an anti-selective direct asymmetric Mannich-type reac-
tion between imino esters and aldehydes producing 124 was developed using
3-pyrrolidinecarboxylic acid derivative 123 as a catalyst (Eq. 56).'%

_Ar Ar

N CHO 123 (1-5 mol%) NH O
[ + —_—
E[Ozc R DMSO E[Ozc é H
Ar = 4-MeOCgH, 2eq 124
(57-92%) 97 to >99% ce (Eq. 56)
;COzH dr = 95:5 to 98:2
TN
H
123

The organocatalyzed direct asymmetric Mannich-type reaction was extended
to the synthesis of quaternary stereocenters using a special keto imino ester 125 as
a substrate (Eq. 57).'% The proline-derived diamine 126 produced high diastereo-
and enantioselectivity in the reactions between 125 and aldehydes.

X
O N
Rl [ (CHO 126 (5 mol%)
+ —_—
CO,EL R Et,0, 0°,20 h
R2 (Eq. 57)
R3 125 2eq

DV@ (72-99%) 83-98% ee
N
H

dr=4:1to >20:1
126

The catalytic enantioselective nucleophilic alkylation of imino esters is much
less studied than Mannich-type reactions. N-Benzyloxycarbonyl (Cbz) imino esters
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127 can react with electron-rich aromatic compounds through a Friedel-Crafts type
alkylation under the catalysis of a cationic copper(I)-chiral phosphine complex
(Eq. 58).17:168 This reaction directly generates enantiomerically enriched N-Cbz-
protected «-aryl amino esters, which are common intermediates for peptide syn-
thesis. Catalytic enantioselective addition of dialkylzinc to imino esters has been
recently reported.'® The enantioselectivity, however, was in the moderate range.

o CUPF-(R)-Tol-BINAP Cbz-
\/EDG (5-20 mol%) M EpG
N® "OBn + ([ 7 EtO-C S
j _ CH,Cl, or THF, -78° 10 | (Eq. 58)
EtO,C =
127 EDG = electron (44-88%) 52-98% ce

donating group

Oxazole as a Glycine Enolate Equivalent. Oxazole derivatives can be
utilized as a glycine enolate equivalent.!’%!”! Two catalytic enantioselective
variants have been reported. First, the chiral nucleophilic pyridine derivative
128 catalyzed the enantioselective rearrangement of O-acylated azlactone 129
to a,-disubstituted amino acid derivatives 130 with excellent enantioselectivity
and broad substrate generality (Eq. 59).!”> The products were directly converted
to protected dipeptides (e.g., 131) in high chemical yield. Second, chiral alu-
minum catalyst 132 promoted the addition of 133 to aromatic aldehydes in the
presence of a catalytic amount of lithium perchlorate, and the subsequent one-pot
rearrangement of 134 afforded cis-B-hydroxy-a-amino acid derivatives 135 with
excellent diastereo- and enantioselectivity (Eq. 60).'”> When R=H, the products
were isomerized to trans-136 by treatment with 5% 1,8-diazabiclo[5.4.0]undec-
7-ene (DBU), allowing for the synthesis of both syn- and anti- 8-hydroxy-«-amino
acid derivatives. In addition, application to «,x-disubstituted amino acid synthe-
sis was possible using a dicationic copper-bisoxazoline complex as a catalyst and
methyl-substituted 137 as a nucleophile.

O
o O
BnO)]\

0 128 (2 mol%), t-amyl alcohol
BnO™ 7 O
R—70 0°,2-6h R N{
Ni« Ar

129 AT 130
Ar = 4-MeOCgH, (93-95%) 88-91% ee
J\ 0
H,N” CO,Me BnOzC\%kN/'\CO M
_— = . (&
R 'NHH 2 (Eq. 59)
|
COAr

131 (95%) R = Me
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MO
R . 'Ar
N 132 (5-10 mol%), LiClOy4 (20 mol%) ‘R
AICHO + A :
ar—L P ~oMe 3 AMS, toluene, 1t, 20 h Ar /Q A ~OMe
133: R=H 134
137: R =Me M = metal
Ar' = 4-MBOC6H4
COMe 50 DBU /N jCOzMe
ar— ]\R R=H Ar _<o .
“Ar
135:R=H 136
(58-100%) 91 to >99% ee
dr =73:27 to >99:1
t-Bu
Solma
N\ /O
\ SbF¢~
S
t-Bu
132 (Eq. 60)

Catalytic Asymmetric Electrophilic Amination of Enolates

Azodiacarboxylates are excellent nitrogen electrophiles in catalytic asymmetric
amination of enolate derivatives. Direct organocatalytic asymmetric «-amination
of aldehydes has been reported (Eq. 61).!74-17¢ Excellent enantioselectivity is
achieved from a wide range of aldehydes using L-proline as catalysts. The prod-
ucts are converted to amino acid derivatives by oxidation of the aldehyde and
reduction of the hydrazine using Raney nickel. The proline-catalyzed asymmet-
ric amination of aldehydes was applied to the syntheses of biologically active

pharmaceutical leads.!”-178
1
1 R'0,C.
N COR rCHo L-proline (10 mol%) NH
i + _ H
Rlozc’N R CH,Cly, 1t R!0,C NYC 0
1.5eq
(57-92%)
89-95% ee (Eq. 61)
1. KMnO, "
aowsems o R coe
3. TFA ’ I

4. Hp, Raney Ni
5. Boc,O, DMAP
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Chiral cationic copper(Il)-bisoxazoline complex 138 catalyzes a general and
highly  enantioselective = «-amination of  «-substituted  B-ketoesters
(Eq. 62).!7°-181 Enantiomerically enriched «,a-disubstituted amino acid deriva-
tives can be synthesized using this reaction. An asymmetric organocatalyzed
synthesis of quaternary stereocenters is also possible using «-cyanoacetates as

nucleophilic substrates.!8%183
_COBn o o Cu(OTf); (0.2-0.5 mol%), Bn02C\NH
N 138 (0.2-0.5 mol%) ‘ 3
) P OR? Bro.c o COR
N CH,Cl,, 16 h nnt |
BnO,C R2 R? “COR
1.2eq (70-98%)
OT><WO 87-99% ec
Ph
Ph 138 (Eq. 62)

EXPERIMENTAL CONDITIONS

Toxicity of Cyanide Compounds

Cyanide compounds (TMSCN, HCN, and KCN) used in the Strecker reac-
tion are highly toxic, and should be handled very carefully in a well-ventilated
hood.'®* The toxicity of cyanide is attributed to its extremely high affinity to the
iron(IIl) ion of the mitochondrial cytochrome oxidase enzyme (50% inhibitory
concentration = 10~8 M). Through the inhibition of this enzyme, the reduced
form of cytochrome c, a key electron transporting membrane protein, cannot be
converted to the oxidized form, and the respiratory system of cells is blocked.
The fatal concentration of HCN for humans after 10 minutes of exposure is
0.2 mg/L, and concentrations over 0.3 mg/L cause instantaneous death.

To prevent any exposure to cyanide, use of appropriate personal protective
equipment (gloves, eye glasses, respirator, and HCN gas detector) is indispens-
able. All solutions containing cyanide should be kept and treated under basic pH.
The cyanide waste should be discarded by a special facility, or after oxidative
treatment with sodium hypochlorite solution (available chlorine >5%) overnight.
If the latter method is used, the remaining cyanide concentration in the treated
waste solution should be confirmed by commercial CN™ test paper to be below
the detection limit before that solution is discarded.

Isolation of Amino Acids

Due to their high polarity, free amino acids synthesized after acid hydrolysis
of the Strecker products are generally difficult to isolate and purify using sil-
ica gel column chromatography. Taking advantage of the ionic feature of amino
acids, however, they can be isolated relatively easily using ion-exchange column
chromatography.*’ The crude mixture after acid hydrolysis of the Strecker prod-
ucts usually contains the target amino acid, a residue derived from the nitrogen
protecting group, and ammonium chloride. This mixture is loaded onto an acidic
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resin (such as acidic Dowex), and the non-charged organic byproduct derived
from the nitrogen protecting group is first eluted using methanol. Next, the target
amino acid is eluted from the column as the corresponding ammonium salt by
changing the eluent to aqueous ammonia. During evaporation of the eluent, the
ammonia that is generated through equilibration of the weak acid (carboxylic
acid) with the weak base (ammonia) salt is eliminated. Thus, the free amino acid
can be obtained.

EXPERIMENTAL PROCEDURES

Preparation of the catalysts referred to in the preceding text and in the exper-
imental procedures may be found by consulting information within references
cited.

Allyl-(4-tert-butyl benzylidene)amine [General Procedure for Preparation
of Simple Amine-Derived Aldimines].>*> To a flame-dried 50-mL round-
bottom flask, were added activated 3 A molecular sieves (2 g) and CH,Cl,
(20 mL, freshly distilled from CaH,). To this solution, the substrate benzaldehyde
(20 mmol) was added followed by a syringe addition of allylamine (1.3 eq,
26 mmol). After 4 hours, the sieves were removed by filtration and washed with
CH,Cl, (2 x 10 mL). The filtrate was collected and the solvent was removed in
vacuo. Further purification was accomplished by vacuum distillation to yield the
target aldimine. IR (thin film) 2955, 1650, 1462, 1372 cm™!; 'H NMR (400 MHz,
CDCl3) 6 8.28 (s, 1H), 7.71 (d, J = 10.4 Hz, 2H), 7.45 (d, J = 10.4 Hz, 2H),
(s, 1H), 6.06 (ddd, J = 5.6, 10.3, 17.1 Hz, 1H), 5.24 (dappq, J = 1.5, 17.1 Hz,
1H), 5.16 (dappq, J = 1.5, 10.3 Hz, 1H), 4.26 (dappq, J = 1.5, 5.6 Hz, 2H),
1.35 (s, 9H); '3C NMR (100 MHz, CDCl;) 8 161.7, 153.9, 135.9, 133.4, 127.9,
125.4, 115.6, 63.4, 34.7, 31.1; HRMS (m/z): [M™] caled for C14H9N, 201.1517;
found, 201.1528.

0
o) .OH n
1. pyridine, NH,OH+HCI, 4° N PhyPCl, BN PP
"'Prﬁ 2.60° 12h i—Pr\© 4070t p M (55%)

(79%)

64

N -(2-Isopropylcyclopent-2-en-1-ylidene)-P,P-diphenylphosphinic Amide
[General Procedure for Preparation of N-Phosphinoyl Ketimines].3%5%86
Pyridine (20.8 mL, 0.26 mol) and hydroxylamine hydrochloride (16.8 g,
0.24 mol) were added to the starting ketone (20 g, 0.16 mol) in EtOH (268 mL)
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at 4°. After stirring for 15 minutes at 4°, the reaction mixture was warmed to
60° and stirred for 12 hours. Concentration and purification by flash column
chromatography (EtOAc/hexane =1 : 10 to 1:5) afforded the corresponding
oxime (17.7 g, 79%) as a white solid. To a solution of Et3N (18.4 mL, 0.13 mol)
and the oxime (16 g, 0.12 mol) in CH,Cl, (96 mL) and hexane (96 mL),
chlorodiphenylphosphine (27.1 g, 0.13 mol) in CH,Cl, (38 mL) was added
slowly over 1 hour at —40°. The reaction mixture was warmed gradually to room
temperature, CH,Cl, (100 mL) was added, and the insoluble salt was removed by
filtration through a celite pad. The filtrate was concentrated in vacuo. The solid
residue was purified by flash column chromatography (CH,Cl,/MeOH = 50 : 1
to 20: 1; EtOAc/MeOH = 20 : 1) to afford the target ketimine (37.4 g) as a white
solid. Toluene (75 mL) was added to 64 (37.4 g) and the solution was warmed to
70°, at which point hexane (75 mL) was added. The solution was gradually cooled
to room temperature, and the resulting precipitate was collected by filtration
to afford pure title compound (25.7 g, total yield 55%) as a white solid, mp
133-134°; IR (neat) = 2959, 1634, 1609, 1192 cm~!; "H NMR (500 MHz,
CDCl3) § 7.89-7.94 (m, 4H), 7.36—7.43 (m, 6H), 6.99-7.00 (m, 1H), 2.95-2.97
(m, 2H), 2.86 (sept, J = 7.0 Hz, 1H), 2.50-2.51 (m, 2H), 1.16 (d, J = 7.0 Hz,
6H); '3C NMR (125 MHz, CDCl3) § 194.2 (d, J = 4.9 Hz), 154.2, 154.1, 152.1,
135.7,134.7,131.5, 131.5, 131.4, 131.4, 131.1, 131.1, 128.3, 128.3, 128.2, 128.2,
343 (d, J = 4.9 Hz), 29.4, 25.3, 21.5; 3'P NMR (CDCl;) § 20.7; LRMS—FAB
(m/z): 324 [M + H]"; HRMS-FAB (m/z): [M + H]" calcd for CooHy3NOPT,
324.1512; found, 324.1524.

o MesSO,NH,, .SO,Mes .SO,Mes
p-TolSO,Na HN NaHCO; N
H HCO,H, H,0, O)\SOZTQI—[J (96%) @H
rt, 12 h

(Mes = 2,4,6-Me;CgHy) (67%)

Cyclohexanecarboxaldehyde N-(Mesitylenesulfonyl)imine [General Pro-
cedure for Preparation of N-Sulfonyl Imines].#% A mixture of cyclo-
hexanecarboxaldehyde (363 pwL, 3.0 mmol), mesitylenesulfonamide (598 mg,
3.0 mmol) and sodium p-toluenesulfinate (481 mg, 3.0 mmol) in HCO,H
(4.5 mL) and H,O (4.5 mL) was stirred for 12 hours at room temperature. The
resulting white precipitate was filtered off, and washed with H,O and hexane. The
precipitate was then recrystallized from EtOAc/hexane to obtain the intermediate
N-(mesitylenesulfonyl)-a-(p-toluenesulfonyl)cyclohexylmethylamine (301 mg,
2.01 mmol, 67%) as a crystalline material; IR (thin film) 3401, 3285, 3028,
2928, 2855, 1599, 1566, 1450, 1331, 1302, 1155, 1123, 1082, 903, 853, 814,
733 cm™!; 'H NMR (400 MHz, CDCl3) § 7.52 (d, J = 8.3 Hz, 2H), 7.03
(d, J = 8.3 Hz, 2H), 6.81 (s, 2H), 5.27 (d, J = 10.7 Hz, 1H), 4.53 (dd, J = 3.0,
10.7 Hz, 1H), 2.50-2.40 (m, 1H), 2.42 (s, 6H), 2.34 (s, 3H), 2.29 (s, 3H),
2.11 (d, J = 12.3 Hz, 1H), 1.81-1.60 (m, 4H), 1.38-1.28 (m, 2H), 1.19-1.02
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(m, 3H); *C NMR (100 MHz, CDCl3) § 144.4, 141.7, 137.5, 135.7, 134.2, 131.6,
129.3, 128.3, 77.5, 37.5, 30.7, 27.2, 26.2, 25.8, 25.7, 22.9, 21.7, 21.0.

The sulfonamide sulfone obtained above (901 mg, 2.01 mmol) was dissolved
in CH,Cl, (2 mL). Then, saturated aqueous sodium bicarbonate solution (1 mL)
was added and the mixture was stirred for 1 hour. Phases were separated and the
aqueous phase was extracted with CH,Cl,. The combined organic phase was dried
over sodium bicarbonate and concentrated under vacuum to yield the target imine
(566 mg, 1.93 mmol, 96%); IR (thin film) 3026, 2930, 2853, 1624, 1603, 1566,
1450, 1319, 1155, 1057, 853, 797, 777, 750 cm~!; '"H NMR (400 MHz, CD,Cl,)
5 8.40 (d, J = 4.0 Hz, 1H), 6.98 (s, 2H), 2.58 (s, 6H), 2.43 (m, 1H), 2.31 (s, 3H),
1.88-1.66 (m, 5H), 1.38—1.20 (m, 5H); '*C NMR (100 MHz, CD,Cl,) § 179.8,
143.7, 140.4, 132.1, 131.9, 44.0, 28.9, 26.2, 25.6, 23.1, 21.2; HRMS-ESI-TOF
(m/z): M+ H]* caled for C1gH4NO,S, 294.1522; found, 294.1522.

ANF /[OL
N P
l 1. 28 (2 mol%), HCN, —70° CEy” "N~
H (89%) 97% ee
2. (CF5C0),0 CN
t-Bu

t-Bu

N-allyl-N-((4-tert-butylphenyl)(cyano)methyl)-2,2,2-trifluoroacetamide
[General Procedure for Catalytic Enantioselective Strecker Reaction of Al-
dimines Using a Urea-Based Catalyst].3* In a flame-dried 5-mL round-bottom
flask equipped with a stirring bar, catalyst 28 (5 mg, 2 mol%, 0.008 mmol) and
toluene (1.6 mL) were combined. The substrate (0.4 mmol, 200 mM final con-
centration) was added by syringe. The reaction mixture was stirred at ambient
temperature until the catalyst completely dissolved. The reaction flask was cooled
to —70° by means of a constant temperature bath and then a toluene solution of
HCN (1.54 M, 340 pL, 0.52 mmol, 1.3 eq) was added slowly by syringe. After
20 hours, the reaction mixture was left to warm to ambient temperature and
quenched with trifluoroacetic anhydride (103 L, 0.73 mmol, 1.5 eq). The sol-
vents were removed under vacuum and the resulting residue was purified by flash
chromatography (hexanes/CH,Cl, = 3 : 2) to afford the Strecker adduct as a clear
oil (89% yield, 97% ee); HPLC (Chiralcel AD, 0.6% i-PrOH/hexane, 1 mL/min)
t; = 9.0 min (major), t, = 11.4 min (minor); [@]**p—61.4° (c 1.0, CH,Cl,); IR
(thin film) 2966, 1704, 1213, 1154 cm™!; '"H NMR (400 MHz, CDCl3) § 7.47
(d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 6.60 (s, 1H), 5.69 (m, 1H), 5.21
(d, J =10.4 Hz, 1H), 5.15 (d, J = 17.2 Hz, 1H), 4.16 (dd, J = 4.7, 17.0 Hz,
1H), 3.92 (dd, J = 6.2, 17.0 Hz, 1H), 1.33 (s, 9H); '*C NMR (100 MHz, CDCl3)
8 157.7 153.5, 131.2, 127.7, 127.0, 126.3, 120.1, 117.4, 115.4, 49.5, 48.4, 34.7,
31.1; HRMS (m/z): Mt caled for Cij7H9F3N,O, 324.1449; found,
324.1436.
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-SO,Mes HN/SOzMes

| 33 (1 mol%), 2 M aq. KCN (1.5 eq) ]
(89%) 95% ee
H toluene-H,O0, 0° CN

N-(Mesitylenesulfonyl)-«-(cyano)cyclohexylmethylamine [General Proce-
dure for the Catalytic Enantioselective Strecker Reaction of Aldimines Using
a Phase-Transfer Catalyst].®® A mixture of the starting imine (58.7 mg,
0.20 mmol), chiral ammonium iodide catalyst 33 (2.6 mg, 0.002 mmol) in
toluene (1 mL), and H,O (3 mL) was cooled to 0° and an aqueous
KCN solution (2 M, 150 nL, 0.3 mmol) was added dropwise. The reac-
tion mixture was stirred vigorously at this temperature for 2 hours, satu-
rated aqueous NH4Cl solution was added, and the mixture was extracted
with CH,Cl,. The combined extracts were dried over Na,SO4. Evaporation
of solvents and purification of the crude products by flash column chro-
matography on silica gel (EtOAc/hexane =1 :4) gave the title compound
(57.0 mg, 0.178 mmol, 89% yield, 95% ee); HPLC (Daicel Chiralpak AD-H,
2-propanol/hexane = 1 : 10, 0.5 mL/min, A = 254 nm), t, = 13.3 min (R) and
14.7 min (S); [a]®p — 18.9° (¢ 1.00, CHCls, 95% ee); IR (thin film) 3275,
3028, 2930, 2855, 2253, 1602, 1566, 1450, 1330, 1157, 1091, 1057, 904, 852,
731 cm~'; "TH NMR (400 MHz, CDCl3) § 6.99 (s, 2H), 5.37 (d, J = 9.1 Hz, 1H),
3.92 (dd, J = 6.7, 9.1 Hz, 1H), 2.65 (s, 6H), 2.31 (s, 3H), 1.86-1.67 (m, 6H),
1.29-1.06 (m, 5H); '*C NMR (100 MHz, CDCls) § 143.0, 139.0, 132.7, 132.1,
116.5, 49.5, 41.2, 29.0, 28.4, 25.7, 25.4, 25.3, 23.0, 21.1; HRMS-ESI-TOF
(m/z): [M + Na]t calcd for C17H4N,0,SNa, 343.1454; found, 343.1451.

Bu-7 Bu-7
t-Bu | t-Bu |
OH N. O, N.
N Et,AICI >
0O 0
N\
OH N CH,Cl,, toluene, 2 h o W~
t-Bu ! t-Bu |
Bu-7 Bu-7
34

Chiral (Salen)AI(IIT) Complex [Catalyst Preparation].®® In a flame-dried
100-mL round-bottom flask equipped with a stir bar were combined and
stirred salen ligand (1.52 g, 2.78 mmol) and CH,Cl, (20 mL, freshly distilled
from CaH,). A toluene solution of diethylaluminum chloride (1.8 M, 1.54 mL,
2.78 mmol) was added slowly to the stirring solution at ambient temperature.
After stirring for 2 hours, the solvents were removed under vacuum and the
resulting yellow solid was rinsed with 50 mL of hexane. The solid was dried
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under vacuum to yield catalyst 34 (1.59 g, 95% yield) as a yellow solid, mp
>350° (dec); IR (KBr) 2966, 2953, 2867, 1640, 1544, 848 cm~'; 'H NMR
(400 MHz, C¢Dg) § 7.84 (s, 2H), 7.77 (s, 2H), 7.61 (s, 2H), 3.51 (m, 2H), 1.91
(s, 18H), 1.39 (s, 18H) 1.36 (m, 4H), 0.59 (m, 4H); 3C NMR (100 MHz, CD,Cl,)
8 162.7, 141.2, 139.3, 131.4, 128.7, 128.4, 118.7, 64.6 (broad), 35.9, 34.4, 31.6,
30.0, 28.2, 24.1. Anal. Calcd for C35Hs, AICIN,O,: C, 71.20; H, 8.42; Al, 4.44;
Cl, 5.84; N, 4.61. Found: C, 71.05; H, 8.63; Al, 4.49; Cl, 5.73; N, 4.56.

1. 34 (2-5 mol%), HCN (1.2 eq), o
AN 090
N toluene, —70 _
PN 2. (CF5C0),0 CF3/[LN T 01%) 95% ee
P H - (E5E0)
Ph” O CN

(S)-N -Allyl-N -(phenyl(cyano)methyl)-2,2,2-trifluoroacetamide [General
Procedure for the Catalytic Enantioselective Strecker Reaction of Aldimines
Using an Aluminum Catalyst].® In a flame-dried 5-mL round-bottom flask
equipped with a stir bar, 34 (12 mg, 5 mol%, 0.02 mmol) and toluene (1.4 mL)
were combined. The reaction mixture was stirred at ambient temperature until
the catalyst had completely dissolved. The reaction flask was cooled to —70° by
means of a constant-temperature bath, and a toluene solution of HCN was added
(0.85 M, 690 L, 0.59 mmol, 1.2 eq). After 5 minutes, N-allyl benzylimine (71 mg,
0.49 mmol) was added in one portion by syringe. After 15 hours, the reaction was
quenched with trifluoroacetic anhydride (103 nwL, 0.73 mmol, 1.5 eq) and left to
warm to ambient temperature. The solvents were removed under vacuum, and the
resulting residue was purified by flash chromatography (hexane/CH,Cl, = 3:2) to
afford the title product as a clear oil (119 mg, 91% yield, 95% ee); Chiral GC (y-
TA, 112° for 23 min, 3°/min to 123°) t, = 21.5 min (major), t, = 23.9 min (minor);
[@]®p 57.7° (¢ 1.0, CH,Cl,); IR (thin film) 2936, 2249, 1701 cm™!; 'H NMR
(400 MHz, CDCl3) § 7.45 (m, 5H), 6.65 (s, 1H), 5.66 (m, 1H), 5.19(d, J = 10.2 Hz,
1H),5.13(d, J = 17.0 Hz, 1H),4.15(dd, J = 4.7,17.0 Hz, 1H),3.91 (dd, J = 6.0,
17.0 Hz, 1H); 3C NMR (100 MHz, CDCl3) § 157.9 (q, J = 38 Hz), 131.1, 130.1,
130.0, 129.4, 127.8, 120.3, 117.5, 115.2, 49.8, 48.6; HRMS (m/z): [M + NH,]*
calcd for C13H;;F3N,0, 286.1167; found, 286.1163.

O A: 6 (9 mol%), TMSCN (2 eq), O
PhOH (20 mol%), slow addition over 17 h

)I\li ’Q CH,Cly, 40° IiNL ‘Q

Ph~ H Ph” CN
(92%) 95% ee

N-(9-Fluorenylamino)phenylacetonitrile [General Procedure for the Cat-
alytic Enantioselective Strecker Reaction of Aldimines Using an Aluminum
Catalyst: Condition A].2%?” The chiral substituted BINOL ligand precursor
(13 mg, 18 wmol) was placed in a flame-dried flask and dissolved in CH,Cl,
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(0.5 mL). To this solution was added a hexane solution of diethylaluminum chlo-
ride (0.96 M, 17 pL, 16 pwmol) under argon. The resulting mixture was stirred
at room temperature for 1 hour to give a clear solution of the BINOL-derived
catalyst 6. To the thus-prepared catalyst solution, a solution of the starting fluo-
renyl imine (0.17 mmol) in CH,Cl, (0.6 mL) was added at —40°, followed by
the addition of TMSCN (45 pL, 0.34 mmol). After 30 minutes, a solution of
phenol (3 p, 34 pmol) in CH,Cl, (0.2 mL) was slowly added over 17 hours.
The reaction mixture was stirred for an additional 44 hours. The reaction was
quenched with aqueous saturated NaHCOj3, and the mixture was diluted with
Et,O. The organic layer was separated, and the water layer was extracted with
Et,O. The combined organic layers were washed with water and dried over
Na;SOy. Further purification was performed by flash column chromatography on
silica gel to afford the target fluorenyl aminonitrile (92% yield, 95% ee); HPLC
(Daicel Chiralpak AS, hexane/i-PrOH = 90 : 10, 1.0 mL/min) t, = 13.3 min and
25.0 min; [a]**p — 14.0° (c 1.0, CHCl3); "H NMR (CDCl3) § 7.78—-7.68 (m, 3H),
7.53-7.26 (m, 10H), 5.14 (s, 1H), 4.57 (s, 1H), 2.34 (bs, 1H); '*C NMR (CDCl3)
5 143.6, 143.5, 141.1, 140.7, 135.8, 129.01, 128.98, 128.9, 128.8, 127.6, 127.4,
125.7, 125.0, 120.2, 120.1, 119.6, 62.2, 50.3.

O B: 6 (9 mol%), TMSCN (20 mol%), O
HCN (1.2 eq), slow addition over 24 h

N . CH,Cly, —40° HN .

M PN

Ph” H Pk~ “CN
(92%) 95% ee

N -(9-Fluorenylamino)phenylacetonitrile [General Procedure for the Cat-
alytic Enantioselective Strecker Reaction of Aldimines Using an Aluminum
Catalyst: Condition B].2%*” To a CH,Cl, solution (1.0 mL) of catalyst 6
(33 wmol) prepared as described above, a solution of the starting imine
(0.352 mmol) in CH,Cl, (1.0 mL) and TMSCN (70 pwmol) were added at —40°.
To this mixture, a solution of HCN (0.422 mmol) in CH,Cl, (0.26 mL) was slowly
added over 24 hours. After 12 hours (total 36 hours), the reaction was worked up as
described above to yield the title compound in 92% yield and 95% ee.

O 35 (10 mol%), TMSCN (4 eq), O
’ TMSCN (4 eq), +-BuOH (1.1 eq) '
N Q CH,Cl,, -50° HN Q
G A

Ph H Ph CN
(98%) 87% ee

N-(9-Fluorenylamino)phenylacetonitrile [General Procedure for Catalytic
Enantioselective Strecker Reaction of Aldimines Using a Solid-Sup-
ported Aluminum Catalyst].”> To the corresponding swollen polymer-
supported ligand (19.1 mg, loading level = 0.52 mmol/g, 10 mmol) in CH,Cl,
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(0.4 mL), a hexane solution of diethylaluminum chloride (0.95M, 10 pL,
9.5 mmol) was added at ambient temperature, and the mixture was stirred for 1 hour
to prepare catalyst 35. The catalyst mixture was cooled to —50°, then the start-
ing imine (27 mg, 0.1 mmol) in CH,Cl, (0.25 mL), TMSCN (54 pL, 0.4 mmol),
and fert-butanol (0.11 mmol) in CH,Cl, (0.25 mL) were added successively with
10 minute intervals between additions. After 60 hours, saturated aqueous NaHCO3
(1 mL) was added. The usual workup and purification by silica gel column chro-
matography afforded pure title compound in 98% yield and 87% ee.

Catalyst recycling experiments were performed as follows: Instead of quench-
ing the reaction with NaHCOs, after the reaction was completed, dry Et,O (five
times the volume of CH,Cl,) was added and the reaction mixture was left for
3 hours. The supernatant containing the Strecker product was then decanted by
syringe, and catalyst 35 was washed with dry Et,O five times under an inert atmo-
sphere. After drying the catalyst under reduced pressure for 30 minutes, CH,Cl,,
imine, TMSCN, and tert-butanol were added at —50° to start the new cycle.

HO HO
j@ 38 (5 mol%), NMI (30 mol%) j@
N + (n-Bu);SnCN HN

)‘\ toluene-benzene (1:1), —65° to 0° /'\

Phm H Ph~ CN
(92%) 91% ee

2-(2-Hydroxyphenyl)amino-2-phenylacetonitrile [General Procedure for
the Catalytic Enantioselective Strecker Reaction of Aldimines Using a
Zirconium Catalyst].5"5 To Zr(OBu-t); (0.04 mmol) in toluene (0.25 mL)
was added (R)-6-Br-BINOL (0.04 mmol), (R)-3-Br-BINOL (0.04 mmol), and
N-methylimidazole (NMI; 0.12 mmol) in toluene (0.75 mL) at room temperature.
The mixture was stirred for 1 hour, and then cooled to —65° to generate catalyst
38. A benzene solution (1.0 mL) of the imine (0.4 mmol) and tributyltin cyanide
(0.44 mmol) were added. The mixture was stirred and warmed from —65° to 0°
over 12 hours, and then saturated aqueous NaHCO; was added to quench the
reaction. The aqueous layer was extracted with CH,Cl,. After the usual workup,
the crude product was chromatographed on silica gel to give the desired adduct
(92%, 91% ee); HPLC (Daicel Chiralcel OD, hexane/isopropyl alcohol =9 : 1,
1.0 mL/min) t, = 40.0 min (major) and 49.7 min (minor); '"H NMR (CDCl;) §
7.61-7.43 (m, 6H), 6.93-6.72 (m, 4H), 5.40 (d, 1H, J = 7.2 Hz), 4.43 (br, 1H);
13C NMR (CDCl3) § 144.5, 134.0, 133.3, 129.5, 129.3, 127.2, 121.5, 120.7,
118.4, 114.9, 114.2, 50.6.

Since some of the products from this method were unstable, they were char-
acterized after methylation of the phenolic OH group as follows: The product
was treated with 20% Mel-Me,CO (5 mL) and K,COj3; (200 mg). After the mix-
ture was stirred at room temperature for 6 hours, saturated aqueous NH4Cl was
added to quench the reaction. After extraction of the aqueous layer with CH,Cl,,
the crude product was purified by chromatography on silica gel to afford the
corresponding methylated product (quantitative yield).
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HO HO
38 (1 mol%)
CgH;7;CHO + HZNJQ + HCN W HN@
CgH;7~ CN
(86%) 84% ee

1-(2-Hydroxy-6-methylphenyl)aminononane-1-carbonitrile [General Pro-
cedure for the Catalytic Enantioselective Three-Component Strecker Reac-
tion Using a Zirconium Catalyst].>! To a CH,Cl, solution (3.0 mL) of (R)-6-
Br-BINOL (0.04 mmol), (R)-3-Br-BINOL (0.04 mmol), and N-methylimidazole
(0.12 mmol) was added a CH,Cl, solution (1.0 mL) of Zr(OBu-¢)4 (0.04 mmol)
at room temperature. After the mixture was stirred for 1 hour, a CH,Cl, solution
(0.2 mL) of HCN (0.8 mmol) was added at 0°, and the mixture was further stirred
for 3 hours at the same temperature. The resulting solution was then added to
a mixture of nonaldehyde (0.4 mmol) and 2-amino-3-methylphenol (0.4 mmol)
in CH,Cl, (1 mL) at —45°. After the mixture was stirred for 12 hours, HCN
was added if the reaction was not yet completed. Saturated aqueous NaHCOj3
was then added to quench the reaction, and after the usual workup, the crude
product was purified by chromatography on silica gel to give the desired adduct
(86%, 84% ee); HPLC (Daicel Chiralpak AD, hexane/isopropyl alcohol = 19 : 1,
1.0 mL/min) t, = 10.4 min (major) and 13.0 min (minor); 'H NMR (CDCl3)
8 6.93-6.70 (m, 3H), 4.00 (t, J =7.3 Hz, 1H), 2.33 (s, 3H), 1.92 (dt, J =
7.3, 7.7 Hz, 2H), 1.70-1.20 (m, 12H), 0.89 (t, J = 6.7 Hz, 3H); '3*C NMR
(CDCl3) 6 150.1, 134.5, 130.6, 125.2, 123.0, 120.4, 113.4, 49.7, 34.2, 31.7, 29.1,
29.0, 25.6, 22.6, 17.7, 14.0; HRMS (m/z): M™ calcd for C17HyN>O, 274.2047;
found, 274.2045.

Ph Ph
Ti(OPr-i)4 (10 mol%), 39 (10 mol%
N)\Ph + mvsenTOPEDL 6), 39 ( ) HN)\Ph
A i-PrOH, slow addition for 20 h, PY
Ph™ 'H toluene, 4° Ph™ 'CN

(99%) 97% ee

2-Benzhydrylamino-2-phenylacetonitrile [General Procedure for the Cat-
alytic Enantioselective Strecker Reaction Using a Titanium Catalyst].?® The
reaction was set up inside of a glove box under a nitrogen atmosphere. Chiral lig-
and 39 (49 mg, 0.10 mmol) was placed into a flame-dried round-bottomed flask,
and dissolved in toluene (5 mL). The flask was charged with a toluene solution
of Ti(OPr-i)4 (0.5 M, 0.2 mL, 0.1 mmol), and the yellow solution was stirred
for 10 minutes at 22°. Subsequently, N-diphenylmethylbenzalimine (271 mg,
1.0 mmol) was added. The reaction vessel was capped with a septum, sealed
with teflon tape, removed from the glove box, and placed in a room maintained
at 4°. TMSCN (267 pL, 2.0 mmol) was added to the stirred solution. Iso-
propyl alcohol (153 pL, 2.0 mmol) in toluene (2 mL) was added over 20 hours
with additional stirring for 10 hours. The crude reaction mixture was passed
through a plug of silica with CH,Cl, (5 mL) and concentrated under vacuum.
The crude reaction mixture showed 99% conversion and 97% ee by HPLC
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(Chiralpak AD). The pale yellow solid was recrystallized from hexane/CH,Cl,
(5:1) to afford the title compound (228 mg, 82%, >99% ee); [a]**p — 64.2°
(¢ 5.0, CHCIy); IR (CCly) 3327, 3087, 3069, 3031, 2848, 2231, 1948, 1879, 1810,
1608, 1501, 1451, 1187, 929 cm~!; '"H NMR (CDCl;, 400 MHz) § 7.58-7.20
(m, 15H), 5.24 (s, 1H), 4.59 (d, J = 12.0 Hz, 1H), 2.14 (d, J = 12.0 Hz, 1H);
13C NMR (CDCl3, 100 MHz) § 243.4, 242.7, 235.6, 129.7, 129.6, 129.4, 128.6,
128.4, 128.1, 127.9, 127.7, 119.4, 66.2, 53.0; HRMS (m/z): [M + H]* calcd for
C21HigNy, 299.1548; found, 299.1549. Anal. Calcd for C,;H gN,: C, 84.53; H,
6.08; N, 9.39. Found: C, 84.22; H, 6.19; N, 9.28.

“Ph NC. NHBn

N
| 28 (2 mol%)
+ HCN ——Mm———— (99%) 93% ee
toluene, —75°
Br

Br

2-Benzylamino-2-(4-bromophenyl)propionitrile [General Procedure for
Asymmetric Strecker Reaction of Ketimines Using a Urea Catalyst].®® A
10-mL round-bottom flask equipped with a stir bar was charged with catalyst
28 (3.7 mg, 0.006 mmol, 0.02 eq), toluene (2 mL), and the starting ketimine
(0.3 mmol). The reaction mixture was cooled to —75° by means of a constant
temperature bath. In a separate 2-mL flask equipped with a stir bar, toluene
(1 mL) and TMSCN (50 pL, 1.25 eq) were combined. After cooling the solution
to 5°, MeOH (15 pL, 1.25 eq) was added. The solution was stirred for 2 hours at
5°, cooled to —78°, and then added to the reaction flask by syringe. When con-
version of the starting material exceeded 99% as monitored by either 'H NMR or
HPLC, the solvents were removed under vacuum. The crude product was obtained
as a solid (quantitative as a mixture with catalyst, 93% ee). Recrystallization from
hexanes afforded pure title product as white needles (76% overall yield, >99.9%
ee), mp 79.9-80.1°; HPLC (Chiralcel OD, i-PrOH/hexanes (3%), 1 mL/min)
t, = 15.9 min (major), t, = 19.5 min (minor); [@]**p—58.6° (c 1.0, CH,Cl,); IR
(thin film) 3323, 2224 cm~!; 'H NMR (400 MHz, CDCl;) § 7.65 (d, J = 6 Hz,
2H), 7.59 (d, J = 6 Hz, 2H), 7.42-7.26 (m, 5H), 3.93 (d, J = 10 Hz, 1H), 3.58
(m, 1H), 2.02 (d, J = 5 Hz, 1H), 1.80 (s, 3H); '3C NMR (400 MHz, CDCl;) §
139.4, 139.1, 132.4, 128.9, 128.6, 127.8, 127.8, 123.0, 121.2, 60.4, 49.8, 31.5;
EI-HRMS (m/z): M* calcd for Ci¢H;5B1N,, 314.0418; found, 314.0414.

9Ph GAIN(TMS), 3 (2.5 mol%). 14 (3.75 mol%), o
N2 TMSCN (2 eq), 2,6-dimethylphenol (1 eq) NC N-PPh,

|
i—Pr\© E(CN, —40° i_Prﬁ

(94%) 98% ee

N-[1-Cyano-2-isopropylcyclopent-2-en-1-yl]-P,P -diphenylphosphinic Am-
ide [General Procedure for the Asymmetric Strecker Reaction of Ketimines
Using a Gadolinium Catalyst].3® A solution of tris[ N, N -bis(trimethylsilyl)



THE CATALYTIC ASYMMETRIC STRECKER REACTION 49

amide]gadolinium in THF (0.2 M, 2.0 mL, 0.40 mmol) was added to a solu-
tion of ligand 14 (276 mg, 0.6 mmol) in THF (16 mL) at 4°, and the mixture
was stirred at 50° for 1 hour. The solvent was evaporated, and the residue
was dried under vacuum for 2 hours at room temperature. The resulting amor-
phous material was dissolved in propionitrile (18.7 mL), cooled to —40°, and
TMSCN (4.3 mL, 32 mmol) and 2,6-dimethylphenol (1.95 g, 16 mmol) in THF
(6 mL + 2 mL for wash) were added. The mixture was stirred for 0.5 hours at
—40°, the imine substrate (5.2 g, 16 mmol) was added, and the reaction mixture
was stirred for about 2.5 days at —40°. Silica gel (50 g) was added at —40°
to quench the reaction. (Caution! HCN generation! The reaction was quenched
in a well-ventilated hood, and the generated HCN was trapped into a satu-
rated NaHCO3 bubbler.). The slurry was filtered and the solid washed with a
mixture of CH,Cl, (400 mL) and MeOH (20 mL). The combined filtrate was
concentrated under vacuum. The solid residue was partially purified by flash
column chromatography (EtOAc/hexane =2 : 1 to EtOAc/MeOH =20 : 1) to
afford the expected product as a white solid (5.9 g) containing chiral ligand
14. To remove ligand 14, toluene (117 mL) was added to the mixture (5.9 g),
the mixture was warmed to 80°, and to the resulting solution hexane (47 mL)
was added. The solution was cooled gradually to room temperature, and the
precipitate was filtered off to afford the pure amide product (4.6 g) as a white
solid. The filtrate was concentrated under vacuum and toluene (30 mL) was
again added at 80°, followed by the addition of hexane (12 mL). After gradually
cooling to room temperature, the precipitate was filtered to afford an additional
crop of amide product (0.7 g). These two crops were combined, and the pure
title product was obtained as a white solid [5.3 g, 94% yield, 98% ee (unaf-
fected by the washing process)], mp 132—133°; [«]*p + 12.9° (c 0.51, CHCl3);
IR (neat) 2230, 1590, 1437, 894 cm~!; '"H NMR (500 MHz, CDCl3) § 7.99
(d, J =8.2 Hz, 1H), 7.96 (d, J = 8.3 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.83
(d, J = 8.2 Hz, 1H), 7.56-7.44 (m, 6H), 5.77 (m, 1H), 3.24 (d, J = 5.8 Hz, 1H),
2.73-2.69 (m, 1H), 2.59 (sept, J = 8.2 Hz, 1H), 2.47-2.44 (m, 1H), 2.40-2.34
(m, 1H), 1.22 (d, J = 7.0 Hz, 3H), 1.18 (d, J = 7.0 Hz, 3H); '3C NMR (125
MHz, CDCl3) & 149.5, 133.6, 132.5, 132.5, 132.4, 132.2, 131.4, 131.3, 131.1,
129.8, 128.8, 128.7, 128.7, 128.6, 120.4, 62.2, 40.2, 29.4, 26.9, 22.9, 22.7; 3'P
NMR (CDCl3) § 20.9; LRMS-FAB(m /z): [M + Na]™ 373; HRMS—FAB (m/z):
[M + H]* caled for Cy;Hp4N,OP, 351.1621; found, 351.1635.

Chiral ligand 14 was recovered as follows: The filtrate solution containing
the ligand was evaporated, and concentrated aqueous HCI (20 mL) was added
to the residue. The mixture was heated at 100° for 5 hours and poured into
water (50 mL). Ligand 14 was extracted with EtOAc (2 x 20 mL). The combined
organic phases were washed with brine (30 mL), dried (Na;SO,), and concen-
trated. Pure ligand 14 was recovered in 90% yield through silica gel column
chromatography (EtOAce/hexane =1 : 1).
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0 Ph
1]

H o
NC N—PPh 1. conc. HCI \
? 0= N ()9%8%ee

i-Pr\é 2. PhCOCI, pyridine, DMAP i_PNQ

The enantiomeric excess of the Strecker product was determined by its con-
version to the corresponding oxazoline according to the scheme above. Con-
centrated HCI (1 mL) was added to the cyclopentenyl amide product (10 mg),
and the mixture heated at 100° for 5 hours. After cooling to room tempera-
ture, the reaction mixture was concentrated under vacuum. Pyridine (0.5 mL),
benzoyl chloride (20 wL), and 4-N,N-dimethylaminopyridine (DMAP, 5 mg)
were added at room temperature. After stirring for 1 hour, the reaction mixture
was poured into saturated aqueous NH4Cl (5 mL). The products were extracted
with EtOAc (2 x 5 mL). The combined organic layers were washed with brine
(5 mL), dried (Na,SQO,), and concentrated. Purification by silica gel preparative
TLC (EtOAc/hexane = 1 : 4) gave the oxazoline in 98% ee. The enantiomeric
excess was determined by chiral HPLC (Daicel Chiralcel OJ-H, i-PrOH/hexane
= 1:99, 1.0 ml/min) t, = 6.3 min (minor) and 7.2 min (major); [a]®p +1.5°
(c 0.95, CHCl;); IR (neat) 3436, 2965, 1813, 1650 cm~!; 'H NMR (500 MHz,
CDCl3) § 8.03-7.99 (m, 2H), 7.58-7.45 (m, 3H), 5.92 (brt, J = 2.3 Hz, 1H),
2.68-2.55 (m, 2H), 2.44-2.37 (m, 1H), 2.35-2.28 (m, 1H), 2.18-2.09 (m, 1H),
1.03 (d, J =6.9 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H); '*C NMR (125 MHz,
CDCls): § 180.6, 160.4, 148.2, 132.7, 130.5, 128.8, 127.9, 126.0, 81.4, 36.8,
30.6, 27.5, 22.2, 22.2; LRMS-ESI (m/z): [M + Na]* 278.0.

Gd(OPr-i); (0.1 mol%), 14 (0.2 mol%), H 9
TMSCN (2.5 mol%), HCN (1.5 eq) NC N-PPh,

N
QA EtCN, —40°
cl

1
(99%) 93% ee

(0]
O Ph
1. conc. HC1 ) W/

N (H93%ee
2. PHCOCI, pyridine, DMAP
Cl

4-(4-Chlorophenyl)-4-methyl-2-phenyl-4H -oxazol-5-one [General Proce-
dure for the Catalytic Enantioselective Strecker Reaction of Ketimines Using
a Gadolinium Catalyst: Combination of TMSCN and HCN].*! A THF solu-
tion of gadolinium triisopropoxide (0.2 M, 18.8 nL, 3.8 pmol) was added to a
solution of ligand 14 (3.5 mg, 7.6 wmol) in THF (75 nL) in an ice bath. The
mixture was stirred for 40 minutes at 45°, and then the solvent was evaporated.
After drying the resulting pre-catalyst under vacuum (5 mmHg) for 1 hour, the
substrate ketimine (1.33 g, 3.8 mmol) was added as a solid in one portion. Pro-
pionitrile (1 mL) was added at —40°, and after 30 minutes, TMSCN (12.5 uL,
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0.094 mmol) was added. After 5 minutes, a propionitrile stock solution of HCN
(4 M, 1.4 mL, 5.6 mmol) was added to start the reaction. After 54 hours at —40°
the reaction was complete, and silica gel was added. The mixture was carefully
concentrated until no HCN gas remained as determined by monitoring with an
HCN sensor. The silica gel was removed by filtration, and the filtrate was washed
with MeOH/CHCI; (1:9). The combined liquids were removed by evaporation,
and the resulting residue was purified by silica gel column chromatography to give
the diphenylphosphinic amide intermediate (99% yield). The enantiomeric excess
of the product was determined to be 93% after converting to the corresponding
oxazoline, 4-(4-chlorophenyl)-4-methyl-2-phenyl-4 H-oxazol-5-one, as described
above. HPLC (Daicel Chiralcel OJ-H, hexane/i-PrOH = 499 : 1, 1.0 ml/min)
t, = 18.7 min (minor) and 22.4 min (major); [@]**p +120.5° (¢ 1.37, CHCly);
IR (neat) 1820, 1656, 1007 cm~!; '"H NMR (CDCl3) § 8.09 (d, J = 8.3 Hz,
2H), 7.62-7.50 (m, 5H), 7.36 (d, J = 8.5 Hz, 2H), 1.86 (s, 3H); '*C NMR
(CDCl3) 6 178.8, 160.4, 137.3, 134.3, 133.0, 128.8, 128.1, 126.9, 125.7, 70.2,
27.3; EIMS (m/z): M+ 285; EI-HRMS (m/z): MT caled for CigH;,CINO,,
285.0557; found, 285.0564.

43 (9 mol%), 2-furoyl chloride (2 eq), MeOm
MeOm TMSCN (2 eq) MeO N”CN
N/ CH,Cl,—toluene, —40° @/go
\ (0]

(—) 91% ee

N -(2-Furoyl)-2-cyano-6,7-dimethoxy-1,2-dihydroquinoline [General Pro-
cedure for the Catalytic Enantioselective Reissert Reaction of Quinolines].*’*8
Diethylaluminum chloride in hexane (30 pL, 0.029 mmol) was added at ambi-
ent temperature to a solution of the corresponding ligand (22 mg, 0.029 mmol)
in CH,Cl, (2.5 mL) and the resulting solution was stirred for 1 hour. This cata-
lyst solution of 43 was cooled to —40°, and a solution of 6,7-dimethoxyquinoline
(60.5 mg, 0.32 mmol) in CH,Cl, (0.5 mL) was added, followed by the addition of
2-furoyl chloride (63 L, 0.64 mmol). After adding toluene (2.5 mL), TMSCN
(85 pL, 0.64 mmol) in toluene (0.5 mL) was added slowly over 24 hours at
—40°. A saturated aqueous solution of NaHCO;3; was added after 40 hours,
and the aqueous layer was extracted with EtOAc. The combined organic lay-
ers were washed with saturated NaCl and dried over Na;SO4. Evaporation of
the solvent and purification of the resulting crude product by silica gel column
chromatography (EtOAc/hexane = 1 : 4) gave pure title compound in 91% ee;
HPLC (Daicel Chiralpak AS, hexane/i-PrOH = 70 : 30, 1.0 mL/min) t, = 15.7
and 20.8 min; [a]?p+267° (c 1.0, CHCl3); IR (KBr) 3447, 2234, 1655 cm™!;
"H NMR (CDCl3) 8 7.41 (m, 1H), 6.92 (d, J = 3.4 Hz, 1H), 6.78—6.72 (m, 2H),
6.47 (m, 1H), 6.43 (brs, 1H), 6.10 (d, J = 6.7 Hz, 1H), 5.96 (dd, J = 6.7,9.1 Hz,
1H), 3.91 (s, 3H), 3.62 (s, 3H); 3C NMR (CDCl3) § 158.2, 148.9, 147.4, 146.3,
145.1, 129.2, 127.3, 112.8, 117.7, 116.0, 111.9, 109.4, 107.7, 56.2, 56.0, 42.5;
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EIMS (m/z): M 310; EI-HRMS (m/z): M* caled for C7H4N,Oy4, 310.0943;
found 310.0957.

. 50(1 mol%), CH=CHOCOCI (1.8 eq), \
TMSCN (2 eq)

_N NWO\/
CH,Cl,, -50 o on )

Ph

(88%) 95% ee

1-Cyano-1-phenyl-1,2-dihydroisoquinoline-2-carboxylic Acid Vinyl Ester
[General Procedure for Generating Quaternary Stereocenters by Catalytic
Enantioselective Reissert Reaction of Isoquinolines].*” To a CH,Cl, solution
(3 mL) of ligand 50 (13.1 mg, 0.015 mmol), a hexane solution of trimethylalu-
minum (0.98 M, 15.3 pL, 0.015 mmol) was added at ambient temperature and
the resulting solution was stirred for 1 hour. A CH,Cl, solution of freshly distilled
triflic acid (0.0585 M, 250 nL, 0.146 mmol, 97.5 mol% to trimethylaluminum)
was then added and the mixture was stirred for 30 minutes. To the catalyst
solution was added a solution of 1-phenylisoquinoline (308 mg, 1.5 mmol) in
CH,Cl, (2.5 mL) at —50°, followed by TMSCN (400 L, 3.0 mmol) and vinyl
chloroformate (230 L, 2.7 mmol). After 48 hours, 5% aqueous NH3 was added.
The solution was extracted with CH,Cl, and purified by silica gel column chro-
matography (hexane/EtOAc) to give the title product (88%, 95% ee); HPLC
(Daicel Chiralpak AD, hexane/2-propanol = 98 : 2, 1.0 mL/min) t; 12.1 min and
14.3 min; [@]®p +195° (¢ 0.60, CHCl3); IR (neat) 1737, 1652, 1495, 1453, 1382,
1323, 1259, 1194, 1143, 943, 876, 762, 695 cm~!;'"H NMR (CDCl3) § 7.62—7.60
(m, 2H), 7.37-7.28 (m, 3H), 7.22-7.03 (m, 5H), 5.83 (d, J = 8.2 Hz, 1H),
4.86 (d, J = 13.4 Hz, 1H), 4.55 (dd, J = 6.6, 2.1 Hz, 1H); 3C NMR (CDCl5):
8 149.5, 142.2, 141.2, 130.3, 129.3, 128.8, 128.7, 128.4, 128.1, 126.9, 125.7,
125.0, 123.4, 117.7, 105.3, 98.2, 62.9; EIMS (m/z): Mt 302; EI-HRMS (m/z):
M™ caled for C19H14N,05, 302.1055; found, 302.1055.

o ELAICI (5 mol%), 51 (10 mol%), o

FmocCl (1.4 eq), TMSCN (2 eq) = N(Pr-i)
“ N CH,Cly, —60° | '
SN = NC™ N
Fmoc
(98%) 96% ee

2-Cyano-5-diisopropylcarbamoyl-2H -pyridine-1-carboxylic Acid 9H -
Fluoren-9-ylmethyl Ester [General Procedure for the Catalytic Enantio-
selective Reissert Reaction of Pyridine Derivatives].> Ligand 51 (0.02 mmol)
was dried under reduced pressure for 1 hour, and dissolved in CH,Cl, (0.5 mL).
A hexane solution of diethylaluminum chloride (0.98 M, 10.2 pL, 0.01 mmol)
was added and the mixture stirred at room temperature for 1 hour. The resulting
mixture was cooled to —60°, and a CH,Cl, solution of N,N -diisopropylnicotine
amide (0.4 M, 0.5 mL, 0.2 mmol), 9-fluorenylmethoxycarbonyl chloride (FmocCl,
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2.8 mmol), and TMSCN (53.3 nL, 4.0 mmol) were added successively. After
the reaction was completed, water was added. The products were extracted three
times with CH,Cl,. The organic phase was washed with brine, dried over Na; SOy
and concentrated under vacuum. The resulting residue was purified by silica
gel column chromatography to give the title product (98%, 96% ee); HPLC
(Daicel Chiralpak AD-H, hexane/2-propanol =9 : 1, 1.0 mL/min, A 254 nm)
t, = 38.5 min, t; = 42.1 min (minor); []*’p—153.33° (¢ 0.93, CHCl3); IR (neat)
3462, 3092, 2958, 1736, 1653, 1624, 1442, 1371, 1297, 1255, 1211 cm™!; 'H
NMR (DMSO-dg, 50°) § 7.86 (d, J = 7.6 Hz, 2H), 7.66 (d, J = 6.4 Hz, 2H),
741 (t, J =7.3 Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H), 6.53 (brd, 1H), 6.26 (d,
J =89 Hz, 1H), 5.98 (d, / = 5.8 Hz, 1H), 5.77 (t, J = 8.9 Hz, 1H), 4.74 (brd,
1H), 4.64 (brd, 1H), 4.40 (t, J = 5.8 Hz, 1H), 3.71 (m, 2H), 1.21 (brd, 12H);
13C NMR (CDCl3) § 166.7, 152.0, 142.9, 142.8, 141.3, 128.0, 127.3, 124.7,
124.6, 120.2, 120.1, 115.7, 69.3, 46.8, 42.8, 21.0, 20.8; ESI-MS (m/z): [M +
H]"456, [M + Na]t 478; HRMS-FAB (m/z): [M + H]* calcd for Co3H30N303,
456.2287; found, 456.2285.

Cl O

ca o EAICI (10 mol%), 55 (10 mol%),
/ neopentyl-OCOCI (1.4 eq), TMSCN (2 eq) = ‘ N(Pr-i),
N(Pr-i
| (P2 CH,Cly, —60° NCT N
PN
N
+Bu” 07 N0

(92%) 91% ee

4-Chloro-2-cyano-5-diisopropylcarbamoyl-2H -pyridine-1-carboxylic Acid
2,2-Dimethylpropyl Ester [General Procedure for the Catalytic Enantio-
selective Reissert Reaction of a Halide-Substituted Pyridine Derivative].>
Ligand 55 (0.02 mmol) was dried under reduced pressure for 1 hour, and
dissolved in CH,Cl, (1.5 mL). A hexane solution of diethylaluminum chloride
(0.98 M, 20.4 pL, 0.02 mmol) was added and the reaction mixture was stirred
at room temperature for 1 hour. The resulting mixture was cooled to —60°, and
4-chloro-N,N-diisopropylnicotinamide in CH,Cl, (0.4 M, 0.5 mL, 0.2 mmol),
neopentyl chloroformate (2.8 mmol), and TMSCN (53.3 pl, 4.0 mmol) were
added successively. After the reaction was completed, water was added. The
products were extracted three times with CH,Cl,. The organic phase was washed
with brine, dried over Na,;SOy4, and concentrated under vacuum. The resulting
residue was purified by silica gel column chromatography to give the title
compound (92% yield, 91% ee); HPLC (Daicel Chiralpak OD-H, hexane/
i-PrOH =20 : 1, 1.0 mL/min, A 254 nm) t, = 24.4 min (major), t; = 17.3 min
(minor); [a]®p —175.0° (¢ 0.68, CHCl3); IR (neat) 3452, 2076, 1634, 759 cm~!;
'H NMR (DMSO-dg, 50°) 6 6.92 (s, 1H), 6.15 (d, J = 6.9 Hz, 1H), 5.97
(d, J =69, 1H), 4.1-3.5 (brd, 2H), 40 (d, J =10.3 Hz, 1H), 39 d, J =
10.3 Hz, 1H), 1.27 (s, 12H), 0.96 (s, 9H); '*C NMR (DMSO-d¢) § 162.7,
151.5, 128.8, 126.0, 123.5, 116.1, 112.0, 76.5, 50.8, 45.2, 44.4, 31.2, 25.9,
20.0; ESI-MS (m/z): [M + Na]™ 304; HRMS—-FAB (m/z): [M + H]" caled
for C19H9CIN303, 382.1897; found 382.1893.
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ADDITIONAL CONTRIBUTIONS AFTER MANUSCRIPT SUBMISSION

Due to high interest in the catalytic asymmetric Strecker reaction, several
important papers have been published after this manuscript was submitted. In
this section, the latest contributions in this field (from November 2006 to August
2007) are surveyed.'8’

Quinine-derived quaternary ammonium salt 139 catalyzed an asymmetric
Strecker reaction using «-amido sulfones 140 as aldimine precursors and acetone
cyanohydrin as a cyanide source (Eq. 63).'%¢ Highly reactive aliphatic N-Boc
imines were generated in situ in the presence of a stoichiometric base (aqueous
K;COs3). Aliphatic substrates, including unstable linear aliphatic substrates,
resulted in moderate to high enantioselectivity. Analogous reactions involving
aromatic substrates, however, were not described.

HN PO HO. CN 139 (10 mol %) N BoC
Asogtorp * -~
R™ "SO,Tol-p aq. KoCOs—toluene, R™OCN
140 —20%42h (85-95%) 50-88% ee

= Br-
%r (Eq. 63)
H N+
HO. CF;
MeO X b
| .
N
139

A similar approach was reported using chiral phase-transfer catalyst 33 and
KCN (1.05 eq) was used as a cyanide source (Eq. 64).'"%” Chemical yields and
enantioselectivities improved compared to the reactions starting from the pre-
formed aldimines.5®

33 (1 mol%),
N S02Mes 2 M ag. KCN (1.05 eq) N S02Mes

R/ksozTol—p toluene-H,0, 0°, 1-2 h R/\CN

(93-99%) 85-99% ee

(Eq. 64)

33: Ar= 4-CF3C6H4
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Jacobsen’s chiral thiourea catalyst (ent-29) was applied to a catalytic asym-
metric acylcyanation of N-benzyl aldimines using acylcyanide (141) as acyl and
cyanide sources.'® This reaction was later extended to a three-component reac-
tion involving in situ imine generation from aldehydes and amines (Eq. 65).'%°
Both aromatic and aliphatic substrates resulted in excellent enantioselectivi-
ties. Whether the reaction proceeds through initial acylation of the imine by
acylcyanide followed by enantioselective cyanation, or initial enantioselective
cyanation of the imine by a trace amount of contaminated HCN followed by
trapping the resulting amine with acyl cyanide to regenerate HCN, is not clear.
The fact that the same enantiomer was produced as the Jacobsen’s Strecker

reaction’>¥ suggests mechanistic similarities between these two reactions.
0
0 0 ent-29 (5 mol%) L g
J + RNH, + J - R ON° (46-97%) 74-94% ee
R "H R CN  CHyCl,, 5 AMS, g
(1eq) o RIV>CN
141 (1 eq) —40° 36 h
Me -Bu S
N A
Me j(\N N
o H H y
N
HO
t-Bu OCOBu-t
ent-29 (Eq 65)

Chiral urea catalyst 142, related to 28 and 29, was synthesized from glu-
cosamine and applied to a catalytic asymmetric Strecker reaction of aromatic
aldimines and a ketimine (Eq. 66).!°° Enantioselectivity and substrate generality,
however, are less satisfactory than with 28 and 29.

NR2 142 (2 mol%), HCN (2 eq) NC. HN-R2

| o
Ar R! toluene, —50°, 24 h Ar R!

(60-98%) 50-95% ee

OAc

AcO o & 1 q
AcO N\H/N\)Lg/\l)h (Eq. 66)

N‘ HO O Bu-t
Bu-t

OPiv
142

A significant protecting group effect was observed in the asymmetric Strecker
reaction of N-sulfonyl aldimines catalyzed by Mg(OTf),—box 143 complex
(Eq. 67).1°! Although N-p-tosylimines afforded no enantioselectivity, enantiose-
lectivity increased up to 84% by using N-(2-pyridylsulfonyl)imines 144.
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The marked difference was attributed to the two-point binding of imine 144
to magnesium with the pyridine nitrogen and sulfonyl oxygen atoms.

Mg(OTf); (10 mol%), 143 (11 mol%),

0P TMSCN (1.3 eq) AP
>SN 3e >SN
)II\I ‘ N d HN ‘ N
CICH,CH,CI, 1t
_— 2 21 =
Ar A~ CN
144 (99%) 73-84% ee (Eq. 67)

0,0
T
Ph Ph
143

Chiral vanadium-salen complex 145, which was proven to be an efficient
catalyst for cyanosilylation of aldehydes, can promote the Strecker reaction of
aromatic aldimines and a ketimine with moderate enantioselectivity (Eq. 68).'%2

N >Ph 145 (10 mol%), HCN (1.2 eq) NC. HN-R2

|
Ar R! toluene, —40°, 4 h

(48-100%)
AF R! 41-81% ee

CEN EtOSO5~ (Eq 68)

t-Bu Bu-7
145

Although the enantioselectivity and substrate generality are not comparable to
those obtained using chiral thiourea catalysts 28 or 29 and the chiral gadolinium
catalyst derived from 14, two organocatalysts that promote asymmetric Strecker
reactions of ketimines have been reported recently. First, chiral phosphate 146
can activate simple amine-derived ketimines through hydrogen bond formation.
The Strecker reaction proceeded at —40° giving the corresponding products with
moderate enantioselectivity (Eq. 69).'°% Only results for aromatic substrates were
described.

WAPh 146 (5 mol%), HCN (1.5 eq) HN" Ph
)\ toluene, —40°, 3 d Ar/%CN

(69-95%)

Ar 56-80% ee

(Eq. 69)
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Bis(pipecolic acid)-derived N-oxide catalyst 147 promotes an enantioselec-
tive Strecker reaction of N-phosphinoyl ketimines with high enantioselectivity
(Eq. 70).1* A dual activation transition state model is proposed, in which oxy-
gen atoms of the N-oxide act as Lewis bases to activate TMSCN and an amide
hydrogen atom acts as a Brgnsted acid to activate the imine. A related organocat-
alyst 148 has been developed for a catalytic enantioselective Strecker reaction of
N-tosyl ketimines (Eq. 71).'% The enantioselectivity of catalyst 148 was in the
moderate range.

(0]
Il (@)
147 (5 mol%), TMSCN (1.5 e I
I\‘I/Pth ( . ) = (15eq) NCJHIN-FPy  (90:99%)
oluene, —
ol J\Rz RITOR2 72-92% ee
@ @ (Eq. 70)
0. HN\&O
O’ ’O
148 (5 mol%),
I\ll/TS 2,5-di-(1-adamantyl)hydroquinone (20 mol%) NCXNHTS
R]J\Rz TMSCN (1.5 eq), toluene, -20° R!” "R?
(90-99%)

0 j 61-91% ee (Eq. 71)
E/)\NH HN™
+ +
N N@
N !
148

Jacobsen’s catalytic asymmetric Strecker reaction was applied to the synthesis
of several isoquinoline alkaloids, such as (—)-calycotomine, (—)-salsolidine, and
(—)-carnegine. The chiral stereogenic center was constructed in high efficiency
using the catalytic asymmetric Strecker reaction (Eq. 72).'%

1.29 (5 mol%), HCN (1 eq), MeO
MeO toluene, —70°, 40 h
N. _CF
MeO _N 2. TFAA, -60°,2 h MeO T 3
CN O
86%, 95% ee

Me0 MeO MeO
— NH
— NH NM
MeO MeO MeOJQiP ¢
HO
(-)-calycotomine (-)-salsolidine (-)-carnegine

(Eq. 72)
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The literature has been surveyed up to August 2007. The reactions in the Tables
are arranged in order of increasing carbon number of the imines, excluding the
protecting group of the nitrogen atom. The reactions of aldimines are listed in
Table 1. The reactions of ketimines are listed in Table 2. The catalytic enantios-
elective Reissert reactions are listed in Table 3. The catalytic enantioselective
Strecker reactions of aldimines and ketimines reported in the literature disclosed
after submission of this manuscript (from November 2006 to August 2007) are
listed in Table 4 and Table 5, respectively. Yields of the products are included in
parentheses; (—) indicates that the yield was not reported. Enantiomeric excesses

ORGANIC REACTIONS

TABULAR SURVEY

(ee) of the products are also listed.
The following abbreviations have been used in the Tables:

BINOL
BINAP
Bn

Boc
DAHQ
Flu

Fm

fur
FmocCl
HMDS
Mes
Mtr
Mts
naph
Ph
PMB
TADDOL

t-Bu

Tf
TFAA
T™S
TMSCN
Tol

Ts

binaphthol

2,2'-bis(diphenylphosphino)-1,1’-binaphthyl

benzyl

tert-butoxycarbonyl

2,5-di-(1-adamantyl)hydroquinone

9-fluorenyl

fluorenylmethyl

furyl

9-fluorenylmethoxycarbonyl chloride

hexamethyldisilazide

mesityl (2,4,6-trimethylphenyl)

4-methoxy-2,3,6-trimethylbenzenesulfonyl

2,4,6-trimethylphenylsulfonyl

naphthyl

phenyl

p-methoxybenzyl

[5-(hydroxydiphenylmethyl)-2,2-dimethyl-
[1,3]dioxolan-4-yl]-diphenylmethanol

tert-butyl

trifluoromethanesulfonyl

trifluoroacetic anhydride

trimethylsilyl

trimethylsilyl cyanide

tolyl

p-toluenesulfonyl
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INTRODUCTION

Fischer carbene complexes can be broadly defined as those transition-metal
carbene complexes that have a low oxidation state, have an electrophilic carbene
carbon, and usually have a heteroatom-stabilizing substituent on the carbene car-
bon. The reactivity of Fischer complexes of the type 1 is consistent with the
resonance structures 1a and 1b (Scheme 1). These complexes were first prepared
by E. O. Fischer and were, in fact, the first examples of any type of transition-
metal carbene complexes to be reported.! The reaction of a Fischer carbene
complex with an alkyne was first reported by Dotz and was found to give a
chromium tricarbonyl complexed 4-alkoxy-substituted phenol (Scheme 1).> The
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outcome was unexpected because the reaction was anticipated to give a cyclo-
propene by transfer of the carbene ligand to the alkyne.> The reaction of Fischer
carbene complexes with alkynes is facile, occurring just above ambient temper-
ature, and resulting in the assembly of a benzene ring from the three carbons
of the «,B-unsaturated carbene complex, the two carbons of the alkyne, and the
carbon of a carbon monoxide ligand (Scheme 1). The synthetic value of this
reaction stems from its broad scope, the generally high yields for the process,
and the fact that the products can function as intermediates for the synthesis of a
variety of aromatic compounds including para-quinones. It is the most synthet-
ically valuable of the large number of reactions of Fischer carbene complexes
that have been developed for applications in synthetic organic chemistry.

Most of the previous reviews of the reactions of Fischer carbene complexes
with alkynes have appeared as part of larger reviews on the applications of Fi-
scher carbene complexes in organic synthesis that include a number of different
reactions.*~*' The first major review was published only a few years after the dis-
covery of the reaction,'” and shortly thereafter a detailed review appeared which
focused on the work of a single research group.'® The literature on the reaction
of Fischer carbene complexes with alkynes up to 1988 is roughly contained in
three reviews that cover all reactions of Fischer carbene complexes.!®16:20 A
comprehensive review has appeared that includes the reaction of Fischer carbene
complexes with alkynes for the period 1988 to 1993.2% This chapter is the first
comprehensive review that is limited to the synthesis of phenols and quinones
from the reactions of Fischer carbene complexes with alkynes. The literature is
covered as cited in Chemical Abstracts up to September, 2004.

MECHANISM AND OVERVIEW

The mechanism by which (4-alkoxyphenol)chromium tricarbonyl complexes
2 are produced from the reaction of Fischer carbene complexes is not known in
complete detail. A summary of the current understanding of the reaction of «,f-
unsaturated Fischer carbene complexes 1 with alkynes is presented in Scheme 2.
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The first and rate-limiting step of the reaction was long ago proposed on the basis
of kinetic studies to be a carbon monoxide dissociation from the starting carbene
complex to give the 16-electron unsaturated species 3.*> Subsequent reaction with
the alkyne is suggested to give the n',n*-vinyl carbene-complexed intermediate
(E)-4. Recently, this view has been called into question by a theoretical study that
concluded that the first step is an insertion of the alkyne to give a pentacarbonyl
species and then a rate limiting loss of CO to give the unsaturated vinyl carbene
complex (E)-4.% This report is controversial** because it is inconsistent with
kinetic studies that demonstrated that the first step of the reaction is loss of CO,
and that the second step depends on the alkyne concentration.*? The n',n*-vinyl
carbene-complexed intermediate (£)-4 has been suggested to exist in a number of
different forms. Most early mechanistic proposals include a [2 + 2] cycloaddition
of the alkyne and carbene complex to give a metallacyclobutene intermediate that
undergoes subsequent electrocyclic ring opening to give an n'-vinyl carbene-
complexed intermediate related to (E)-4 (see structure (£)-17 in Scheme 6) but
not having the chromium coordinated to carbons 2 and 3.3 It was suggested in
1987 that the n'-complex (E)-17 is coordinatively unsaturated and may prefer to
exist as the 18 e~ (n',n3-vinyl)carbene complex (E)-4.'3 Subsequently, extended
Hiickel calculations found that the n'- and n',n*-vinyl carbene complexes are
of comparable energy and also ruled out a metallacyclobutene intermediate as a
precursor to (E)-4.*% The intermediate 4 must have an E-configuration about the
C2-C3 double bond to enable phenol formation, and evidence suggests that this
configuration is favored by the electron-releasing methoxy group.*’ One recent
density functional theory calculation (DFT) found that the n',n*-complex (E)-
4 is more stable,*® while another recent DFT study found that the ' complex
(E)-17 (Scheme 6) is more stable.**->° It has been experimentally shown that
the n',»* and n' forms can interconvert.>'>> A third isomeric form of (E)-4
has been proposed recently on the basis of spectroscopic evidence in which the
chromium is coordinated to a carbon-carbon double bond originally present in an
alkenyl carbene complex.’®* The intermediacy of this species in the formation
of phenols has been supported by DFT calculations that find this configuration to
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be the most stable of the isomers of 4.4%-°03 An n',n*-vinyl carbene-complexed
intermediate has been isolated from the reaction of a cationic tungsten carbene
complex bearing a Cp ligand.’®

The insertion of CO was originally proposed to give the (*-vinyl) ketene
complex (E)-5 which upon electrocyclic ring closure and tautomerization gives
the observed phenol complexes 2.7 DFT studies support the intermediacy of
vinyl ketene complex (E)-5 for aryl complexes.*® However, for the same studies
on alkenyl carbene complexes there is no local minimum for the vinyl ketene
complex but rather CO insertion and electrocyclic ring closure occur in the same
step.*873% The isolation of (n*-vinyl) ketene complexes has been reported for the
reaction of alkynes with carbene complexes that do not have an «,S-unsaturated
substituent.’®>° The last step in the reaction is proposed to be the tautomerization
of cyclohexadienone complex 6, and support for this intermediate comes from the
isolation of a non-tautomerized (R> = H) complex from a molybdenum carbene
complex.% Metal-free and metal-complexed cyclohexadienones can be obtained
from these reactions if tautomerization is not possible (R?, R! # H).6162

Information about the rates and reversibility of these processes has been dif-
ficult to obtain because a rate-limiting CO dissociation is followed by rapid
conversion into product, which also explains the inability to detect reaction
intermediates.%®% One DFT study suggests that both the alkyne insertion and CO
insertion steps should be irreversible.* Another DFT study finds that the alkyne
insertion should be irreversible, but information on the CO insertion step was
not provided.*>>° A detailed study of the reaction of a (2-furyl) carbene complex
with 1-pentyne concludes that at least one of these steps must be irreversible.®
More recent studies on the reaction of a 2-methoxyphenyl complex finds that the
constitutional isomers of the vinyl carbene complex (E)-4 (see structures 4 and
7, Scheme 3) undergo interconversion faster than CO insertion although it could
not be determined if this interconversion takes place by reversible insertion of
the alkyne or some other mechanism.®

Unsymmetrical acetylenes react with «,fB-unsaturated Fischer carbene com-
plexes to give two constitutionally isomeric phenol products as represented by
compounds 2 and 8 (Scheme 3). In most reaction scenarios, the predominant
product can be predicted on the basis of the steric bulk of the alkyne substituents
such that the major product has the largest substituent of the alkyne incorporated
adjacent to the hydroxy group of the phenol.’ =7 With internal alkynes, mixtures
of isomers that vary with the sizes of the substituents are observed. With terminal
alkynes the reaction generally proceeds with greater than 100: 1 selectivity, but
lower selectivities are occasionally observed (10: 1).

The source of the steric influence of the alkyne substituents on regioselec-
tivity has been suggested to result from the interaction of these substituents
with carbon monoxide ligands in the n',n3-vinyl carbene complexed intermedi-
ate (Scheme 3, 4 vs. 7). Extended Hiickel calculations reveal that the substituent
at the 2-position of this intermediate is at least 1 A closer to its nearest CO ligand
than the substituent on the 1-position.*® It is not clear whether the preference for
isomer 4 over 7 is a result of kinetic or thermodynamic control. Perturbation of



THE SYNTHESIS OF PHENOLS AND QUINONES 127

1 R’
R 3 _OMe

— OH
2
RL-=— RS R? REL—RS RZ=H R! R-
OC-Cr-CO s s
P R R
CO
o oc (CONRCE OMe
e
2 (E)-4 2
(COMCr — R R larger than RS - .
major product
R* R!
R3
3 RL__L 3 OMe M
RS: RL RZRS|‘2[ RZ:H R R
N
0C-Cr-CcO™ R} R*
O({ co (COX;Cr OMe
(E)-7 8
R3 minor product
R! OMe

R* RLERS
0C-Cr-CO
Oé co

(E)-4a
Scheme 3

the regioselectivity by electronic effects has been reported rarely. To date, only
ketone’! and tributylstannyl’>7® substituents on the alkyne are known to influ-
ence regioselectivity to the point that electronic factors predominate over steric
factors. The source of these electronic effects have been interpreted in terms of
the resonance structure (E)-4a for the n',n*-vinyl carbene complexed interme-
diate. A recent report describes the regioselective reaction with internal boryl
alkynes, which may be due to electronic rather steric effects.”*7>

Even if the key intermediates in the reaction are those shown in Scheme 2,
this information is usually not sufficient to predict the product distribution. The
reactions are quite sensitive to solvent, temperature, concentration, the nature of
the metal and its ligands, and on any functionalities present in either the carbene
complex or the alkyne. The optimal conditions for a given carbene complex
and alkyne are best determined experimentally with the aid of the known set of
reactions that are presented in the Tabular Survey.

One of the main problems in the reaction of «,B-unsaturated Fischer carbene
complexes with alkynes is the large number of chemical structures that are pos-
sible products. The chemoselectivity, or the selectivity for a certain product type,
has been carefully examined and the number of products that have been reported
for this reaction are too numerous to list here, but are included in the Tabu-
lar Survey. However, for those reactions targeting phenols, the most common
structures observed as co-products are furans,%7%77 vinylcyclopentadienones,’®
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cyclobutenones, indenes (cyclopentadienes and two-alkyne phenols,
which are phenols derived from the carbene carbon, a carbon monoxide ligand,
and two equivalents of the alkyne.3"3! The mechanistic origin of each of these
side-products will be briefly discussed below to the extent that such information
is known.

A mechanistic accounting for the formation of the vinylcyclopenten-1,3-dione
product 10 and the furan product 13 is presented in Scheme 4. These products
result from the insertion of the alkyne to give the Z-isomer of the n',n3-vinyl
carbene complexed intermediate 4. The alkyne normally inserts to give the E-
isomer of 4 and this preference has been shown to be a result of the electronic
influence of the methoxy group.*’ Consequently, the vinylcyclopenten-1,3-dione
10 and furan product 13 are usually observed in less than 20% combined yield,
although under certain circumstances they are the major products of the reaction.
Furan formation results from insertion of a carbon monoxide ligand to give the
Z-isomer of the vinyl ketene complex 5, and then attack of the methoxy group on
the ketene to give the zwitterion 11. Carbon-oxygen bond fragmentation gives
the non-stabilized carbene-complexed intermediate 12, which is not observed
but is presumably attacked rapidly by the carbonyl oxygen with subsequent loss
of chromium to give the furan.®>7” Although two reasonable possibilities have
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been suggested for the formation of the vinylcyclopenten-1,3-dione 10, the most
likely pathway is thought to involve a reductive coupling of the carbon-carbon
double-bond of the ketene with a second molecule of the alkyne to give met-
allacyclopentenone 9. Subsequent CO insertion and reductive elimination would
render the observed product 10.73:60

For many reactions of interest, the formation of the indene product can be
the most detrimental, decreasing the yields of the desired phenol product. The
indene product results from the failure of carbon monoxide to insert into the
vinyl carbene-complexed intermediate (E)-4 to produce the vinyl ketene com-
plexed intermediate (E)-§ (Scheme 5). Instead, cyclization occurs to give a
five-membered ring (14), which upon loss of the metal gives the cyclopenta-
diene 15. This product is actually rarely seen with alkenyl-substituted chromium
carbene complexes and is usually only observed as a side-product in the reaction
of aryl complexes, where it is often isolated as the metal-free indene 16. The
phenol to indene (cyclopentadiene) ratio is more favorable for phenol formation
with chromium than with molybdenum and tungsten complexes.%-63-71:82 Phe-
nol formation is also more often seen with electron-poor complexes than with
electron-rich complexes,’*® and in less polar solvents rather than in more polar

3
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solvents.!3 Concentration and temperature can also influence this ratio such that
lower temperatures and higher concentrations favor phenol formation.3*

The two-alkyne phenol product 21 results from the incorporation of two equiv-
alents of the alkyne. It is believed that the formation of this product begins
with the decomplexation of the double-bond in the saturated 18-electron n',n’-
vinyl carbene complexed intermediate (E)-4 to give the unsaturated 16-electron
n'-analog (E)-17 (Scheme 5).3° Calculations have shown that these two interme-
diates are nearly identical in energy and that the barrier to their interconversion is
quite low*>*® This observation has been confirmed experimentally.’'>> The site
of unsaturation in (£)-17 makes possible the reaction with a second alkyne to
give the n',n>-vinyl carbene complexed intermediate 18 that has two equivalents
of the alkyne incorporated. CO insertion would give the vinyl ketene complex
19 and electrocyclic ring closure would give the cyclohexadienone 20, which
can sometimes be isolated but is usually reduced in situ by chromium(0) to give
phenol 21. This mechanism suggests that the formation of two-alkyne phenols is
concentration dependent and experiments reveal that the phenol 21 is most often
significant as a side-product at high concentrations and with sterically unencum-
bered alkynes. Just as the n',n3-vinyl carbene complexed intermediate (E)-4 can
decomplex from the double bond to give the n'-vinyl carbene complexed interme-
diate (E)-17 and then insert an alkyne, so can the ',n3-vinyl carbene complexed
intermediate 18. This process is presumably the mechanism by which Group 6
carbene complexes, especially those of tungsten, can cause oligomerization and
polymerization of alkynes.®’

Finally, the cyclobutanone product 22 is thought to be the result of an elec-
trocyclic ring closure of the vinyl ketene complex (E)-5. The formation of this
product is often maximized in acetonitrile where coordination of the solvent
to the metal may foster cyclization.!> It has not been determined whether the
two-alkyne phenol product 21 and the cyclobutanone product 22 can be formed
from the E-n',n*-vinyl carbene complexed intermediate 4, or formed from the
Z-isomer, or from both.

The formation of the phenol product can often be sensitive to the concentration
of the reactants. Extensive investigation revealed that this dependency is linked
to the concentration of the alkyne and not to that of the carbene complex.!3-6%-84
Increased concentration of the alkyne leads to increased proportions of the phenol
product relative to the indene (cyclopentadiene) product. An explanation was put
forth that involves the coordination of a molecule of the alkyne to the metal center
in the 16 electron n'-vinyl carbene complexed intermediate (E)-17, which already
has a molecule of the alkyne incorporated. Because an alkyne can be either a 2-
or 4-electron donor ligand, the coordination of alkyne 23 is proposed to facilitate
the insertion of a carbon monoxide ligand (Scheme 6). The alkyne can switch
from a 2-electron donor in 24 to a 4-electron donor in 25, and thus maintains
a saturated, 18-electron metal center during the CO insertion step. Electrocyclic
ring closure and loss of the acetylene would then produce the phenol chromium
tricarbonyl complex 2 as the product. This alkyne-promoted enhancement of
phenol formation is termed the “allochemical effect”®* if the alkyne 23 is the
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same as the first alkyne that has already been incorporated into (£)-17, and the
“xenochemical effect”® if the two alkynes are different. This allochemical effect
and the process that leads to the formation of the 2-alkyne phenol product 21
(Scheme 6) are closely related. In the former the alkyne coordinates to the metal
of (E)-17 but does not insert and in the latter the alkyne inserts into (E)-17 to
give the intermediate 18.

SCOPE AND LIMITATIONS

Benzannulation

Product Isolation. The primary product of the reaction between an alkyne
and an o,B-unsaturated Fischer carbene complex (e.g., 26) is an arene chromium
tricarbonyl complex with the chromium coordinated to the newly formed ben-
zene ring. The phenoxy function present in these products renders the molecule
sensitive to air and special precautions are needed to isolate these complexes.
The arene complex 27 is isolated in 45% yield by purification on silica gel at
—15° under an inert atmosphere (Eq. 1).8” However, this result does not re-
present the actual yield because naphthol 28 can be isolated in 66% yield after
oxidation in air® and quinone 29 is obtained in 73% yield after an oxidative
workup with ceric ammonium nitrate (Eq. 2).!> The lower yield of complex 27
is due to air oxidation which occurs despite the precautions taken. Most arene
chromium tricarbonyl complexes from this reaction are quite air-sensitive and
will lose the metal within minutes upon exposure to atmospheric conditions.
This air-sensitivity is in contrast to that of Fischer carbene complexes, which
are normally stable to air and only undergo extensive air oxidation when left
in solution for a day or more. Relatively air-stable arene chromium tricarbonyl
complexes are obtained from reactions of carbene complexes with acetylenes
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bearing large substituents as illustrated in the isolation of complex 30 in 79%
yield (Eq. 3).% Many such arene complexes with hindered substituents adjacent
to the phenol are quite stable to air and some will survive chromatography on
silica gel at room temperature in the presence of air with little or no decrease in
yield.®8

1. =—Pr-n, n-Bu,0, 45° Prn
Cr(CO
HCOs 5 Silica gel, Ny, —15° (Eq. 1)
OMe

Iy (CO)3Cr OMe
27 (45%)

OH
THF, 80° OO Pr-n
2. air
OMe
1. =Prn

OMe

26 | THR45° Pr-n
T 2cAaN
29 (73%
OH
1. = Bu-r. n-Buy0, 45° OO Bu-z
CrCOs 7 Silica gel, Ny, —15° (Eq. 3)
OMe (CO)Cr OMe
26
30 (79%)

The reaction of complex 26 with diphenylacetylene at 45° produces the arene
complex 31 with the chromium tricarbonyl group on the newly formed benzene
ring.? This product results from kinetic control because heating this complex
to 70° results in migration of the chromium tricarbonyl group to the other ring
of the naphthalene nucleus giving complex 32. This observation requires that
the chromium remains bound to the organic fragment during the entire course of
the reaction. Complex 31 is also used to demonstrate a method for removal of the
chromium tricarbonyl unit from the product that does not involve an oxidation
of the metal. Ligand displacement with carbon monoxide can effectively provide
the metal-free phenol 33 in good yield (Eq. 4).”® A related ligand displacement
method with triphenylphosphine has been reported.”® Another important aspect
of deprotection with CO in addition to the mild conditions is that this method
sequesters the chromium as its hexacarbonyl complex in high yield, thus pro-
viding for a convenient recycling of the chromium (chromium hexacarbonyl is
the starting material from which most Fischer carbene complexes are produced).
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Because chromium hexacarbonyl is relatively insoluble in ether, it can be recov-
ered by simple filtration.
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Ph 32
— (Eq. 4)
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In most synthetic applications the metal-free organic product is desired and
the method of workup is chosen to provide a clean and rapid removal of the
metal as well as to provide the product in a particular oxidation state or partic-
ular form of functional group differentiation, as illustrated in the reaction of the
cyclohexenyl complex 34 with diethylacetylene (Scheme 7).% Oxidative workup
with ferric chloride-DMF removes the metal from complex 35 but does not oxi-
dize the hydroquinone mono-ether, resulting in product 36. Pyridine N-oxide
has also been used for this purpose.”! Oxidation with ceric ammonium nitrate
removes the metal and oxidizes the product to the quinone 37. Cerium(IV) oxida-
tion in methanol gives the quinone mono-acetal 38. Other oxidants that have been
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Scheme 7
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used include lead oxide,%? nitric acid,’® silver oxide,”® and iodine.®” The ferric
chloride-DMF complex is not selective in the oxidation of naphthol chromium
tricarbonyl complexes, removing the metal and oxidizing the product to a naph-
thoquinone. Other than air, no oxidant has been reported that will selectively
remove the metal from a naphthol chromium tricarbonyl complex without also
oxidizing the naphthol to a naphthoquinone. Air oxidation is usually effective for
obtaining naphthols from naphthol complexes but exposure to air for extended
times, or additional irradiation with ultraviolet light may be required for certain
complexes. Ligand displacement with CO can be a useful alternative for the clean
isolation of naphthols.

In general, it has been possible to efficiently protect the phenoxy function
while retaining the chromium tricarbonyl group in products from the reactions
of alkenyl complexes. However, this process has not been as successful for the
reactions of aryl complexes, probably because of the increased lability of naph-
thol chromium tricarbonyl complexes toward ligand displacement compared to
that of phenol chromium tricarbonyl complexes. For example, the reaction of
phenyl complex 26 with 1-hexyne in the presence of acetic anhydride and tri-
ethylamine gives the acetylated product 39, which has lost the metal (Eq. 5).°4
In contrast, cyclohexenyl complex 34 undergoes benzannulation with 1-pentyne
followed by in situ acylation to give tricarbonyl(O-acetoxyarene)chromium com-
plex 40 in 64% yield (Eq. 6).°> O-Acetyl complexes can sometimes be obtained
from aryl carbene complexes if the naphthyl chromium tricarbonyl complexes
are first isolated.”> Whereas O-acetoxynaphthalene chromium tricarbonyl com-
plexes cannot be obtained by the one-pot method, the in situ acylation of these
products is useful because O-acylated naphthols are often less sensitive to air
oxidation than their corresponding naphthols. For this reason, in situ acylation is
often used to produce acylated products from both alkenyl and aryl complexes
and the transformation indicated in Eq. 5 has been developed as an Organic
Syntheses procedure.”* With alkenyl complexes, the metal-free O-acylated prod-
ucts are obtained from a tandem process in which the benzannulated product is
exposed to air before the acylating reagents are added.

OH

——Bu-n, THF, reflux Bu-n
CHCO)s
A0, EGN, DMAP )

oM
¢ (CO)Cr OMe
26 -

OAc
Bu—n
OMe

39 (68%)

(Eq. 5)
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Several other methods for derivatization of the phenoxy function have been
reported for the direct preparation of differentially-protected (hydroquinone)chro-
mium tricarbonyl complexes. The silylated chromium tricarbonyl complex 42
and the triflated complex 43¢ have both been prepared from carbene com-
plex 41 and 1-pentyne (Eq. 7). The yields of these complexes are approxi-
mately the same for both one-step and two-step processes. Silylated complexes
can also be obtained from aryl complexes in a one-pot process with certain
alkynes.”>%” Other electrophiles that have been used include triisopropylsilyl
triflate and methoxymethyl chloride.” Two reports of functionalization of the
phenol by an intramolecular Mitsunobu reaction have been described.”®*® In the
reaction of the octalin carbene complex 44, the metal is retained in product 45,

which is formed as a single diastereomer (Eq. 8).%
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(Eq. 8)

Regioselectivity. In general, the regioselectivity of the reaction is controlled
by steric effects and the level of regioselectivity is related to the difference in
steric bulk of the two alkyne substituents.®’~7? The major isomer derives from the
incorporation of the larger substituent into the position adjacent to the phenolic
hydroxy group. The largest difference in substituent sizes occurs when one of
them is hydrogen, and thus the highest selectivities are found with these alkynes.



136 ORGANIC REACTIONS

The regioselectivity with terminal alkynes is almost always extremely high with
both aryl and alkenyl complexes alike. This high selectivity is illustrated by the
reaction of phenyl complex 26 with phenylacetylene, which gives at least a 179: 1
selectivity for phenol 46 in preference to phenol 47 (Eq. 9).!%° Likewise, reaction
of cyclohexenyl complex 34 with 1-pentyne gives phenol 48 in preference to
phenol 49 with at least 250: 1 selectivity (Eq. 10).!%!

OH OH
|. = Ph, THF, 45° Ph
Cr(CO)s 2. air "
OMe ph (Eq.9)
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46 47
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(87%) 46:47 =179:1

OH OH
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Cr(CO)s +
2. FeCl3-DMF pr-n (Eq. 10)
oM
e OMe OMe
34 48 4

(55%) 48:49 >250:1

The pair of reactions of carbene complexes 41 and 50 with 1-pentyne pro-
vides a direct comparison of the regioselectivity of these complexes with the
same alkyne because these two reactions share the same set of two possible
isomeric quinones (but not phenols) (Eq. 11).%° Interestingly, whereas the trans-
1-propenyl complex 50 gives the typically high regioselectivity observed with
terminal alkynes, the 2-propenyl complex 41 only gives a 93:7 selectivity for
quinones 51 and 52. This ratio represents the lowest regioselectivity that has
been observed in the reaction of an alkenyl complex with a non-electronically
perturbed terminal alkyne and no explanation for it has been offered. The regio-
selectivity of this reaction can be increased to 97: 3 if the reaction is performed
with 1-tributylstannyl-1-pentyne.”?

Cr(CO)s + =—Prn o 1)
OMe 1. THF, 45° Prn
41 +
Pr-n
__CHCO)s o o} (Eq. 11)
Y + =—Prn 51 52
OMe
50 Complex 51+52 51:52
41 (51%) 93:7
50 (75%)  1:99

The effect of the difference in steric size of the two alkyne substituents on
the regioselectivity of the reaction is illustrated in Eq. 12.97 2-Pentyne gives
a 1.5:1 mixture of the isomeric quinones 54 and 55 upon reaction with the
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2-methoxyphenyl complex 53 (Eq. 12). This ratio is increased to 4.8:1 with
4-methyl-2-pentyne. On the basis of the difference in the size of the two sub-
stituents, higher regioselectivity was expected for the reaction with 1-phenylprop-
yne and the value of 41 : 1 has been recorded for this reaction.®® This selectivity
drops to 18:1 when the temperature is increased from 45° to 90°. This is the
only example in which regioselectivity as a function of temperature has been
reported.

O O
1. ———R, THF, 45° O‘ R . O‘
2. CAN R

MeO Cr(CO)s

MeO O MeO O
53 54 55 (Eq. 12)
R Temp  54:55
Et 45° 1.5:1
i-Pr 45° 4.8:1
Ph 45°  41.0:1
Ph 90° 18.0:1

Regioselectivity is rarely influenced by electronic perturbations of the alkyne.
Very small differences in the regioselectivity of the reaction of complex 26 with
substituted diphenylacetylenes 56 are found where nearly equal ratios of phen-
ol complexes 57 and 58 are observed despite significant electronic differences
in the two arene rings of 56 (Eq. 13).*> Electronic factors can, under some
circumstances, exert a strong influence on regioselectivity.”! =73 If the alkyne
is substituted by a stannyl group, the regioselectivity of incorporation of the
alkyne occurs as if the stannyl group were not present. Occasionally the regio-
selectivity is enhanced over that observed for the terminal alkyne. For example,
the reaction of complex 41 with 1-tributylstannyl-1-pentyne gives, after oxida-
tive workup, a 97:3 mixture of quinones 51 and 52 (Eq. 11).”> The reaction
of tributylstannylacetylene with complex 59 followed by in situ protection with
tert-butyldimethylsilyl triflate gives the stannyl-substituted chromium tricarbonyl
complex 60 in 40% yield, and the destannylated complex 61 in 27% yield
(Eq. 14).7? The major product 60 has the stannyl group incorporated adjacent
to the methoxy group (3-position). This orientation is opposite to the regiose-
lectivity previously seen with all terminal acetylenes. Minor product 61 could
have resulted from loss of the stannyl group in either the 2- or 3-position. The
reaction with 2-deuterio-1-tributylstannylacetylene proceeds with a 2: 1 selectiv-
ity in favor of the “abnormal” isomer 60. The origin of this effect is attributed
to B-stabilization of the positive charge on C1 of the vinyl carbene complexed
intermediate (E)-4a when the stannyl group is on C2 of (E)-4a (Scheme 3).
Although silicon has a lesser ability to stabilize S-carbocations than does tin,!'??
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it is nonetheless surprising that a similar electronic effect has not been observed
for silicon.®-7273

Buw,O, 45°
QYC“% v =)

26 OMe 56
R! R?
+
(Eq. 13)
/ / 1
(CO)Cr OMe R (CO)Cr OMe -
57 58

R!  R? 57+58 57:58

H Me (52%) 0.82:1.00%

H CF; (66%) 1.22:1.00%

Me CF; (62%) 1.17:1.00

* constitution not assigned
OTBS OTBS
T™S 1. =—Sn(Bu-n)s, THF, 50°
}»chcox : +
o 2. TBSOTY, E;N ™S Sn(Bu-m; TMS” ]
(S
. (CO);Cr OMe (CO);Cr OMe
60 (40% ) 61 (27%)
(Eq. 14)

A disubstituted alkyne with a ketone function in conjugation with the alkyne
reacts with high regioselectivity to give products in which the ketone function is
introduced into the phenol adjacent to the methoxy group (Eq. 15).”! Reaction
of complex 62 with hex-3-yn-2-one gives products 63 and 64, both as a result
of the same regiochemical incorporation of the alkyne. Compound 64 is formed
via cyclization of the vinyl ketene in a crossed fashion. Ester functions do not
impart a strong enough effect when conjugated with an alkyne to influence the
regioselectivity and as a result mixtures of isomers are observed.*’-”" It is curious
that a ketone, which is separated from the alkyne by two methylenes, has an effect
on the regioselectivity, albeit to a lesser extent than is observed with conjugated
ketones (Eq. 47).!19 A recent report on the regiochemical outcome of the reactions
of internal boryl alkynes may involve electronic control of the regioselectivity
by boron.”+73

OH 0 o)
| Et———Ac Et B
OMe +
o THF, 50° Et  (Eq. 15)
Cr(CO (6) Ac O
r( )5 OMe OMe

62 63 (33%) 64 (32%)
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Site selectivity in reactions of unsymmetrically substituted phenyl carbene com-
plexes has been examined to some extent. In all of the reactions of 3-substituted
phenyl carbene complexes 65, the major isomer 66 results from cyclization away
from a meta substituent (Eq. 16).®” A very curious observation is that the magnitude
of the site-selectivity observed with the 3-methoxy complex 65b is highly depen-
dent on whether a terminal or internal alkyne is used.%” The reaction with 3-hexyne
is four times less selective than the reaction with 1-pentyne. An explanation for this
behavior has not been advanced. The electronic nature of the meta substituent also
has a strong effect. The 3-trifluoromethylphenyl complex 65c is ten times as selec-
tive as the 3-methoxy complex 65b. The same reaction with the 3-methyl complex
65a gives a 1.2: 1 mixture of 66a and 67a. Because the trifluoromethyl group is
not significantly different in size than a methyl or methoxy group, it is clear that a
strongly electron-withdrawing group directs the cyclization to the more remote para
position. Two isomers are also possible in the cyclization of the 2-naphthyl com-
plex 68. However, reaction with diphenylacetylene affords only a single isomer,
namely a phenanthrene rather than an anthracene (Eq. 17).!% The actual chemical
yield of this reaction is likely to be quite high and the low yield of 69 is likely
a consequence of the air instability of this arene chromium tricarbonyl complex
containing an unprotected phenolic hydroxy group. Cyclization to the 1-position of
the naphthalene is a typical reactivity pattern for various types of cyclizations of
2-substituted naphthalenes because this option disrupts the aromaticity in only one
of the naphthalene rings. This direction of cyclization of 2-substituted naphthy]l car-
bene complexes has been confirmed in a different system by X-ray crystal structure
analysis.'%

(CO)5Cra_OMe o R O
1. Et—=—Et, THF, 45° O‘ Et Et
+
2. CAN/MeOH R - O‘ o
66

MeO OMe MeO OMe

65 67 (Eq. 16)

R 66 +67  66:67
65a Me (79%) 1.2:1
65b  OMe (81%) 2.1:1
65¢ CF3 (55%) 25.5:1

Cr(CO) ph
T 5
oo ol
€ _——
OO Bu,0, 45° OO \ OMe (Eq 17)
. Cr(CO)s
69 (19%)

The normal site selectivity of the reaction of Fischer carbene complexes
with alkynes can be reversed if the alkyne is tethered through the heteroatom-
stabilizing substituent. Either isomer of the quinone from the reaction of
4-methylphenyl carbene complex and 3-butynol can be obtained cleanly as shown
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in Egs. 18 and 19.3¢ Carbene complex 70 and the free alkyne give the expected
quinone isomer in 76% yield. The regiochemical outcome is reversed for the
tethered complex 71 because the vinyl carbene complexed intermediate 72 in
this reaction has the unsubstituted end of the alkyne at the C1 position. Note that
in the absence of a tether, a terminal alkyne will preferentially be incorporated
to give vinyl carbene intermediate (E)-4 rather than (E)-7 (Scheme 3) for the
reasons discussed above. It is interesting to note that the intramolecular reaction
of complex 71 gives high yields only in the presence of ten equivalents of
diphenylacetylene. This phenomenon is observed for a number of intramolecular
examples and is termed the xenochemical effect.3® The xenochemical effect is
related to the allochemical effect® in that the product distribution is a function of
the alkyne concentration, but it differs in that the distribution is a function of the
concentration of an alkyne that does not become incorporated into the product
(Scheme 6).

1. = (CH,),OTHP, o
Cr(CO) hexane, reflux OH
r 9
5 2 CAN (76%)  (Eq. 18)

OMe 3. MeOH, HCI
70 0
1.Ph—==—"Ph (10 eq), 0
Cr(CO)s hexane, reflux 60%)
S o 2. CAN oH
ST
71 Me, N o
3
R! R ?) (Eq. 19)
R2 !
0C—Cr—CO
od €O
72

Alkenyl, Aryl, and Alkynyl Chromium Complexes. The only alkenyl chro-
mium carbene complex that will not react with alkynes to give useful yields
of annulated products is the unsubstituted parent vinyl carbene complex 73
(Scheme 8). The reaction of complex 73 with I-pentyne gives approximately
a 13% yield of phenol 74.'% The origin of the failure of this reaction is not
understood but it is known that complex 73 is unstable with respect to polymer-
ization and can only be isolated in pure form below its melting point (15°).197-19°
The «-silyl-substituted vinyl complex 59 (Scheme 8) has been developed as a
synthetic equivalent for the parent vinyl complex.'!” The reaction of 59 with
1-pentyne followed by exposure to air and trifluoroacetic acid affords phenol
74 in 60% yield. Both the 2-propenyl and trans-1-propenyl complexes react with
alkynes to give useful yields of the cyclized product (Eq. 11). The cis-1-propenyl
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OH
Cr(CO) = pr- Pr-n
/Af 5 T-n (~13%)
OMe CH,Cl, 50°
73 OMe
74
OH
T™S Pr- .
1. =—Pr- -n 2. air/CF;CO,H
A0 e —— e
2Cly,
OMe T™S
59 (CO);Cr OMe
75
Scheme 8

complex also reacts with alkynes to give phenol products but the cis- and trans-
1-propenyl complexes could not be compared since the former isomerizes to the
trans complex at a rate competitive with the reaction with 1-pentyne.5® Interest-
ingly, B,B-disubstituted complexes do not isomerize during their reactions with
alkynes.'!!

The p-silyl-substituted complex 76 can also serve as a synthetic equivalent
for the parent and has the additional advantage that the silicon migrates to the
phenolic oxygen both obviating the need for protodesilylation and producing
an air-stable arene chromium tricarbonyl complex directly from the reaction
(Eq. 20).''0 This process occurs because migration of silicon to oxygen is faster
than tautomerization of the hydrogen in intermediate 78. Benzannulation of a
B-silyl-substituted carbene complex can be coupled with a Diels-Alder reaction
of an alkynyl carbene complex as illustrated in the one-step preparation of the
dihydronaphthyl complex 81 (Eq. 21).°>!'2 In this process, the diene reacts with
alkynyl complex 79 faster than with the alkyne to give the Diels-Alder adduct 80,
which then reacts with 1-pentyne with silyl migration to give the arene complex
81 in 80% yield.

OTBS
_ Pr-
TBS_~_Cr(CO)s =Prn r-n
OMe CH,Cl,, 50°
76 (COBCr OMe
77 (12%)
(Eq. 20)
0
TBS Pr-n
(CO)3Cr OMe

78
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OMe
(CO)sCr THEF, 50°
’ :\ + >\—/< + = Prn
79 T™S
OMe -
(Eq. 21)
(COXCr TMS MeO OTMS
(CO)sCr 4 Q
80 81 (80% )

A wide range of substituents on the phenyl ring in an aryl carbene complex can
be tolerated in the reaction. The introduction of a methyl group at the 2-position
(82) has very little effect on the yield of quinone product (Eq. 22 vs. Eq. 23).34
However, the methyl substituent does have some effect on the reaction run at
lower concentration and higher temperatures where both quinone and indene
products are observed. A methoxy group at this position has an even greater
effect (Eq. 24).3* Even if the reaction of the 2-methoxyphenyl complex 53 is
run at high concentration and low temperature to maximize the six-membered
ring product, indenes 84 and 85 are still formed in a combined 23% yield.
More dramatically, at low concentrations and high temperatures only a trace
of the quinone is observed. The yield of quinone 83 can be improved (77-91%)
by utilizing a large excess of alkyne or employing a less coordinating solvent
(benzene or 2,5-dimethyltetrahyrofuran).3*

1.Et—=—Et, O Et
THF, temp Et

Cr(CO)s + ‘ Et
2. CAN Bl

OMe o oMe  (Eq.22)
26
[26] Temp
0.1M 45° (88%) (£0.3%)
0.005 M 110° (87%) (£1.0%)
1.Et—E¢, o Et
THF, temp Et
Cr(CO)s + ‘ Et
2. CAN Bt
OMe o OMe (Eq. 23)
82
[82] Temp
05M 45° (87%) (£1.0%)

0.005 M 110° (58%) (16%)
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OMe 1.Et—Et,
THF, temp Et
CrCo)s ‘ Et ‘ Et

OMe OMe o OMe OMe OMe
53 85
[53] Temp
0.5M 45° (61%) (18%) (5%)
0.005 M 110° (trace) (65%) (10%)
(Eq. 24)

The effect of the methoxy group at the 2-position may be due to a combination
of coordination, electronic, and steric effects. Interestingly, the 4-methoxyphenyl
complex 86 displays a different sensitivity to concentration and alkyne substitu-
tion than the does the 2-methoxyphenyl complex 53 and thus the effects of the
methoxy group cannot be strictly electronic (Eq. 25).3* The 4-methoxy complex
reacts with 1-pentyne to give a 30% yield of quinone 87 along with indene 88
and keto ester 89, whereas, the reaction of the 2-methoxyphenyl complex under
the same conditions gives the quinone as the predominant product (not shown).%*
The keto ester 89 is not a primary product of the reaction but rather results from
air oxidation of furan 90, which is often seen as a by-product in this reaction
but is usually difficult to isolate.%>7%77 The influence of the 4-methoxy group
can only be electronic and the degree of its effect is significant because the reac-
tion of the unsubstituted phenyl complex 26 gives a 73% yield of the quinone
29 (Eq. 2) and the 4-acetoxy complex 91 gives a 61% yield of the quinone 92
(Eq. 26).3

MeO 1.=—Prn, Pr-n
THEF, 45° MeO Pr-n MeO
Cr(CO)s
2.CA

OMe
86 (0.5M) 87 (30% 88 (37%)
O O
MeOWOMe

-P)

89 (9%)

OMe

MeO 0
\
n-Pr
90

(Eq. 25)
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AcO 1. =—Pr-n, 0
THF, 45° AcO Pr-n
Cr(CO |O‘ﬂ
10 2. CAN (Eq. 26)
OMe o
91 (0.5 M) 92 (61%)

Almost all of the substituent effect studies that have been carried out on the
reaction of substituted phenyl complexes involve alkyl or alkoxy groups. Com-
plexes bearing electron-withdrawing groups have rarely been studied because
they are not available by the standard methods of synthesis. Fischer carbene
complexes are typically prepared by reaction of chromium hexacarbonyl with the
corresponding aryllithium compounds. Thus, functionality that is not compatible
with an organolithium reagent cannot be easily introduced into an arylcarbene
complex. A recent study provides one of the few direct comparisons of the effects
of electron-withdrawing and electron-donating groups on the reactions of phenyl
carbene complexes (Egs. 27 and 28).'!* Reactions of a number of para-substituted
complexes with 1-pentyne were examined in benzene. The complex bearing the
electron-releasing methoxy group gives low yields of quinone product and an
equal amount of the indanone product (the distribution is slightly different in ben-
zene and THF; Eqgs. 25 vs. 27). The effect of the bromo substituent is negligible,
whereas the trifluoromethyl group has a dramatic effect, affording a 95% yield
of the quinone. The observation of a positive effect of an electron-withdrawing
group was anticipated from published mechanistic studies.*” However, the yield
from the 4-acetylphenyl complex is not consistent with these studies and this
may be because of the instability of this complex. The reaction of the phenyl
complex bearing a trifluoromethyl group in the 2-position with 1-pentyne gives
a much reduced yield of quinone.!'® In fact, all 2-substituted phenyl complexes
give reduced yields independent of the electronic nature of the substituent. The
larger the substituent the more the yield decreases (methyl vs. iso-propyl).'!3
The reduced yields observed with 2-substituted complexes could be the result
of steric destabilization of the planar conformation of the vinyl ketene complex
(E)-5 that is necessary for cyclization (Scheme 2).

(0}

R .—Prn, Pr-n
benzene, 80° R Pr-n R
Cr(CO)s +
2. CAN
OMe o)
0.1M 0

R (Eq. 27)
OMe (36%) (40%)

H (78%) (1%)

Br (75%) (—)

Ac (63%) (—)

CF; (95%) (—)
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.= Prn, o Pr-n
benzene, 80° Pr-n
SOM
2. CAN
R Cr(CO)
01 M > R O R O
’ R (Eq. 28)

H (78%) (1%)
OMe (60%) (—)
CF; (64%) (—)
Me (66%) (—)
i-Pr (49%) (11%)

The reactions of a number of internally coordinated tetracarbonyl carbene
complexes have been investigated but the effects of such coordination on prod-
uct distribution have not been carefully determined in many systems. Given the
sensitivity of the reactions of the 2-methoxy-substituted phenyl carbene complex
53 to concentration, temperature, and solvent (Eqs. 24 and 28), it is necessary that
comparisons be made with full awareness of the exact reaction conditions. One
system in which a comparison under precise control of conditions has been made
is the reaction of the 2-methoxy-4-acetoxyphenylcarbene complex 94 (Eq. 29).34
The chelated complex 94 can be generated in high yield by heating 93 in THF.
The reaction of both complexes at 110°, and at 0.005 M in carbene complex with
1.5 equivalents of alkyne gives an essentially identical profile of the three prod-
ucts. From this experiment it can be concluded that it makes no difference whether
2-O-substituted phenyl carbene complexes are used as either the pentacarbonyl
or the coordinated tetracarbonyl complexes. Often, the transient formation of an
internally coordinated complex can be observed during the course of a reaction
of a non-coordinated complex with an alkyne.

AcO AcO 1. =Prn
THF, 110°
Cr(CO); or OMe
‘ 2. CAN
OMe OMe MeO—Cr(CO)4
93 94
(0] Pr-n AcO
AcO Pr-n  AcO
sou -
OMe O
OMe O OMe ©O o~ OMe
93 (41%) (12%) (18%)
94 (41%) (14%) (14%)
(Eq. 29)

Although the reactions of complexes 93 and 94 demonstrate that the product
distribution is not dependent on whether the methoxy group is coordinated prior
to the reaction, the results in Eqs. 24 and 30 suggest that coordination by the
methoxy group at some point in the reaction may take place. The chromium
should be much less able to coordinate to a tert-butoxy group than to a methoxy
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group. Thus, if coordination of the methoxy group is responsible for the differ-
ences in the reactions of phenyl complex 26 and the 2-methoxyphenyl complex
53 (Egs. 22 and 24), then the reaction of the 2-tert-butoxyphenyl complex 95
(Eq. 30) should have a product distribution more similar to that of 26 than to
that of 53. On the other hand, if the effect is strictly electronic, then the two oxy-
genated complexes 53 and 95 should produce the same distribution. The result is
intermediate between these extremes. It is clear that hindered protecting groups
on the oxygen substituent allow preferential formation of the quinone product.
The reaction of 2-fert-butoxyphenyl complex 95 with 3-hexyne at 0.5 M and 45°
affords a 96% yield of the quinone with less than 1% of the indene (Eq. 30),
whereas under the same conditions the 2-methoxyphenyl complex 53 affords only
a 61% yield of the quinone and 23% of the indene (Eq 24).8* Note that the data
in Eq. 28 predict that the yield of quinone from the reaction of complex 95 would
be less than that for 53 (Eq. 24) given the size of the 2-substituent. However, the
reactions in Eq. 28 are performed in a different solvent and are carried out on a
terminal alkyne. Internal and terminal alkynes can have quite different product
distributions (see below).

1.Et———Ft, o Et Et
THF, temp Et
OMe + ‘ Et + ‘ Et
2. CAN Et
-BuO Cr(CO
Bu 95r( )s +~BuO O +-BuO OMe t-BuO 0
[95] Temp
05M 45° (96%) (£1%) (—)
0.005 M 110° (7%) (54%) (8%)
(Eq. 30)

The sulfur-coordinated complex 97 has been prepared and its reaction with
4-pentyn-1-ol has been compared with that of the non-coordinated complex 96
(Scheme 9).°! The reactions are carried out by adsorption on silica gel and the
internally coordinated complex gives a 39% yield of the phenol 98, double that of
the non-coordinated complex. No other products are reported for this reaction and
the fate of the remainder of the substrate is not known. The coordinated complex
is more stable than the non-coordinated complex, and thus the increased yield
may be due to competing decomposition of complex 96. It is likely that the
loss of sulfur arises from an in situ reduction of the cyclohexadienone 99 by
chromium(0) to give 98.3°

A variety of heteroaryl Fischer carbene complexes give good yields of annu-
lated phenols and quinones. The reaction of the 2-furyl complex 100 with 3-
hexyne provides the quinone 101 in 85% yield after oxidative workup with CAN
(Eq. 31).""* The reaction of the 3-furyl complex 102 gives the same quinone in
77% yield with no detectable amount of an isobenzofuran that would result from
the alternate siteselectivity in the cyclization.!®*!!* The furan complex 100 reacts
with the functionalized alkyne 104 in the presence of acetic anhydride to give



THE SYNTHESIS OF PHENOLS AND QUINONES 147

OMe
(CO)5CI‘
S / Q
PH
” . = (CH,);0H OH
45°, benzene silica gel, 80° on
(76%) 2. pyridine N-oxide 0
OMe
OMe
(CO)4CI“* 98
o (19%) from 96
A~ (39%) from 97
o Ph\s O
97
OH
O
OMe
99
Scheme 9

the benzannulated product 105 (Eq. 32).!"> The same reaction of the 2-pyrrolyl
complex 103 is more efficient, providing the highly functionalized indole 106 in
62% yield.!!>-116

/]
o Cr(CO)s
OMe I.Et—Et, ? .
100 THF, 70° / !
2. CAN 0 Et (Eq. 31)
o 0
—_Cr(CO)s
101
OMe (85%) from 100
102 (77%) from 102
OAc OTBS
a OTBS THE, 65°
Cr(CO)s + — " .
X Bo—=— Ac,0, NEG; .
OMe okt  (Eq. 32)
104
OMe
100 X=0 105 X = O (43%)
103 X = NMe 106 X = NMe (62%)

The site selectivity of the annulation of a 3-pyrrolyl carbene complex can be
reversed by blocking the 2-position. This was demonstrated in the reaction of
the 2,5-dimethyl-3-pyrrolyl complex 107 with diphenylacetylene to give a sub-
stituted isoindolequinone (Eq. 33).!'7 The synthetic utility of indole-substituted



148 ORGANIC REACTIONS

carbene complexes is illustrated in the reaction of the 2-indolyl complex 108,
which reacts with 3-hexyne to give a carbazoloquinone in 81% yield (Eq. 34).6?
Pyridylcarbene complexes have proved difficult to make''®~12% and for this reason
dihydropyridyl complexes of the type 109 were developed as synthetic equiv-
alents for 2-pyridyl complexes (Eq. 35).!>! Subsequent to annulation with an
alkyne, the pyridine ring may be reoxidized with trityl tetrafluoroborate, which
also oxidizes the hydroquinone ring to give substituted quinolinoquinones.

1. Ph—=—Ph, o -
~ o
Me—N -~ toluene, 95 MeoN B
Cr(CO)s 2. air = - (Eq. 33)
OMe
107 (44 %)
1.Et——Et, 2 Et
O oo, s )
5
Nod 2. CAN N Et (Eq. 34)
Me
M
¢ Me ©
108 (81%)
1. =——Pr-n, OH 0
B THF, 60° | Prn  ph,ctBF,~ o~ Prn
OM i
ITI e 2. air N \N
Boc Cr(CO)s Boc OMe
109 (58%) (70%)

(Eq. 35)

There have been occasional reports of the benzannulation of Fischer carbene
complexes bearing heteroatoms at a position beta to the carbene carbon. Examples
already discussed include the B-silyl substituted complexes 76 and 80 (Egs. 20
and 21)112119 and a B-thio ether complex 96 (Scheme 9).°! The sulfone complex
corresponding to 96 also undergoes benzannulation with loss of the sulfone to
give phenolic products related to 98 where the sulfur is lost in the aromatization.”!
Only two examples of cyclization of complexes bearing S-oxygen substituents
are known. In the first, the S-methoxyalkenyl complex 110 reacts with 1-pentyne
to give phenol 111 in 64% yield (Eq. 36).'?> The loss of the methoxy group from
the cyclohexadiene complex 112 is likely a result of reduction by chromium(0)
to give a chromium(II) phenolate complex.®’ The second example is the reaction
of the internally coordinated naphthyl complex 113 with the alkyne 114 to give
the substituted phenanthrene 115 (Eq. 37).!9 This example demonstrates the
strong preference for cyclization of a 2-naphthyl complex to the «-position. With
complex 113, this preference is strong enough to force cyclization to occur ipso
to the methoxy despite the fact that the other ortho position is unsubstituted. An
amino group in the B-position leads to the exclusive formation of cyclopentadiene
products. This reaction has been examined extensively and is illustrated by the
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reaction of complex 116 which gives the cyclopentadiene 117 in 77% yield
(Eq. 38).!%* Depending on the conditions and substrates, a variety of products
have been observed from the reaction of f-amino complexes.*

1. =—Prn, OH
o
Meoﬁ/\fcr(CO)S MeCN, 50° Pr-n
OMe 2. air
110 OMe
0 111 (64%) Eq. 36
eO (Eq. 36)
Pr-n

/
(CO) 3CI‘ OMe
112

OMe

Y O
. o OMe
. NCOzMC 1. ~-BuOMe, 50
7
OMe CO,Me 2. PPhj, acetone, AcO

Mo ' Ac,0, NEt;
e Cr(CO),4 COMe
113 114 115 (44%) COMe
(Eq. 37)
NM
\ € — Prn NMCZ
n-Pr
EtO THF, 52° (Eq. 38)
Cr(CO)s OEt
116 117 (77%)

Cyclization occurs onto an «,B-unsaturated carbene complex that bears a
B-halogen substituent. The two known examples involve fluorine and chlorine
substituents. The B-chloroalkenyl complex 120 reacts with phenylacetylene to
give a significantly higher yield of the quinone 119 than the corresponding
unchlorinated complex 118 (Eq. 39).'** The «,B-difluoro complex 121 reacts
in a similar fashion to afford (after cyclization and reductive cleavage of the
fluorine) phenol 122 in 35% yield (Eq. 40).'?° Cyclization does not occur if the 8-
fluoro substituent is on a benzene ring.'?® The reaction of the 2,6-difluorophenyl
complex 123 with diphenylacetylene affords the cyclobutenone 124 as the major
product (Eq. 41).'2° A second product, 125, results from cyclization, not onto the
phenyl group of the carbene complex, but onto the phenyl group of the alkyne.
Both products from this reaction are obtained as chromium tricarbonyl complexes
but in each case it was not determined which of the aryl rings is coordinated.
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Cr(CO)s |.=—Ph, O
Si0,, 80° BnO 0
2. CAN BnO~ Ph Edq. 39
BnO BnO O (Eq. 39)
118R= H 119
120R=Cl (19%) from 118
(48%) from 120
. 1.Ph—=—Ph, OH
#-BuOMe, 55° n-Bu Ph
n-Bu A _CrCO)s e
2. FeCl3-DMF (Eq. 40)
F OMe F Ph
121 OMe
122 (35%)
E 1.Ph—==—Ph E
> OMe
MeO n-Bu,0, 100° O
: «Cr(CO); +
(CO)sC 2. air
F Ph ph F
123 124 (30%)
(Eq. 41)
jol
oMe * Cr(CO)3
O
125 (—)

The benzannulation of o-alkynyl complexes has been reported and is illustrated
in Scheme 10.'?” Mechanistically, this reaction must be quite distinct from that of
alkenyl- and arylcarbene complexes (Scheme 1). Intramolecular reaction of the
pendant alkyne in complex 126 and carbon monoxide insertion is proposed to give
an alkynyl-substituted vinyl ketene complex of the type 127. Cyclization of this
vinyl ketene complex then gives a diradical intermediate, which upon hydrogen
abstraction gives a benzannulated product. Note that the indoline 129 obtained
from thermolysis of complex 126 is the same product that could be produced from
the alkenyl complex 131 by the normal mechanism. However, complexes of the
type 131 do not give phenols but rather cyclize without CO insertion to give
a cyclopentadiene unit that is embedded into an azabicyclo[3.3.0]octane.'?® The
indoline 129 cannot be isolated as its chromium tricarbonyl complex. However,
if the reaction of 126 is carried out in the presence of triethylsilane as hydrogen
donor, the silyloxyindolinylchromium tricarbonyl complex 130 is isolated in 41%
yield. Recently, an alternative entry to diradical intermediates of the type 128
from saturated carbene complexes has been reported, and the synthetic utility of
these intermediates has been further explored.!?% 139

Alkyne Components. The reactions of «,8-unsaturated Fischer carbene
complexes with alkynes will tolerate a broad range of functional groups present
in the alkyne. Less tolerant are alkynes that are conjugated to strongly electron-
withdrawing or electron-donating groups and also alkynes that are very bulky.
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Y-terpinene, .
N Acy0, NEt = ©
(CO)sCr 2 3 o) \ ‘
/L THF, " THF,85° = N Ph N

P | Me \oMe
Cr(CO)3 Cr(CO)3
126 127 128
Et;SiH H source
THF, 85°
Et3Si0 X
3 ;®\/> (CO)5C> Acoj/v%O
Ph \ NM PhA\)L N Ph N
e \
Cr(CO)3 Me Me
130 (41%) 131 129 (53%)
Scheme 10

Coordination of functional groups on the alkyne to the metal can lead to side-
product formation. Functional groups on the alkyne that survive under the reaction
conditions include alkenes, alkynes (hindered), halides, silanes, stannanes, ethers,
thio ethers, seleno ethers, acetals, epoxides, ketones, esters, amides, nitriles, nitro
groups, sulfoxides, and sulfones. Alcohols can be tolerated by the reaction in
some instances (see below).

The reaction of Fischer carbene complexes with acetylene fails to give useful
amounts of the normal benzannulation product. For example, the reaction of
complex 26 with two equivalents of acetylene affords a 1% yield of naphthol 132
and a 36% yield of the two-alkyne phenol 133 (Eq. 42).3! The two-alkyne phenol
results from incorporation of the carbene carbon, a carbon monoxide ligand, and
two equivalents of the alkyne. The primary product is the cyclohexadienone
complex of the type 134, which is reduced by chromium(0) to the phenol.®
The yield of the two-alkyne phenol drops sharply with substituted alkynes. The
reaction of 26 with propyne provides useful yields of the naphthols and only 4%
of the two-alkyne phenol corresponding to 133.13!

OH

OH
Do, =22 (7 g
Cr(CO)s +
THEF, 45° O
OMe
OMe
26 132 (1%) 133 (36%)
(Eq. 42)
O
OMe
B
/
(COYCY

134
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Trimethylsilylacetylene can serve as a synthetic equivalent for acetylene
because it affords high yields of the normal benzannulated product and can
be subject to clean proto-desilylation (Eq. 43, Scheme 8).9%-101.110 Bylky silyl-
substituted alkynes can lead to the isolation of vinyl ketenes that are stabilized
by the a-silyl substituent.’”-6!:132-134 Thys, reaction of phenyl complex 26 with
phenyl(triisopropylsilyl)acetylene gives the vinyl ketene in 88% yield (Eq. 44).!3*
Whereas stannyl-substituted alkynes do not yield stable vinyl ketenes, they have
been reported to cause a reversal in the site selectivity of alkyne incorporation
into phenolic products (Eq. 14).7>73

R2 OH OH
O] =—TMS R ™S g R
gl OMe —————> ! ! (Eq. 43)
Rl LRl
Cr(CO)s OMe OMe
Oy, TIPS
©YCr(CO)5 Ph—=—TIPS PNy 35%) (Eq. 44)
OMe benzene, 80 ‘ Y OMe
26 Cr(CO);

The efficiency of phenol formation from unfunctionalized alkynes is quite
different for internal and terminal alkynes. The reactions of 4-substituted phenyl
carbene complexes in benzene with 3-hexyne (Eq. 45) are compared to the same
reactions with 1-pentyne (Eq. 27).!'* Reactions with 3-hexyne produce greater
than 90% yields of quinone products for all 4-substituted phenyl complexes
including those with electron-deficient as well as electron-donating substituents.
The yields are also generally higher for reactions of ortho-substituted complexes
with 3-hexyne compared to 1-pentyne (Eq. 46 and Eq. 28). However, as in the
reaction of 1-pentyne (Eq. 27), the yields from reactions of 3-hexyne with ortho-
substituted complexes are also suppressed relative to those of the unsubstituted
phenyl complex (Egs. 45 and 46). There are two reports of the reactions of cyclic
alkynes, and the example shown in Eq. 47 is of interest because it reveals that
a carbonyl group separated from an alkyne function by two methylenes can
influence the regioselectivity.'013

R 1. Bt———Et, o Et

O\H/ benzene, 80° R Et R
L, « Ul
2. CAN Et
Cr(CO)s o)
R 0 (Eq. 45)
OMe (93%) (—)
H (96%) (<0.7%)
Br (93%) (<1%)

CF; (96%) (—)
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1. Et———E, o Et
benzene, 80° Et
ome DO e
2. CAN -
R Cr(CO)s r 0
N R0 (Eq. 46)
H (96%) (<0.7%)
OMe (77%) (7%)
CF; (74%) (—)
Me (58%) (—)
0
0
0
1. THF, 45°
OMC +‘ o
2.CAN O‘
R Cr(CO)s (Eq. 47)
R O .
I R O 1 d
R I+11 I:11
H (89%) (—)
OMe (69%) 2.3:1.0
CF; (42%) 1.5:1.0

Although alkenes react with Fischer carbene complexes to produce cycloprop-
anes,'? they do so too slowly to compete with the benzannulation reaction.
Thus, the reaction of Fischer carbene complex 34 with (Z)-1-methoxybut-1-en-3-
yne results in a good yield of the phenol (Eq. 48).%° The compatibility of alkenes
with the benzannulation reaction has also been demonstrated in an intermolecular
competition experiment. The yield of the quinone from the reaction of complex
53 and 3-hexyne (Eq. 24) is unchanged (58%) when carried out in the presence of
four equivalents of ethyl vinyl ether'3” even though, in the absence of 3-hexyne,
ethyl vinyl ether gives good yields of cyclopropane.'3?

MeO
— //\ (2 eq). TsOH
Cr(CO
10 THF, 45° (Eq. 48)
OMe

34 OMe OMe
(68%) (70%)

Conjugated 1,3-diynes react with one equivalent of a Fischer carbene complex
to provide the benzannulated product in which one of the alkynes has been
incorporated in a process that is unaffected by the presence of the other alkyne.
After decomplexation of the metal from the phenol 135 by exposure to air, a
second benzannulation can be carried out to give biaryl product 136 in good yield
(Eq. 49).'% Interestingly, product 136 cannot be obtained by direct reaction of the
diyne with an excess of the carbene complex. It thus appears that the presence
of a chromium tricarbonyl group on the mono-annulated product 135 hinders
subsequent reaction with a second equivalent of carbene complex. The reactions
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of conjugated 1,3,5-triynes are complicated by the ability of a carbene complex
to react either with the central alkyne unit or with one of the two terminal
alkyne units. Steric interactions predict that the reaction would be selective for
the central alkyne. The cyclohexenyl complex 34 reacts at the central alkyne with
1,3,5-triynes that are capped with triisopropylsilyl groups. Surprisingly, the triyne
capped with a phenyl group gives rise to exclusive incorporation of a terminal
alkyne unit (Eq. 50).'%°

1. Ph—=—=——"Ph, OH
THF, 66° Ph 1. 34, THF, 70°
Cr(CO)s . ; >
2. air 2. air
OMe X
OMe Ph
34 135 (67%)
(Eq. 49)
l.R—————R
THF, 55°
Cr(CO)s
2. air
OMe
34
OH
OH R

R = (Eq. 50)
- or

X N

X
OMe X . OMe R
(43%) R = Ph (70%) R = TIPS

Heteroatom-substituted alkynes do not always react with Fischer carbene com-
plexes to give phenolic products. Ynamines are reactive towards Fischer carbene
complexes and react below room temperature to give simple non-cyclized inser-
tion products.'#%-!4! This reaction occurs by a mechanism that is different from
that for simple alkynes. The reaction is first order in both carbene complex and
ynamine.'*! The insertion products undergo a thermally induced cyclization that
leads to indene products and not to phenols, presumably due to the electron-
rich nature of o,B-unsaturated complexes of type 137 (Eq. 51).!*? In contrast to
ynamines, alkoxy-substituted alkynes such as 104 do react with carbene com-
plexes to give phenols (Eq. 32). Terminal alkoxy acetylenes also yield insertion
products analogous to 137.'** Alkynyl thio ethers do not react with chromium
carbene complexes in the same way as either ynamines or alkoxy acetylenes,
but rather give very unusual dienyne products that are unprecedented in all
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the reactions of carbene complexes with alkynes (Eq. 51).!* Tungsten com-
plexes react with thioalkynes to give insertion products analogous to 137.'%3
Haloacetylenes react with Fischer carbene complexes to generate complex mix-

tures of products.’> 146
MeO Bu-n
n-Bu—=——SMe Ph
o N\ p G9%)
hexane, 80 —
- n-Bu OMe
e
>:Cr(CO)5 — e
Ph
2 B NEt,
— NE, (CO)Ser:<Ph (70%)
hexane, 20°
OMe
137

The presence of an alcohol function on the alkyne can sometimes be tolerated,
but can also lead to intramolecular trapping of the complexed vinyl ketene inter-
mediate to give lactones. This behavior is dependent on the length and substitution
of the tether between the alkyne and the alcohol function and on the nature of the
carbene complex. A dramatic example of this dependence is the reaction of the
two propargylic alcohols shown in Egs. 52 and 53. Propargyl alcohol gives only
the phenol (Eq. 53),'*” whereas substituted propargylic alcohols give B-lactones
as the exclusive products (Eq. 52).'#% This divergence has been attributed to
the Thorpe-Ingold effect.!*® Interestingly, alkynes similar to 138 that contain a
4-membered ring can afford either ring-expanded or cyclobutenone products.'*’

OH 00
CO)-C :<Ph i THF, reflux -
r - — "
(0 OMe — Acy0, NEt3 — (Eq. 52)
OMe

26 138 (52%)
OH OH
CrCO) OH +-BuOMe OO
T + / s
v = 45° (Eq. 53)
OMe
OMe
26
(60%)

Homopropargylic alcohols afford substantial amounts of lactone product with
aryl complexes but not with alkenyl complexes.'*” Whereas the reaction of 4-
methylphenyl complex 70 affords naphthol 139 in only 17% yield along with
the lactone 140 in 33% yield (Eq. 54a), the reaction of alkenyl complex 141
with 3-butyn-1-ol affords phenol 142 in good yield (Eq. 54b)."*” Lactone 140
is depicted as the Z-enol ether rather than as the E-enol ether that was origi-
nally reported. Subsequent work established that the enol ether from the reaction
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of 4-pentyn-1-ol with complex 70 was assigned incorrectly as the E-enol iso-
mer and thus it is considered likely that the enol ether configuration of 140
was also incorrectly assigned as the E-isomer.%> The Z-isomer of the com-
plexed vinyl ketene intermediate 143 cannot cyclize to the naphthol 139. Because
the E-isomer of 140 is not observed, it can be assumed that for the E-isomer
of ketene complex 143, intramolecular trapping of the ketene by the hydroxy
group cannot compete with cyclization to phenol 139. Longer-chain alcohols
give much less of the ketene-trapped product. The reactions of complex 70 with
4-pentyn-1-ol and 5-hexyn-1-ol give the corresponding naphthols in 44 and 75%
yields, respectively.!4’

//
Cr(CO)s
t-BuOMe, 45°
OMe

70

139 (17% 140 (33%
(Eq. 54a)
OH

OH
///V OH
Z Cr(CO)s
t-BuOMe, 45°

OMe
141

OMe
142 (76%)

Fr(CO);
~ OH

OMe 1
e

(Eq. 54b)

?r(COh

(E)-143 (2)-143

The presence of a propargyl ether function can be detrimental to benzannula-
tion especially for the reaction of electron-rich aryl carbene complexes. Whereas
the trert-butyldimethylsilyl ether of 1-hexyn-3-ol reacts with complex 144 to give
only the naphthol product 145, the corresponding methyl ether gives a mixture
of naphthol 145 and furan 146 (Eq. 55).'>° These examples suggest that coor-
dination of the propargyl oxygen to chromium during the reaction is somehow
responsible for the formation of furans. An increase in the level of substitution
at the propargylic position is also detrimental to the reaction but not as a result
of furan formation. For example, the indene product 147 is formed in 28% yield
from the reaction of complex 144 with the quaternary TBS-protected propargyl
ether prepared from 3-methyl-1-hexyn-3-ol.!>° This steric effect is also observed
for alkynes that do not bear propargylic oxygen substituents.?*
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1

OMe Cr(CO)s o R Pr-n
OMe OR?
THF, 60°
OMe .
R! Pr- R! pp
144 OMe OH OR? " oMe \T
R! R’0 ) OMe OR?
= + +
CLT ™ e, ) e
OMe OMe OMe OMe
OM
145 146 ¢ 147
R' R? 145 146 147
H Me (24%) (16%) (—)
H  TBS (46%) (—) —
Me TBS (30%) (—) (28%)

Propargyl ether functions can lead to high yields of naphthol products if the
oxygen carries a fert-butyldimethylsilyl group and the aryl ring of the carbene
complex is not electron-rich. This behavior is illustrated in the reaction of phenyl
complex 26 with bis-propargyl ether 148, which provides the naphthol 149 in
85% yield (Eq. 56).!5! The phenol functionality is not acetylated, but if acetic
anhydride is not present the reaction falls. Alkenyl complexes are much less sus-
ceptible to side product formation with propargyl ethers. The reaction of carbene
complex 76 with propynal diethyl acetal gives a 53% yield of the chromium tri-
carbonyl complex 150 (Eq. 57).!'9 Complexation of the propargyl ether oxygen
is not a problem for the reaction of trans-1-propenyl complex 50 as it is for the
reaction of the aryl complex 144 (Eq. 55) given that an 82% yield of the phe-
nol complex 151 is produced in this reaction (Eq. 58).%% Homopropargyl ether
functions can also interfere with the benzannulation reaction.!>?

TBSO OTBS .O
OBn —
— Ac,O OH
Cr(CO)s  + -, OBn
heptane, 80° OO OTBS

OMe
26 148 OMe OTBS
149 (85%)
(Eq. 56)
TBSO  OEt
OEt O
TBS Cr(CO)s CHyCly, 50 OEt
OMe 7 /
76 (CORCT e
150

(Eq. 57)
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TBSO OMe
_~_Cr(CO)s OMe CH,Cl,, 50°
h + /K (82%) dr = 85:15
OMe Z TBSOT, ,
50 2,6-lutidine (CONCE OMe

151 (Eq. 58)

Propargylsilanes react to give phenols but only if they are unsubstituted at the
propargylic carbon. The reaction of the phenyl complex 26 with 1-trimethylsilyl-
2-propyne gives the normal phenol product in 62% yield (Eq. 59).'5° However,
phenols are not observed if an additional substituent is present in the 1-position of
the propyne.'3*135 These propargylsilanes stereoselectively produce only the E,E-
dienes. This type of product may be formed when the normal cyclization process
is thwarted by a g-silyl elimination from the intermediate n',3-vinyl carbene
complexed intermediate 152 with subsequent reductive elimination resulting in
the formation of a carbon-silicon bond.

R R OH R
= MeO. -~~~
TMS T™S
Cr(CO)s ™s +
solvent, reflux
OMe L,
26 Solvent R ¢
dioxane  Ph (82%) (—)
dioxane  n-Pr (75%) (—) (Eq. 59)
THF H —) (62%)
OMe
Ph
TMSQ
|
R Cr(CO)4
152

Reactions of alkynes that are conjugated to ketone or ester groups do give
phenol products but in diminished yields when compared to unfunctionalized
alkynes. The reaction of phenyl complex 26 with 3-butyn-2-one affords the naph-
thol product in 42% yield (Eq. 60).”° No other products are reported from this
reaction. The reaction of the same complex with ethyl propynoate affords the
naphthol in 41% yield.”” These are the highest yields reported to date with any
alkoxy carbene complex having a terminal alkynone or alkynoate ester; however,
there is a high-yielding reaction of ethyl propynoate and an amino complex. 36157
Higher yields of naphthols can be obtained from conjugated alkynyl esters if the
alkyne is internal.”® The ester functionality has little influence on regioselectiv-
ity when the alkyne is internal. The reaction of conjugated alkynyl ketones in
an internal alkyne also gives higher yields but of two predominant products, as
illustrated by the reaction of 62 where an unusual tricyclic lactone 64 is produced
along with the normal product 63 (Eq. 15).”' Both products are formed by the
same regiochemistry of incorporation of the alkyne. The reaction of complex 53
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with alkyne 153 illustrates that the presence of non-conjugated ketone and ester
groups is usually tolerated (Eq. 61).!%%

o OH O
R
@YCKCO)S ¥ /R THE OO R Me @%) (go 60)
65° . :
OMe OEt (41%)
26

OMe
OMe . A OH
. - ¢ benzene OO ‘ Ac
Cr(CO —
s MeO,C 45°
2 CO,Me
OMe OMe 2
53 153 (81%)
(Eq. 61)

Alkynyl borate esters participate in the benzannulation reaction. The reaction
of phenyl complex 26 with alkynylborate 154 affords a single isomer of the
naphthol 155 along with a small amount of the protiodeboronated product 156
(Eq. 62).7*73 This reaction has considerable synthetic potential because it repre-
sents an example of a regioselective insertion with an internal alkyne. Moreover,
the pinacol boronate products are suitable for Suzuki cross-coupling reactions.

OH

n-Bu OH
Bu-n
N
CHCO)s + \B’O Thr OO - OO .
T : -0
( )s o 45° ]‘3
OMe OMe O
OMe
26 154 155 (73%) 156 (15%)
(Eq. 62)

The benzannulation reaction is also compatible with a number of groups
that could coordinate to the metal and interfere with the reaction such as thio
ethers®!- 114159 (Scheme 9) and nitriles. Interestingly, the reaction of the cyclo-
hexenyl complex 34 with the 6-cyano-1-hexyne (Eq. 63)'>!% occurs to give a
slightly higher yield of the desired product than does the reaction of this complex
with 1-pentyne (Eq. 10).

OTIPS

o e TIPSOTY, 2,6-lutidine CN
T + —(CH N
(CO)s (CHy)4 CH.CL,, 50°

OMe (CORCY OMe
157 (76%)

34

(Eq. 63)
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Heteroatom Stabilizing Substituents. The most thoroughly studied class of
non-oxygen-stabilized carbene complexes is that of the amino carbene complexes.
These complexes are more electron-rich and as a consequence have stronger
bonds to the carbon monoxide ligands, which in turn leads to decreased pro-
portions of products that incorporate carbon monoxide. The reactions of amino
carbene complexes with alkynes in DMF have been developed as an efficient
method for the synthesis of indenes.”® The effect of solvent on this reaction is
illustrated in the combination of the morpholine complex 158 with 1-hexyne.
In THF, the phenol and indanone products are formed in 18% and 43% yields,
respectively, whereas in DMF the latter is favored over the former by a factor of
13:1 (Egs. 64a and 64b).'%" The indanone is a secondary product of the reaction
that results from hydrolysis of the indene 159 upon purification on silica gel. The
highest yield of the naphthol (50%) is obtained when the reaction is run in hex-
ane. The efficiency of indene formation is highly dependent on the nature of the
substituents on nitrogen. Reaction of the pyrrolidino complex 160 with 1-hexyne
in DMF gives the indanone in 49% yield (Eq. 64b),” whereas reaction of the
dimethylamino complex corresponding to 160 with 1-pentyne in DMF gives only
a 32% yield of the indanone product.®? Internal alkynes usually give higher pro-
portions of indenes than do terminal alkynes. However, with morpholino carbene
complex 158 there is not much difference. The reaction of this complex with 1-
hexyne in DMF gives a 90% yield of the indenone product (Eq. 64a) and under
the same conditions it gives a 96% yield of indanone product with 3-hexyne.”’

Bu -n Bu-n O
Cr(CO)s =—Bu-n
N 120°

o

Bu-n

Solvent
DMF (90%) (7%) (—)
MeCN (71%) (9%) (3%)
THF (43%) (18%) (%) (Eq. 64a)
hexane (13%) (50%) (12%)

Bu-n

)

-

159
Bu-n
Cr(CO)s = Bu-n
(49%)
DMF, 120° (Eq. 64b)

O !

160
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Phenols can be obtained from the reaction of amino carbene complexes bear-
ing non-aromatic substituents.”*83 Reaction of the cyclohexenyl complex 161
with 1-pentyne in benzene affords the phenol 162 in 66% yield with no detectable
amount of the five-membered ring product 163 (Eq. 65).% The formation of phe-
nols from aminoalkenyl complexes is limited to terminal alkynes. The reaction of
complex 161 with 3-hexyne gives a complex mixture of products, none of which
is the expected phenol.®? Reactions of amino complexes with alkynes can give a
number of unusual products that are derived from internal trapping of the vinyl
ketene complex by the amino group.?? This trapping leads to zwitterionic species
of the type 165, which can be isolated from the reaction of complex 164 with
diphenylacetylene in refluxing cyclohexane (Eq. 66).!®! Many other reactions of
this type lead to products that result from a Stevens-type rearrangement of this
zwitterionic intermediate that gives rise to lactams. This rearrangement is usually
seen with groups of greater migratory propensity than methyl. An example is the
reaction of the pyrrolidino carbene complex 160 with 1-phenylpropyne to give
the bicyclic lactam 166 in 38% yield (Eq. 67).”7

OH

Pr-n
S Pr-n
= Pr-
Cr(CO)s o +
solvent, 80°
NMe, M %
e
161 62 163 (Eq. 65)
Solvent 162 163
benzene  (66%) (L2%)
THF (57%)  (12%)
DMF 25%)  (13%)
e\+ M
(CO)Cr Oy-NM¢
Ph———Ph ' Ph
NMe
2 CgHpp 80° (Eq. 66)
\
164 Cr(CO);
165 (55%)
Ph
@\(CF(CO)S = ph N
N benzene, reflux o (Eq. 67)
Q (CO)3Cr/
160 166 (38%)

The propensity of amino complexes to give indenes instead of phenols can be
alleviated by installing a carbonyl group on the nitrogen'6%1%3 or by incorporating
the nitrogen atom into a pyrrole.'®* Both of these modifications attenuate the
electron-donating capacity of the nitrogen atom to the carbene carbon. The fert-
butyl carbamate complex 167 reacts with 3-hexyne to give predominantly the
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phenol-derived product 168 in 56% yield along with an 11% yield of the indene
169 (Eq. 68)'%? Similar reaction of the methoxy complex 26 gives the quinone
in 88% yield (Eq. 22).34 Although the reaction of an N,N-dialkylamino complex
corresponding to 167 has never been investigated under these conditions with
3-hexyne, no N,N-dialkylamino aryl carbene complex has ever been reported
to react with an internal alkyne in any solvent to give a phenol. Alternatively,
electron density can be removed from an amino complex through the carbon
substituent to give enhanced yields of phenols. The alkenyl amino complex 170
bearing an ester group gives good to excellent yields of phenols even with internal
alkynes as illustrated by the formation of phenol 171 in 75% yield (Eq. 69).!36:157
In the absence of electron-withdrawing groups, alkenylamino complexes fail to
give phenols with internal alkynes.®* In contrast to the carbamate complex 167,
certain N-acyl complexes react with alkynes to give pyrroles. Complex 172 reacts
with methyl propiolate to give the pyrrole 174 in a process that has been shown to
involve a [3 + 2] cycloaddition of the alkyne with in situ generated munchnone
173 (Eq. 70).'6

1. Et————Et,

— Et
(CO)4Cr| JO\ toluene, 55°
M O): T e a——— ‘ Et
U1 9 AcyO, EGN
3. FeCl;-DMF N
3 1’1/ \COZBut CO’)BUI
167 168 (56%) 169 (11%)
(Eq. 68)
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Ei0,C._~_Cr(CO); 1. Et—=FEt, EtO,C Et
wa THF, 60°
( ; 2. Si0, [ Et (Eq. 69)

170 7

171 (75%)

(CO)4Cr‘<——)O\ COMe
) CO (30 psi) j =-CO,Me /m
@A% P THE )\ Ph P> ~Ph (Eq. 70)
Me
172 173 174 (80%)

A limited number of reports have described the reactions of sulfur-stabilized
Fischer carbene complexes with alkynes. Although it has been reported that
this reaction can proceed without the assistance of a Lewis acid,'®® most of the
studies have employed boron trifluoride etherate to afford the best, albeit still
low, yields.!67-168 The thiomethyl phenyl complex 175 reacts with 3-hexyne in
the presence of five equivalents of boron trifluoride etherate and five equivalents
of acetic anhydride to give the acetylated phenol 176 in 13% yield (Eq. 71).'%
The reaction of 175 with 1-hexyne under the same conditions is more efficient,
giving the acetylated phenol 177 in 45% yield.'®’ It is interesting to note that
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the reaction of the thioethyl analog of 175 with 3-hexyne in THF affords a 46%
yield of the naphthol in the absence of Lewis acids.!%

OAc
=== L
—_ = . (13%)
L
SMe
©\fcr(co)ﬁ Ac,0, EtsN, BF3°OEt, 176
THF, 65° (Eq. 71)

SMe OAc
n-Bu—= Bu-n
175 (45%)
SMe
177

The benzannulation of alkoxy carbene complexes has been catried out almost
universally on either methoxy or ethoxy complexes. There is little data available
on the effect of the alkoxy group on either the yield or the product distribution
from reactions with alkynes. When the same reaction has been reported with
two different alkoxy groups, the results often conflict.38:°1:190.159 In the only
systematic study on the effect of the size of the alkoxy group, it was found
that the yields of quinone product are higher for isopropoxy groups compared
to methoxy groups in reactions of aryl complexes with 1-pentyne (Eq. 72).'!3
This effect was not general because no difference is seen for electron-donating
substituents in the 4-position or for any type of substituent in the 2-position. The
deleterious consequences of 2-substitution in an aryl complex (Eq. 28) cannot
be offset by substitution of isopropoxy for methoxy.!'3 The benzannulation of
aryloxy carbene complexes provides yields similar to those of alkoxy complexes,
however, there has been no direct comparison.*”-16°

2
R2 1. =—Pr-n, Q R
R2 Pr-n
benzene, 80° O‘ .
Cr(CO)s 2 CAN
(0]

OR!
R! R?
Me H (78%) (7.5%)
i-Pr  H (90%) (<5%)
Me Br (75%) (5%)
i-Pr Br 91%) (<5%)

Given the thermal instability of acetoxy complexes,!”®!7! it is surprising

that complex 179,'7% in this example generated from complex 178, reacts with
I-hexyne (Eq. 73) to give the same yield of the benzannulation product as does
the reaction of the corresponding methoxy complex 26 (Eq. 5).°* Other acetoxy
complexes fail to provide any cyclized product upon reaction with alkynes.''*
The only class of complexes that has two carbon substituents on the carbene
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carbon and which are isolable are those bearing two aryl groups. The reac-
tions of these complexes generally give low yields of phenols upon reaction with
alkynes.*”-87-143 In contrast, the dibenzocycloheptatriene complex 180 reacts with
1-hexyne to give a 55% yield of the benzannulation product after protection as
its TBS ether (Eq. 74).!73174

. =—Bu-n, 0 B
AcCl THF, 65° u-n
©YCr(CO)5 S, ©YCr(CO)5 AN O‘ (71%)

O™ NMey* OAc d
178 179 (35%)

(Eq. 73)

1. =—Bu-n, .
0.0 +-BuOMe, 20° Q .
Q (5% (Eq. 74)
Bu-n

2. TBSCI, E3N
Cr(CO)s TBSO

180

Reaction Media and Conditions. The nature of the solvent can have a
significant effect on the product distribution from reactions of Fischer carbene
complexes with alkynes. This effect is most often observed for the reaction of
aryl alkoxy carbene complexes and is rarely seen for alkenyl alkoxy carbene com-
plexes, although the reactions of alkenyl amino carbene complexes are sensitive
to the nature of the solvent (Eq. 65).5° The general observation of the correla-
tion between efficiency of phenol formation and the nature of the solvent is that
the highest chemoselectivity for phenol formation is found in non-polar and/or
non-coordinating solvents.!> 136084 The effects of solvent on the benzannula-
tion reaction is usually more pronounced for internal alkynes than for terminal
alkynes. As an example, the reaction of phenyl complex 26 with 3-hexyne gives
higher yields of the naphthol in THF and in benzene than in acetonitrile, in which
an indene is formed as a mixture of double-bond isomers in 25% yield along with
a cyclobutenone in 7% yield (Eq. 75).%° The use of polar solvents in combination
with other changes can lead to reactions that give high selectivity for products
other than phenols. For example, reactions of amino carbene complexes in DMF
can give synthetically useful yields of indenes (Eq. 64a).”%-'0

OH

Et
MeO
oo B (L7 () ’
T + Et +
(0 solvent, 80° Et Ph
Et Et
OMe OMe OMe (Eq. 75)
26 Solvent
THF (97%) (1.3%) (—)
MeCN (32%) (25%) (7%)

benzene (97%) (20.7%) (—)



THE SYNTHESIS OF PHENOLS AND QUINONES 165

Reactions of 2-methoxyphenyl complex 53 are much more sensitive to the
solvent than those of the unsubstituted phenyl complex 26. The product distri-
bution from the reaction of complex 53 with 3-hexyne is especially responsive
to the ability of the solvent to coordinate to the metal during the course of the
reaction (Eq. 76).8* Non-coordinating solvents such as hexane and benzene give
significantly higher yields of the quinone than does THF. Furthermore, the yield
of the quinone drops precipitously in acetonitrile where the cyclobutenone is the
major product and is isolated in 78% yield. An indication of the importance of
the coordination of the solvent to the metal during the reaction can be seen in
the data from the reaction in 2,5-dimethyltetrahydrofuran (DMTHF) in which the
yield of quinone is significantly higher than it is in THF.

1. Et—FEt,

solvent, 45°
OMe

2. CAN
OMe Cr(CO)s

53 o) Et Et MO
Et O
: Os gg R
Et Et Et

OMe O
Solvent OMe O OMe OMe Ar =2-MeOCgHy
DMTHF (88%) (6%) —) (—)
hexane (83%) (—) (—) (—)
benzene 77%) Q%) %) —)
THE (61%) (18%) (5%) —)
MeCN (6%) (5%) (6%) (78%)

The rule that non-polar and non-coordinating solvents give the highest chemo-
selectivity for phenols is rarely violated. One exception is the reaction of the
2,5-dimethoxyphenyl complex 144 with 1-pentyne, which gives a 76% yield of
phenol in acetonitrile and only a 59% yield in THF (Eq. 77).!”> Even more sur-
prising is the drop in yield to 14% when the reaction is performed in hexane.
Another exception is the reaction of the phenyl complex 26 with diphenylacetyl-
ene, which in heptane’® gives an equal mixture of phenol and indene products, but
in THF® affords the phenol almost exclusively. The solvent can also have pro-
found effects on the intramolecular reactions of carbene complexes with alkynes
leading to products not seen in intermolecular reactions.'”®

OMe L= prn, OMe OH
solvent, 45° OO Pr-n
OMe 2. air
OMe Cr(CO)s Solvent OMe OMe (Eq. 77)
olven
144 hexane (14%)
THF 59%)

MeCN (76%)
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Reactions of Fischer carbene complexes with alkynes have also been exam-
ined without solvent.!””17® As an example, the reaction of phenyl complex 26
with 1.5 equivalents of diphenylacetylene is performed by dissolving the two
reactants in ether, adding silica gel, and removing the solvent to leave a dry
powder which is heated under nitrogen at 40-50° for 3 hours (Eq. 78). The
yield of the quinone 181 after oxidation is comparable to the yield reported for
the same reaction in THF.3* The reaction of complex 26 with 1.5 equivalents
of phenylacetylene carried out in the same manner gives the quinone 182 in
81% yield, which is comparable to the yield reported for this reaction in THF
where the corresponding naphthol 46 was isolated (Eq. 9).!%° This technique has
not been widely examined; however, a few dry-state reactions on silica gel give
improved yields of phenolic products compared to the same reactions performed
in solution,®!:98:124.179 \whereas it is less effective for other reactions.”>-180

(6]

Ph——=——Ph Ph
————— (86%)
40-50° Ph
1. alkyne, SiO,, heat o
CrCOs 5 AN 181 (Eq. 78)

OMe (0]
26 =—Ph Ph
. (81%)
60-65°
(0]
182

The distribution of products from the reaction of Fischer carbene complexes
with alkynes can be dependent on the concentration such that the preference
for the phenolic product increases at higher concentrations.'?%%-3% The sensitivity
of the product distribution on the concentration is greater for aryl complexes
than for alkenyl complexes, and greater for internal alkynes than for terminal
alkynes. One system that is particularly sensitive to concentration is the reaction
of the 2-methoxyphenyl complex 53 with 3-hexyne.®* At 1.0 M in alkyne the
distribution between phenol and indene products is not particularly sensitive to
the concentration of the carbene complex (Eq. 79).8* However, the distribution is
strongly dependent on the concentration of the alkyne as can be seen from the data
at 0.005 M in carbene complex where a 100-fold increase in the concentration of
the alkyne increases the yield of quinone from 5% to 81%. An additional increase
in concentration of the alkyne to 8.8 M (neat 3-hexyne) affords the quinone as
the exclusive product. A careful analysis of the concentration dependence of the
reaction of a molybdenum complex also reveals that the product distribution is
a function of the concentration of the alkyne and not of the carbene complex.5
This phenomenon has been termed the allochemical effect and is explained by an
alkyne-assisted insertion of carbon monoxide into the vinyl carbene intermediate
to give the vinyl ketene intermediate (Scheme 6).3* The n',n3-vinyl carbene
complexed intermediate (E)-4 is an 18-electron complex and coordination of an
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alkyne must be preceded by a dissociation of the double-bond to generate the n'-
vinyl carbene intermediate (£)-17 (Scheme 6). An alkyne can be either a 2- or 4-
electron donor and because carbon monoxide insertion results in the formation of
an unsaturated complex, it has been proposed®* that the alkyne ligand in complex
24 can accelerate the CO insertion if it switches from a 2- to a 4-electron donor
during the process such that 25 is a saturated 18-electron complex (Scheme 6).

1. Et—=FEt,
OMe THF, 45°
MeO  Cr(CO)s 2. CAN
53
MeO o)
#El + ”*El + Arj;/(
OMe O OMe OMe OMe ArE:t 2-Me(1)5é6H4
[53] [Alkyne]
0.005 0.01 (5%) (66%) (9%) (—)
0.05 0.1 (46%) (42%) (1%) (3%)
0.005 1.0 (81%) (5%) (<1%) (5%)
0.05 1.0 (84%) (5%) (1%) (2%)
0.5 1.0 61%) (18%) (5%) (—)
0.05 8.8 91%) (<1%) (<1%) (—)

(Eq. 79)

A related phenomenon, termed the “xenochemical effect”, has been observed
in which the yield of phenolic product from reaction with an alkyne is dependent
on the concentration of a second added alkyne that does not become incorporated
into the product.®® This is schematically indicated in Scheme 6. The xenochemical
effect is a special case of the allochemical effect where the alkyne R*CCR?
is not the same as the alkyne that has already been incorporated (R“CCRS).
Thus far it has only been observed in intramolecular reactions, and a dramatic
example is in the reaction of complex 183 to give the quinone 184 and indanone
185. The yield increases from 33 to 83% if 10 equivalents of diphenylacetylene
are added to the reaction mixture (Eq. 80). The yield of quinone 184 could be
increased somewhat by employing 3-hexyne as the xenochemical agent. However,
competition is seen with the intermolecular benzannulation of 3-hexyne at the
expense of the intramolecular benzannulation. Examples have also been reported
for an intramolecular reaction of manganese carbene complexes (see Eq. 89 in the
following section).'8!-182 One might expect to find intermolecular examples of the
xenochemical effect if the two alkynes were of much different reactivity. Finally,
concentration is also an important factor in the distribution between phenolic
products and products resulting from the incorporation of more that one alkyne.
Examples include the formation of two-alkyne phenols (21 in Scheme 5),5"-8!
vinylcyclopentenediones (10 in Scheme 4),5%7® and polyacetylene.®
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1. additive, hexane,
€O refux, 1n O‘ OH

Me,si~© e
O/ / o)
183 184 185 (Eq. 80)
Additive 184 185
none (33%) (—)
Ph—=——Ph (10 eq) 83%)  (3%)
Acy0 (1.5 eq) 26%) (%)

Another interesting additive effect that has not been widely reported, but which
nonetheless could be synthetically quite important, is the effect of added acetic
anhydride.!'®13% This effect is illustrated by the reaction of complex 26 with
alkyne 186, which fails to give any of the phenolic product in refluxing heptane,
but in the presence of one equivalent of acetic anhydride affords the expected
product in 66% yield (Eq. 81). Note that the product is not acetylated. Acetic
anhydride does not have any effect on the yield of quinone from the intramolecu-
lar reaction of 183.%% The effect of acetic anhydride has only been reported for a
small number of reactions and while it certainly does not work in all reactions,®*
or may not even work on a majority of reactions, when it does work the effect
can be substantial and thus should be considered when optimizing a benzannu-
lation reaction. An even less well studied additive is carbon monoxide. Small
increases in the yield of quinone product can be observed for some complexes

when the reaction is performed under a carbon monoxide atmosphere,'* as has
been observed for 2-alkoxyaryl carbene complexes (10-15% increase).
OH OTBS
OTBS »
©\f . additive, heptane OO
Cr(CO)s -
mo_ 2 ) T
OMe
26 186 Additive OMe OTBS
none (—)
AcyO (1.5eq) (66%)
(Eq. 81)

The effect of temperature on chemoselectivity has been examined for some
reactions. The reaction of complex 53 with 3-hexyne over a 135° temperature
range reveals that, whereas the mass balance is fairly consistent over this range,
the proportion of phenolic product varies dramatically (Eq. 82).8* In these studies,
phenolic products are favored at lower temperature and are increasingly replaced
by indene products as the temperature is raised. The unsubstituted phenyl com-
plex 26 and the 2-methylphenyl complex 82 are not as sensitive to changes
in temperature, but the latter is sensitive to a combination of temperature and
concentration (Eqgs. 22 and 23).%* The effects of temperature on the reactions of
alkenyl complexes have not been extensively studied.®® The effect of tempera-
ture on the regioselectivity of the reaction of Fischer carbene complexes with
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alkynes has only been examined in one example and it was found that the level
of the regioselectivity drops by a factor of two for a 45° increase in temperature

(Eq. 12).%

1. Et———Et,

benzene, temp Et
OMe ‘ Et + ‘ Et
2. CAN
OMe OM

OMe Cr(CO)s

s OMe O e (Eq. 82)
Temp
45° (77%) %) (5%)
110° (29%) (6%) (37%)
180° (16%) (12%) (44%)

Although lower temperatures favor the formation of phenols compared to
indenes, there is a limit to which the temperature can be lowered to achieve rea-
sonable rates. The rate-limiting step is the loss of a CO ligand (Scheme 2).** For
most pentacarbonyl chromium carbene complexes, a reasonable rate for the ther-
mal reaction can only be achieved at temperatures no lower than approximately
40-50°.

Reactions of amino carbene chromium complexes’® and alkoxy carbene tung-
sten complexes®-® require higher temperatures than those of alkoxy carbene
chromium complexes and both give a greater proportion of indene. This phe-
nomenon has been attributed to the slower initial CO dissociation for amino
complexes.*® This shift in product distribution to indenes for these reactions may
be due to a combination of electronic effects in the carbene complexes and the
temperature of the reaction, but these effects have not been sorted out. Molyb-
denum complexes react faster than chromium complexes and also give a higher
proportion of indene products.'®>-% Thus, for molybdenum complexes it is clear
that the increased propensity for indene formation is due to the nature of the metal.

Other methods for facilitating the loss of CO include photolysis, ultrasound
irradiation, and microwave irradiation, and all three have been examined for
the reaction of carbene complexes with alkynes. Photolysis has been used to
probe for reactive intermediates in this reaction for both chromium and tungsten
complexes.®*%* The effect of photolysis of chromium carbene complexes on the
yield of phenol products is variable. The reaction of complex 26 with 3-hexyne
is mediated by irradiation with a 450 Watt Hg lamp and occurs at reasonable
rates at 15° and at —78°, but the highest reported yield of the quinone is 54%
at 15° (Eq. 83).!3 It is clear that ultraviolet irradiation can do more than just
lower the barrier of CO dissociation since the photo-induced reaction of the 2-
methoxyphenyl complex 53 with 3-hexyne gives no trace of phenolic product and
instead the indene product is obtained in 49% yield. This result is in contrast to the
thermally-induced reaction in the same solvent (Eq. 79).!> Much higher yields of
phenolic products have been reported from the photolysis of heteroaryl complexes
and heteroaryl-substituted alkenyl complexes.!®® The photo-induced reaction of
complex 187 with 3-hexyne affords the phenolic product in 81% yield and is
important because reactions of complexes of this type provide the only known
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examples of a successful photo-induced benzannulation of a chromium complex
in which the corresponding thermal reaction fails (Eq. 84).'37-18 Photolysis is
also known to greatly facilitate or make possible the benzannulation reactions of
manganese complexes in inter- and intramolecular reactions.'®!-182 The photolysis
of B,B-disubstituted iminocarbene complexes in the presence of alkynes leads to
the formation of 2H-pyrroles.!'8%-190

1. Et—=Et,
450-W Hg lamp, vycor, 0 Et
THF, 15°,3 h Et
OMe + ‘ Et
2. CAN Et
R  Cr(CO
I‘( )5 R 0 R OMe
26 R=H (54%) (=)
53 R=0OMe (—) (49%)
(Eq. 83)
Ph Ph
\ Et———Ft OH $1%)
‘0
125-W Hg lamp, quartz, o Et (Eq~ 84)
(CO)sCr o) THF, -20°,2 h Et
187

There are also a few examples of ultrasound-promoted reactions, an illustra-
tion being the reaction of complex 34 with 1-pentyne (Eq. 85).!”7 This reaction
provides the quinone product in essentially the same yield as the correspond-
ing thermal reaction,'? but the time and temperature are greatly reduced. Other
reports include improvement in yields and rate for the benzannulation of aryl-

oxy complexes!®® and similar improvements in the key step in the synthesis of
y p p y step y
parvaquone.'*!
_ O
. =—Prn p
OMe ultrasound, n-Bu,0, rt, 10 min r-n (75%)
0
2. CAN (Eq. 85)
Cr(CO)s
34 o

The synthesis of phenols from the reactions of Fischer carbene complexes
with alkynes has also been facilitated with microwave irradiation in a commer-
cial reactor at 130° for 5 minutes.'”?> Despite the relatively high temperatures
employed, the reactions give yields comparable to the corresponding thermal
reactions. Other agents that have been reported to mediate the reaction of car-
bene complexes with alkynes include [(COD)RhCI],,which has been reported to
facilitate the reaction of B-aminovinyl complexes with alkynes,'*>~1°> and boron
trifluoride etherate, which has been reported to facilitate the benzannulation of
thio carbene complexes (Eq. 71).167:168

Metal and Ligand Complement. Fischer carbene complexes are known for
a large number of transition-metals and the reactions of many of these have been
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investigated with alkynes. However, of the Group 6 metals, chromium remains
the metal of choice for the synthesis of phenols and quinones. The reactions
of tungsten and molybdenum carbene complexes with alkynes are much less
chemoselective for the phenolic product®®6382.185 a5 exemplified by the reac-
tion of unsubstituted phenyl complexes 188 and 189 with 1-pentyne (Eq. 86).%°
The situation can be quite different with alkenyl complexes. For example, higher
yields of the phenols can be obtained for certain molybdenum and tungsten
alkenylcarbene complexes than with the corresponding chromium complexes.®
One disadvantage of molybdenum complexes is that they are less stable than the
chromium complexes. Nonetheless, molybdenum complexes can be employed
without special precautions if used immediately after preparation. Tungsten com-
plexes are more stable than the chromium complexes but suffer from the fact that
alkyne polymerization®®%> can be a serious side-reaction, thus requiring signifi-
cant excesses of the alkyne. The reactions of tungsten and molybdenum alkenyl
complexes with internal alkynes are not as chemoselective for phenols as are their
reactions with terminal alkynes and thus these reactions usually give mixtures of
products.®®

=—Prn
OMe
benzene, 80°
M(CO)s
OH Pr-n P P o]
Pr-n rn n-xr Pr-n
Eq. 86
QU O+ L, r LXC e ®289
Ph o~ OMe
OMe OMe 0 Ph
26 M=Cr (59%) (1%) (8%) (6%)
188 M = Mo (3%) (80%) (3%) (3%)
189 M=W (6%) (60%) (5%) (6%)

A few non-Group 6 Fischer carbene complexes have been investigated for
their reactivity with alkynes but none provide for a synthesis of phenols that is
as general as that of chromium complexes. Iron tetracarbonyl carbene complexes
such as 190 give only phenols upon reaction with dimethyl acetylenedicarboxy-
late (Eq. 87).'°° The more typical outcome of the reaction of iron complexes with
alkynes is the production of furans'*®!%7 or the formation of pyrones (Eq. 87).'*
A ruthenium Fischer carbene complex has been reported to give a quinone.'®
The reaction of stannyl tricarbonyl cobalt carbene complexes (e.g., 191) with
alkynes gives 2-alkoxyfurans as the only observable products as in the reaction
of stannyl complex 191 with 3-hexyne (Eq. 88). This process has been used
in the synthesis of bovolide.?” Cyclopentadienyl dicarbonyl manganese carbene
complexes will only react with alkynes upon ultraviolet irradiation and then
only with non-carbon groups on the oxygen substituent of the carbene carbon.
The intramolecular reaction of the siloxycarbene complex 192 gives a quinone
upon photolysis and oxidative workup (Eq. 89). However, if the siloxy group is
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replaced by a methyl group, no quinone formation is detected either by thermoly-
sis or photolysis.'®!132 Note that intramolecular benzannulation of the manganese
complex 192 is facilitated by the xenochemical effect (Scheme 6). The yields are
approximately doubled by the addition of 5 equivalents of diphenylacetylene.

(100%)
CH,Cl,, 55 psi CO, 70°

©YFC(CO)4 (Eq. 87)

OEt
190 MeO,C7="COMe coahe 21%)
(o
CO,Me
:<OMe Et—=Et Bt E
Ph3Sn(CO);Co v I\
oh benzene, 50 Ph~ g~ OMe (Eq. 88)

191
(93%)

1. Ph—=—Ph (5 eq), o

Mn(CO),(nsCsH4CH3) CH,Cl,, 150-W xenon lamp

o} 2.CAN O‘ (Eq. 89)
Me,Si—0 / OH

o]

192 (56%)

Replacing one of the carbon monoxide ligands of a Fischer carbene complex
with a phosphine affects the benzannulation reaction with alkynes.3”-!3201 Only
a small effect is seen in the reaction of phenyl complex 26 with 3-hexyne when a
CO ligand is replaced with a tri-n-butylphosphine (Eq. 90).2°! In a related study
with diphenylacetylene, replacement of a CO ligand by either the electron-rich
tri-n-butylphosphine or with the electron-poor tris-(para-fluorophenyl)phosphine
also has only a minor effect on the outcome of the reaction.?!8” In contrast, a tri-
n-butylphosphine ligand greatly affects the reaction of the phenyl molybdenum
complex 188 with 3-hexyne (194, Eq. 90).1**2%" The major product changes
from the indene with the pentacarbonyl complex 188 to the quinone with the
tri-n-butylphosphine complex 194. The origin of this effect has not been deter-
mined, but this is one of only three known examples of phenol formation from
an aryl molybdenum carbene complex.%-8%185201 T principle, the use of phos-
phine ligands could provide a method to lower the temperature requirement
of the benzannulation reaction. It has been demonstrated that a triphenylphos-
phine (but not trialkylphosphine) dissociates faster than CO from a Fischer car-
bene complex.?’? Although there are no known examples of the benzannulation
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of tetracarbonyl(triphenylphosphine) aryl or alkenyl complexes, the two-alkyne
annulation reaction has been reported for an alkyl carbene complex with a
triphenylphosphine ligand and a rate acceleration was observed (see section on
Two-Alkyne Annulation).'33

_ 0
I Et—=Ft Et
g Et.  Et
L THF, 80° Et
_M(CO), + ‘ Et*+
2. CAN - Ph—\” ~OMe
o) OMe

OMe
M L
26 Cr CO (97%) (1.3%) (£1%)
193 Cr (n-Buy)P (79%) (<3 %) (8%)
188 Mo CO (9%) (67%) (5%)
194 Mo (n-Buy)P (43%) (<1 %) %)
(Eq. 90)

There are many more examples in which a carbon monoxide ligand has been
replaced by an oxygen or sulfur donor atom as the result of the coordination of
an alkoxy group, a thio ether, or a carbonyl oxygen. Some examples include the
methoxy-chelated complexes 94 (Eq. 29)% and 113 (Eq. 37),!% the thioether-
chelated complex 97 (Scheme 9),°! and the carbonyl-chelated complexes 167
and 172 (Egs. 68 and 70).'>19 Only one example is known in which a carbon
monoxide ligand is replaced by an isonitrile ligand, and an indene product results
from reaction of this complex with an alkyne.?®

Diastereoselectivity. A new stereogenic element is formed when the arene
chromium tricarbonyl group is created. There are three modes of stereoinduc-
tion involving diastereoselective installation of the chromium tricarbonyl group.
These three possibilities arise when the stereocenter of the arene chromium tri-
carbonyl group is created in the presence of stereocenters that already exist either
on the alkyne, on the oxygen substituent of the carbene carbon, or on the carbon
substituent of the carbene carbon. The development of stereoselective benzan-
nulation procedures is dependent on the invention of a general method for the
protection of the phenol function and the resulting production of air-stable arene
chromium tricarbonyl complexes.’?

The only success that has been achieved with a carbene complex bearing a chi-
ral alcohol is illustrated by the reaction of the phenyl [(—)-menthyloxy]carbene
complex 195 with 3,3-dimethyl-1-butyne to give a 10 : 1 mixture of the diastereo-
mers 196 and 197 (Eq. 91).°7:2%* Although this reaction does give a simi-
lar selectivity with 3-hexyne,”? it gives low selectivity with 1-pentyne.?%> The
corresponding reactions of alkenyl [(—)-menthyloxy]carbene complexes fail to
give significant stereoselectivity with a number of acetylenes including tert-
butylacetylene.®”-2%
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1. =Bu-t.
( l _Cr(CO ’
r(CO)s -BuOMe, 55°, 45 min

O.. 2. TBSCI, NEt3

OTBDMS OTBDMS
N Bu (Eq. 91)

+ //
O\\\

(COYCE O-.. - (COxCH

195

196 (50%) 197 (5%)

Another mode of stereocontrol involves asymmetric induction from a stereo-
genic center on the alkyne to the newly formed planar element of chirality. Very
high asymmetric induction is observed for the reaction of certain alkenyl carbene
complexes with propargyl ethers. The reaction of the B-substituted vinyl carbene
complex 50 with alkyne 198 (R = CPh3) gives the arene chromium tricarbonyl
complex 199 in 68% yield and >96:4 stereoselectivity (Eq. 92).3% The high
stereoselectivities observed may have a stereoelectronic origin as revealed by
variations in the ether substituent of the propargyl ether 198 and by the fact that
the alkyne 200 gives nearly an equal mixture of diastereomers upon reaction
with complex 50.882% This stereoinduction is limited to B-substituted alkenyl
carbene complexes. The same reaction with alkenyl carbene complexes bearing
an a-substituent gives low stereoselectivity.

The third mode for stereoinduction in the benzannulation reaction involves
chiral carbene complexes that have a stereogenic center in the carbon substituent
of the carbene carbon. This reaction has been examined for cyclohexenyl com-
plexes bearing substituents in the 3- and 6-positions and the diastereoselectivity
varies from low to modest.”’” High diastereoselectivity has been observed from
the reaction of complex 44 with 5-hexyn-1-ol which gives a single diastereomer
of 45 after an intramolecular Mitsunobu cyclization (Eq. 8).”” Other examples
of this mode of stereoselection include the use of the benzannulation reaction in

the formation of cyclophanes,?®® chiral biaryls,>* annulenes,’® and carbohydrate-
derived carbene complexes.?!”
R TBSO  OTr
_~_Cx(CO);s =
Y (68%) 296:4 dr
OMe i-Pr,NEt, TBSCI, > (Eq 92)
50 CH,CL,60°  (CORCY b
198 R = OCPh; (OTr) 199
200 R =Bu-t

Asymmetric induction is also observed in reactions where the chromium tri-
carbonyl unit is not retained in the newly formed arene ring. In a study directed
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to the synthesis of allocolchicinoids, the reaction of the carbene complex 201
with 1-pentyne selectively gives the benzannulated product 203 in which there
is central to axial stereoinduction leading to the preferential formation of one of
the two possible atropisomers 202 and 203 (Eq. 93).2!! Another example of this

type of asymmetric induction is presented in the next section (Eq. 98).!%
Pr—n
| Meo_crco, MO
Pr n MeO
MeO J MeO
OMe benzene 55-58
36 h OMe
MeO
MeO
Pr-n
MeO Q
MeO
+ MeO OH
S
MeO
202 + 203 (73%) 203
202:203 7:93
(Eq. 93)

Asymmetric induction can also be achieved from the newly formed plane of
chirality of the arene chromium tricarbonyl complex to an axis of chirality formed
in the same reaction. The combination of «,S-unsaturated carbene complexes with
2-substituted aryl acetylenes simultaneously generates planar and axial elements
of chirality.>!? As an example, if the reaction of complex 50 and aryl propyne 204
is carried out in toluene at 50° in the presence of terr-butyldimethylsilyl chloride
and (i-Pr),NEt, the arene chromium tricarbonyl complex 206 is obtained in an
89 : 11 mixture of syn- to anti-isomers (Scheme 11). This diastereoselectivity can
be reversed to give a 97 : 3 ratio in favor of the anti-isomer if the benzannulation
and silylation steps are carried out sequentially. These observations are consistent
with a kinetic formation of the syn-phenoxy complex 205. Under simultaneous
silylation conditions the phenol is silylated before rotation about the chiral axis
can occur to give the anti-phenoxy complex 205. Under sequential silylation
conditions, complete isomerization to the anti-phenoxy complex can occur if the
first step is performed at 80° (the two step reaction at 50° gives a 95 :5 mixture
of anti:syn isomers). Subsequent silylation then yields the silylated complex anti-
206. The reactions of aryl acetylenes of the type 204 with a chiral substituent
replacing the methyl group on the benzene can give rise to asymmetric induction
from the stereocenter in the alkyne to a newly formed axis of chirality in the
benzannulated product.?'3

Intramolecular Reactions. The most thoroughly studied intramolecular
reactions of «,B-unsaturated Fischer carbene complexes involve those in
which the alkyne is tethered through the heteroatom substituent (Type A).
The thermolysis of the complexes 207 provides good yields of fused cyclic
aryl ethers for the generation of dihydrobenzofurans, dihydrobenzopyrans, and
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/ Cr(CO)s 204
OMe TBSCI, i-Pr,NEt, toluene
50
MeO MeO
5)711-206 E=TBS anti-206
syn+anti  syn:anti
one pot, 50° (63%) 89:11
TBSCI, i-Pr,NEt added (62%) 3:97

in 2nd step, 80°

Scheme 11

tetrahydrobenzoxepins, respectively (Eq. 94).2'* The extension to formation of
eight-membered rings has not been reported. There are a few examples of
intramolecular cyclizations wherein the alkyne is tethered to an alkenyl or aryl
substituent of the carbene carbon (Type B).2!321® These reactions do not always
give the normal phenolic products, but often good yields of the phenol can be
obtained (Eq. 95). If the alkyne is tethered to the S-carbon of an alkenyl complex
as in 208, the product of the reaction is a metacyclophane.?!> The yield of the
phenol is modest for the cyclophane with an eight-methylene bridge (43%), but
above that, the yield increases and levels off at 60%. If the alkyne is connected to
the «-carbon, and if it is sufficiently long, then paracyclophanes are formed, but
the strain introduced with shorter tethers can lead to the formation of products that
are unprecedented in intermolecular reactions including bicyclo[3.1.0]hexenones
and m-alkoxyphenols.?!”-17

4 o OMe OMe
: R, «m&ﬁ: R, R
0 I
(CO>SCr%j R R R m
OH R—=

Ri R,

Type A Intramolecular Benzannulation Type B Intramolecular Benzannulation
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0 )u
! THF, 35° o
° OO 0 BI%)  (Bq. 94)
(O 1 (62%)
207 ol 2 (62%)
OMe
OMe o O n
_ _THE.100 ) (Eq. 95)
(CO)sCr
3 n+s8 2 (58%)
208 5 (65%)
n 9 (60%)

A significant difference between the two modes of intramolecular cyclization
(especially with terminal alkynes) is that the regiochemistry is reversed in Type
A but is normal in Type B reactions. A consequence is that terminal alkynes
do not give as high yields of phenols for the Type A process as for Type B.
These low yields can be overcome by capping the alkyne with a trimethylsilyl
group.'* Intramolecular benzannulation with alkynes attached through remov-
able tethers has been used to control the regiochemistry of reactions of internal
alkynes (Eq. 19). A synthesis of deoxyfrenolicin featured the intramolecular benz-
annulation of carbene complex 209, which upon oxidative workup gives a
naphthoquinone, and upon workup involving a ligand displacement gives a naph-
thol (Eq. 96).3¢:°0-218 An intermolecular reaction with a similarly functionalized
alkyne gives the opposite constitutional isomer.”°

M0 o o ~OH

1. THF, 35° Pr-n
(51%)
2.DDQ

MeO O/\/O Pr-n
0 N
crcoys || (Eq. 96)
- MeO O O
1. THF, 35°
209 Pr-n (48%)
2. (n-Bu);P, acetone
OH \

Intramolecular benzannulations also impact the chemoselectivity of the reac-
tion. For intermolecular reactions, alkenyl amino carbene complexes and alkynes
can sometimes yield phenolic products (Eq. 65),% but aryl amino carbene com-
plexes rarely afford phenols as the major product and instead usually afford
indenes.”®- %0 However, as illustrated by the reaction of complex 210, the intramo-
lecularity of a benzannulation reaction can cause a switch from indenes to phenols
for amino carbene complexes (Eq. 97).2'° Other examples of intramolecular
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23,128,220,221

reactions of amino complexes give phenolic products, whereas others

give indene products.!?%-222

I;II = Ph yenzene O‘ Ph O Ph

T reflux (Eq. 97)

Cr(CO)s Ne
210 (54”/0 23%)

Intramolecular benzannulations have also been demonstrated in the reactions of
bis(carbene) complexes with bis(alkynes). The first benzannulation from the reac-
tion of the bis(carbene) complex 211 and 1,4-diphenylbutadiyne is intermolecular
but the second step must be intramolecular (Eq. 98).'% The intramolecularity of
the second step leads to the formation of a C,-symmetric product unlike that
observed for the product from the intermolecular reaction (Eq. 49).!% Despite
the low yields observed for the reaction of complex 211, this reaction has potential
for the asymmetric synthesis of chiral biaryls given that only a single diastere-
omer of the binaphthol 212 is formed (Eq. 98). A bis(carbene) complex can
also be employed in a double-benzannulation of a non-conjugated diyne as a
route to calix[4]arenes. The reaction of bis(carbene) complex 213 with diyne
214 gives calix[4]arene 215 in 41% yield in a process in which two of the
benzene rings of the calixarene are made at the same time as the macrocycle.
(Eq. 99).2%

(CO)sCr»;}—(O Cr(CO)s

Ph Ph
211
212 (23%)
one diastereomer
Ph Ph
OMe OMe +
N X =
(CO)Cr™ 7 Cr(CO)s

OMe OMe

213 214

(Eq. 99)

THF, 100°

| /
HO MeO OMe OH
215 (41%)



THE SYNTHESIS OF PHENOLS AND QUINONES 179

Heteroannulation
Heteroaromatic rings containing a hydroxyl function have been produced from
the reaction of «,B-unsaturated carbene complexes by two routes (Scheme 12).
In reactions with carbene complexes of type 216, substitution of one of the triply-
bonded carbon atoms of the alkyne with a heteroatom leads to the heterocycles
217. Alternatively, heterocycles 219 can be formed by the reactions of alkynes
with carbene complexes of the type 218 in which the «-carbon of the «,8-
unsaturated substituent has been replaced by a heteroatom. Although the latter
approach has been proven so far to be the more general, the following discussion

will begin with the reactions of “hetero-alkynes.”

R2 OH
| Ry S
Cr(CO):
R! ’ RITAY
OMe OMe
216 217
w2 OH
‘ Ri-=_R* RI_A R’
|
YYCr(CO)S y A,
. R
R 1
R
218 219

Scheme 12

Reaction of aryl carbene complexes with nitriles do not produce functionalized
isoquinolines. Instead, imidatocarbene complexes such as 220 result from the
insertion of the nitrile function into the chromium-carbon bond of the starting
carbene complex (Scheme 13).224225 At higher temperatures (138°) the only
products formed are the oxazole 221 and the alkene 222.22%227 The latter is
likely due to thermal decomposition of phenyl complex 26, which is formed by
expulsion of benzonitrile from complex 220.%2

OH
Ph—=N _Ph
Cr(Co)s  —X—= o
OMe OMe
26
o
» Ph—=N Ph  Ph 1-Bu,0 MeO \W/Ph Ph - Ph
L i B - il =
benzene, 80°  MeO” N~ Cr(CO)s  138° o N MeG OMe
220 (85%) 221 (12%) 222 (12%)

Scheme 13
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Whereas the reaction of carbene complexes with nitriles does not produce
six-membered heterocycles, these products can result from reactions of car-
bene complexes with phosphaalkynes.??~23! Reaction of the 1-naphthyl carbene
complex 223 with 2,2-dimethylpropylidynephosphane gives a phosphabenzene
chromium tricarbonyl complex in 82% yield (Eq. 100).22%23! The metal can be
removed in quantitative yield by ligand exchange with toluene. Despite the high
yield observed for this reaction, significant yields of phosphaarenes could not be
obtained with other carbene complexes. The predominant product from most of
these reactions are oxaphospholes.

(CO)sCrs_OMe McO._P__Bu-t MeO.__P-__Bu-t
t-Bu—=P \ \ toluene |
O‘ -BuOMe, 50° OO OH  140-170° OO OH (Eq. 100)
Cr(CO),
23 (82%) (100%)

Although thermolysis of complex 220 does not produce a six-membered het-
erocycle (Scheme 13), its reaction with alkynes gives 3-hydroxypyridines.?6:232
The 3-hydroxypyridine 224 is produced in 51% yield along with the non-CO
inserted pyrrole 226 (Eq. 101).232 A third product (225) is formed by cyclization
to the phenyl group on the carbene carbon in 220 rather than to the imino group.
This complication does not exist for complex 227; however, its reaction with 1-
pentyne only gives five-membered ring products containing nitrogen (Eq. 102).22°
The naphthalene product from this reaction results from extrusion of tert-butyl
nitrile to give phenyl complex 26, which then undergoes reaction with 1-pentyne.
This reaction is carried out in tert-butyl nitrile as solvent to suppress extrusion.
The same reaction in THF gives only the naphthalene product.?** Extrusion of
tert-butyl nitrile from complex 228 would give a non-stabilized carbene com-
plex and this apparently disfavors extrusion since a naphthalene is not observed
from the reaction of complex 228 with 1-pentyne (Eq. 103).2%? The observation
that the more electron-deficient complex 228 gives a six-membered ring product
incorporating a CO ligand while the more electron-rich complex 227 only gives
non-CO inserted products is consistent with the differences observed for reactions
of alkoxy- and aminocarbene complexes.

OMe Pr-n, p:
/k =—Prn Pr n OO
Ph™ SN —_

hexane, 70° Ph (Eq. 101)
(CO)sCr™ “Ph N Ph
5 i Y
220 OMe
224 (51%) 225 (31%) 226 (4%)
M
/OL ) =—Prn n-Pr Pr-n
PR SN = 7, - Me%\
t-BuCN, 70°
(CO)SCr%\Bu-t
227 (54% (23%) (18%)°

(Eq. 102)
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OAc Pr n

)\ = Prn
Ph™ N
hexane, 70°

(CO)sCr Bu-1
228

Bu—l

Bu-z

26% 1%%
37%) ( ) (13%)

(Eq. 103)

The imino complex 229 (Eq. 104) gives a higher proportion of 3-hydroxypyri-
dine product than does the imidato complex 228 (Eq. 103).232-23¢ Chromium
imino complexes of the type 229 produce mixtures of 3-hydroxypyridines and
pyrroles, whereas the tungsten analogs give only pyrroles in a highly chemo-
and regioselective synthesis of these heterocycles (Eq. 104).23* The reaction of
B,B-disubstituted imino complexes of the type 229 (obtained from ketones) with
alkynes has been reported to give 2H -pyrroles under photolytic conditions. 819
The only examples of heteroannulation onto a heterocylic substituent of a carbene
complex involve the reactions of pyrazole complexes of the type 230 (Eq. 105).2%7
Moderate yields of pyrazolopyridinoquinones are obtained upon reaction with
alkynes. The intramolecular assembly of a 3-hydroxypyridine from the complex
231 affords a 53% yield of a ring-fused 3-hydroxypyridine (Eq. 106).2*?

Ph7 SN =Prn _ Pron 2—)\
(CO)SM%\ hexane 70° E (Eq 104)

229
M = Cr (51%) (9%) (40%)
M=W (—) (£1%) (74%)
OMe OMe 1. Bt—=Et 2
(CO)sCr TMSCHN,  (CO)sCr THF, 45° N-N ‘ Et
N\ hexane, rt ] NH 5 CcAN — (Eq. 105)
N Et
O
230 (76%) (45%)
OMe OH
/g hexane, 70° Ph A
Ph N _ \ (53%) (Eq 1()6)
M N
(CO)sCr

Cyclohexadienone Annulation

Cyclohexa-2,4-dienones can be the predominant products from the reactions
of alkynes with «,8-unsaturated carbene complexes of the type 232 that bear two
carbon substituents in the B-position (Scheme 14).°! Complexes of the type 232
with YR = R3Si give silylated phenols of the type 233 in high yield, often as
their chromium tricarbonyl complexes (Egs. 20 and 21).%%-110:112.159 Thege prod-
ucts result from the carbon to oxygen migration of the silicon substituent in
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R vR oP OH
2 L 2 L
l RL — RS R R P=H R R
Cr(CO)s
R! YR = H, TMS R! RS R! RS
OMe (CO)CE OMe OMe
232 233 237
P=H, TMS
(0]
R3
RL-=— RS . R
232 ; R*
YR =R" R! RS
OMe
234
R3 = alkyl, aryl
: S R? NR,
RL—-R 1 L
232 R R
YR =NR,
MeO RS
235
RY 0
RL
RL — RS RZ
232 — 237
YR =0R, SR, F R! / RS
(CO);Cf OMe
236
Scheme 14

intermediate 236. If the carbene complex bears an oxygen, sulfur, chlorine, or
fluorine substituent in the B-position, phenol 237 is produced by cleavage of
the carbon-YR bond in intermediate 236 shown in Scheme 14 (Scheme 9,°!
Eq. 36,'%2 Eq. 37,'% Eq. 39,!2* Eq. 40'%). The reactions of complexes bear-
ing B-amino substituents do not give phenols or cyclohexadienones but rather
yield predominantly cyclopentadienes of the type 235 (Scheme 14).12*39 Given
the higher reduction potential of carbon-carbon bonds and the lower migratory
propensity of carbon versus silicon or hydrogen, the reaction of complexes of
the type 232 with YR as a carbon substituent usually give the cyclohexadienone
product 234, although carbon migration may occur (see below).

The reactions of complexes 238, 241, and 242 illustrate the versatility of the
cyclohexadienone annulation (Egs. 107—-109). The reaction of hindered com-
plex 238 with keto alkyne 239 gives the decalindienone 240 in 70% yield
(Eq. 107).2%8 The quaternary carbon that is produced in the cyclohexadienone
annulation becomes a spirocyclic center if the carbene complex is derived from
a methylidenecycloalkane such as complex 241 (Eq. 108).2* The tetracyclic
cyclohexadienone 243 is constructed from simple starting materials utilizing a
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Diels-Alder reaction of a Fischer carbene complex as well as the cyclohexa-
dienone annulation (Eq. 109).24°

N 0 0
+ NJ\/OBU—I THF, 50° ot
OMe // . Pr-i
Cr(CO)s Pr-i OMe
238 239 240 (70%)
(Eq. 107)
OMe
. TMS 0
THF, 50
<co>5cr1@ ¢ = TMs @G (71%) (Eq. 108)
241 Meo
OFEt
(concr v, N
N T n Z TTHE s & (Eq 109)
Pr-c Pree “Pto o
243 (33%)

The cyclohexadienone annulation reaction can produce a new stereogenic cen-
ter at the quaternary carbon if the two B-substituents of the carbene complex are
not the same, as illustrated in Eq. 109.2*° In such reactions the potential exists
for relative asymmetric induction between the preexisting stereocenters in either
the carbene complex or the alkyne and the newly formed stereocenter in the
cyclohexadienone. Although the stereoselectivity of these reactions has not been
extensively examined, examples of both types of induction can be found in the
literature. Reaction of the 2,6-dimethylcyclohexenyl complex 244 gives a 90: 10
selectivity for the trans-configured cyclohexadienone (Eq. 110),%! in contrast to
the reaction of the 2,3-dimethylcyclohexenyl complex 245, which renders a nearly
equal mixture of isomers (Eq. 111).27 A proposal to account for this difference in
stereoselectivity has been presented. Significant levels of 1,4-asymmetric induc-
tion are observed for reactions with propargyl ethers (Eqs. 112 and 113).'"! This
reaction is stereospecific as demonstrated by the reaction of the Z- and E-isomers
of carbene complex 246. The E-isomer gives a 92:8 mixture of diastereomers,
whereas the Z-isomer gives a 9:91 mixture of the same cyclohexadienones. This
result requires that the Z- and E-isomers of the §,8-disubstituted carbene com-
plex 246 do not isomerize under the reaction conditions, which is surprising in
light of the fact that the cis- and trans-1-propenyl carbene complexes have been
found to isomerize under the reaction conditions.®

Bu-n
OMe THE, 50° (Eq. 110)
Cr(CO)s

244 (78%) 90:10




184 ORGANIC REACTIONS

[0} O
= Prn : Pr-n Pr-n
- . +
OMe hexane, 60° (Eq 11 1)
OMe

Cr(CO)s OMe
245 (83%) 56:44
OTr O OTr
Et __ OTr Et
Do =N !
e .
heptane, 90° (Eq. 112)
Cr(CO)s
Me OMe
(E)-246 (73%) 92:8
(6] OTr (0] OTr
Et o OTr Et
o =< , "
e Et -
heptane, 55° (Eq 1 13)
Cr(CO)s OM OM
(2)-246 € (66%) 9:91 ¢

The reactions of aryl carbene complexes that have all-carbon substituents in
positions beta to the carbene carbon often do not give cyclohexadienone products.
For example, the reaction of the 2,6-dimethylphenyl carbene complex 247 with
diphenylacetylene gives a 96% yield of the indene product, which is isolated
as a mixture of the metal-free indene and its chromium tricarbonyl complex
(Eq. 114).241:242 Although this reaction does not give a naphthol in which the
methyl group has migrated to oxygen, this reaction does give an indene in which
the methyl group has undergone a 1,5-sigmatropic rearrangement. Part of the
driving force for this migration is the restoration of the aromaticity of the benzene
ring that was lost when cyclization occurred to give the intermediate 249 (R = H,
Eq. 115). A recent study finds that the 1,5-sigmatropic migration of methyl can
be prevented by a keto-enol tautomerization in intermediate 249 (R = OH).>*3 An
example of this tautomer-arrested annulation is the reaction of complex 248 with
3-hexyne, which affords the highly functionalized indenone 250 in 75% yield
(Eq. 115). Some intramolecular variants of these reactions lead to CO insertion
and the formation of vinyl ketene intermediates, which upon cyclization give
cyclohexadienone products.?*?

Ph
HCO PhiPh Ph . -
r(CO)s benzene 110° (Eq. 114)
OMe (CO)}CI‘

247 (96%) 45:55
Et
HO R o Et
Et—=Ft Og Et Et
Cr(CO)s benzene, 110° \Cr(CO)3
OMe OMe OMe
248 249 250 (75%)
R=0H

(Eq. 115)
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Cyclohexadienones can be obtained in good yields from other S,8-blocked
aryl carbene complexes. Both 2-indolyl and 3-indolyl carbene complexes that
have carbon substituents beta to the carbene complex give moderate to high
yields of cyclohexadienone annulation products.®”> As an example, the 2-indolyl
complex 251 reacts with alkyne 252 to give the 4 H-carbazol-4-one 253 in 59%
yield (Eq. 116). The only example of an asymmetric cyclohexadienone reaction
involving a chiral auxiliary on the carbene complex has been reported for an
indolyl carbene complex. The reaction of chiral carbene complex 254 with 1-
pentyne gives the 4 H-carbazol-4-one 255 with a greater than 96:4 selectivity
for the diastereomer shown (Eq. 117).2%

OMOM
MOMO
\\\/\/NHBZ Q NHBz
T ome 252 O Q (Eq. 116)
N o
benzene, 50
Me  Cr(CO)s Me OMe
251 253 (59%)
Me
N
0= I MeN
_ Ph —— N
(CO)4Cr = Prn Me p
T Meen. N (61%) (Eq. 117)
Me~ X e dr=>96:4
45-50°,24 h
Pr-n
o}
254 255

Two-Alkyne Annulation

The original discovery of the formation of phenols from the reaction of
Fischer carbene complexes with acetylenes involved the incorporation of only
one molecule of alkyne. However, phenolic products can also be formed from
the reaction of a Fischer carbene complex with two molecules of an alkyne. This
structural type was first observed as a minor product in the cyclohexadienone
annulation.®! An example of the competition between the formation of the two
different phenolic products is presented in the reaction of phenyl complex 26
with propyne to give naphthol 256 along with phenol 257, which is derived from
two molecules of propyne (Eq. 118).'31:?%> The yield of the “two-alkyne” phenol
257 initially increases with the number of equivalents of alkyne employed in
the reaction and then falls off, presumably because of competing polymeriza-
tion of the alkyne. The two-alkyne phenol is the major product with acetylene
under all conditions (Eq. 42).!3! The unsaturated substituent of the carbene com-
plex is not incorporated into the two-alkyne phenol and thus alkyl-substituted
carbene complexes such as 258 can also give “two-alkyne” phenol products. The
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latter reacts with propyne to give the phenol 259, which is likely formed via the
intermediate vinylcarbene complex 260 into which a second molecule of alkyne
inserts (Eq. 119)."3! A more thorough presentation of the mechanistic path to the
two-alkyne phenol product can be found in Scheme 5.

OH O OH
= (xeq)
Cr(CO)s +
THF, 45°

OMe OMe
26 256 257 (Eq. 118)

X 256 257
2 45%)  (4%)
40 (10%)  (44%)

neat  (0.3%)  (28%)

OH
OMe = (10eq)
Cr(CO)s THF, 45°
258
OMe 259 (33%) (Eq. 119)
|
Cr(CO),4
260

The utility of the intermolecular “two-alkyne phenol” annulation is limited by
typically poor yields as indicated in Eqgs. 118 and 119. Furthermore, this variant
is limited to small alkynes such as propyne or acetylene (Eq. 42). More success
has been achieved with intramolecular variations of this process (Eqs. 120—123).
The possibilities for intramolecular reaction are three-fold: (1) the tethering of
the carbene complex to one of the alkynes, (2) the tethering together of the two
alkynes, and (3) the tethering of both alkynes to the carbene complex. The first
combination is limited in its ability to produce the two-alkyne phenol product
as illustrated by the formation of phenol 262 from the reaction of complex 261
with 1-pentyne (Eq. 120).246 This particular intramolecular variation in benzene
can produce good to moderate yields of 2-vinylcyclopentenedione 263, a rather
complex product derived from the incorporation of two equivalents of alkyne and
two equivalents of carbon monoxide (Scheme 4).”® Also observed in this reaction
is the isomeric “two-alkyne phenol” 264, which results from incorporation of
the carbon monoxide into the benzene ring para to the carbon derived from the
carbene carbon. Increased amounts of this para “two-alkyne phenol” are observed
at lower substrate concentrations’®24® and with amino carbene complexes.”®
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OMe
(CO)sCr 1.=—Pr-n (10 eq), OH Pr e} Pr-n
solvent, 80° n-Pr :
\ 4 OMe +
2. TiCls, LiAIH, o
(0]
261 262 263 264
Solvent 262 263 264
THF (1%) (23%) (<0.3%)

benzene B%) (41%) (2.0%)
MeCN (15%) (£1 %) (£0.5%)

(Eq. 120)

Synthetically useful yields of “two-alkyne phenols” can be obtained from the
reaction of Fischer carbene complexes with diynes. This feature is illustrated by the
reactions of complexes 258 and 268 with 1,6-heptadiyne (265) which, depending
on the solvent, gives mixtures of the phenol 266 and the cyclohexadienone 267
(Eq. 121).3%133 The cyclohexadienone 267 can be reduced to the phenol 266 by
chromium(0), supporting the mechanism proposed for phenol formation (Scheme
5). The phenol is the major product in THF, but in acetonitrile increased amounts
of the cyclohexadienone are isolated. This outcome is thought to be attributable to
the ability of acetonitrile to sequester the chromium(0). Good yields of the cyclo-
hexadienone product can be obtained with the phosphine-substituted complex 268,
which can react with the diyne without the need for heating. In a related process,
phenols of the type 266 can also be produced by the reaction of diynes and Fischer
carbyne complexes.®! The double intramolecular reaction of carbene complexes
bearing tethered diynes can give good yields of tricyclic phenols as illustrated by
the thermolysis of complex 269 in acetonitrile (Eq. 122).243:247

1. > , solvent, temp OH (0]
= OMe

OMe =
(CO)4Cr:< 265 .
| 2. silica gel
L
266 267
(Eq. 121)
L Solvent Temp 266 267
258 CO THF 70° (57%) (0%)
258 CO MeCN  70°  (39%) (26%)
268 PhP MeCN  22°  (6%) (54%)
(CO)sCr-THF
267 @ —————————= 266 (47%)
OMe
OH (0]
(CO)5Cr OMe
1. MeCN, 70°
+
Il Vi 2. silica gel (Eq. 122)

(72%) 43:57
269
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A tandem Diels-Alder/“two-alkyne annulation” has been developed as a strat-
egy for the synthesis of steroid analogs.”*?* Diels-Alder reaction of endiynyl
carbene complex 270 with 2-methoxybutadiene proceeds at room temperature
to give the cycloadduct 271 in 84% yield (Eq. 123). The tungsten complex is
employed because the double intramolecular two-alkyne annulation of chromium
complexes gives lactone side products, the amount of which is dependent on
the geometric constraints of the tether. Tungsten complexes require higher tem-
peratures for reaction but, nonetheless, give good yields of two-alkyne phenols.
Thermolysis of 271 in THF produces the cyclohexadienone in 72% yield as a
3: 1 mixture of diastereomers.?*’

W(CO)s MeQ (CO)sW
TMS )_\ Il_T™s
MeO \\ 7N\ ~ “OMe \\
I - (84%)
t,
S MeO D
270 271

S

TMS ™
(@) (0]
o
e JOD - 10
MeO H MeO :

H
(72%) 72:28 R =OMe
(Eq. 123)

Ortho-Benzannulation/Cyclization of Doubly Unsaturated Complexes

The penultimate intermediate in the formation of phenols from the thermal
reaction of Fischer carbene complexes with alkynes is a doubly unsaturated ketene
complex of the type 274 (Scheme 15). The typical reaction involves the carbene
complex 272 and an alkyne to give the 4-methoxyphenol 275. On the basis of
the extensive photochemical studies of Fischer carbene complexes,>*®:24%-37 it was
anticipated that an alternative method for access to ketene complex 274 would be
the photolysis of the doubly unsaturated carbene complex 273.25%25! Photolysis
should promote a CO insertion to give ketene complex 274, and subsequent
cyclization would then lead to the 2-methoxyphenol 276. These two methods
would thus be complementary as to the substitution patterns in the phenol product.
Recently, the thermal conversion of certain types of complex 273 into phenols
276 has been observed.?>?233

Photo-induced ortho-benzannulation of carbene complex 278 (prepared by a
Diels-Alder reaction of alkynyl complex 277 with cyclopentadiene) gives the
ring-fused 2-methoxynaphthol 279 in 18% yield (Eq. 124).2%25! The yield of
this reaction is dramatically improved (93%) when the reaction is carried out in
a Pyrex vessel under an atmosphere of carbon monoxide.>>* 2-Methoxyanilines
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RS OH
| RI-=R? R} R?
MeO
C CoR 4 RE RY
r(CO)s (CORCY R? OMe
272 274 275
OH
(CO)sCr OMe_R> hv or heat MeO R
| —m 274 _—
RS R* R? R*
]{3 R3
273 276

Scheme 15

and 2-methoxyaminonaphthalenes are produced by thermal reaction of doubly
unsaturated carbene complexes with isonitriles.?>> This reaction presumably pro-
ceeds via the iminoketene analog of 274 (Scheme 15). For example, complex
280 reacts with fert-butyl isonitrile to give the aminonaphthalene 281 in 89%
yield, and with ethyl 2-cyanoacetate to give 282 in 80% yield, in contrast to
photo-induced CO insertion into 280, which gives the naphthol 283 in 42% yield
(Eq. 125).

OMe
Cr(CO) OM
(CO)sCr @ ’ THF, hv % b OH
\\ rt 7 OMe ’

o Ph
277 278 (98%) 279 (18%)
(93%, CO atm, Pyrex filter)
(Eq. 124)
OMe
1-65°
Cr(CO)s Ph
om 281 R=1Bu (89%)
N 282 R =CH,CO.Et (80%)
=
Ph
280 i OMe
v OH
0
Ph
283 (42%)

(Eq. 125)
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The photo-induced ortho-benzannulation reaction is not generally extendable
to dialkylamino-substituted carbene complexes. The photolysis of complex 284
in the presence of CO does not give any detectable amount of the amino naphthol
285 (Eq. 126).2%° However, if the amino group of the carbene complex is incorpo-
rated as a carbamate, photolysis of complexes such as 286 give amino naphthols
like 287 (Eq. 127).2% A similar observation has been made for the scope of
the thermal benzannulation of amino complexes with alkynes (Eq. 68).!62:163
The most general method for the synthesis of 2-amino phenols from this reac-
tion is the thermolysis of isonitriles.”>>?’ For example, the amino carbazole
289 is obtained in 86% yield from thermal reaction of indole carbene com-
plex 288 with tert-butyl isonitrile,>>® compared to the 65% yield of alkoxy
carbazole 290 that was obtained from the photolysis of 288 in the presence
of CO (Eq. 128). Both the CO and isonitrile insertion/cyclization products from
indolyl carbene complexes of the type 288 were used in the total synthesis of
carbazoquinocin C.2%

Cr(CO)s NMe,
hv, CO oH
NMe,  ——><——= OO (Eq. 126)
“ph Ph
284 285
(CO)4CY“*‘O 0
N“0-But o szqu\ Nt
n _—
| co OH (Eq. 127)
Ph Ph
286 287 (33%)
¢O0  NHBu-

M
t-BuNC O
THEF, reflux O
MeO__ crco)s N CHsn

C \
\ C7Hys-n Bn
— 2 %
N\ 8 (50%) (Eq. 128)

MeO OH

\

Bn
288 hv
CO, THF

290 (65%)

The formation of ortho-alkoxy phenols from doubly unsaturated carbene com-
plexes can be effected thermally in good yield with certain complexes.?3%2%3
Whereas thermolysis of complex 278 in refluxing heptane affords only the
o-methoxyphenol 279 in 29% yield (Eq. 124),* thermolysis of complex 291
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in THF produces the o-methoxyphenol 292 in 93% yield (Eq. 129). This thermal
reaction was found to be synthetically viable only for a variety of cyclobutenylcar-
bene complexes, presumably because of the strain in the four-membered ring.>>
These cyclobutenyl complexes are also unique in that their reactions with alkynes
produce eight-membered ring compounds like 293.5*

MeO
0 OH
MeO 7 (03%)
Cr(CO
o) r(CO)s 202

THF, reflux

Ve (Eq. 129)

291 =—Ph

L - (71%)

293

An alternative entry into dienyl ketenes of the type 274 (Scheme 15) involves
reactions of Fischer carbene complexes with alkynes that are conjugated to
doubly unsaturated groups.®!129:130.259.260 The reaction of complex 258 with
(Z)-4-phenyl-3-buten-1-yne gives the naphthalene derivative 297 in 80% yield
(Scheme 16).%! In these reactions, the vinyl ketene intermediate 295 is formed by
addition of the carbene complex 258 to the terminal alkyne function to give the
new complexed vinyl carbene intermediate 294. Subsequent CO insertion to give
295 followed by cyclization affords phenol 296, which is isolated as cyclized
product 297.5"

MeO \\ (CO),C (H)
e m/ \_g 4Cr

Cr(CO)s dioxane, =~ = MeO X [
MeO

reflux, 4 h ¢ (CO)sCr

258 294 295
OMe

MeO
¢ | OH ﬁo
296 297 (80%)

Scheme 16
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APPLICATIONS TO SYNTHESIS

A large number of reactions of Fischer carbene complexes have been employed
in organic synthesis and undoubtedly the reaction that has been most widely
used in organic complex molecule synthesis is the benzannulation reaction with
alkynes. The benzannulation reaction has been used in the total syntheses of a
variety of natural products including vitamins K3 and Kl(zo),%l vitamins in the
K; and K, series,?6? vitamin E,?%® nanaomycin A and deoxyfrenolicin,8-%0:152.218
7-ethoxyprecocene,®® khellin,?6*!1> sphondin,''* thiosphondin,''* heratomin,''*
angelicin,!'*26% visnagan,'®” 12-O0-methylroyleanone,?®® 5-lipoxygenase inhi-
bitors,?%” fredericamycin A,!3!:183:268.269 e00n0],270 parvaquone,'®! calphostins A,
B, C, and D,?’!2"2 shikonin,?’3~27> 7-methoxyeleutherin,?’® bis- N-dimethylmur-
ryquinone,” carbazoquinocin C,>%® and landomycinone.?’’

The benzannulation reaction has also been used for the synthesis of the anthra-
cyclinone antitumor antibiotics including the formal synthesis of daunomycin-
one?’$12.112 and 11-deoxydaunomycinone'38279-281  An alternate strategy for the
formal synthesis of daunomycinone and 4-demethoxydaunomycinone has also
been reported,?’?281-284 but subsequently this synthesis has been called into
question.'®

Strategic models have been examined for the synthesis of several natural
products including frenolicin and granaticin,>'* olivin and chromomycin-
one,?83-286.113.265  aqpidosperma  alkaloids,®>?*? mitomycin A,?%” taxodione,?®
nogalarol,?®® 11-ketosteroids,*:>*" oxasteroids,?® gilvocarcins,?” anthracycli-
nes,"® angucyclinone SF 2315A,'% berberine alkaloids,”! indolocarbazole nat-
ural products,?*>2% benzocarbazole natural products,”?® modified carbohydra-
tes,?* 124 C-arylglycosides,?>?*® menogaril,'’>?7 rubromycin,?®® and allocol-
chicinoids.?%-2!!1

A selected set of total syntheses that feature the reaction of Fischer carbene
complexes with alkynes is presented below and in each example the presenta-
tion begins with the key benzannulation step. The synthetic target is usually a
natural product, but one example highlights benzannulation in the synthesis of a
ligand for use in asymmetric catalysis. The examples were chosen to illustrate
the utility of the benzannulation of alkenyl, aryl, and heteroaryl complexes, the
intramolecular benzannulation, and the ortho benzannulation.

The syntheses of 12-O-methylroyleanone®®® and vitamin Kj)?%? result
directly from the benzannulation of alkenyl complex 299 and phenyl complex
26, respectively (Eqs. 130 and 131). Decalenyl complex 299 is prepared from
the hydrazone 298 upon in situ generation of the corresponding vinyllithium.
The reaction of this complex with 1-methoxy-3-methyl-1-butyne gives the target
quinone 300 in 37% overall yield from 298. The synthesis of vitamin K; g is
actually quite straightforward once the phytyl chain is appended to the proper
alkyne function. The reaction of alkyne 301 with the phenyl carbene complex
26 gives a 56% yield of vitamin K, after oxidation of the 4-methoxyphenol
product with silver oxide.?®?> The same alkyne can be used in the synthesis of
vitamin E.3%

2
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NHSO,Ar
N~ > 1 nBuLi (2.2 eq), B0 CrCOs | \feo—=pr-i
—78° to —20° THEF, reflux
2. Cr(CO)g 2. CAN/H,0
3. Bt;0" BE,~

(Eq. 130)

300 (37%) from 298
12-O-methylroyleanone

1. /\R, +-BuOMe, 50°, 1 h
301
Cr(CO)s
2. Ag,0, Et,O

OMe
R=
26 M (Eq. 131)

(56%) vitamin K0,

Alkenyl and aryl carbene complexes have both been used in the synthesis of
anthracycline antitumor antibiotics. Daunomycinone and 11-deoxydaunomycinone
are aglycones of members of the anthracycline family of antitumor antibiotics,
which include agents that are among the clinically most important compounds in
cancer chemotherapy (Eqgs. 132 and 133). The syntheses of daunomycinone?’%:12
and 11-deoxydaunomycinone'>® via Fischer carbene complexes are illustrative of
the power of the benzannulation reaction to solve two of the most significant prob-
lems related to the synthesis of this family of compounds: (1) the control of the
relative orientation of the A vs. D rings, and (2) a convergent method to both the
11-oxy and 11-deoxy members of the anthracycline family.3%!

The construction of the tetracyclic quinone 305 from carbene complex 302
and alkyne 303 represents a formal synthesis of daunomycinone because its syn-
thesis from 305 has been previously reported.>”?> This reaction gives a single
constitutional isomer of 304 and locks in the correct relative regiochemistry of
two ends of the tetracyclic target 305. The regioselectivity is expected to be quite
high because the related reaction of the cyclohexenyl complex 34 with 1-pentyne
gives greater than 250: 1 selectivity (Eq. 10).
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I OH
0
1L THR.45°
2. FeCl; DMF O o O‘ 0
OMe

(CO)sCr OMe O OMe
303 304 (72-74%)

OMe O OH MeO O OH OH
305 (61-65%) daunomycinone

(Eq. 132)

The synthesis of 11-deoxydaunomycinone is accomplished with an inverted
strategy compared to that for daunomycinone in that it incorporates the aromatic
A-ring in the carbene complex and the saturated D-ring in the alkyne (Eq. 133).!%8
A tetracyclic intermediate can be made in a one-pot process involving a tandem
benzannulation/Friedel-Crafts sequence of carbene complex 53 and alkyne 306.
Benzannulation is carried out in benzene and after completion, the reaction mix-
ture is opened to air to oxidatively liberate product 307 from the metal. Triflic
anhydride and sodium acetate are added to protect the phenol and then triflic acid
is added to effect the Friedel-Crafts cyclization. Final adjustments to the oxidation
state give the tetracyclic target 308 in 61% overall yield from alkyne 306. Inter-
mediate 308 has been previously converted into 11-deoxydaunomycinone in four
steps.>® The complete synthesis of 11-deoxydaunomycinone, including the four
additional steps from intermediate 308, is achieved in 8.5% overall yield from
commercially available starting materials. This synthesis clearly demonstrates the
efficiency of the benzannulation reaction of Fischer carbene complexes in organic
synthesis.

O
= 1. C¢He, 75°
ove S o OO ‘
1) 2 air, 10 min
OMe Cr(CO
e Cr(CO)s OBu.r OMe OMe  OBu-t
53 306 307
(0]
OMe O MecO O OH OH
308 (61% from 306) 11-deoxydaunomycinone

(Eq. 133)
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The synthesis of fredericamycin A is a formidable task not only due to the
complexity of the molecule but also because a highly oxygenated aryl carbene
complex is required (Eq. 134). Depending on the substitution pattern and the
nature of the substituents, these complexes can be problematic in the benzan-
nulation reaction,!3!:183.268.269 The 2 3 5_trioxygenated phenyl carbene complex
309 is no exception. In fact, the importance of the ‘“acetic anhydride” effect
(Eq. 81)''® was made apparent in the course of this synthesis. The key benzan-
nulation in the synthesis of fredericamycin A is the reaction of complex 309 with
alkyne 310 to give the desired phenol 311 in 35% yield. In the absence of acetic
anhydride no product is observed.

OTBS

MOMO  Cr(CO)s
MeO Acy0 (1-2 eq)

n-heptane, 50°, 48 h

OMe

MOMO
309

MOMO  OMe OTBS

311 (35%) ‘ fredericamycin A (28% from 311)

(Eq. 134)

The synthesis outlined in Eq. 135 is not of a natural product, but rather of a
compound that was designed and synthesized for the purpose of serving as the
chiral ligand VAPOL for catalytic asymmetric synthesis. The synthesis begins
with the benzannulation reaction of the 1-naphthylcarbene complex 312 and
phenylacetylene,® which is carried out on a 250-gram scale to give a 72% yield
of phenanthrene 313 after acetylation of the phenol.’** Cleavage of the methyl
ether occurs with simultaneous reduction of the acetoxy group to give 2-phenyl-
4-phenanthrol (314) in 81% yield. Heating 314 in the presence of air at 185°
gives the VAPOL ligand directly as a product of oxidative phenolic coupling.
The racemic VAPOL can be resolved into its enantiomers by salt formation of
a cyclic phosphoric acid derivative with (—)-cinchonidine. VAPOL has found
general use in asymmetric catalysis.30>~30
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.=—Ph
OO THF, 60°,17h 4 o AlCl; n-PrSH
2 Acy0, EtsN, Cl(CH2)2C1
(CO)sCr OMe THF, 60°, 24 h rt, 12h

312 313 (72% 314 (81%

250-g scale
185° Ph O OH resolution Ph ‘

Y _ fesolution "OH

neat, air Ph O OH Ph O OH

(+)-VAPOL (80-89%) (S)-VAPOL
(Eq. 135)

The structural features of deoxyfrenolicin are sufficiently seductive to have
inspired one formal and two total syntheses utilizing the benzannulation reaction.
Since deoxyfrenolicin has a naphthalene core that is substituted in both the 2- and
3-positions, retrosynthesis to an aryl carbene complex requires a benzannulation
reaction with an internal alkyne, a reaction known not to be regioselective. The
first total synthesis solved the regiochemistry problem by tethering the alkyne
316 to the aryl carbene complex 315 via a S-alkoxyethoxy group that serves
as the heteroatom stablizing group (Eq. 136).°%214218 The key intermediate is
the carbene complex 317, which upon thermolysis and oxidative workup gives
naphthoquinone 318 as a single constitutional isomer.

—+ 1. AcCl, -20° 1. EtZO 35°
ONMC4 CI‘(CO)5
2.316 2DpDQ

OMe Cr(CO)s

315 317 (88%

Q (0]
=

Ly —
T-n S o
OMe O O\/\OH OMe O OH OMe O
318 (51%) 319 deoxyfrenolicin
X

HO\/\O Pr-n
316
(Eq. 136)
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This synthesis can be shortened and improved in overall efficiency by employ-
ing the silicon tether in carbene complex 321, generated in situ from complex
315 and chloro(alkynyloxy)silane 320. Complex 321 is heated in hexane to give
the key intermediate 319, which undergoes several subsequent steps to complete
a formal synthesis of deoxyfrenolicin (Eq. 137).86 Note that in this intramolecu-
lar reaction the product can be liberated from the silicon tether without oxidation
at the alcohol function. A second total synthesis of deoxyfrenolicin has been
reported in which the problem of regiochemistry is circumvented by employ-
ing a terminal alkyne. The substitutent in the 3-position is introduced by an
oxa-Pictet-Spengler reaction.'?

(—) ltIMe4 320 Cr(CO)5 1. n-hexane, reflux
CH,Cl,, -23° 2. CAN
OMe Cr(CO)5 MeO  O..,
315 Me Me Pr-n
321 (100%)
(0]
= SCOo,H
O‘ Pr-n
OMe O  OH OMe O
319 (49%) deoxyfrenolicin
4
ClMezsiO\/\/
Pr-n
320
(Eq. 137)

The total synthesis of sphondin has been achieved by both an inter- and
intramolecular benzannulation. The intramolecular approach involves the 3-furyl
carbene complex 322 that has the alkyne tethered through the oxygen substituent
of the carbene complex (Eq. 138).!14265 Thermolysis of 322 leads to in situ
formation of the arenechromium tricarbonyl complex 323, which is methyl-
ated, proto-desilylated, and finally oxidatively liberated from remaining metal
fragments to afford the benzofuran 324 in yields that range from moderate to
excellent. The presence of the trimethylsilyl group in the intramolecular benzan-
nulation is critical because extremely poor yields are observed for this reaction
with terminal alkynes.’®!'*214 A more efficient synthesis of sphondin can be
achieved by an intermolecular benzannulation of the 2-furyl complex 100 and
alkyne 325 to generate the benzofuran 326 in 55% yield (Eq. 139).!'4 Oxidation
of 326 with DDQ produces sphondin in 40—57% yield.
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SPh SPh
™s—=—7"
O 1. THF, 75-85° 2. Mel, K,COs
(CO)sCr et I
— ) VS 3. TFA
4. FeCly-DMF
0 (CO)3C1‘ OH 3
322 323
Ph
o S
/ e
0
M
OMe OMe
324 (56-92%) sphondin (40%)
(Eq. 138)
CO,Me
1. ///\/ 2 O
325 o

4 | oM THF, 85°

(&)
0 2. air, 85°, 3 A MS 4 (Eq. 139)

CI'(CO)5 [e)
100 OMe
326 (55%)

The calphostin family of natural products are potent inhibitors of protein
kinase C. The synthesis of calphostin A illustrates a situation where the ther-
mal isonitrile insertion/cyclization is superior to the photo-induced CO inser-
tion/cyclization procedure (Eq. 125).2% The presence of adjacent oxygenated
carbons in one of the rings in these molecules suggested an approach utiliz-
ing the ortho-benzannulation of a Fischer carbene complex (Eq. 140).2’:?7> The
key intermediate for this synthesis is the 2-alkenyl substituted aryl complex 327.
The central disconnection in the retrosynthetic analysis leads to the ortho-quinone
intermediate 329. The photo-induced ortho-benzannulation fails to provide a syn-
thetically viable synthesis since photolysis of complex 327 gives low yields of the
ortho-methoxy phenol 330. However, the alternative procedure involving the ther-
mal reaction of complex 327 with an isonitrile gives the o-methoxynaphthylamine
328 in 60% yield. After protection of the alcohol function, 328 is oxidized to the
o-quinone 329 in 87% yield. Quinone 329 is dimerized with trifluoroacetic acid in
the presence of oxygen to give an intermediate, which upon deprotection affords
calphostin A. The synthetic strategy developed for the synthesis of calphostin A
has also been applied to the synthesis of calphostins B, C, and D.?7!:272



THE SYNTHESIS OF PHENOLS AND QUINONES 199

Cr(CO)s

1. +-BuNC NHBu t 1. BzCl, pyr
OMe OTIPS
2. TBAF OO 2.DDQ
MeO
328 (60%)
MeO O
O
e
MeO

(Eq. 140)
329 (87%)
OH O
calphostin A
MeO  OMe
OH
o
MeO
330

COMPARISON WITH OTHER METHODS

The synthesis of phenols and quinones by the reaction of Fischer carbene com-
plexes with alkynes is broadly applicable, and provides good to excellent overall
synthetic efficiency for a range of substituted phenols, naphthols, and higher
polycyclic phenols. There are many other methods for construction of aromatic
ring systems in general, and also for phenols and quinones in particular.>'® A few
of these methods are closely related mechanistically to the benzannulation of car-
bene complexes in that they involve electrocyclic ring closure of a dienyl ketene
intermediate that, however, is not coordinated to a metal center. Most of these
processes involve the generation of cyclobutenones of the type 331, and their elec-
trocyclic ring opening to a dienyl ketene and subsequent cyclization (Eq. 141).

OH
R o heat RS\
) eat or Rs
7R (Eq. 141)
R o Ri) light oi\(( ) R
331 R’

Many of the methods for the construction of cyclobutenones involve the [2 + 2]
cycloaddition of a ketene with an alkyne (332 to 331, Scheme 17). This reaction
can be synthetically useful with stable ketenes such as diphenylketene,'!-31?
but not generally with simple alkynes and ketenes. One example involves the
reaction of phenylacetyl chloride with phenylacetylene.’’* Thermally induced
elimination of HCI at 180° produces phenylketene, which undergoes cyclization
to the cyclobutenone 334. Under the reaction conditions, 334 undergoes ring
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RS
N > light
R3 R4
(0] RS
o RS base Ox, | )
’ R%
Cl R4 R3
P 332
Oj [R > heat or light
R3 R4
R' Y

t<R2 Rl o
5
x /R
R R} R
333
332 —— hy
R! 0
R!'-—=—R?
/R
R~ R3 R4
331
R! 0
5
R
R 3

Ph
CH,COCI o Ph
= Ph KOH
— — - - 335 (56%)
180°, 16 h o

Phi Ph OH \gﬂPh

334 335 336

Scheme 17

opening and then cyclization to afford naphthol 335, which in the presence of
the acid chloride is acylated to provide ester 336. Hydrolysis gives a 56% yield of
naphthol 335. The limitation of the [2 + 2] cycloaddition of ketenes with alkynes
can be overcome in a two-step process involving the [2 4 2] cycloaddition of a
ketene with an enol ether to provide 333 (Y = OR), followed by elimination of
an alcohol to generate the phenol precursor 331.3!43!5 An alternative approach to
cyclobutenones of the type 331 is the installation of the unsaturated substituent
on the sp? carbon by a Stille coupling reaction of chlorocyclobutenones.’!®

A synthetically reliable synthesis of phenols via cyclobutenones has been
developed on the basis of the [2 + 2] cycloaddition of ketenes with alkynyl
ethers, thio ethers, and ynamines.’!”-3!8 This process involves the cascade of
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four pericyclic reactions and has been utilized in syntheses of a number of natural
products. The synthesis of royleanone outlined in Eq. 142 involves a cascade of
three pericyclic reactions beginning with the [2 + 2] cycloaddition of alkyne 338
with a ketene generated from the Wolff rearrangement of the diazo ketone 337.3!
This reaction affords phenol 339 in 64—67% yield and subsequent silyl deprotec-
tion and oxidation completes the synthesis of royleanone. This synthesis is to be
compared with the synthesis of O-methyl royleanone from carbene complex 299
(Eq. 130).2% The synthetic route to the methyl ether via the carbene complex is

a few steps shorter and proceeds with somewhat higher overall yield.?!
pr TIPSO

i-Pr—=—0TIPS | TIPSO 0 Pr-i
338
™ OH

337
339 (64-67%) (Eq. 142)
1. TBAF

2. Fremy's Salt

royleanone (49%)

A flexible synthesis of 4-alkoxyphenols and quinones grew out of the synthesis
of phenols from cyclobutenones as outlined in Scheme 18.32°~325 Alkoxyphenols
would be the expected products when R? in cyclobutenone 331 is an alkoxy
group, that is, when cyclobutenones of the type 340 are employed (Scheme
18). Cyclobutenones 340 bearing an alkoxy substituent on the sp® carbon tend
to give higher yields of phenols upon thermolysis because the alkoxy group
has a propensity for outward rotation in the electrocyclic ring opening. Thus,
the unsaturated substituent preferentially undergoes inward rotation to give the
ketene intermediate 341 having the correct geometry for cyclization to phenol
342.%26 Cyclobutenones of the type 340 are best prepared from squaric acid.??7-328

One of the key advantages of this quinone synthesis is the regiocontrolled con-
struction of quinones as exemplified in the synthesis of quinone 344 in an overall
yield of 90% from the intermediate 343 (Scheme 19).3?° The synthesis of the same
quinone from the reaction of a 4-methylphenyl-substituted Fischer carbene com-
plex with 2-heptyne would give a mixture of isomers in which quinone 344 would
be expected as the minor isomer. Thus, although this quinone synthesis is longer
than the one involving Fischer carbene complexes, it offers a much higher level
of regiochemical control that is not possible with Fischer carbene complexes.

Much of the work on methods for quinone synthesis involving cyclobutenones
and cyclobutenediones described above grew out of an earlier method that fea-
tured an oxidative addition of a transition-metal to a cyclobutenedione to give
a metalla-cyclopentadienone followed by coupling with an alkyne to produce
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i 1
HOO 9 ipon FPOC 0 R ROAP
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L. K“) . LRL .
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PO 9 MeL L Li < >
(72%)
2. 12N HCI 2 MeX
i-PrO (6] i- PrO OM
(89%)
1 n-BuLi 140° CAN
2 TFA xylene
343 (55%)
(90%) from 343
Scheme 19

quinones (Eq. 143).330-33! This method can be extended to cyclobutenones where,
depending on the nature of the metal, either metallacyclopentenones®*? or vinyl
ketene complexes of the type 346 can be isolated (Eq. 144).33% Subsequent reac-
tion of complex 346 with an alkyne gives a mixture of constitutionally isomeric
phenols.

0
R! o} R! 7 3 4 R! R*
ML, R3-=-R
j;ﬁ i | ML) . (Eq. 143)
R? 0] R R R3
0 0
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OH OH

(6] _ 4 R3
CoH7)Co(PPh \ R>—=—R* R
JE/[ (CoH7)Co(PPh3), 0 Co .
COD (2 eq), 100°

R! R2 2J/\\ ’ R! R3 R! R*
R~ R! RZ R2

346

(Eq. 144)

The reaction can also be performed catalytically with substoichiometric amounts
of bis(cyclooctadiene)nickel resulting in facile formation of the same phenols at
much reduced temperatures (Eq. 145).3%* Reactions of the isolated vinyl ketene
complexes 346 with alkynes give good to moderate yields of phenols (Eq. 144).
However, the regioselectivity is low as indicated in the reaction of 347 with 1-
hexyne, which gives a 2.5 : 1 mixture of phenols 348 and 349 (Eq. 146).33

0
sz R= (Eq. 145)
o q.
R Ni(COD), (10-20 mol%), 0
OH
o (‘30 =Bu-n Bu-n
\-\\/\ COD (2 eq), 100°
i P
Ph

348 (18%) 349 (45%)

(Eq. 146)

Bu-n

Reactions of cyclobutenones with alkynes catalyzed by Ni(0) fail to give phe-
nolic products with terminal alkynes, but afford good to high yields with internal
alkynes. The steric difference between the two substituents of the alkyne has
essentially no impact on regioselectivity as noted in the reaction of cyclobutenone
350 with 4-methyl-2-pentyne, which gives an equal mixture of the two possible

isomeric products (Eq. 147).33*
0 OH OH
= Pri Pr-i
ﬁ Qi (40%) + Jé( @0%)  (Eq. 147)
Ni(COD); (10-20 mol%)
Ph Ph Ph Pri

350

The most widely studied of the organometallic-based quinone syntheses is that
involving metallacyclopentenediones of the type 345 derived from cyclobutene-
diones (Eq. 143). Application of this process to the synthesis of an intermedi-
ate for the natural product royleanone is illustrative (Eq. 148).3*> Reaction of
cyclobutenedione 351 with tris(triphenylphosphine)chlorocobalt gives the corre-
sponding metallacycle in 46% yield. Replacement of the phosphine ligands in the
metallacycle with dimethylglyoxime produces the more reactive (toward alkynes)
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complex 352.3% The key step in the synthesis is the reaction of complex 352 with
alkyne 353 to give the quinone 354 as a 5:1 mixture of constitutional isomers.

o) o)
i . . 1]
i-Pr O CICo(PPhy),s i-Pr Cl DMG i-Pr N
- \ Co—PPh; W | Co.
MeO 0 MeO PPh; by MeO L N
0 O OH
351 (46%) 352 (86%)
L = pyridine
i
O OMe OH (Eq. 148)
OTBS o Pr-i
353 Pr-i
CoCly+6H,0 ) o
OTBS H
354 (81%) royleanone

5:1 mixture of constitutional isomers

PREPARATION OF CARBENE COMPLEXES

The most widely used method for the synthesis of Fischer carbene complexes
remains the original method reported by Fischer, which involves the addition
of an organolithium reagent to a metal carbonyl complex (Scheme 20).! The
alkoxy complexes 356 can be obtained directly from the metal acylate 355 by
in situ alkylation with trialkyloxonium salts,?* alkyl fluorosulfonates,’*® or alkyl
trifluoromethanesulfonates.*® The carbon monoxide ligands in lithium acylates
will rapidly exchange with free carbon monoxide and also with the acyl carbon,
thus providing an efficient method for the preparation of isotopically-labeled
compounds.®** The reactions of acylate complexes 355 with less reactive elec-
trophiles such as methyl iodide are not generally useful, although the direct
preparation of complexes 356 with alkyl iodides in a two-phase system has been
developed.**! Reactivity toward a given electrophile can be increased by con-
version of the lithium acylate 355 to the tetraalkylammonium acylate 359. This
enhancement is illustrated by the reaction of 359 with acid halides to generate the
acyloxy complexes 360.'7° These complexes are not generally stable to isolation
under ambient conditions, but their reactivity can be utilized in the preparation
of a variety of complexes by substitution reactions with alcohols, amines, and
thiols.!”! The preparation of complexes of the type 356 via the acyloxy com-
plexes 360 is more efficient when the latter are generated with an acid halide
from the ammonium salt 359 than from the lithium salt 355. Fischer was the first
to demonstrate that amino and thio complexes of the type 357 could be prepared
by the direct treatment of alkoxy complexes with amines and thiols.” The alkyl-
ation of 355 with dimethyl sulfate is slow and inefficient. However, high yields
have been reported with this inexpensive alkylating agent from the reaction of the
potassium acylate generated in situ from the hydroxy complex 358 and potassium
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Scheme 20

carbonate.® Alkylation of the hydroxy complex with diazomethane was, in fact,
the first method by which a Fischer carbene complex was produced.'

A number of “non-Fischer” methods for the synthesis of Group 6 pentacar-
bonyl carbene complexes have been developed and, while a comprehensive
discussion of these methods is not possible here, a few select examples are
shown (Egs. 149—151). The most important of these involves the reaction of
the pentacarbonyl Group 6 metal dianions with acid halides**? and amides,**?
which can lead to efficient synthesis of alkoxy and amino carbene complexes
(Eq. 149). Although these methods were originally developed with disodium
salts, the dipotassium salt is the preferred choice because of the ease of purifi-
cation of the resulting carbene complex.>** Fischer carbene complexes can be
prepared efficiently by the reaction of diazo compounds with metal pentacarbonyl
derivatives of the type 361 that have an easily dissociable ligand (Eq. 150).3%°
This method does not appear to be applicable to the preparation of complexes that
have oxygen substituents on the carbene carbon.?*® Although Grignard reagents
and other organometallic reagents less reactive than organolithiums do not pro-
vide useful yields of carbene complexes by the Fischer procedure, these reagents
can potentially lead to Fischer complexes by addition to the more reactive metal
precursors of the type 361 that have a labile ligand. Such a process has been
reported for organozinc compounds.**’ After the addition of diphenylzinc to 361
(L = THF), the resulting chromium pentacarbonyl monoanion is exposed to an
atmosphere of CO, presumably leading to the formation of the zinc acylate cor-
responding to 355, which upon subsequent alkylation gives phenyl complex 26
(Eq. 150). Finally, a rather interesting synthesis of the stablized complex 363 has
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been reported from the reaction of the vinyllithium derivative 362 and complex
361 (L = PPhs) in which the addition product suffers a conjugate elimination of
triisopropylsiloxide to give the a,B-unsaturated complex 363 (Eq. 151).'43

o)
(R3>2N)LR1 TMSCI N(R®),
(CO)sM=(
Rl
357
Ml
Moy MO mmcoys (Eq. 149)
0
1 _71; .
M! =Li, Na, K CI)J\RI R2X OR?
(COBM=
R]
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OMe
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N O
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(CO)sCr
L = cyclooctene
M(CO) L L—M(CO) O
§ —> L— s —
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v 361 L. PhyZn ©6%  ome (Eq
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3. Me;O* BE, OMe
L =THF (COxCr
26 (35%)
OTIPS OTIPS
M=Cr
L—M(CO)- + TIPSO.. TIPSO..
3é1 . L = PPh; 0 (Eq. 151)
NS
TIPSO Li Cr(CO)s
362 363 (56%)

Another important route to «,-unsaturated Fischer carbene complexes is the
conversion of one carbene complex into another. It is not possible to even summa-
rize the large number of classes of reactions in this category. The examples pro-
vided illustrate the types of transformations resulting in o,B-unsaturated
Fischer carbene complexes that could serve in the preparation of phenols and
quinones (Egs. 152—155). The first method (Eq. 152) involves the Diels-Alder
reaction of an alkynyl carbene complex that provides cycloadduct 80, which
has been used to produce a benzannulated product (Eq. 21).!'? Certainly one of
the most important reactions in this category is the aldol condensation of alkyl
carbene complexes to give trans-1-alkenyl complexes as is illustrated by the
synthesis of complex 364 (Eq. 153).>*® A number of useful procedures for this
process have been developed over the years.!3-239:348-351 The carbene complex
366 obviously could not be directly prepared by the standard Fischer procedure



THE SYNTHESIS OF PHENOLS AND QUINONES 207

starting with 4-bromobenzaldehyde (Eq. 154)."'3 The metal-halogen exchange in
the 4-bromophenyl carbene complex 365 is only successful if the isopropoxy
group is present to prevent attack on the carbene carbon.?? Finally, the metathe-
sis reaction of electron-rich alkenes can be a useful method for the synthesis of
either amino-*>* or alkoxy-substituted®* Fischer carbene complexes (Eq. 155).

H TMS
T™MS S
Cr(CO)s s0° 4 Cr(CO)s (Eq. 152)

OMe OMe
79 80 (89%)
1. n-BuLi OM.
OMe 2. =—C(CH,)sCHO /SuCl, — ¢ y
(CO)SCI':< 3. MSCI, Et3N ) w
258 364 (57%)
(Eq. 153)
OPr-i OPr-i
1. n-BuLi
(CO)sCr (CO)sCr
> DME 5 (Eq. 154)
Br CHO
365 366 (49%)

)
N 0
OMe A@ OMe
() (Eq. 155)
(CO)sCr N 69%) +
THF, 66°
(CO)5Cr)\©

26

EXPERIMENTAL CONDITIONS

The reactions of Fischer carbene complexes with alkynes are best performed in
non-polar solvents at temperatures of 45—80° under an inert atmosphere. Lower
concentrations are usually required for intramolecular reactions and also to inhibit
certain side-products in intermolecular reactions. However, most side-processes
can be avoided by higher reaction concentrations. Many of the published proce-
dures include deoxygenation of the reaction mixture by the freeze-thaw method.
This procedure is usually taken for precautionary reasons when exploring a new
reaction and looking for all primary products. For example, the 2-alkoxyfuran
side-products are quite sensitive to air and often do not survive prolonged expo-
sure. Deoxygenation by the freeze-thaw method is usually not needed for most
reactions. Instead, flushing the flask with nitrogen is sufficient. In many reactions
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where the yields have been compared with and without careful deoxygenation,
only slight if any differences have been noted. This observation is particularly
important in the development of large-scale reactions where deoxygenation by
the freeze-thaw method would be impractical (see the experimental procedure
for the preparation 4-methoxy-2-phenylphenanthren-1-yl acetate).

Most Fischer chromium carbene complexes are only slightly sensitive to air
and can be purified by chromatography on silica gel in the presence of air with
negligible losses. In large-scale preparations, purification can be accomplished
by crystallization because many complexes are solids. Crystallized complexes
can be stored in a refrigerator in a vial or bottle flushed with nitrogen for indef-
inite periods, sometimes up to several years. For some of the more air-sensitive
complexes, reactions are most successful if the complex is purified just prior to
use by chromatography on silica gel in the presence of air. It is extremely rare
to encounter a complex that is so air sensitive that chromatography on silica gel
under an inert atmosphere is required.

Air oxidation of chromium carbene complexes produces chromium(IIl) and
even trace amounts can cause broadening in the NMR spectra. Filtration through
a short plug of silica gel with CDCl; directly into an NMR tube removes the
contaminant sufficiently enough to produce high quality spectra even when the
filtration is done in air. Some complexes produce trace amounts of chromium(III)
upon reaction with CDCIl3 and thus C¢Dg is the preferred solvent in that event.
CAUTION: Although chromium is an essential element in the +3 oxidation state,
high levels of chromium(Ill) are toxic. In addition, the reaction of chromium car-
bene complexes with alkynes can produce chromium hexacarbonyl as a product
of the reaction. This compound is a toxic and relatively volatile solid. Thus, these
reactions should be carried out in ventilated hoods taking the normal precautions
for handling toxic materials.

EXPERIMENTAL PROCEDURES

The following set of experimental procedures was chosen to illustrate a num-
ber of facets of the reactions of Fischer carbene complexes with alkynes. Methods
for product isolation, of particular importance in most applications of the pro-
cedure, are reviewed in the section on Scope and Limitations. As is more fully
illustrated by the following Experimental Procedures, there is a range of exper-
imental protocols available for the production of a diverse set of functionalized
products from these reactions including phenols, protected phenols, quinones,
quinone acetals, arene chromium tricabonyl complexes, and cyclohexadienones.
The reaction of Fischer carbene complexes with alkynes can be a very compli-
cated reaction that can lead to a vast array of products, potentially detracting
from its synthetic utility for generating phenols and quinones. The identity of the
products reflects both the choice of reaction conditions and the actual protocol
employed. In most of the following procedures, the procedure and conditions
have been optimized for the normal benzannulation product.
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1. n-Bu—= Bojé OH OH
(0] Bu-n
o THF, 45°, 16 h OO Bu-n
.
w0 2. air $/O OO
OMe OMe O
OMe
(73%) (15%)

2-Butyl-4-methoxy-3-(4,4,5,5-tetramethyl[ 1,3,2]dioxaborolan-2-yl)naphth-
alen-1-ol (Benzannulation with an Alkynylborane).”> To a solution of pen-
tacarbonyl(methoxyphenylmethylene)chromium (102 mg, 0.327 mmol) in THF
(6.4 mL) was added 2-(hex-1-ynyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(204 mg, 0.980 mmol) via syringe under nitrogen. The reaction mixture was
stirred at 45° for 14 hours and concentrated by rotary evaporation. Purification
of the resulting residue by silica gel chromatography provided 4-methoxy-2-
n-butyl-1-naphthol (11 mg, 15%) and the title compound (85 mg, 73%). The
latter was crystallized from hexanes to provide an amber solid, mp 116—116.5°:
IR 3445, 2991, 2977, 1662, 1142 cm™!; 'H NMR (250 MHz, CDCl3) § 0.96 (t,
J =7.3 Hz, 3H), 1.42 (s, 12H), 1.47-1.72 (m, 4H), 2.73 (app t, / = 7.9 Hz, 2H),
3.91 (s, 3H), 4.93 (br s, 1H), 7.39-7.53 (m, 2H) 7.95-8.03 (m, 1H), 8.05-8.13
(m, 1H); 3C NMR (62.9 MHz, CDCl;) § 14.1, 24.7, 24.9, 30.2, 33.0, 63.5,
84.0, 121.6, 122.0, 124.3, 125.2, 125.9, 126.6, 144.4, 153.9. Anal. Calcd for
C,1H29BO,: C, 70.80; H, 8.20. Found: C, 70.67; H, 8.36.

0
o |.Ph—=—Ph Fh
H(CO)s 2. CAN/H,O o

OMe
(6]
Method A (solid state) (86%)
Method B (solution) (94%)

2,3-Diphenyl-1,4-naphthoquinone (Comparison of Thermal Reaction in
THF Solution with Solid-Phase Reaction on Silica Gel).34177

Method A. A suspension of pentacarbonyl(methoxyphenylmethylene)chro-
mium (65 mg, 0.208 mmol), silica gel (2.58 g), and diphenylacetylene (46 mg,
0.258 mmol) in hexane or Et,O was stirred for 5 minutes at room temperature
and the solvent was removed in vacuo. The round-bottomed flask containing the
resulting orange powder was purged with nitrogen, immersed in a heated oil
bath, and the contents were stirred at 40—50° until all the complex had been con-
sumed (as indicated by TLC analysis of extracts of small aliquots of solid mixture,
3 hours). On completion of the reaction, the adsorbent was extracted with Et,O
and the extracts filtered through a pad of Kieselguhr. The resulting crude phenol
product was taken up in Et,O (10 mL) and treated with an aqueous cerric ammo-
nium nitrate solution (8 eq) for 30 minutes at room temperature. The quinone was
purified on a silica gel column with a 3:2 mixture of petroleum ether/CH,Cl,
as eluent. 2,3-Diphenyl-1,4-naphthoquinone was obtained as a yellow crystalline
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solid (56 mg, 86%), mp 139-140° (1it.>> mp 141-142°): FTIR (CH,Cl,)1670,
1601 cm~!; '"H NMR (CDCl3) §7.10 (m, 4H), 7.23 (m, 6H), 7.81 (m, 2H), 8.21
(m, 2H).

Method B. A solution of pentacarbonyl(methoxyphenylmethylene)chro-
mium (0.156 g, 0.500 mmol) and diphenylacetylene (0.178 g, 1.00 mmol) in
THF (1.0 mL) was deoxygenated by the freeze-thaw method and heated at 70°
for 12 hours under an argon atmosphere. The reaction mixture was diluted with
THF (10 mL) and water (10 mL) and then ceric ammonium nitrate (1.8 g) was
added. After 20 minutes the aqueous layer was extracted twice with Et,O and
the combined organic fractions were washed with water and brine, then dried
over Mg,SOy4. The crude reaction mixture was chromatographed on a silica gel
column with a mixture of Et;O, CH,Cl,, and hexanes (1:1:10) to give 0.146 g
(0.47 mmol) of the title compound as a yellow solid in 94% yield.

OTBS
Cr(CO)s Bus
1. -BuOMe (0.4 M), O
Q 55°, 55 min ,
+ =—But (55%)
- 2. silica gel (CONCr O
3. TBSCI (4 eq), U
EtsN (4 eq), 1t, 3 h \[

{tert-Butyl-[2-tert-butyl-4-(2-isopropyl-5-methylcyclohexyloxy)naphtha-
len-1-yloxy]dimethylsilanyloxy}tricarbonylchromium(0) (Asymmetric Ben-
zannulation of O-Menthyloxy Complexes).”” A solution of pentacarbo-
nyl [[[(1S,2R,5S5)-5-methyl-2-(1-methylethyl)cyclohexyl]oxy]phenylmethylene]
chromium (2 mmol) and of 3,3-dimethyl-1-butyne (8 mmol) in fert-butyl methyl
ether (5 mL) was degassed in three cycles and warmed at 55° for 55 min-
utes. After cooling to room temperature and filtration over silica gel, (fert-
butyl)chlorodimethylsilane (8 mmol) and triethylamine (8 mmol) were added
and the solution was stirred at room temperature for 3 hours. The solvent
was removed under reduced pressure and the residue was purified by col-
umn chromatography (petroleum ether/CH,Cl, =5 : 1, —10°) to give 0.66 g
(1.1 mmol, 55%) of the title arene complex as a red solid: Ry = 0.27 (petroleum
ether/CH,Cl, = 5:1); dr=91:9 (based on '"H NMR signals for H-3: 5.71
(8)/5.60 (s) ppm); [a] = —690° (c = 0.9, CHCIl3); IR (petroleum ether) 1958,
1890, 1877 cm~!; 'H NMR (500 MHz, CDCls) § 0.34, 0.53 (s, 6H), 0.80, 0.93,
1.01 (d, J = 7.0 Hz, 3H), 1.09 (s, 9H), 1.52 (s, 9H), 1.15-1.70 (m, 3H), 1.75
(m, 2H), 2.11 (qd, J = 7.0, 2.6 Hz, 1H). 2.65 (m, 1H), 4.00 (ddd, J = 10.6, 9.8,
5.3 Hz, 1H), 5.60 (s, 1H), 7.33 (ddd, 1H, J = 9.1, 6.5, 1.0 Hz, 1H), 7.45 (ddd,
J =8.9, 6.5, 1.0 Hz, 1H), 8.05 (m, 2H); '3C NMR (100 MHz, CDCl;) § —1.0,
0.4, 16.9, 20.8, 22.2, 19.9, 23.6, 26.0, 27.0, 30.9, 31.5, 34.2, 34.9, 39.3, 48.1,
76.9,79.7,99.0, 101.0, 108.6, 123.4, 125.4, 126.6, 127.8, 128.9, 130.6, 234.4; MS
(70 eV) m/z (% relative intensity): 604 (5, M™), 548 (1, M™ —2 CO), 520 (100,
MT -3 CO), 468 (1, M™ —Cr(CO);). Anal. Calcd for C33H4305SiCr: C, 65.53;
H, 8.00. Found: C, 65.43; H, 7.91.
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2,3-Diethyl-4,4,5-trimethoxy-4H -naphthalen-1-one (Oxidative Workup to
Quinone Monoacetals).”> A solution of pentacarbonyl[methoxy(2-methoxy-
phenyl)methylene]chromium (0.690 g, 2.02 mmol) and 3-hexyne (0.207 g,
2.52 mmol) in THF (20 mL) was deoxygenated by the freeze-thaw method
(—196°/0°, 3 cycles). The mixture was stirred under argon at 45° and moni-
tored by TLC. The crude mixture was poured into a solution of ceric ammo-
nium nitrate (7.5 eq) in anhydrous MeOH (100 mL) and stirred over powdered
anhydrous Na,CO; (1 g). After 30 minutes the solution was diluted with of
2% aqueous Na,CO3 (200 mL) then extracted with several portions of Et;O.
After removal of the volatiles the crude product was purified by chromatog-
raphy on activity IV basic alumina with a mixture of Et,O/CH,Cl,/hexanes
(1:1:4, Ry = 0.13) to give the title compound in 72% yield as a white solid, mp
88—89.5° (ether/hexane); 'H NMR (CDCl3) § 1.14 (t, J = 7.5 Hz, 3H), 1.24 (t,
J =71.5 Hz, 3H), 2.51 (q, 2H), 2.57 (q, 2H), 2.92 (s, 6H), 3.94 (s, 3H), 7.15 (d,
J = 8.6 Hz, 1H), 7.47 (t, J = 8.0 Hz, 1H), 7.79 (d, J = 7.7 Hz, 1H); '*C NMR
(CDCl3) §13.3, 14.0, 19.4, 20.0, 51.2, 56.1, 99.5, 115.2, 118.5, 125.1, 130.0,
134.4, 142.1, 154.8, 157.3, 183.2; MS m/z (% relative intensity): 290 (18, M™),
275 (16), 261 (100), 259 (52), 231 (78), 135 (78), 115 (85), 91 (60), 77 (88).

OAc
‘ ——Ph, THF, 55°,4 h Ph
Cr(CO)s — ’ i OO (72%)
2. Ac,0, EN, THF, 55°, 17 h
MeO ‘
P Z OMe

4-Methoxy-2-phenylphenanthren-1-yl Acetate (Benzannulation and In Situ
Protection as an Aryl Acetate).’** An oven-dried, 3-L, three-necked, round-
bottomed flask equipped with a mechanical stirrer, a reflux condenser, and a
septum was charged with pentacarbonyl(methoxy-1-naphthalenylmethylene)chro-
mium (250 g, 0.69 mol). To this was added dry THF (1.4 L) via cannula under
an inert nitrogen atmosphere. The resulting dark-red solution was purged with
nitrogen for 30 minutes. The septum was replaced by a pressure-equalizing drop-
ping funnel containing a nitrogen purged solution of phenylacetylene (91 mL,
0.83 mol) and dry THF (29 mL). The flask and its contents were heated to 55°
with a heating mantle and then the phenylacetylene solution was added dropwise
over a 3-hour period. The reaction mixture was stirred at 55° for an additional
1 hour or until TLC indicated that the chromium carbene complex was totally
consumed. At this point triethylamine (289 mL, 2.07 mol) and acetic anhydride
(196 mL, 2.07 mol) were added to the flask and the resultant mixture was stirred
at 55° for 17 hours. The dark brown reaction mixture was cooled to ambient
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temperature, decanted into a 2-L round-bottomed flask, and the volume reduced
to 1/4 of the original volume under reduced pressure (rotary evaporator). The
greenish yellow precipitate was collected by filtration on a 13-cm Biichner fun-
nel under reduced pressure and washed with EtOAc (3 x 200 mL) to afford the
first crop of the yellow product. The green solid remaining in the 3-L flask was
washed with EtOAc (3 x 100 mL) and the solvent decanted. The solid residue
remaining was discarded, the decanted EtOAc washings were combined with the
filtrate from the first crop, and the combined organic layers washed with 1 L of
water and 1 L of brine. The organic layer was suction filtered through a 3-cm bed
of wet packed silica gel in a 12-cm diameter Biichner funnel to remove the green
chromium residue. The brown filtrate was reduced to 1/4 of its original volume
under reduced pressure and the resultant precipitate was collected by filtration
and washed with EtOAc (3 x 50 mL) to afford a second crop of the product as
a yellow solid. The filtrate was then further concentrated to afford a third crop.
The three crops were combined to provide the title compound as a light yellow
solid (171 g, 72% yield based on the carbene complex). The product was further
purified by flash column chromatography using EtOAc/hexane (1:9) to give a
white solid, mp 160-161°; Ry =0.23 (EtOAc/hexane = 1:9); IR (neat) 3056,
2929, 2844, 1762, 1598, 1498, 1451, 1367, 1213, 1196, 1174, 1157, 1100, 1049,
815, 745, 700 cm~'; '"H NMR (CDCl3) § 2.19 (s, 3H), 4.14 (s, 3H), 7.13 (s, 1H),
7.36 (t, J =7.3 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.53-7.63 (m, 4H), 7.70
(d, J =8.9 Hz, 1H), 7.78 (d, J = 9.0 Hz, 1H), 7.85 (d, J = 7.8 Hz, 1H), 9.62
(d, J = 8.8 Hz, 1H); >*C NMR (CDCl3) §20.7, 56.0, 109.6, 119.5, 120.9, 126.3,
126.9, 127.5, 127.6, 128.3, 128.4, 128.6, 129.1, 129.3, 130.1, 131.9, 132.5, 137.3,
138.0, 156.6, 169.7; MS m/z (% relative intensity): 342 (8, M™), 300 (100), 285
(46), 268 (8), 255 (6), 239 (10), 226 (12), 191 (2), 155 (27), 126 (18); exact
mass (m/z) calcd for Cp3H 303, 342.1256; found, 342.1253. Anal. Calcd for
C23H;305: C, 80.68; H, 5.30. Found: C, 80.76, H, 5.42.

O 1. benzene, 75°, 12 h
= 2. air, 15 min, rt
Cr(CO)s +
O 3. TFAA, NaOAc, 1 h
MeO OMe
OBus 4.TFA,2h, 1t
5.2 N NaOH, rt

OH 0 0 0
1. AgO, HNO;
2. 0,, DMF, 100°, 3 h

MeOMeO O (75%) MeO O OH

(56%)

2-Acetyl-11-hydroxy-6,7-dimethoxy-2,3,4,4a,12,12a-hexahydro-1H -naph-
thacen-5-one and 8-Acetyl-7,8,9,10-tetrahydro-11-hydroxy-1-methoxytetra-
cene-5,12-dione (One-Pot Benzannulation/Friedel-Crafts Reactions Followed
by Oxidation).'®® A solution of pentacarbonyl[methoxy(2-methoxyphenyl)
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methylene]chromium (0.176 g, 0.516 mmol) and tert-butyl 4-acetyl-2-(prop-2-
ynyl)cyclohexanecarboxylate (0.163 g, 0.619 mmol) in benzene (6 mL) was de-
oxygenated by the freeze-thaw method (—196° to room temperature, 3 cycles).
The reaction mixture was heated under an argon atmosphere at 60° for 30 hours
and then opened to air for 15 minutes. A major spot on TLC (R; = 0.34,
CH,Cl,/Et;O/hexane = 1:1: 1) indicated the presence of the benzannulated prod-
uct. NaOAc (98.0 mg, 0.715 mmol) was added and the mixture was stirred
at room temperature for 5 minutes before trifluoroacetic anhydride (2.0 mL)
was introduced. The acetylation reaction was complete in one hour after stir-
ring at room temperature (R; = 0.42, CH,Cl,/Et,O/hexane = 1:1:1). Trifluo-
roacetic acid (3 mL) was added and the resulting mixture was stirred at room
temperature for 2 hours to effect the Friedel-Crafts cyclization. Only one spot
was present on TLC (R = 0.29, CH,Cl,/Et;O/hexane = 1:1:1). To hydrolyze
the trifluoroacetate, NaOH solution (4 M) was slowly added until the solu-
tion became basic (pH > 11). After the mixture was stirred at room tem-
perature for a half hour, HCl was added to neutralize the reaction mixture
(Ry = 0.13, CHClp/Et;O/hexane = 1:1:1). The mixture was extracted with
Et;O (6 x 30 mL) and the organic phases were combined and dried over MgSOy,.
After removal of the volatiles, 2-acetyl-2,3,4,4a,12,12a-hexahydro-11-hydroxy-
6,7-dimethoxytetracen-5(1 H)-one was isolated by flash chromatography
(CH,Cly/EtyO/hexane = 1:1:1) in 56% overall yield.

The tetracenone intermediate was not characterized, but rather directly oxi-
dized by treatment with silver oxide (1.28 g, 10.3 mmol) and nitric acid (2.0 N,
10.3 mL, 20.6 mmol) in acetone (20 mL) at room temperature for 30 min-
utes (Ry = 0.14). After addition of buffer solution (pH 7, 10 mL) and CH,Cl,
(50 mL), the organic phase was washed with brine and water, and dried over
MgSO,. Evaporation of the volatiles under reduced pressure gave an orange
residue which was aromatized by a gentle purge with oxygen in DMF (10 mL)
at 100° for 2 hours. After removal of the DMF by heating under reduced pres-
sure, the product was purified by flash chromatography (CH,Cl,/Et,O/hexane =
1:1:1, Ry = 0.44) to give the title compound (0.109 g, 0.311 mmol, 75% yield)
as an orange solid and as the sole product; mp 222-225° (1it.>>® mp 222-225°).
If the tetracenone intermediate is not purified, the final product was isolated in
61% overall yield from the alkyne in a one-pot seven step process. IR (neat)
2957, 2921, 2854, 1701, 1665, 1622, 1585, 1460, 1436, 1415, 1384, 1353, 1287,
1269, 1260, 1249, 1235, 1213, 1176, 1053 cm~!; 'H NMR (CDCl3) § 1.71-1.82
(m, 1H), 2.23-2.31 (m, 1H), 2.27 (s, 3H), 2.69-2.84 (m, 2H), 2.95-3.08 (m,
3H), 4.06 (s, 3H), 7.33 (d, J = 8.4 Hz, 1H), 7.53 (s, 1H), 7.71 (t, J = 8.1 Hz,
1H), 7.94 (d, J = 7.5 Hz, 1H), 13.35 (s, 1H); 3C NMR (CDCl3) §22.8, 24.5,
28.2, 31.5, 46.8, 56.7, 114.0, 118.0, 119.5, 120.1, 120.9, 129.7, 132.7, 135.6,
135.9, 144.2, 160.8, 160.8, 182.7, 188.8, 210.1; MS m/z (% relative intensity):
350 (100, M™), 335 (6), 308 (30), 307 (97), 306 (12), 304 (25), 291 (12), 290
(12), 289 (15), 275 (5), 189 (6), 178 (4), 166 (4), 115 (5), 77 (4), 69 (5); exact
mass (m/z) caled for C;1H; 305, 350.1154; found, 350.1169.
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_ OTBS
= OTBS
OMe ; (CO)3CrTBSO ’ €COxCr ’
(CO)SCr:<_\ TBSO \ . O
- g OTBS

MeO  Syn MeO  anti

syn+anti  syn:anti
Method A (53%) >99:1
Method B (58%) 6:94

Tricarbonyl[6-(tert-butyldimethylsilanyloxy)-2'-(tert-butyldimethylsilanyl-
oxymethyl)-3-methoxy-2,5-dimethylbiphenyl]Jchromium(0)  (Simultaneous
and Stereoselective Creation of Axial and Planar Elements of Chirality).2!2

Method A. A magnetic stir bar was placed in a flame-dried, single-necked
flask that had been modified by replacement of the 14/20 joint with a 10-mm
threaded high-vacuum stopcock. The stopcock was replaced by a rubber septum
and the flask was back-filled with argon. N,N-diisopropylethylamine (0.162 g,
1.25 mmol, distilled from KOH and freshly filtered through basic alumina) was
added via syringe. Pentacarbonyl[(2Z)-1-methoxy-2-butenylidene]chromium
(0.102 g, 0.37 mmol, freshly purified or freshly prepared) was added to the reac-
tion flask followed by a solution of (2-(prop-1-ynyl)benzyloxy)(zert-butyl)dime-
thylsilane (0.065 g, 0.25 mmol) in toluene (1.0 mL) and then (tert-butyl)chloro-
dimethylsilane (0.113 g, 0.75 mmol) was added via syringe. The septum was
replaced by the threaded stopcock and the reaction mixture was deoxygenated
using the freeze-thaw method (three cycles). The reaction flask was left to warm
to room temperature, after which it was back-filled with argon, sealed with the
stopcock, covered with aluminum foil, and heated to 50° for 24 hours. After
cooling to room temperature, the reaction mixture was concentrated on a rotary
evaporator and subjected to silica gel chromatography. Elution with a mixture
of pentane and CH,Cl, (3:1) gave the title compound (88 mg, 53% yield) as a
yellow oil which was determined by '"H NMR to be >99:1 syn:anti. 'H NMR
(CD,Cl, 400 MHz) §—0.64 (s, 3H), —0.17 (s, 3H), 0.17 (s, 6H), 0.80 (s, 9H),
0.97 (s, 9H), 1.86 (s, 3H), 2.22 (s, 3H), 3.78 (s, 3H), 4.97 (d, J = 7.8 Hz,
1H), 5.34 (d, J = 7.8 Hz, 1H), 5.72 (s, 1H), 7.05 (d, J = 7.7 Hz, 1H), 7.23 (t,
J =7.8 Hz, 1H), 742 (t, J = 7.6 Hz, 1H), 7.82 (d, J = 7.0 Hz, 1H).

Method B. A magnetic stir bar was placed in a flame-dried, single-necked
flask that had been modified by replacement of the 14/20 joint with a 10-mm
threaded high-vacuum stopcock. The stopcock was replaced by a rubber sep-
tum and the flask was back-filled with argon. Pentacarbonyl[(2Z)-1-methoxy-2-
butenylidene]chromium (105 mg, 0.38 mmol) was added together with a solution
of (2-(prop-1-ynyl)benzyloxy)(tert-butyl)dimethylsilane (65 mg, 0.25 mmol) in
toluene (1.0 mL). The septum was replaced by the threaded stopcock and the
reaction mixture was deoxygenated using the freeze-thaw method (—196° to
room temperature, three cycles). At the end of the third cycle (room temper-
ature), the reaction flask was back-filled with argon, sealed with the stopcock,
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covered with aluminum foil, and heated in an oil bath at 50° for 48 hours.
After cooling to room temperature, the reaction flask was placed under a posi-
tive flow of argon, and N,N-diisopropylethylamine (0.218 mL, 1.25 mmol) and
(tert-butyl)chlorodimethylsilane (0.113 g, 0.75 mmol) were added to the reac-
tion flask. The flask was deoxygenated by the freeze-thaw method (—196° to
room temperature, two cycles) and heated for an additional 24 hours at 50°.
After being cooled to room temperature, the reaction mixture was concentrated
on a rotary evaporator and the product was purified by silica gel chromato-
graphy (pentane/CH,Cl, = 3:1) to provide the title compound as a yellow oil
(92 mg, 58%). The product was determined by '"H NMR to be a 96:4 mixture
of anti to syn diastereomers. The same ratio was found in the 'H NMR of the
crude reaction mixture. The diasteromers are not separable by TLC or silica gel
chromatography. Anti-isomer: IR (neat) 2930, 2857, 1955, 1880, 1463, 1409,
1255, 1159, 1119, 1077, 914, 837, 778 cm™!; '"H NMR (CD,Cl,, 400 MHz) §
—0.49 (s, 3H), —0.04 (s, 3H), —0.03 (s, 3H), 0.04 (s, 3H), 0.73 (s, 9H), 0.85
(s, 9H), 1.80 (s, 3H), 2.20 (s, 3H), 3.70 (s, 3H), 4.28 (d, J = 13.6 Hz, 1H),
4.56 (d, J =13.6 Hz, 1H), 7.40 (m, 2H), 7.50 (d, J = 7.2 Hz, 1H), 7.63 (d,
J =7.2 Hz, 1H).

TBSO  OTr
OMe OTr  TBSCI, (i-Pr),NEt
(CO)5Cr:<_\ - < TR O (68%)
CH,Cl, 60°, 12 h dr>96:4
CORCE Ly

{tert-Butyl[4-methoxy-2-methyl-6-(1-trityloxyethyl)phenoxy]dimethylsilan-
yloxy}tricarbonylchromium(0) (Central to Planar Chirality Transfer from
a Chiral Propargyl Ether).3® Pentacarbonyl[(2Z)-1-methoxy-2-butenylidene]
chromium (0.263 mmol) and a small magnetic stir bar were placed in a flame-
dried, single-necked flask that had been modified by replacement of the 14/20
joint with a 10-mm threaded high-vacuum stopcock (Kontes No. 8§26610). The
stopcock was replaced with a rubber septum and the flask was evacuated and
back-filled with argon. One half of the volume of anhydrous CH,Cl, required
for a 0.05 M solution of the carbene complex, optically pure (S)-(but-3-yn-
2-yloxy)triphenylmethane (1.9 eq), N,N-diisopropylethylamine (5.0 eq, freshly
distilled or passed through a pipette-size basic alumina column), (tert-butyl)chlo-
rodimethylsilane (3.0 eq), and the remaining solvent were added via syringe.
The septum was replaced with the threaded stopcock, and the reaction mix-
ture was degassed using the freeze-thaw method (three to four cycles). Then
the reaction flask was back-filled with argon, sealed with the stopcock, and
the reaction mixture was heated at 60° for 6-20 hours or until all the car-
bene complex was consumed. After cooling to room temperature, the reaction
mixture was analyzed by TLC (CH,Cly/hexane = 1: 1, UV/PMA), concentrated
under reduced pressure, and subjected to column chromatography (gradient elu-
tion from 0-75% CH,Cl, in hexane or pentane, column size 1.5 x 30 cm)
to give the title compound (239.7 mg, 68% yield) as a yellow waxy foam,
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R; =0.42 (CH,Cly/hexane = 1:1). The diastereomeric purity was determined
to be greater than 96:4 by 'H and '>*C NMR analysis with the aid of samples of
each diastereomer. [a]*%436 —298.3° (¢ 5.70 x 1073, CH30H); [«]*’p —114.0°
(c 5.70 x 1075, CH3;0H); IR (neat) 2928, 2855, 1941, 1858, 1452, 1429, 1235,
1153, 1041, 1026, 893, 829 cm~!; 'H NMR (CDCl3) §0.14 (s, 3H), 0.15 (s,
3H), 0.76 (s, 9H), 1.51 (d, J = 6.3 Hz, 3H), 2.05 (s, 3H), 3.52 (s, 3H), 4.82
(d, J = 2.5 Hz, 1H), 4.85 (g, J = 6.3 Hz, 1H), 5.51 (d, J = 2.5 Hz, 1H), 7.12
(t, J =7.0 Hz, 3H), 7.16 (t, J = 7.7 Hz, 6H), 7.36 (d, J = 7.5 Hz. 6H); 13C
NMR (CD,Cl,) § —2.9, 17.7, 18.8, 25.8, 26.7, 56.2, 66.3, 81.6, 83.3, 88.3, 99.1,
114.1, 127.5, 127.6, 128.0, 128.1, 129.1, 129.3, 136.0, 144.6, 235.5; EIMS m/z
(% relative intensity): 675 (11, M™ + 1), 590 (56), 538 (10), 347 (3), 330 (4),
289 (3), 243 (100), 228 (3), 207 (3), 183 (9), 165 (34), 126 (5), 105 (28); exact
mass (m/z) calcd for isomer C3gHypCrOgSi: 674.2156, found 674.2143.

O OTr

Wbo’r\r

A A -

\ |

Mcr(CO)S o - (88%)
One MeCN, 55°, 14 h OMe dr 98:2

4-Methoxy-6-methyl-6-(3-methylbut-3-enyl)-2-(3-methyl-1-trityloxyhepta-
2,6-dienyl)cyclohexa-2,4-dienone (1,4-Asymmetric Induction in Cyclohexa-
dienone Formation).” Pentacarbonyl[methoxy-1-(2,5-dimethylhexa-1,5-di-
enyl)methylene]chromium (0.552 mmol) and ((E)-5-methylnona-4,8-dien-1-yn-
3-yloxy)triphenylmethane (0.28 g, 0.718 mmol, 1.3 eq) were placed in a 100-mL,
flame-dried, single-necked flask that had been modified by replacement of the
14/20 joint with a 10-mm threaded high-vacuum stopcock. The stopcock was
replaced by a rubber septum and the flask was evacuated and back-filled with
argon. To this flask was added MeCN (50 mL), the septum was replaced by the
threaded stopcock, and the reaction mixture was deoxygenated by the freeze-
thaw method (three cycles). The flask was back-filled with argon, sealed with the
stopcock at room temperature, and heated to 55° for 14 hours. After cooling to
room temperature, the reaction mixture was opened to the air, the solvent was
changed to Et, O, and the solution was stirred for 3 hours in air. The crude mixture
was concentrated, and the product purified by column chromatography (silica gel,
hexane/CH,Cl, = 1:1) to yield the title compound (0.28 g, 88% yield) as a light
yellow solid, dr = 98 :2 as determined by 'H and '*C NMR analysis with the aid
of a sample of a mixture of diastereomers. Ry = 0.31 (hexane/CH,Cl, =1:1);
IR (neat) 1646, 1598, 1448, 1384 cm~!, 'H NMR (CDCl3) §0.94 (s, 3H), 1.32
(m, 3H), 1.53 (s, 3H), 1.59 (s, 3H), 1.81 (m, 1H), 2.01 (m, 2H), 2.13 (m, 2H), 3.48
(s, 3H), 4.46 (s, 1H), 4.55 (s, 1H), 4.69 (d, J = 3 Hz, 1H), 4.93 (d, / = 10.1 Hz,
1H), 5.01 (d, J = 16.8 Hz, 1H), 5.07 (d, / =9 Hz, 1H), 5.33 (d, / = 9 Hz, 1H),
5.77 (m, 1H), 6.66 (d, J = 3 Hz, 1H), 7.71 (m, 9H), 7.47 (d, J = 8 Hz, 6H);
3C NMR (CDCl3) §17.0, 22.4, 27.1, 32.2, 32.3, 39.0, 41.2, 48.5, 54.5, 66.9,
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87.8,109.3, 109.5, 114.4, 125.3, 127.0, 127.6, 128.8, 136.0, 136.2, 138.3, 138.5,
144.6, 145.4, 150.4, 202.8.

OTBS
SO,Ph
as 50 SO,Ph

N
NX_Cr(CO)s (74%)
THF, 50°, 4 d

OMe
(CO)ZCr OMe

TBS

{[2-(4-Benzenesulfonylbutyl)-4-methoxy-6,7-dimethyl-5,8-dihydronaphtha-
len-1-yloxy]-tert-butyldimethylsilanyloxy}tricarbonylchromium(0) (Tandem
Diels-Alder/Benzannulation Reaction).”®> Pentacarbonyl[3-[(1,1-dimethyleth-
yl)dimethylsilyl]-1-methoxy-2-propynylidene]chromium (0.388 g, 1.037 mmol)
and 1-(hex-5-ynylsulfonyl)benzene (0.166 g, 1.55 mmol) were combined in a
mixture of THF (10 mL) and 2,3-dimethylbutadiene (3.5 mL). The solution was
degassed (four cycles), and heated at 50° under argon for six days. Concentration
and chromatographic purification on silica gel (Et;O/CH;Cly/hexanes = 1:1:6)
gave the title compound as a yellow solid (0.409 g, 0.764 mmol, 74% yield),
mp 136.5 — 138.0°: Ry = 0.23 (Et;O/CH,Cly/hexanes = 1:1:4); IR (neat film)
1946, 1860, 1463, 1355, 1306, 1257, 1150, 1133 cm™!; '"H NMR (CDCl;) § 0.28
(s, 3H), 0.34 (s, 3H), 0.94 (s, 9H), 1.65 — 1.85 (m, 4H), 1.73 (s, 3H), 1.75 (s,
3H), 2.24 (dt, J = 13.8, 7.0 Hz, 1H), 2.61 (dt, J = 13.8, 7.0 Hz, 1H), 3.07-3.13
(m, 5H), 3.20—3.30 (m, 1H), 3.67 (s, 3H), 4.87 (s, 1H), 7.56 (t, J = 7.7 Hz, 2H),
7.65 (t, J = 7.3 Hz, 1H), 7.87 (d, J = 7.1 Hz, 2H); >*C NMR (CDCl;) § —3.1,
—2.1, 18.4, 18.5, 18.7, 22.4, 25.9, 28.9, 29.8, 30.8, 32.5, 55.8, 56.0, 73.8, 96.8,
102.0, 103.6, 121.4, 122.0, 125.9, 127.9, 129.3, 133.8, 136.2, 138.9, 234.7; MS
m/z (% relative intensity): 650 (10, M™), 566 (45), 514 (100), 457 (100), 372
(20), 331 (20), 317 (75). Anal. Calcd for C;,H4;CrO,SSi: C, 59.06; H, 6.50.
Found: C, 58.67; H, 6.14.

(0] OTBS
TBS % Cr(CO)s L= \__/ CN
\/Y or
OMe 2. LDA CN
OMe OMe CN
Method A (50%) (—)
Method B (—) (46%)

7-Methoxy-10-oxospiro[4.5] deca-6,8-diene-1-carbonitrile and 5-(fert-Bu-
tyldimethylsilanyloxy)-8-methoxy-1,2,3,4-tetrahydronaphthalene-1-carboni-
trile (Tandem Benzannulation/Aromatic Nucleophilic Substitution).'>®

Method A. Pentacarbonyl[(2E)-3-[(1,1-dimethylethyl)dimethylsilyl]-1-meth-
oxy-2-propenylidene]chromium (0.2125 g, 0.565 mmol), 6-cyano-1-pentyne
(0.0666 g, 0.621 mmol), and a small stir bar were placed in a 100-mL flask
that had been modified by replacement of the 14/20 joint with a 10-mm
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threaded high-vacuum stopcock. The contents of the flask were dissolved in
anhydrous CH,Cl, (11.3 mL) and deoxygenated by the freeze-thaw method.
The flask was back-filled with argon at room temperature, the stopcock was
replaced, and the flask sealed and heated at 65° under argon for 20 hours.
The reaction flask was cooled to 0° and opened to high vacuum to strip
the volatiles, followed by 2 hours at room temperature under high vacuum.
The crude benzannulated product was taken up into THF (30 mL), then the
flask was degassed and back-filled with argon. Under an argon stream, the
threaded stopcock was replaced with a rubber septum. The flask was then
cooled to —78°. A deoxygenated THF solution of lithium diisopropylamide
(0.847 mmol, 1.5 eq) was cooled to —78° and added by cannula. The reaction
mixture was stirred at —78° for 1.5 hours. A —78° degassed THF solution of
iodine (1.15 g, 4.52 mmol, 8.0 eq) was added to the reaction mixture. After
stirring the resulting solution for 1 hour at —78°, the cold bath was removed.
After 2.5 hours of stirring at room temperature, the mixture was poured into
Et,0/10% aqueous Na;S,03. The aqueous layer was extracted once with Et,O.
The combined organic layers were dried with brine and MgSQOy, filtered, and
concentrated. Chromatography on silica gel (Et;O/CH;Cly/hexanes = 1:1:6)
gave two separable diastereomers of the spirocyclic title compound in a combined
yield of 50%; major (0.0298 g, 0.147 mmol) and minor (0.0234 g, 0.115 mmol).
If the arene chromium tricarbonyl complex produced by the benzannulation
reaction was first purified (69%) and then subjected to the aromatic nucleophilic
addition in a second step, then the major diastereomer of the spirocyclic
product was obtained in 33% overall yield and the minor in 17% overall yield.
The major isomer was isolated as a colorless solid, mp 88—90°: Ry = 0.19
(Et,O0/CH,Cly/hexane = 1:1:4); IR (neat film) 2240, 1670, 1641, 1582, 1453,
1408, 1250, 1032, 824 cm™!; '"H NMR (CDCl3) § 1.83 (quint, J = 6.3 Hz, 1H),
1.94—2.00 (m, 2H), 2.04—2.16 (m, 2H), 2.39—-2.46 (m, 1H), 3.31 (t, / = 9.1 Hz,
1H), 3.66 (s, 3H), 5.27 (d, J = 2.5 Hz, 1H), 6.09 (d, J = 10.1 Hz, 1H), 6.90
(dd, J =10.1, 2.7 Hz, 1H); '3C NMR (CDCl3) §23.9, 30.8, 39.6, 40.8, 55.1,
57.9, 105.9, 119.7, 126.6, 142.3, 150.9, 201.7; MS m/z (% relative intensity):
203 (70, M), 188 (15), 175 (25), 171 (10), 161 (30), 147 (90), 137 (100), 133
(50), 122 (40), 117 (40), 105 (50), 91 (65), 77 (90); exact mass (m/z) calcd for
C12H3NO;,, 203.0946; found 203.0915.

The minor isomer was isolated as an amber oil: Ry = 0.14 (EtO/CH,Cl,/
hexane = 1:1:4); IR (neat film) 2240, 1669, 1642, 1585, 1464, 1408,
1242 cm~!; 'H NMR (CDCl3) § 1.74 — 1.78 (m, 1H), 1.83—1.91 (m, 1H), 2.12—
2.19 (m, 2H), 2.21-2.29 (m, 1H), 2.38—2.46 (m, 1H), 2.76 (t, J = 9.5 Hz, 1H),
3.63 (s, 3H), 493 (d, J = 2.6 Hz, 1H), 6.04 (d, J = 10.1 Hz, 1H), 6.83 (dd,
J =10.2, 2.8 Hz, 1H); '*C NMR (CDCl3) §23.4, 30.1, 38.5, 40.5, 55.0, 58.5,
107.6, 119.5, 126.7, 141.5, 151.3, 202.0; MS m/z (% relative intensity) 203 (45,
M), 188 (10), 175 (15), 171(5), 161 (25), 147 (25), 137 (90), 121 (25), 107
(40), 91 (45), 77 (100); exact mass (m/z) calcd for C1,H3NO,, 203.0946; found
203.0948.
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Method B. Pentacarbonyl[(2E)-3-[(1,1-dimethylethyl)dimethylsilyl]-1-meth-
oxy-2-propenylidene]chromium (0.1555 g, 0.414 mmol) and 6-cyano-1-pentyne
(0.071 g, 0.66 mmol) were combined as described in Method A and heated at
65° for 21 hours. The procedure for the nucleophilic addition was the same as
for the one-pot conversion to spirocycle, except that (1) the annulation residue
was taken up into only 8.5 mL of THF (~0.05 M), and (2) 10 minutes after the
addition of lithium diisopropylamide to the reaction mixture, the dry ice/acetone
bath was replaced with an ice-water bath. After 1 hour at 0°, a deoxygenated
solution of iodine (0.79 g, 3.11 mmol, 7.5 eq) in THF (5 mL) was added at
0°. The mixture was stirred at room temperature for 3 hours prior to workup
as described above. Chromatography (Et,O/CH,Cly/hexane = 1:1:10) yielded
the tetrahydronaphthalene title compound in 38% yield (0.0497 g, 0.157 mmol).
If the arene chromium tricarbonyl complex from the benzannulation reaction
was first purified (69%) and then subjected to the aromatic nucleophilic addition
in a second step, the tetrahydronaphthalene product was obtained in 46% yield
for the two steps. The product was a colorless solid, mp 72—74°: Ry = 0.52
(Et;O/CH,Cly/hexane = 1:1:4); IR (neat film) 2237, 1594, 1476, 1252, 1090,
905, 861 cm™!; '"H NMR (CDCl3) §0.22 (s, 3H), 0.23 (s, 3H), 1.02 (s, 9H),
1.80-1.84 (m, 1H), 1.88-1.94 (m, 1H), 1.95-2.04 (m, 1H), 2.25 (br d, J =
13.0 Hz, 1H), 2.47 (ddd, J = 17.7, 11.4, 5.7 Hz, 1H), 2.86 (br d, J = 17.4 Hz,
1H), 3.84 (s, 3H), 4.06 (br s, 1H), 6.59 (d, J = 8.7 Hz, 1H), 6.68 (d, J = 8.7 Hz,
1H); 3C NMR (CDCl3) § —4.2, 18.2, 19.1, 23.6, 25.0, 25.7, 26.1, 55.7, 107.6,
117.1, 119.9, 121.7, 129.3, 147.2, 151.3; MS m/z (% relative intensity) 317 (65,
M™), 261 (20), 233 (100), 218 (10), 159 (15), 144 (5), 129 (5), 115 (10); exact
mass (m/z) caled for CigH,7NO,Si, 317.1811; found 317.1828.

TBSO OR
(CO)sCrW ~ OTBS  Ac,0(1.1eq)
N + Etoﬁ T A\
MG ) THF, 65°, 5 h
Me EtO I\\I
OMe Me

R=H (26%)
R=0Ac (41%)

Methyl  5-{1-[(fert-Butyldimethylsilyl)oxy]ethyl}-6-ethoxy-4-hydroxy-7-
methoxyindole and its Acetate (Benzannulation of a Heteroaryl Carbene
Complex).!'5116 A solution of pentacarbonyl[methoxy(1-methyl-1H-pyrrol-
2-yl)methylene]Jchromium (1.0 g, 3.2 mmol), (4-ethoxybut-3-yn-2-yloxy)(tert-
butyl)dimethylsilane (1.5 g, 4.8 mmol), and acetic anhydride (0.3 mL, 3.2 mmol)
in THF (150 mL) was heated at 65° under argon for 5 hours. The mixture was
cooled, and the solvent was removed by rotary evaporation to give a black oil.
Purification by flash column chromatography (silica gel, 250 g, Et;O/hexanes =
3:7) gave the title compound as a brown oil (309 mg, 26% yield) and its cor-
responding acetate as a brown oil (553 mg, 41% yield). Spectral data for the
4-acetoxyindole: IR (neat) 3334, 1637, 1494, 1324, 1288, 1056 cm™'; '"H NMR
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(CDCl3) § —0.07 (s, 3H), 0.16 (s, 3H), 0.92 (s, 9H), 1.41 (t, J = 7.0 Hz, 3H),
1.51 (d, J = 6.3 Hz, 3H), 3.85 (s, 3H), 3.93 (s, 3H), 4.09 (q, J = 7.0 Hz, 2H),
545 (q, J = 6.3 Hz, 1H), 6.49 (d, J = 3.1 Hz, 1H), 6.78 (s, J = 3.1 Hz, 1H),
8.86 (s, 1H); MS m/z: 379 (M%), 363, 247, 218. Anal. Calcd for CooH33NO,Si:
C, 63.28; H, 8.76; N, 3.69. Found: C, 63.25; H, 8.81; N, 3.52.

OMOM
MOMO-. ", (CH,);NHBz

= (CH,);NHBz Q (59%)
(2
A\ Cr(CO)s benzene, 50°, 17 h O

N OMe N  OMe
Me Me

N-{3-[1-Methoxy-4a-(2-methoxymethoxyethyl)-9-methyl-4-oxo0-4a,9-dihy-
dro-4H-carbazol-3-yl]propyl}benzamide (Cyclohexadienone Annulation of
an Aryl Carbene Complex).®* Pentacarbonyl[methoxy[3-[2-(methoxymeth-
oxy)ethyl]-1-methyl-1 H-indol-2-ylJmethylene]chromium (121 mg, 0.27 mmol)
was combined with N-(pent-4-ynyl)benzamide (76.8 mg, 0.41 mmol) in ben-
zene (27.0 mL). The mixture was deoxygenated by the freeze-pump-thaw method
and then was stirred at 50° under argon for 17 hours. Once cool, the flask
was opened to air and stirred for 1 hour at room temperature. The solution
was concentrated and the residue was chromatographed on 60 mL of silica gel
(Et;O/hexane = 9:1). The principal deep purple band was collected to afford
the title compound (77 mg, 0.16 mmol, 59% yield) as a viscous oil: IR (CHCl3)
2929, 2851, 1653, 1609, 1580, 1547, 1488, 1464, 1363, 1101, 993, 913 cm™!;
'"H NMR (CDCl3) § 1.73 —1.87 (m, 2H), 2.09 (br t, J = 6.8 Hz, 2H), 2.33-2.42
(m, 2H), 3.21 (s, 3H), 3.33 (t, J = 6.8 Hz, 2H), 3.34-3.50 (m, 2H), 3.50 (s,
3H), 3.64 (s, 3H), 4.39 (d, J = 6.4 Hz, 1H), 440 (d, J = 6.4 Hz, 1H), 6.71
(d, J =7.8 Hz, 1H), 6.93 (t, J = 7.3 Hz, 1H), 6.96 (s, 1H), 7.03 (br s, 1H),
724 (t, J =7.7 Hz, 1H), 7.38 (t, J = 7.7 Hz, 2H), 7.44 (t, J = 7.3 Hz, 1H),
7.83 (d, J = 7.9 Hz, 2H), 7.86 (d, J = 7.3 Hz, 1H); '*C NMR (CDCl;) §25.6,
29.4, 31.2, 38.6, 46.4, 55.1, 60.9, 61.5, 63.2, 96.3, 107.0, 120.2, 122.3, 125.1,
126.9, 127.3, 128.2, 128.3, 128.4, 129.5, 131.0, 134.7, 141.8, 146.7, 167.2, 201.6;
Anal. Calcd for CogH3,N,05. C, 70.57; H, 6.77; N, 5.88. Found: C, 70.26; H,
7.03; N, 5.76.

OH
EtO,C._~ Cr(CO)s 1. Et——Et, EtO,C Et
\Af THF, 60°, 48 h
N E (75%)
Q 2. air t
)

Ethyl 3,4-Diethyl-2-hydroxy-5-(1-pyrrolidinyl)benzoate (Phenol Forma-
tion from an Activated Aminocarbene Complex).!5¢-157 To a solution of
pentacarbonyl[(2 E)-4-ethoxy-4-oxo-1-(1-pyrrolidinyl)-2-butenylidene]chromium
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(74 mg, 0.2 mmol) in THF (7 mL) was added an excess of diethylacetylene.
The mixture was stirred at 60° for 48 hours and then cooled to room temper-
ature and stirred with silica gel (1 g) for 30 minutes. The solid was filtered
off and the solvent and excess alkyne were removed under reduced pres-
sure. The resulting residue was subjected to flash chromatography on silica gel
(hexane/EtOAc = 3: 1) to yield the title compound (44 mg, 75% yield) as a yel-
low oil: '"H NMR (CDCl13) §1.22 (m, 6H), 1.42 (t, J = 7.1 Hz, 3H), 1.93 (m,
4H), 2.77 (m, 4H), 3.00 (m, 4H), 4.40 (q, J = 7.1 Hz, 2H), 7.52 (s, 1H), 10.94
(s, IH); 3C NMR (CDC13) § 14.1, 14.3, 15.3, 19.5, 21.3, 24.5, 53.9, 61.0, 109.4,
118.3, 131.2, 141.1, 147.7, 156.5, 170.5. Anal. Calcd for C;sH,NOs: C, 62.53;
H, 6.89; N, 4.56. Found C, 62.69; H, 6.72; N, 4.53.

OTBS

— p Pr-n
= Cr(CO)s = Irn (65%)
TBSCI, (i-Pr),NEt,

NM
€ benzene, 80°, 18 h (CO)Cr NMe,

{[4-(tert-Butyldimethylsilanyloxy)-2-methyl-5-propylphenyl]dimethyl-
amino}tricarbonylchromium(0) (Generation of an Aniline Chromium Tricar-
bonyl Complex).33 Pentacarbonyl[1-(dimethylamino)-2-methyl-2-propenyli-
dene]chromium (75.0 mg, 0.26 mmol) and a small magnetic stir bar were placed
in a flame-dried, single-necked flask that had been modified by replacement
of the 14/20 joint with a 10-mm threaded high-vacuum stopcock (Kontes No.
826610). The stopcock was replaced with a rubber septum and the flask was
evacuated and back-filled with argon. One-half of the total amount of anhydrous
benzene (1.0 mL) required for a 0.25 M solution of the carbene complex, 1-
pentyne (48.5 uL, 0.49 mmol, 1.9 eq), N,N-diisopropylethylamine (135.3 pL,
0.78 mmol, 3.0 eq, freshly distilled and/or passed through a pipette-size basic
alumina column), (fert-butyl)chlorodimethylsilane (78.1 mg, 0.52 mmol, 2.0 eq),
and the remaining solvent were added via syringe. The septum was replaced
with the threaded stopcock, and the reaction mixture was deoxygenated using
the freeze-thaw method (—196° to room temperature, three to four cycles). The
reaction flask was back-filled with argon at the end of the last cycle, sealed with
the stopcock, and heated at 80° for 17 hours. After cooling to room temperature,
the reaction mixture was analyzed by TLC (CH;,Cly/hexane = 1: 1, UV/PMA),
concentrated under reduced pressure, and the residue was subjected to column
chromatography on silica gel (10-50% CH,Cl, in hexane) to give the title com-
pound as a yellow solid (74.8 mg, 65% yield), mp 74—75°. Recrystallization
from Et,O:pentane gave yellow needles: Ry = 0.43 (CH,Cly/hexane = 1:1); IR
(neat) 2959, 2932, 2861, 1951, 1868, 1473, 1364, 1266, 1172, 945, 862, 842,
784 cm™!; 'TH NMR (CD,Cl,) § 0.31 (s, 3H), 0.41 (s, 3H), 1.02 (s, 9H), 1.03 (t,
J =7.5 Hz, 3H), 1.59 (m, 2H), 2.19 (m, 1H), 2.24 (s, 3H), 2.61 (s, 6H), 2.63
(m, 1H), 5.05 (s, 1H), 5.50 (s, 1H); '*C NMR (CD,Cl,) § —4.2, —3.8, 14.3,
18.4, 18.6, 24.8, 25.8, 32.7, 45.1, 86.1, 89.5, 102.0, 106.1, 126.5, 135.8, 236.0;
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EIMS m/z (% relative intensity): 443 (46, M), 387 (25), 359 (100), 307 (64),
250 (9), 120 (14); exact mass (m/z) calcd for C,;H33CrNO4Si, 443.1584; found,
443.1566. Anal. Calcd for C,;H33CrNO,Si: C, 56.86; H, 7.50; N, 3.16; Cr, 11.73.
Found C, 56.64; H, 7.84, N, 3.05; Cr, 11.56.

1. MeZSiClz
2. vacuum
3 Cr(CO)s o)
B C O~ Me,N*
_ - MH O‘ (83%)
- 4. Ph———Ph (3 eq), hexane, 69°, 1 h
5. CAN/H,0

O OH

2-Hydroxymethyl-3,6-dimethyl-1,4-naphthoquinone (Intramolecular Ben-
zannulation with an In Situ Generated Tether).’® 2-Butyn-1-ol (500 mg,
7.1 mmol) was added dropwise at room temperature to neat dichlorodimethylsil-
ane (9.10 g, 70.5 mmol). Immediate removal of HCI and excess dichlorodime-
thylsilane in vacuo provided (but-2-ynyloxy)chlorodimethylsilane in quantitative
yield and requiring no additional purification. The 1in situ preparation
of pentacarbonyl[[[(2-butynyloxy)dimethylsilyl]Joxy](4-methylphenyl)methylene]
chromium was accomplished by dropwise addition of a solution of (but-2-ynyl-
oxy)chlorodimethylsilane (84 mg, 0.52 mmol) in CH,Cl, (3 mL) to a stirred
solution of [tetramethylammonium][(4-(1-methylphenyl)oxidomethylene]penta-
carbonyl chromium (200 mg, 0.52 mmol) in CH,Cl, (20 mL). After several min-
utes, tetramethylammonium chloride was removed by filtration and the solvent
was removed in vacuo to give the siloxy carbene complex in quantitative yield.
This complex was taken up in hexane (50 mL, [Cr] = 0.01 M) and diphenyl-
acetylene (922 mg, 5.2 mmol, 10.0 eq) was added. The reaction mixture was
heated to reflux with stirring and monitored by IR spectroscopy until the car-
bonyl ligand stretching bands of the starting siloxycarbene complex disappeared
(~1 hour). The reaction mixture was left to cool to room temperature under an
inert atmosphere after which the solvent was removed by rotary evaporation in
air. The residue was taken up in Et;O (40 mL) and treated with a solution of
ceric ammonium nitrate (0.5 M, 10 mL) in 0.1 N aqueous nitric acid (10 eq).
The combined aqueous and organic layers were stirred vigorously for 10 min-
utes. The aqueous phase was then extracted with Et;O (3 x 25 mL), and the
combined organic extracts were dried over MgSO, and concentrated. The prod-
ucts were separated by flash chromatography (petroleum ether/EtOAc = 65 : 35).
The excess diphenylacetylene eluted rapidly and was recovered quantitatively.
Further elution gave the title compound (93 mg, 83% yield): IR (CDCl3) 1665,
1622, 1602 cm~!; 'H NMR (CDCl3), §2.21 (s, 3H), 2.46 (s, 3H), 4.72 (s, 2H),
6.76 (br s, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.82 (s, 1H), 7.90 (d, J = 7.8 Hz,
1H); '3C NMR (CDCl3) §12.2, 21.8, 58.0, 126.4, 126.9, 129.4, 131.8, 134.5,
141.9, 144.7, 145.2, 185.4, 186.0. Anal. Calcd for C3H,03: C, 72.21; H, 5.59.
Found: C, 72.14; H, 5.91.
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OMe MeO + S P
e N 4
(CO)sCr = Cr(CO)s
OMe

OMe
NEs
> [ 2>

HO MeO OMe OH

Me

CICH,CH,Cl
100°

(36%)

5,17-Dimethyl-11,23,26,28-tetramethoxy-25,27-dihydroxycalix(4)arene

(Calix[4]arene Formation via a Triple Annulation).?? 1 3-Bis-[2'-propenyl
(methoxy)methylene pentacarbonylchromium (0)]-2-methoxy-5-methylbenzene
(0.188 g, 0.28 mmol) and 2-methoxy-5-methyl-1,3-di(prop-2-ynyl)benzene
(0.055 g, 0.28 mmol) were dissolved in 1,2-dichloroethane (112 mL) in a flame-
dried, 250-mL Schlenk flask under argon. The solution was deoxygenated by
the freeze pump thaw method (—196° to room temperature, three cycles) and
then backfilled with argon at ambient temperature. The flask was sealed with a
threaded high-vacuum Teflon stopcock and heated to 100° for 20—40 minutes
during which time the deep red solution turned yellow. The yellow solution was
stirred overnight exposed to air to facilitate demetalation of the arene chromium
tricarbonyl complex. The solvent was removed under vacuum, the residue dis-
solved in EtOAc (50 mL), and the solution filtered through a short pad of silica
gel. Further washing of the silica gel pad with EtOAc and evaporation of the
solvent gave the crude calixarenes. Purification was accomplished by flash chro-
matography on silica gel (EtOAc/hexanes = 1:3), giving the title calix(4)arene
(0.054 g, 0.101 mmol, 36% yield) as a white solid and as a single conformer.
This compound was crystallized from acetonitrile and subjected to single crys-
tal X-ray diffraction analyses that revealed that it exists as the cone conformer,
mp >298° (dec.) Ry = 0.32 (EtOAc/hexanes = 1:3); IR (CH,Cl,) 3297, 3055,
2988, 2937, 2835, 1600, 1481, 1433, 1285, 1228, 1124, 1055, 1009 cm~'; 'H
NMR (CDCl3, 300 MHz) §2.03 (s, 6H), 3.27 (d, J = 13.2 Hz, 4H), 3.74 (s,
6H), 3.93 (s, 6H), 4.27 (d, J = 12.9 Hz, 4H), 6.61 (s, 4H), 6.72 (s, 4H), 7.59 (s,
2H,); 13C NMR (CDCl3, 75 MHz) §20.9, 31.5, 55.8, 63.5, 113.7, 129.1, 129.7,
132.7, 134.3, 146.9, 151.3, 152.2; HRMS (m/z): calcd for C34H3cO0¢, 540.2512;
found 540.2512. Anal. Calcd for C34H3604: C, 75.53; H, 6.71. Found: C, 75.62;
H, 6.60.

. TMS
Cr(CO)s TMS—= 1. THF, 70° HO
PN + : (73%)
OMe = 2. air

6-Methyl-4-(trimethylsilanyl)indan-5-ol (Regioselective Two-Alkyne Phe-
nol Annulation).?? A deoxygenated solution of pentacarbonyl[methoxy(methyl)
methylene]chromium (164 mg, 0.67 mmol) and (hepta-1,6-diynyl)trimethylsilane
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(108 mg, 0.66 mmol) in THF (7 mL) was heated at 50° for 20 hours. The mixture
was then stirred in air at room temperature for 1 hour followed by filtration through
a bed of Celite. After removal of the volatiles from the filtrate, the crude product
was purified by chromatography on silica gel (Et,O/CH,Cly/hexane = 1:1:50)
to first give the recovered carbene complex (14 mg) and then the title compound
(106 mg, 0.48 mmol, 73% yield): IR (CHCl3) 3600, 2970, 1560, 1400 cm~'; 'H
NMR (CDCl3) § 0.37 (s, 9H), 2.02 (m, 2H), 2.20 (s, 3H), 2.78 (t, / = 7.3 Hz, 2H),
2.92 (t, J = 7.2 Hz, 2H), 4.73 (s, 1H), 7.01 (s, 1H); MS m/z (% relative intensity)
220 (30, M™) 205 (30), 204 (100), 189 (50); exact mass (m/z) calcd for C;3H,,OSi,
220.1283; found 220.1287. Anal. Calcd for C;3H,(OSi: C, 70.88; H, 9.09. Found:
C, 71.20; H, 9.23.

TBSO
OMe

(CO)sW I mOMe’ HO
\ P 1 atm CO, MeCN, 1t, 16 h O’ (62%)
‘0
7 J 210 23h O‘

/ TBSO

3-(tert-Butyldimethylsilanyloxy)-12-methyl-7,15,16,17-tetrahydro-6H -

cyclopentala Jphenanthren-11-ol (Tandem Diels-Alder Two-Alkyne Phenol
Annulations).?** A 100-mL, single-necked flask equipped with a threaded high-
vacuum stopcock was charged with pentacarbonyl(1-methoxy-2,6,11-tridecatri-
ynylidene)tungsten (0.147 g, 0.28 mmol), ((E)-4-methoxybuta-1,3-dien-2-yloxy)
(tert-butyl)dimethylsilane (0.0902 g, 0.42 mmol), and MeCN (5.6 mL). The solu-
tion was deoxygenated three times via the freeze-thaw method, the flask was
back-filled with 1 atm of carbon monoxide and sealed, and the contents of the
flask were stirred at room temperature for 16 hours. The flask was opened and the
reaction mixture was diluted with MeCN (50.6 mL). The solution was degassed
twice using the freeze-thaw method, and then the flask was back-filled with one
atmosphere of carbon monoxide at room temperature, sealed, and placed in an
oil bath at 110° for 23.5 hours. The crude reaction mixture was filtered through
Celite, and after removal of solvents, the product was purified by flash chromato-
graphy on silica gel (Et,O/CH,Cly/hexane = 1:1:30, then 1:1:4) to give the
title compound as a colorless oil (0.0635 g, 0.17 mmol, 62% yield); Ry = 0.38
(Et,O/CH,Cly/hexane = 1:1:16); IR (neat) 3567, 3028, 2952, 2894, 2857, 1608,
1495, 1471, 1419, 1287, 1247, 1224, 1169, 1073, 999, 969, 852, 839, 781 cm™';
'"H NMR (CDCl3) § 0.25 (s, 6H), 1.02 (s, 9H), 2.10 (quintet, J = 7.5 Hz, 2H),
2.23 (s, 3H), 2.65 (m, 2H), 2.68 (m, 2H), 2.88 (quintet, J = 7.5 Hz, 4H), 5.20
(s, 1H), 6.74 (m, 1H), 6.76 (s, 1H), 7.88 (d, J = 8.0 Hz, 1H); *C NMR (CDCl5)
5 —4.1, 12.6, 18.2, 24.6, 25.7, 26.5, 30.0, 31.3, 32.2, 117.8, 118.2, 119.3, 119.9,
126.4, 126.6, 132.0, 132.7, 140.7, 142.8, 149.2, 154.0; MS m/z (% relative
intensity): 380 (100, M*), 339 (14), 323 (36), 161 (8), 75 (29), 57 (14); exact
mass (m/z) calcd for Cp4H3,0,S1, 380.2173; found, 380.2162. Anal. Calcd for
Cy4H3,0,S8i: C, 75.74; H, 8.48. Found: C, 75.36; H, 8.58.
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OH
MeO, Cr(CO)s MeO
- hv
S e (IO e
N ' I\\] C7H]5-ﬂ
Bn Bn

N-Benzyl-1-heptyl-4-methoxy-2-methyl-9H-carbazol-3-ol (Photoinduced
ortho-Benzannulation).?® A solution of pentacarbonyl[[2-(1-ethylideneoctyl)-
1-(phenylmethyl)-1 H -indol-3-yl)methoxymethylene]chromium (472 mg, 0.815
mmol) in THF (150 mL) in a quartz photoreactor was purged with nitrogen
for 15 minutes and then purged with carbon monoxide for another 15 minutes.
The solution was irradiated with a 450 W medium-pressure mercury lamp for
30 minutes at room temperature. The resulting solution was kept under a car-
bon monoxide atmosphere for 12 hours. The solvent was then evaporated to
give a red oily residue. The residue was purified by column chromatography
(EtOAc/hexanes = 3:97) to give the title compound (223 mg, 65% yield) as a
light brown solid, mp 102—104°: IR (CH,Cl,) 3544, 2959, 2928, 2857 cm™!;
'"H NMR (500 MHz, CDCl;) § 0.91 (t, J = 6.9 Hz, 3H), 1.20—-1.40 (m, 8H),
1.42-1.64 (m, 2H), 2.38 (s, 3H), 2.74-2.84 (m, 2H), 4.06 (s, 3H), 5.65 (s,
1H), 5.66 (s, 2H), 7.04 (d, J = 6.8 Hz, 2H), 7.19-7.30 (m, 5H), 7.34-7.40 (m,
1H), 8.20 (dd, J = 7.8, 1.3 Hz, 1H); '3C NMR (125 MHz, CDCl3) § 12.0, 14.1,
22.6, 28.2, 29.1, 29.8, 31.8, 31.8, 48.7, 60.5, 108.8, 114.7, 119.2, 121.0, 122.1,
123.0, 124.3, 125.4, 127.1, 128.8, 134.2, 138.7, 138.8, 140.6, 142.1; EIMS m/z
(% relative intensity) 415 (65), 330 (20), 240 (80), 91 (100). Anal. Calcd for
CasH33NO;: C, 80.93; H, 8.00; N, 3.37. Found C, 81.23; H, 7.84; N, 3.48.

TABULAR SURVEY

The literature coverage includes that cited in Chemical Abstracts up to mid-
September of 2004, but some additional references past this time have been
included. All reactions in the literature that involve the reaction of an «,f-
unsaturated Fischer carbene complex with an alkyne are included whether or
not a phenol or quinone product was formed in the reaction, i. e., every example
is included where a phenol or quinone product could have been produced. Not all
reactions of saturated alkyl carbene complexes with alkynes are included; only
those where reaction occurs to give a phenol product or phenol-derived product.
The reactions of alkyl carbene complexes that give phenol products are largely the
two-alkyne phenol products, which are to be found in Table 24 on miscellaneous
reactions, or in Table 21 on carbene complexes with tethered alkynes.

The product distribution from the reactions of carbene complexes with alkynes
can often be very sensitive to the concentration and, thus, for purposes of com-
parison, the concentration of the carbene complex and the number of equivalents
of alkyne are given in the tables when they are reported. Most of the tables are
organized by the carbon number of the alkyne that appears in the first column
and then by the carbon number of the carbene complex that appears in the second
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column. Tables 21 and 23 are organized by the carbon number of the carbene
complex which appears in the first column. In some instances, the carbene com-
plex that participates in the reaction is generated in situ and the organization is by
the carbon number of the precursor carbene complex. The tables are subdivided
by the nature of the metal, whether the alkyne is terminal or internal, and by the
type of heteroatom-stabilizing group on the carbene complex. Thus the reactions
of chromium, tungsten, and molybdenum complexes occur in separate tables.
The reactions of chromium complexes are also separated into oxygen-, amino-
and imino-, and sulfur-stabilized complexes. The exceptions to this organization
are the tables on intramolecular reactions (Table 21), non-heteroatom-stabilized
complexes (Table 22), and doubly unsaturated complexes (Table 23), where all
examples of different metals and/or heteroatom complexes appear.

The yields for the reactions are given in parentheses, followed by a ratio
of product if applicable. A dash (—) indicates that no yield is reported in the
reference.

The following abbreviations have been used in the tables:

Ad adamantyl

Bn benzyl

Boc tert-butoxycarbonyl

Bz benzoyl

CAN ceric ammonium nitrate

CC carbene complex

COD 1,5-cyclooctadiene

Cp cyclopentadienyl

Cp’ methylcyclopentadienyl

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
de diastereomer excess

DEAD diethylazodicarboxylate

DDQ 2,3-dichloro-5,6-dicyano-f-benzoquinone
DMAP N,N-dimethylaminopyridine
DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide
DMTH 2,5-dimethyltetrahydrofuran

dr diastereomeric ratio

ds diastereomer selectivity

EE 2-ethoxylethyl

HMPA hexamethylphosphoric triamide
LAH lithium aluminum hydride
MEM methoxyethoxymethyl

MOM methoxymethyl

naphth naphthyl

N-morph N-morpholino

PMB p-methoxybenzyl

PMP p-methoxyphenyl
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pyr pyridine, pyridinyl

TBAF tetrabutylammonium fluoride
TBS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl

Tf trifluoromethanesulfonyl (triflyl)
THF tetrahydrofuran

THP 2-tetrahydropyranyl

TIPS triisopropylsilyl

TMS trimethylsilyl

Tol tolyl

Tr triphenylmethyl (trityl)

tr trace

Ts p-toluenesulfonyl
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
[ OH
Cr(CO)s
= (n-Bu),0, 45°,2h (68) 87
Ph OMe
excess 0.27M /
(CO)Cr OMe
Cs 0 o)
Cr(CO)s Et
——————Ft 1. Solvent, 45° I + 11 67
Ph” “OMe 2. CAN, MeOH Et
1.7eq 03M MeO OMe MeO OMe
Solvent Time TI+1I I:11
(n-Bu),0 2h  (51) 221
(n-Bu),0 24h  (70)  2.0:1
THF 24h  (66) 2.2:1
OH
Cr(CO)s Et
1.5¢eq (n-Bu),0, 45°,2h (60) 358
Ph OMe /
033M (CO)Cr OMe
OH OH
Ei
Cr(CO)s !
1.5eq t-BuOMe, 45-50°, 2-5 h ) 14 68
Ph OMe / / Et
02M (CO)cY OMe (CO)Cr OMe
1+1I(56), LI =2.2:1
CrCO)s NMe,
— = NMe, Hexane, tt, 1 h COCr== Ph (265)Ez=451 359, 142
Ph” “OMe
leq 03M OMe
OMe
CrHCO)s ‘
)k 1. Hexane, rt, 1 h + ’ --- 142
Ph OMe 2. Decane, 125°,3 h /
leg 03M T (COxCr 0 (CO) Cr/ o
(24) o)
Ce
OH
Me

Cr(CO)s J
= )k (n-Bu),0, 40-60°, 2 h ) 0
= Ph” “OMe

2eq 0.33 M (CO);Cr  OMe N
OH
Cr(CO)s Pr-n
A )J\ (-Bu)0, 45°, 2 h 1(58) 87
= Ph” “OMe
125¢q 0.27M (CO);Cr/ OMe
OH
Cr(CO)s Pr-n(Me)
1.5eq -BuOMe, 45-50°, 2-5 h OO 1(80) 68
Ph OMe / Me(Pr-n)
2M
0 (COysCcr OMe
OH
Cr(CO)s Et
Bt——Ft (n-Bu),0 or +-BuOMe, (65-72) 87,73
Ph” “OMe 45-55°,1-2h / Et

1-4eq 03-03M (CO);Cr OMe
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce 0 Et
oo
Et——Et I+ ’ Et I +
Ph OMe Et
I} OMe
Et o Ph
Et m + jtﬁOMe v+
o Et Et
OH
Et Et Et
Ph o OMe Et
OMe
Alkyne (eq) CC (M) 1 11 11 v \4 VI
3.0 0.12 1. THF, 45°, 16-24 h 88 (<03) (<0.3) 0) (—) (—) 13, 84
2. CAN
2.0 0.1 1. THF, 80°,47 h 97.4) (1.3) 0) ) (<D (—) 60
2. CAN
2.0 0.021 1. THF, -78°,13.5h (44) (—) (—) —) (—) (—) 13
UV photolysis
2. CAN, -78°
2.0 0.021 1. THF, -15°,13.5h (54) (—) (—) —) (=) (—) 13
UV photolysis
2.CAN
2.0 0.005 1. THF, 80°, 34 h 96.6)  (1.7) (0) 0 (1.3) (—) 60
2. CAN
2.0 0.005 1. THF, 110°, 1-2 h 87) (1) (<) 0) (—) (—) 60
2. CAN
15 03 1. THF, 50°,20 h %) (=) =) (> > () 67
2.CAN
1.9 0.1 1. Benzene, 80°, 46 h (96.5) (<0.7) 0) 0) (£1) (—) 60
2. CAN
1.9 0.005 1. Benzene, 45°, 64 h (95.7)  (<0.6) 0) 0 (<09 (—) 60
2. CAN
3.0 0.1-0.2 1. Hexane, 45°, 24 h (84) (—) (—) (—) (—) (—) 13
2. CAN
2.0 0.5 1. MeCN, 45°, 16-24 h (57) (tr) (—) (23) (—) (—) 84
2. CAN
2.0 0.1 1. MeCN, 45°, 17 h (38) (14) (—) 23) (=D (—) 84
2. FeCl3-DMF
2.0 0.1 1. MeCN, 80°,20 h (—) (25) (—) (7 (£2) 32) 60
2. Air/SiO,
2.0 0.05 1. MeCN, 45°, 16-24 h 37 5) 5) (24) (—) (—) 84
2.CAN
2.0 0.005 1. MeCN, 45°, 44 h (24) (14) (15) a9 (= =) 84
2. CAN
2.0 0.005 1. MeCN, 80°, 48 h (—) (65) (—) (11) (1) (12) 60
2. Air/SiO,
(n-Bu);P—Cr(CO)4
I+I0+1I+1IV+V+VI
Ph OMe
Alkyne (eq) CC (M) I II III v \4 VI
22 0.05 1. THF, 50°, 20 h (64) (—) (—) (— (=) (—) 133
CAN
1.9 0.1 THF, 80°, 20-40 h (79) (<3) (—) (—) ¥ (—) 201

NN

CAN
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OAc
Cr(CO)s AcyO (1.1 eq), Et
Et——Ft NE; (1.1 eq), (75) 267, 360
Ph™  "OMe THF, 65°,2 h Et
2. .03 M
8eq 0.0. OMe
OTBS
Cr(CO)s 1. +-BuOMe, 55°, 1 h AN Et
4eq 2. TBSCI (4 eq), (94) 73
Ph” “OMe =
EN (4 eq), 1t,4h Et
04 M
(COycrf  OMe
(6] 0]
Et——Et 15e¢eq Cr(CO)s Et Bu-n
+ 1. Benzene, 40°,22 h I + 1 361
——Bu-n 15eq Ph OMe 2.CAN Et
0.1 M I} Ie)
I+1I(78), LII =4:96
C1(CO)s Ph
Et——=——Et THF, -20° to t, 15 h Ph—=—ph (5 + /:/ (<5)  + 114
Ph OAc Ph
1.9eq 0.14M
Pho P05 + ph—ph (<5) +
OAc
P T R N
Ph Ph
<5
Ph%@ =)
(CO)3Cr/
o Et
Cr(CO)s Et
2eq Benzene, 80°, 16 h 97 + ‘ Et (<0.5) 113
Ph OPr-i Et
0.1M o o}
(0] [0}
N Et Bu-
Et———FEt 15eq Cr(CO)s u-n
+ 1. Benzene, 40°, 22 h I + II 361
——Bu-n l5eq Ph OPr-i 2. CAN Et
0.1 M o (0]
I+11(75), LI =1:99
OTBS
(CO)sCr. Ph Bt
0. 1. -BuOMe, 55°, 4 h _
Et——Et 2. TBSCI (4 eq), Et (44) 85% de 73
EGN (4eq),1t,3h (copcr O
deq 04M
RlO OR! 1. TBSCI (5 eq), EtsN (10 eq), R20 OR?
6eq ) THF, 55°, 3h 2 (80) 362
R'O—' OR! 2.CAN R20—' OR2
Ph , TBSO Et
1_ R =
R'= (CO)SCr%M O B
0.022M
O Y
OH
o Cr(CO)s COMe
Me0,C—==—CO0,Me THF, 65°, 3 h (@) 183
Ph OMe CO,Me
leq 0.03M

OMe
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C OH
’ Et
_ Cr(CO)s {
E—— / (n-Bu),0, 40-60°, 2 h (—) 93
- Ph OMe
2eq 033M (CO)3Cr/ OM:/\
OH OH
Cr(CO)s Bu-r
——Bu-t -BuOMe, 45-50°, 2-5 h Oa I + OO i 68
Ph” “OMe 7 7 But
1.5¢eq 02M (CO)Cr OMe (CO);Cr OMe
I+1I(59), I.II =98:2
o
Ph
Cr(CO)s Bu-t 0 OMe
1.5eq 1. Hexane, 45°, 24-48 h 1(32) + II (23) 13
Ph™ "OMe 2. FeCly-DMF "Bu
0.1-02M (6]
" 1. THF, 45°, 24-48 h I26) + II(14) 13
2. FeCl3-DMF
" 1. MeCN, 45°,24-48 h 11 (27) 13
2. FeCl;-DMF
OH
Cr(CO)s Pr-n(Et)
Et——Prn 1-BuOMe, 45-50°, 2-5 h OO (62) one isomer 68
Ph” “OMe ) Et(Pr-n)
1.5eq 02M (CO);Cr OMe
OAc OAc
Cr(CO)s 1. THF, 55°, 12 h Prn Et
2eq 2. Ac,0, NaOAc, OO I + OO 1I 363
Ph ol N?Me THF, 55°, 12 h Et Pr-n
OMe OMe
I+1II=(96), LIl = 52:48
OAc OAc
Cr(CO)s Acy0 (2.5 eq), Ei3N (2 eq), Et CO,Et
Et———CO,Et THF, 65°,5h OO I + OO i 70
Ph OMe
0.03M
Cr(CO)s
n-Bu———SMe Hexane, 79°, 16 h 144
Ph OMe
Cr(CO)s
—— NEp P oM Hexane, rt, 0.5 h 140, 359
e
142, 141
leq 03M
" Octane, 30.2° I(—) 364
Cg (¢]
— Cr(CO)s Pr-n
— \__ 1. (n-Bu),0, 40-60°, 2 h (35) 93
Ph” "OMe 2. 04/Si0, A
2eq 033 M
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
OH
Cs Me
/
Cr(CO)s
— )J\ 1-BuOMe, 45-55°, 1 h (85) 262
— Ph OMe
CO);C / OM N
1.15¢q 029 M (CO);Cr e
OH
Cr(CO)s Bu-
Et——Bu- t-BuOMe, 45-50°, 2-5 h O (66) 68
Ph OMe
/ Et
1. 2M
5eq 0 (CO)Cr OMe
0 Pr-i
Cr(CO)s Pr-i
i-Pr——Pr-i 1. Solvent, heat 1 + ‘ Pr-i 11 84
Ph OMe )
2eq 2. CAN Pr-i
o (¢]
ccm Solvent Temp I i
0.5 THF 45° (78) (<1
0.5 heptane  45° (71) (<)
0.5 THF 110° 65) (<)
0.005 THF 110° 45) (2D
(0]
Cr(CO)s
1. THF, 66°, 5 h (49) 135
Ph OMe 2. CAN
1.5eq 02M O
OH
N0 OMe Cr(CO)s Ny OMe
/\ﬁ Py Heptane, 80°, 84 h O) 183
TMS Ph OMe ™S
1.8 eq 04M OMe
OAc
Cr(CO)s Xy, v OMe
2.1eq Acy0 (1.5 eq), EzN (1.5 eq), OO 0) 183
Ph™ OMe heptane, 80°, 19 h T™S
04 M OMe
Ox Ox
~ . \-
Cr(CO)s TMS TMS
TMS———TMS (n-Bu),0, 50°,2 h . _Ph 52) 4 . _Ph (20) 57,132
Ph”"OMe T™S Cr(CO); ™S 365
1.25eq 04M OMe OMe
Cy
OH
Cr(CO)s Bu-n(Pr-n)
n-Pr——Bu-n Ph OMe t-BuOMe, 45-50°,2-5 h OO (62) single isomer 68
15eq 02M / Pr-n(Bu-n)
(CO);Cr  OMe
OH
Cr(CO)s Ph
Ph—— -BuOMe, 45-50°, 2-5 h (73) single isomer 68,42
Ph OMe
1.5eq 02M /
(CO);Cr OMe
(¢]
Cr(CO)s 1. Microwave, Ph
Seq (n-Bu),0, 130°, 300 s O‘ 1 (70) 192
Ph OMe 2. CAN
0.05M
[0}
Cr(CO)s 1. Microwave,
S5eq THF, 130°, 300 s 1 (86) 192
Ph OMe

0.05M

2.CAN
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy Ph
Cr(CO)s 0
+-Bu—=—=—CO,Et 1. THF, 65°, 6 h OMe 93) 70
Ph OMe 2. Air
1.5¢eq 0.06 M ’ t-Bu COEt
OH
Bu-n
_ Cr(CO)s v
nBuT=— 1. (n-Bu),0, 40-60°, 2 h Oe (33) 93
Ph OMe
2. Air, silica gel
2eq 033M ¢ N
OMe
OH
0 Cr(CO)s
=8 THF, 45°,2-16 h _0 (53) 75
o Ph” “OMe B
3eq 0.05M OMe O
Cio
OAc
Cr(CO)s Bu-n
n-Bu—=——Bu-n Acy0 (2 eq), NEt3 (2 eq), 48 267
Ph OMe 20 (2 eq) 3 (2eq) OO (48)
THF, 65°, 10 h, Bu-n
2eq 0.03M OMe
o) OH O
Cr(CO)s
/
MeOLC = Ph OMe THF, 65°,24 h OO . (0) 151,183
CO,Me
1.5eq 02M OMe
__ o)
Cr(CO)s
1. THF, 45°,24 h o) (89) 103
e} Ph OMe 2. CAN
leq 03M (o)
Ph
OH )CJ:(CO)s MeO
7 _ THF, 65°,4 h —) 149
n-Bu—=— P OMe OH
n-Bu
0.83eq 0.12M
Ho OAc Ph
M
Cr(CO)s JOMe
—= Ac0 (2 eq), EN (2 eq), a6 + O (1) 148,191
EO Ph” OMe Et
THEF, reflux, 16 h OEt
1.2eq OMe
OAc OAc
Cr(CO)s CsH,jn CO,Et
n-CsH;;—=—=—CO,Et Acy0 (2.5 eq), B3N (2 eq). OO 1+ OO o 70,267
Ph” “OMe
THF, 65°,5h CO,Et CsHyj-n
1.5eq 0.03M OMe OMe
1 +1I (49-60), LI =1.6-2.0:1
Cr(CO)s conc NEt .
EtuN—=—=—NEf, Hexane, 14°, 4 d COSCr==_ P (5 366,
Ph” “OMe
EoN  OMe 367
3eq 0.13M
NEt,
Cr(CO)s
leq (n-Bu),0, 70°, 4 h (CONMCr e 366,
Ph OMe
EtN OMe 367

033 M
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cio
NEb,
Cr(CO)s
EuN—==NEt, 1. (1-Bu),0, 70°, 4 h ‘ NE,  (23) 367
Ph” “OMe 2. Decane, 125°,2 h 7
leq 0.33 M (step 1) (CO);Cr OMe
0.09 M (step 2)
Cii
o) OH O
Cr(CO)s
=
Heptane, 80°, 17 h 0
TMS Ph” “OMe ceptane (0) 183
TMS
l.4eq 04 M OMe
0 OH O
Cr(CO)s
= Hexane, 45°, 17 h (0) 183
| Ph OMe |
OMe
MeO" 15eq 0.02M OMe MeO., _Ph
Ph
OAc CO,Et
Cr(CO)s Ph
Ph—==—CO,Et Acy0 (1.2 eq), BN (1.3 eq), OO 02 o+ o~ o 50) 70
Ph" - OMe THF, 65°, 6 h COEt Ph
1.5¢eq 0.03M
OMe
CO,Et
OMe
o Pho
(&
OH Cr(CO)s
n-Bu—= THF, 65°, 4 h OH () 149
Ph OMe n-Bu
0.83 eq 0.12M
Ci2 OAc OTBS
OTBS
Cr(CO)s
y Acs0 (1.5 eq), EN (1.5 eq), (54) 70,115
Ph™  "OMe THF, 65°,3 h OFt
EtO
0.033M
1.5¢eq OMe
OAc OTBS OH OTBS
Cr(CO)s
1.5eq AcyO (1.1 eq), OO + OO 115
Ph™ "OMe THF, 65°, 4 h Ot OFt
0.03M
OMe OMe
I(12) I (52)
Cr(CO)s
1.5 AcOH (1 eq), 1(0), I (50 115
eq - OMe (1eq) (0), II(50)
THF, 65°,6 h
0.033M
Cr(CO)s
1.5eq Ph OMe Et;3N (1.0 eq), 115
THF, 65°,4 h
0.03M
Cr(CO)s
1.5¢eq P “OMe THF, 65°,4 h 1(88) 115,368

0.03M
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci2 R
R o
Cr(CO)s
1. Silica gel, 100°,2 h 1 369
7 Ph” “OMe 2.CAN s
n-Bu”  12eq un
(6]
R I
NH, (38)
NO, (0)
cl (71)
o
Cr(CO)s
= 1. Silica gel I 369
2B =~ R Ph” “OMe & R
2.CAN Bu-n
1.2eq o
R Temp  Time 1
NO, 125° 12h  (0)
cl 100° 2h (79
OH
Cr(CO)s
& Sili 1,100°,2 h
2-Bu NH, Ph OMe ilica gel, 100°, Nt (13) 369
Bu-n
1.2eq
OMe
OH
Bu-n
/0 Cr(CO)s
n-Bu———8 THF, 45°,2-16 h _0 (73) 75
"0 Ph” “OMe B
3eq 0.05M OMe O
Ci3
o
Z OH
Cr(CO)s _
A t-BuOMe, 45-55°, 1 h on 262
Ph OMe
N 0.29 M / \Me
oS (CORCE Ope
1.15eq
(0]
Cr(CO)s
1. Silica gel I 369
/
= Ph” “OMe O‘ R
Bu 2.CAN Bus
1.2eq o0
R Temp Time I
Me  100° 2h  (64)
OMe 80° 20h  (57)
CHO 100° 2h )
CHO
CHO o
Cr(CO)s
1. Silica gel, 120°, 20 h O‘ (4) 369
Ph OMe
Z 2.CAN
n-Bu Bu-n
1.2eq o
Ciy
OH
Cr(CO)s Ph
Ph———Ph (n-Bu),0, 45°,3 h OO (62) 2
Ph OMe Ph
leq 031 M /
(CO);Cr  OMe
OAc
Cr(CO)s Ph
1.8¢e Acy0 (1 eq), Ei3N (1 eq), (53) 360
q Ph” “OMe T;F(45§2h2 a OO Ph
0.04 M ’ ’
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
" OH OH
Cr(CO)s Ph Ph
Ph———"P"h Heptane, 80°, 0.5 h 20) + (18) 76
Ph OMe
Ph Ph
leq 033 M / /
(CO);Cr OMe (CO);Cr OMe
Ph Ph
+ Ph (26) + *’ Ph @) +
\ OM:
OMe oncr
Ph Ph Ph Ph
/m a0+ /Z/_gf«con @ +
Ph o OMe Ph o OMe
Cy3H 30,°Cr(CO)3 (—)
0 Ph
Cr(CO)s Ph
’ Ph I+
Ph OMe Ph
I} OMe
Ph
o OMe
O‘ Ph I + )tﬁPh v
PH Ph
0]
Alkyne (eq) CC (M) I II I 1A%
3.0 0.1-0.2 1. THF, 45°, 24-48 h 59 (—) [ 13
2. CAN
15 0.04 1. (-Bu),0, 5°, 033 h ©) () () 177
ultrasound
2. CAN
2.0 0.5 1. THF, 70°, 12 h 94 (—) 3) 3) 84
2. CAN
20 0.005 1. THF, 70°, 15 h 89  (— ®) 3) 84
2. CAN
2.0 0.5 1. THF, 110°,0.5 h 94 (—) (©) (—) 84
2. CAN
2.0 0.005 1. THF, 110°, 4 h 6 (—) (24) 16 84
2. CAN
3.0 0.16 1. Heptane/hexane, 45°, 24 h @an  (—  G%) ) 84,13
2. CAN
3.0 0.16 1. MeCN, 45°,24 h (—) (19) (—) (51) 13
2. CAN
3.0 0.16 1. Benzene, 45°, 24 h (36) (—) (—) 21) 13
2. CAN
12 — 1. Silica gel, 40-50°, 3 h @) (— () 177,178
2. CAN
1.0 — 1. MgSOy, 50°, 1.5 h an 177, 178
2. CAN
12 — 1. Al,O3, 60-65°, 10 min 15  (—) ) () 177, 178
2. CAN
_ _ DMF, 90° = 6 > ) 9
(n-Bu);P—Cr(CO), 1. (--Bu),0, 90°, 3 h
1(48) + II(—) + II(6) + IV (—) 133

1.0eq

Ph OMe
0.04 M

2.CAN
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cus OH
Ph
(CO)SCrY Ph OO
— 1. THF, 45°,36 h (93) 169
" " o Br 2. Air, 30 mi o
. Air, 30 min o Br
2eq 0.03M \©/
OH
Ph
(CO)SCrYPh OO R
2-3eq 0 1. THF, 45°,36 h Ph OMe (86) 169
\©\ 2. Air, 30 min 0 ~Bu  (70)
0.02M R \©\
R
OH
L—Cr(CO)4 Ph
leq (n-Bu),0, heat, 2.5 h «Cr(CO)3 87
Ph OMe Ph
0.05-0.08 M OMe
L Temp
(4-FCgHy)3P 60°  (61)
(n-Bu)sP 90°  (11)
OH ‘
Cr(CO)s
_— Dioxane, 100°, 26 h (57) 260
= Ph” “OMe Bun
n-Bu N u-n
12¢q 0.015M OMe
Cr(CO)s
// 1. Silica gel, heat, time R 1 369
n-Bu R Ph OMe 2. CAN Bu-n
1.2eq o R Temp Time I

Ac 120° 12h  (0)
CO,Me  100° 2h 0)

R o R
Cr(CO)s R
= PY 1. Silica gel, 80°, 20 h O‘ Ac (54 369
Ph” “OMe 2.CAN CO,Me (56)

n-Bu 12¢eq Bu-n
o)
OTBS OTBS
Ph oh
_ CHCO)s 1. -BuOMe, 55°, 1.5 h B
2. CHyCly, TBSCI, E3N, _ + 370
1 Ph OMe t,3h v
CO,Et (COKCE OMe ! (COXCY OMe
2eq 033M CO,Et CO,Et
35) (8.5)
o TBS
N _TBS
Cr(CO)s
Ph—=—=—TBS PR Benzene, 80°, 12-24 h (CO»3Cr «~ _ph * Ph 134
Ph OMe /
1:2¢q OMe  (CO);Cr OMe

(55) (19)
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci 0 o
Ph
Ph
P Cr(CO)s 1. THF, 45°, 16 h
Ph———8 0 + 74
o Ph” O OMe 2.CAN B
3eq 0.5M O (@) o
(57) (12)
OH
Ph
Cr(CO)s
3eq THF, 45°, 14 h o (64) 75
Ph” “OMe B
0.5M OMe O
Cis
R
OH
R
Cr(CO)s
+-BuOMe, 45°, 6 h OO
. // Ph OMe / h
12¢q 026 M (€O Ome
1 1I
R I+11 I:1I
CF; (66) 55:45 (not assigned)
Me (52) 53:47 (not assigned)
Cr(CO)s R
é 1. Silica gel, 80°, 20 h X Me (65) 369
Ph R Ph™ "OMe 2.CAN Ph OMe (57
1.2eq (0]
(0]
Cr(CO)s
1. Silica gel, 50°,2 h (76) 0% de 213
FZ P OMe ¢ O‘ CH(Me)OMe ’
n-Bu CH(Me)OMe 2.CAN Bu-
12eq 0
[e) OH O
P Cr(CO)s
= THF, 65°,24 h ) 151, 183
Ph OMe
TBSO  5¢q 0.03M OMe OTBS
6]
i-PrO O ;
Cr(CO)s i-PrO Pr-n
J— 1. THF, reflux, 4 h (72) 372, 149
—Pr-n
0" Ph™  "OMe 2. HCI (cat), CH,Cly, 1t PO o)
0.12M O Ph
0.83 eq
Ph OH Ph
CHCO)s Ph Ph
o Dioxane, reflux, 6 h 39 + (16) 371
Ph Ph OMe Ph OH
3eq 0.26 M OMe OMe
+ Ph———Ph (5)
Cis OH OH
Cr(CO)s Ar Tol-p
p-Tol——Ar t-BuOMe, 45°, 6 h + 42,68
Ph™ "OMe / Tol-p / Ar
12eq 026 M (CORCr OMe (CORCY  OMe
) | II

Ar= —%@Cﬁ

I+11(62), I:1I =46:54
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cis
0
P Cr(CO)s
Bu = 1. Silica gel, 100°, 2 h 42) 369
O (o) Ph OMe 2. CAN CHO
v Bu-n
0
1.2eq .
OH OTBS
TB
OTBS OAc |
Cr(CO)s
Z THF, 65°,24 h OO . + 151
MeO,C Ph~ “OMe CO,Me
1.5¢eq 03M OMe CO,Me
1(22) OMe  1I(0)
Cr(CO)s
15¢q Acy0 (1.5 eq), EN (1.5eq), 1(10) + I1(8) 151, 183
Ph OMe heptane, 80°, 19 h
0.1M
HOTBSO / \
TBSO o/ \ o_ O
o Cr(CO)s
> Ac0 (1.1 eq), BN (1.1 eq). (45) 115
/
EtO Ph™  "OMe THF, 65°,5 h OEt
1.5eq 0.03M OMe
AcO TBSO 0/ \o
Cr(CO)s
15¢q Acy0 (1.5 eq), EN (1.5 eq), (45) 70
Ph™  "OMe THF, 65°, 7 h OEt
0.03 M OMe
o
Cr(CO)s Ph
Ph—=——=——"Ph 1. THF, 105°,2 h (42) 100
Ph OMe 2. CAN
X
1.0eq 021 M o Ph
OH o OMe
Cr(CO)s Ph Ph
1.0eq THF I + I 100
Ph” ~OM Ph
¢ AN N
OMe Ph Ph
CC (M) Temp  Time I I
0.03 60° 24h (200 (21
0.03 70° 22h 44 (—)
0.5 70° 24h  (16) (—)
0.21 105° 3h (12)  (—)
0.214 105° 3h (=) (=
0 0 OBu-n
Cr(CO)s Ph Ph
1.0eq 1. THF, 50°, 17 h (53) + (1) 100
Ph OBu-n Ph
2.CAN SN N
0.03M e} Ph Ph
OH o OBu-n
CH(CO)s Ph Ph
1.0eq Solvent, 70°, 24 h 1 + 1T 100
: Ph
Ph” “OBu-n SN \\
0.03M OBu-n Ph Ph
Solvent ) | 11
THF 61)  (—)
benzene 40)  (—)

hexane

(31)
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cie
Ph OH
Ph Ph i HO Ph .
Ph—=————Ph + 100
<c0>50r¢/\0 0/§Cr<c0>5 CQ O‘
09eq -/ ?\(‘)
Ph
HO. Ph
S
(o)
N
CC (M) Temp  Time 1 I
0.005 80°  16h (12) (1)
0.024 80°  16h  (23) (13)
0.029 105°  4h  (19) (25)
0.16 45 16h  (19) (D)
0.20 105°  4h () (13)
0.84 m P THF, 75°, 17 h 100
.84 eq ,75°,
(CO)SCr%\O O\/%Cr(CO)5
0.03 M
Ph  Ph
0.84 " i ° 6 b
84 ¢eq THF, 75°,5 h (22) 100
(CO)5Cr¢/\O O/&Cr(CO)5 o
Ci7 0.03M
Cr(CO)s
Ph—==—TIPS Benzene, 80°, 12-24 h (CO)Cr (88) 134
Ph” “OMe
1.2eq
Cr(CO)s
Ph)k oM 1. Silica gel, 75°, 2 h (68) 0% de 213
= e 2 CAN CH(Pr-i)OMe
n-Bu CH(Pr-i)OMe : Bu-n
Cis 1.2eq (6]

I O
Cr(Co
. = )C )s 1. Silica gel, 1252, 2 h O‘ (39) 0% de 213
e 0 P OMe 2. CAN CHO

1.2 e
q (0]
Cr(CO)s
/u\ 1. Silica gel, temp, 2 h 213
Ph” "OMe 2. CAN 5, CHEBROMe

o

o
o]
=
=

%

n-Bu CH(7-Bu)OMe u-n
12eq 0
Temp % de 213
75° (60) 47

50° (40) 52
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cig OH O
Cr(CO)s
1. Silica gel, 75°, 2 h (44) 67% de 213
= Ph)KOMe eas SOPh ’
n-Bu SOPh 2. Air Bu-n
1.2eq OMe
0
Cr(CO)s
1. Silica gel, 75°, 2 h (—) 213
= Ph)kOMe s SO,Ph
n-Bu SO,Ph 2. Air Bu-n
12eq OMe
OTBS OTBS
Ph Ph
N X
\ . o
CrCO)s 1. -BuOMe, 55°, 1.5 h
2. TBSCI, Et3N, = + > 370
)\ Ph” “OMe CHyCly, 1t, 3 h Coic’ oMe (CORCr OMe Y
(CO)sW~ ~OMe 033M Py Y
2eq (CO)sW OMe (CO)sW OMe
(28) (7
OH
Ph
S Ph
AN Cr(CO)s
N P Benzene, 90°, 24 h 3) 373
N
e Ph” “OMe B
A
1eq Ph  0.04M OMe D
Ph
Cr(CO)s
1. Silica gel, 100°, 2 h (44) 369
= & CON(Pr-i)
OMe 2.CAN
n-Bu CON(Pr-i), . u-n
1.2eq 0
1)
Cr(CO)s
= 1. Silica gel, 100°,2 h NHB (44) 369
= z
n-Bu NHBz PhT - OMe 2.CAN Bu-n
1.2eq o
NHBz
NHBz 0
Cr(CO)s
P 1. Silica gel, 100°, 2 h O‘ (34) 369
= Ph” “OMe
1-Bu 2. CAN Bu-n
1.2eq (¢]
H
Cy
HO
Cr(CO)s Pz
-BuOMe, 45-55°, 1 h X L o0 262
Ph” “OMe / ]
029 M Me
(CORBCY OMe
0
Cr(CO)s
1. Silica gel, 100°, 2 h (0) 213
= Ph” “OMe & O‘ CH(OMe)Ph
n-Bu CH(OMe)Ph 2.CAN Bu-n

1.2eq

(0]
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
o
Cr(CO)5
1. Silica gel, 100°, 2 h O‘ (50) 369
OMe
N(Me)Bz 2. CAN Bur N(Me)Bz
1.2 e
q 0
NMeBz
NMeBz o O
Cr(CO)5
1. Silica gel, 100°,2 h O‘ (72) 369
M
0 e 2.CAN Bu-n
1.2eq (6]
Cr(CO)5
1. Silica gel, 80°, 12 h CONEe-) 369
i)
CON(Pr-i), OMe 2. CAN Ph
(€]
12eq
OH
_ Sn(Bu-n); Cr(CO)s Sn(Bu-n)s
THF, 65°, 4 h 0) 183
TBSO Ph OMe OTBS
1.9eq 0.03M OMe
OTBS OH OTBS o .
Cr(CO)5 |
Additives, solvent, . I + Im 151,183
OMe heat, 3-24 h
TBSO  730eq 03M OMe OTBS
OMe OTBS
Solvent Temp AcyO (eq) EtN (eq) ) | I
heptane 80° 1.0 0 66)  (—)
heptane 80° 1.0 1.0 68) (—)
heptane 80° 1.0 1.0 67 (—)
heptane 80° 1.0 1.0 63)  (—)
heptane 80° 1.0 1.0 65)  (—)
heptane 80° 1.0 1.0 66) (—)
heptane 80° 1.0 1.0 ©7)  (—)
heptane 80° 0 1.0 300 A7)
heptane 80° 0 0 (=) (T4
heptane 40° 0 0 48) (=)
THF 65° 1.0 0 29 (=
acetone 55° 0 0 24) (—)
heptane, 54° 1.5 1.5 44 (—
ultrasound
heptane, 56° 0 0 (51 (26)
ultrasound
Cy3 HO
‘ | Cr(CO)s =
1-BuOMe, 45-50°, 1 h 3 + 262, 68
_— Ph OMe
3
3 CO)5Cr
1.15eq 029M (CORCr Ome !
HO

(CO)Cr

OMe
1 I+11(92), LII=63:37
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TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cx3
‘ | Cr(CO)s
/U\ 1. -BuOMe, 60°, 1 h (48) 261
_ Ph” “OMe 2. Ag,0/E;0, 1 h
3 0.17M o
25eq
o}
1. Silica gel, 100°, 2 h 43) 60% de 213
= Ph” "OMe & O‘ CH(Me)OTIPS ) 60%
n-Bu CH(Me)OTIPS 2.CAN Bu-n
1.2eq 0
Cr(CO)s
1. Silica gel, 100°, 2 h () 369
= Ph/U\OMe & N(Bu-1)Bz
n-Bu N(Bu-1)Bz 2.CAN Bu-n
1.2eq 0
Coy
TIPS TIPS TIPS
A CrCo)s N/
A )J\ THF, 90°, 24 h (69) 373
s~ Ph7 TOMe
1.0¢q Tips 0-05M Ph N\~ OMe
Cos
Ph OH Ph OMe
HO. Ph
Cr(CO)s
Ph——= C PR Benzene, 80°, 24 h @ (16) 100
) o SZD
MeO 0.05M HO
3eq
Ph OMe
Cr(CO)s HO Ph
THF, 80°, 24 h O I+ 100
o ome o Y
(&
3eq HO
HO Ph Q
S
MeO OMe
Ph
OH
OQ Ph
PR m
M
eO i Ph
o OMe
Alkyne (M) 1 11 I
0.1 35 A 16
0.05 an  ® @9
0.006 19 @) @2
Ca6
OH OTBDPS oA
C
OTBDPS CHCO)s Acy0 (1.5 eq), |
— ’ Et3N (1.5 eq), OO . + OO 151
MeO,C Ph OMe heptane, 80°, 19 h CO,Me COMe
15eq 0.1M OMe - 7) OMe (6)
PhoP— (. o),
Cr(CO)s |
Ph,P—=—=—PPh, Octane, 90°, 4 h ’ PPh,  (78) 374
Ph” OMe

l.2eq 0.06 M

OMe



TABLE 1. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
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Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cso ] O
Cr(CO)s
_ /U\ 1. Silica gel, 100°, 2 h (67) 50% de 213
= Ph OMe 5 CAN CH(Me)OTBDPS
n-Bu CH(Me)OTBDPS : Bu-n
1.2eq lo)
Cr(CO)s oH OBn
)k Heptane, 80° 151,183
BnO P NOMe OO OTBS
TBSO SN OTBS 03M
leq Time OMe OTBS
Ac0(leq) 3h (85-89)
— 20h 0)
R
Css R o = A
ot |
| Cr(CO)s N
P x )k 1. THF, 60° 2 d O‘ 3-R (73) 375,376
Z Ph OMe 2. Pb0O,, CH,Cly Bun 4-R (75)
n-Bu 0.008 M
1.25¢eq p-Tol (0]
R= ‘g Tol-p
p-Tol

“ The carbene complex was added slowly.

? Only one diastereomer was observed.
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TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy
Cr(CO
. 1(CO)s Ph
= THF, 45° I+ 1 131
Ph OMe
0.07-0.13 M OMe
Alkyne I I
2eq @1 6o
20 eq @O @D
1 atm 2 G4
C; OH OH
Cr(CO)s Ph
—— Solvent, 45° I+ I 131,377,
Ph OMe 245
0.07-0.2M OMe
Alkyne Solvent
2eq THF (45) “)
40 eq THF (10) (44)
neat — 0.3)  (26-28)
o
Cr(CO)s
saturated solution 1. (n-Bu),0, 55°,2 h O‘ (66) 261
Ph” OMe 2. AcOH, HNO3, 0.5 h
025M
0
¢, o OH O
Cr(CO)s
THF, 65°, 5 h 28-42 )
//u\ )J\ (28-42) 70, 183
= Ph OMe
1.5eq 3
0.03M OMe
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OH O
o
/J\ e THF, 65°, 6 h OO OMe (32)
, 65°, 3 183
== OMe Ph” “OMe
1.5eq 0.08 M OMe
OH
Cr(CO)s Et
—Et (n-Bu),0, 45°,2 h (35) 87
Ph OMe /
12 27 M
Seq 0. (CONCY OMe
Cr(CO) Ot
5
- > CO)sC Ph
——OEt Et,0, 0-4°,24 h (COXCr _ 48) EZ=10:1 378
Ph OEt
deq 0.25M OEt
OH
Cr(CO)s OH o
OH
1. THE, reflux, 16 h ©) * (o) Cr:<j (38) 289
///\/ Ph)J\OEt ) OO ’
3eq 2. Air
OEt
Cs OH
Ph
[o] Cr(CO)s COzEt
Additive (1.1-1.5 eq), THF, I+ o i
/J\OE Ph)J\OMe ) 9 OO MeO COR
= 60-65°, 4-6 h ROSC
L1-15¢q 0.03-0.05 M z
. . OMe
Additive I R R! n EZ
none 41) Et Et ) — 70
EtOH 0)  Et Et 83 61 379
-BuOH (0) +Bu rBu 16) 41 379
-BuOH 0) Et +-Bu (35 41 379
-BuOH 0) Et Et 18) 31 379
(i-Pr),NH (0)  Et N(Pr-i), (50) Z>>E 379
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OH

Pr-
— )C]i(co)s (n-Bu),0 or -BuOMe, OO o
— -n B (45) 68, 87
Ph OMe 45-50°,2-5h
1.2-15¢q .
0.2-0.27M (CORCY OMe
(¢]
Cr(CO)s 1. See table Pr-n
Ph OMe
I
Alkyne (eq) cC ) Solvent Temp Time o
3 0.1-0.2 hexane 45° 24-48 h — (80) 13
1-1.5 0.04 (n-Bu);0O rt 15 min ultrasound (67) 177
3 0.1-0.2 THF 45° 24-48h — (73) 13
2 — — 60° 10 min silica gel (51) 177,178
5 0.05 (n-Bu),0 130° 300s microwave o1 192
5 0.05 THF 130°  300s microwave (68) 192
n-Pr
o) \\—Ph
Cr(CO)s
h (6] (0]
3eq )J\ 1. MeCN, 45°,24-28 h I1(53) + Pr-n (45) 13
Ph OMe 2 CAN
0.1-02M
[0}
Pr-n O
n-Pr.
Cr(CO)s 1. Benzene, 80°, 16 h Pr-n R
3eq I+ n o+ OR m 113
Ph OR 2.CAN —
0 0 Ph
CCM) R | II 11
0.005 Me 82 (—) Ay
0.1 Me 78 D) ®)
0.1 i-Pr 90) (<) (<5)
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
G OH Pr-n
Cr(CO)s Pr-n
Pr-n Py 1. Benzene, 80%, 16 h OO + O’ + 13
2eq Ph OR 2. Air
0.1 M I O I OR
0]
n-Pr Prn R I I II
PR Me (76) (1) (8)
i-Pr (90) (£1) (<5)
0 Ph
11T
OR
I. R=H
Cr(CO)s Pr-n (I\)/IeO Ph
1.5-19¢eq )k 1. Solvent, 45-80°, 20-70 h II. R= %JJ +
Ph” - "OMe 2. Air g
Pr-n

1
Pr-n (€]
n-Pr
e,
Ph Ph
y OMe vi OMe
6]
n-Pr Pron Ph
OMe +
VIII
o) Ph

Pr-n

Pr-n
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CC (M) Solvent I o Im IV V VI VI VII IX
0.1 MeCN @) 3 & O @& @ O O O 13
0.1 THF (84) (<1.5) (0) (©) (2) (0) (10) (©) (0.5 60
0.005 THF 62) (O (© (© 12) O () (O (©5 60
0.1 benzene (64) (<1.5) () (©) (1) (O @& 10) (1) 60
0.005 benzene 59 © © © GO O ® G 0 60
0.1 MeCN (60) (12) (0) (<1.5) (9) (0.5) (19) (0) (2) 60
0.005 MeCN (76) (<1.5) (0) (<1.5) 3) (3) (1) (© (3 60
— hexane ®B) (=) (= (= (=) (=) (= 12 (=) 78
OTBS OTBS
Pr-n Pr-n
(CO)sCr =
>»0 1. --BuOMe, 58°, 2.5 h 2z
deq Ph \O/ 2. TBSCI (4 eq), + Cr(CO); 205
\(‘ EGN (4 eq).1t, 12h OU OU
04M \( \(
1(17) 11 (25) dr=6.4:1
(CO)sCr
4eq >‘0 TBSCI (2 eq), 1(32) + I (25) dr=6.1:1 205
Ph EN(Pr-i) (3 eq),
\r/ CH,Cl,, 58°, 2.5 h
0.05M
6]
HO Cr(CO)s 0
— Et;N (x eq) Ph
N\ Ph OMe —
1 OMe
x Solvent Temp Time I  Isomer ratio”
Ac;0 (2eq) 3 THF reflux  7h (26) 2:1 148
Ac;0 (2eq) 2 THF reflux  7h (40) 3:1 148
ultrasound 3 benzene «— 1.5 35) 4:1 380
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH
OEt Ol
///\A OH (CO)5Cr:< 1. THF, 60°, 15 h (50) 289
3eq Ph 2. Air
OEt
OH o
X,
. T™MS
Cr(CO)s T™MS
——TMS (n-Bu)0, 50°, 1.5 h (76) + s ,OMe 4 + 57
Ph OMe .
17¢eq 037M Cr(CO); h
OMe
O
Ne_TMS
N OMe @
Ph—Cr(CO);
OTBS
CrHCO)s 1. +-BuOMe, 55°, 1 h TMS
4eq 2. TBSCI (4 eq), 92) 73
Ph OMe
04 M EGN (4eq), rt,3h /
(CO);Cr OMe
OH
Cr(CO)s TMS
4eq 1. THF, 45°,24 h (61) 169
Ph OPh 2 Air
0.04 M '
OPh
OH
//\E Cr(CO)s D
= THF, 65°, 16 h (0) 183
OMe Ph™ “OMe OMe
2.8eq 02M

OMe
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//\E Cr(CO)s Ac,0 (1.5 eq), N
= E3N (1.5 eq), heptane, oM (43) 183
e
OMe Ph OMe 80°,21 h
23eq 02M
OMe
Co OH
Cr(CO)s Bu-n
——Bu-n (n-Bu),0, 45°, 2 h (45) 87
Ph OMe /
1.25 027M
e (COSCT OMe
OH
Cr(CO)s Bu-n
1.0 eq THF, 65°,2 h OO 94) 267
Ph OMe
0.03M
OMe
OR
CH(CO)s Acy0 (1.1 eq), Bun L R=Ac
1.5eq o o EN (1.1 eq), OO II: R= . ~sOMe 381
¢ THF, 65°,3 h
OMe 111
1(65), II (18), III (0), IV (0) OMe
Cr(CO)s 1. THF, 65°, 1 h
1.5eq 2. AcyO (1.1 eq), 1(56), 11 (0), III (10), IV (10) 381
Ph OMe pyridine, rt
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co OAc
Cr(CO)s Acy0 (2.2 eq), EtsN (1.1 eq), Bu-n
Bu-n DMAP (0.16 eq), OO 1 (68) 94
Ph OMe
THF, 65°, 1 h
1.5¢q 0.1M
OMe
Cr(CO)s
27¢q AcO (1eq), EN (Ieq), 1 (82) 267, 360
Ph” “OMe R
0.04 M THF, 60°, 1 h
(0] (¢]
——Bu-n 1.5eq Cr(CO)s Bu-n Et
+ 1. Benzene, 40°,22 h O‘ | O‘ I 361
— Ph OMe
Et——Et l5eq 01M 2. CAN Et
(0] (6]
I+11(78), LIl = 96:4
Cr(CO)s
1. Benzene, 40°, 22 h I+1II(75), LII=99:1 361
Ph OPr-i
0.1M 2. CAN
(0]
Cr(CO)s 1. THF, 1t, 20 h Bu-n
=—Bun 2.50°%2h O‘ (71) 172
Ph OAc 3. CAN
3eq 0.1M
(0]
OH
Bu-n
Cr(CO)s
2eq 1. THF, 45°,24 h (60) 169
Ph™ - OPh 2. Air, 30 min
0.05M OPh
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OH

Cr(CO)s Bu-1
— Burs -BuOMe, 45-50°, 2-5 h (79) 148
Ph OMe
1.5eq 02M
(COiCr OMe
OTBS
Cr(CO)s 1. Solvent, 55°, 55 min N Bu-1
4eq 2. TBSCI (4 eq), + II 204,97
Ph™ "OR* Et;N (4 eq), 1t, 2 h “
04M /
(CONBCr  OrR* (CO)Cr OR*
R* Solvent I+1I dr de
(~)-menthyl -BuOMe (55) 10:1 82
(—)-menthyl benzene (50) 5.6:1 70
(—)-menthyl pet ether (52) 3.7:1 57
(+)-menthyl -BuOMe (55) 1:9.2 80
(-)-8-phenylmenthyl -BuOMe (65) 3:1 50
endo-(—)-bornyl -BuOMe (65) 2.3:1 40
endo-(+)-fenchyl 1-BuOMe (80) 7:1 75
(+)-1-phenylethyl t-BuOMe (71) 3:1 53
(+)-naphthylethyl 1-BuOMe 51) 2.3:1 40
()-1-phenyl-2-methylpropyl t-BuOMe (45) 3:1 50
6]
HO Cr(CO)s
_ Acy0 (2 eq), Et3N (3 eq),
: — 20 (2 eq). EGN (3 eq) Ph 1(33) 148
PPt Ph OMe THF, reflux i-Pr =
OMe
Cr(CO)s
Et;3N (3 eq), ultrasound, 1(20)° > 2 isomers 380
Phr OMe benzene, 1.5 h
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OH
oH Cr(CO)s OH
T 1. THF, 60°, 15 h OO (40) 289
= Ph” OE 5 Al
3 eq . Al
OEt
OH
Cr(CO)s TMS
///\ ™S 1. THF, reflux OO (©2) 153
Ph OMe 2. A
. Air
0.83 eq 0.12M
OMe
Cy (0]
CHCO)s 1. THF, 1, 20 h CsHyyn
——CsHyn 2.50°,2h O‘ (58) 172
Ph OAc
3eq 0.1 M 3. CAN
[0)
OH
Cr(CO)s Z
_ = t+-BuOMe, 45-55°, 1 h (60) 262
— Ph OMe
1.2eq 03M /
(CO);Cr OMe
OH
CrCo)s S Fh
SN THF, 70°, 1.5 h S 16
= o Ph” OM
1.2eq ¢ OH
OMe (24) 41)
Cg (0]
Cr(CO)s 1. THF, rt, 20 h CeHy3-n
——CeHj3n 2.50°2h O‘ (47) 172
Ph OAc
3eq 0.1M 3.CAN o
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(0]

CeHyj-¢
= CH,c CrHCO)s 1. See table O‘ 191
2. CAN
Ph OR
(0]
Alkyne (eq) R Temp  Time
1.8 Me (n-Bu),O 70° 14h (72)
2.8 Me silica gel 50° 4h (68)
14 Me ultrasound, THF, — 25 min (83)
1.8 Et silica gel 60° 2h (51)
1.4 Et ultrasound, THF  — 40 min 1)
OAc
Cr(CO)s 1. Ac;0 (2.2 eq), Ph
——Ph EGN (2) eq), OO 93) 89
Ph™"OMe THF, 45°, 12 h
2.7eq 05M
2. THF, 60°, 4 h OMe
OH OH
SSRGS
2eq THF, 45°,21 h I + I 100
Pho 1 N?Me o e Ph
. OMe OMe
I+11(87), LII 179:1
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg 1)
Cr(CO)s 1. Microwave, solvent, Ph
——Ph 130°, 300 s O‘ 192
Ph”OMe 2.CAN
o 1
Alkyne (eq) CC (M) Solvent
1 0.01 (n-Bu),0 (68)
1 0.05 (n-Bu),0 (88)
1 0.5 (n-Bu),0 (65)
5 0.05 (n-Bu),0 o1
210 0.05 (n-Bu)0 @7
1 0.01 THF (70)
1 0.05 THF (73)
1 0.5 THF (64)
5 0.05 THF (78)
1 0.05 toluene (58)
1 0.05 CH,Cl, (36)
1 0.05 MeOH (50)
1 0.05 EtOH (54)
1 0.05 HO(CH,),0OH (58)
1 0.05 H,0 0)
1 0.05 THF (73)
1 0.05 Et,O (82)
1 0.05 (n-Bu),0 (88)
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Cr(CO)s

1. See table 1
Ph OMe 2 CAN
Alkyne (eq) CC M) Solvent Temp  Time I
3.0 0.1-0.2 — THF 45°  24-48h (67) 13
3.0 0.1-0.2 — hexane 45° 24-48h (57) 13
1-1.5 0.04 ultrasound n-Bu,O  — 10 min (66) 177
2.0 — silica gel — 60-65° 90 min (81) 177,178
2.0 — MgSOy4 — 60-70° 90 min (18) 177,178
OMe
Cr(CO)s Ph
leq 1. THF, 48°, 12 h (58) 100
Ph” "OMOM 2. NaH, Me,SO,
02M OMOM
OH
Cr(CO)s Ph
2eq 1. THF, 45°, 24 h (88) 169
Ph OPh 2. CAN
0.04 M OPh
o MeO O/ Ph
\
Cr(CO)s
M
THE, 60°, 12 h OO 0" "OMe 150
(0) OMe Ph
// OMe o)
leq
OMe OMe
(38) (38)
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg o
OH Cr(CO)s o)
= Ac,0 (2 eq), EtN (3 eq), Ph  (52) 3:2 mixture of isomers® 148
— N —
Ph OMe
THF, reflux, 2.5 h
1 OMe
Cr(CO)s
Et;N (3 eq), ultrasound, 1(36) 9:1 mixture of isomers” 380
Ph OMe benzene, 1.5 h
OH O
o
. Coro
Hexane, 45°,3 h 0) 183
/b Ph” “OMe
0.1 M
1.5¢eq OMe
OH O
/O Cr(CO)s E/I
—B THF, 45°,2-16 h o (50) 75
o Ph” “OMe
3eq 0.05M
OMe
© TMS Ph
™S Cr(CO)s
Dioxane, 100° NS OMe I + 2isomers (II and III) 154
PRy Ph” “OMe ,
n-rr
I+ 11 +III (75), LILII = 56:25:19
CF3
OH
CF; Cr(CO)s 1. Photolysis, 3-methylpentane,
) o o
Ph OM
// ¢ 2. 200-235 K

/

(CO)CI OMe
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‘ Solvent

o
Cr(CO)s 1. Microwave, solvent,
130°, 5 min O‘ THF (75) 192
// Ph”™ “OMe 2 CAN (n-Bu),0  (73)
2eq 0.05M o
Cio
OH
Cr(CO)s CsHsn
— GgHysn +-BuOMe, 45-50°, 2-5 h (59) 68
Ph OMe /
1.5eq
02M (CO)CY OMe
OR OTBS
OTBS Cr(CO)s
P Acy0 (1.5 eq), EtsN (1.5 eq), I R=Ac (74) 183
= Ph OMe heptane, 80°, 1 h
1.5eq 03M OMe
Cr(CO)s
1.5eq Heptane, 80°, 43 h I R=H (0) 183
Ph OMe
0.3 M
Cn OH
Cr(CO)s X Ph
Benzene, 45°, 12 h (76) 382
SRS Ph” “OMe OMe
OMe
2eq 0.05M OMe
OAc OAc
Cr(CO)s P o Ph
. + 38
= X o och Acy0 (2.5 eq), EGN (5 eq), OMe Scp,
3 benzene, 45°, 12 h
OMe 0.05M
2eq : OCD; ¢ OMe
I+II=(53),LII=1:1
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cl
a oH
Cr(CO)s AN
Benzene, 45°, 12 h | + 382
= A Ph” > OCD; OO OMe
OMe 0.05M
OCD3
2eq OH
Cl X Ph
II
OCD3
OMe I1+11(68), LI = 1:1
Cr(CO)s Ph
— Dioxane, reflux (25 + 45) 51
= Ph™ “OMe A o
029 M OMe
l.leq
OMe o
OMe 1 MeO \ / Ph
| OH O
~_ O Cr(CO)s (0}
ES () THF, 60°, 12 h . + 0 288
! MeO
;i Ph” “OMe —-OAc
4 OAc
OAc \
(6]
10eq OMe (43, (34)
= Ph
P Ph YCT(CO% THF, reflux, 12 h 0 (66) 383
/ .
MeO,C CO,Me OLi* MeO,C  CO,Me
1.3eq 0.7M
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c
12 oA~ _.OAc
o -OA¢ Cr(CO)s 1. THF, 50-55°, 16-36 h b Ohe
R OAc PR 2. AcyO, pyr, DMAP, OO 0 (low) 295

= Ph”  "OMe CHyCly, 11, 16-24 h
OMe
TMS Ph
TMS, Cr(CO)s
>{ Py Dioxane, 100° NF N oMe I + 2 isomers (IT and TIT) 154
PH Ph OMe Ph I+ 11+ 101 (82), LILII = 63:20:17
o
o = =
- Cr(CO)s IIJ e
Fe 1. THF, 65°,2d 1) 92
s Ph” “OMe @
2. PbO,, CH,Cl,
leq 0.58 M 0
Cis / Ph
. /——/ Cr(CO)s 1. MeCN, 70°, 1 h 79) 384
s—N 6]
— Ph OFt 2.10% HCl1 Ts—N
0.83eq 0.12M H
o
Cr(CO)s
%/\Se Py See table. s 179
Z Ph” TOR NO,
NO,
(6]
R Solvent  Temp Time
Me — THF heat — (18)
Et — THF heat — (22)
Me ultrasound  benzene — — 0)
Et ultrasound  benzene — — 0)
Me silica gel — 55¢ — 27)
Et silica gel — 55° — (23)
Me silica gel — It 3d 51)
Et silica gel — It 3d (66)
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ph
R 0
Cr(CO)s \
Ph )J\ Dioxane, reflux (78) 51
Ph OMe
029 M
1.1eq
} l OMe
Cr(CO)s
Ph )J\ Dioxane, 100°, 26 h 260
Ph OMe
0.007 M 2)
1.1eq
OTBS
Cr(CO)s Acy0O (1.5 eq),
P'q EGN (15 eq), 151, 183
Z Ph” O OMe
heptane, 80°, 1 h
l4eq 03M OMe
(0]
P =
CO,Et
MCOzEt )CJ:(CO% 1. THF, 45°, 24 h O‘ 3 (05 385
18¢q Ph OMe 2. CAN

0.11 M o



6LC

08¢

{ Cr(CO)s = o)
)k 1. MeCN, 70°, 41 h + 384
Ts—N
L — Ph™ "OEt 2.10% HCI Ts—N
— 0.12M 25)
0.83 eq

©§ "
Cr(CO)s Sn(Bu-n);
——Sn(Bu-n); )l\ THF, 45°, 4 h 183
P~ OMe
1.5eq 04M

OTBS OTBS
Cr(CO)s 1. -BuOMe, 55°, 1 h Sn(Bu-n)3
deq P 2. TBSCI (4 eq), 0 7
Ph o ;Me EGN (4 eq), 1t, 3 h Sn(Bu- n)s /
’ (CO)3Cr OMe (CO);Cr OMe
45) OH (6)
(IO, o
Sn(Bu-n)3
(CO)Cr  OMe
Ph
Cro / Cr(CO)s Ph
1. MeCN, 70°, 41 h 69 4
Ts—N Ph” TOEt ° TS‘Nm © *
\ — 0.12 M 2.10% HC1
0.83 eq
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
o = Ph Ph
/__/}—Ph Cr(CO)s S
B + +
. Ph)J\OEt ; S:léelnt,]?eé:, ll;jlz-h Ts—N ‘ ) Ts—N | ORt 386, 387
= 012 M . [FeClg][FeCly( )] " I
Ph
0.33e
q (0]
Ts—N 0
1
Solvent Temp I I I
THF reflux 22) ) (22)
EtOH 70° @n a4 @y
MeCN 70° (14) (16) 7
CH,Cl, reflux 27) ) (22)
benzene 70° (19) 4) (18)
toluene 70° (0) an  @n
DMF 70° ) (23) 0)
i-PrOH 70° (13) (12) (20)
acetone 70° (13) 3) (12)
THF, PPh; (0.39 eq) reflux (20) 0) (20)
Coy
OAc OTBDPS
OTBDPS

Cr(CO)s Acy0 (1.5 eq),
// )J\ EtN (1.5 eq), OO . 32) 151, 183
Ph OMe heptane, 80°, 3 h
0.1M
1.5eq OMe



18C

8¢

R
Cr(CO)s
1. THF, 60°, 2.d O‘ 2 375,376
= Fh”  "OMe 2. PbO,, CH,Cl,
1.25¢eq 0.008 M
0
i )
Cr(CO)s R
1. THF, 60°, 2 d (74) 375,376
= R Ph™ "OMe 2. PbO,, CH,Cl, »-Tol
1.25eq 0.008 M
0
R= § Tol-p
p-Tol
Csy R
o
Por
Cr(CO)s
R R 1. THF, 60°,2d (69)
Ph” “OMe 2.DDQ, MeOH, reflux, 1 h
0.04 M o
R
0.8 e
I
TABLE 2. PHENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cse OTBDPS
OTBDPS OA _.OTBDPS
o C
__OTBDPS Cr(CO)s 1. THF, 50-55°, 16-36 h OTEDPS
2. Ac,0, pyr, DMAP, (o) (low) 295
A orBppS PhT OMe CH,Cly, 1t, 16-24 h
/
OMe
OTBDPS

OTBDPS
_.OTBDPS Cr(CO)s

orBDPS Ph™ "OMe

_.OTBDPS

1. THF, 50-55°, 16-36 h

2. Ac,0, pyr, DMAP,
CH,Cl,, rt, 16-24 h

(62) 295

“ Isomers were not specified.

? Only one isomer of unreported configuration was obtained.

¢ More than two isomers were obtained as products from this reaction.

4 The starting alkyne provided the solvent for this reaction.
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TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy o)
— ©\[(0Me 1. THF, 45°, 24 h O‘ (68) 13
OMe Cr(CO)s 2. CAN
13eq 0.1-02M MeO O
0
3eq @\H/OMe 1. MeCN, 45°, 24 h O‘ @) -+ © + 13
2. CAN
OMe Cr(CO)s OMe
MeO O MeO
0.1-02M
MeO O
o (30) + 1)
.
MeO OMe
Cs 0] o]
Et
——FEt OMe 1. THF, 45°, 24 h O‘ 1+ O‘ 1 67
Lseq OMe Cr(CO)s 2. CAN Et
: 03 M MeO (6] MeO 0]
I1+11(81), LI = 1.5:1
MeO 0
MeO
——OEt OMe 1. THF, 62°, 34 h O‘ (22) 276
43 eq OMe Cr(CO)s 2.CAN OEt
0.1 M MeO o)
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
&3 o F [0}
Et Et
Et———Et F Cr(CO)s 1. THF, 45°,24 h O‘ I+ O‘ n 67
2. CAN, MeOH F Et Et
OMe ’
I5eq 03M MeO OMe MeO OMe

I+1I(70), LII=7.5:1

0 Et
Et
2. 1. THF, heat + Et +
Oeq QYG(CO)S ) ean ! O‘ . ! O‘ = 8
OMe o OMe
Et
‘ ge HI
(6]
CC (M) Temp Time 1 11 11
0.5 45° 16-24 h 87) (<1) (<)
0.5 110°  30-40 min (77) (<) (<D
0.005 110° 1-2h (58)  (16) (1)
0.001 110° 14 h (37) 17) (<1)
R 1 11
2.0eq Cr(CO)s 1. Benzene, 80°, 16 h I+ I Me (58) (—) 113
2. CAN i-Pr (59) (6)
OR
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Et

Cr(CO)s 1. Benzene, 80°, 16 h O‘ Et II + 113
2. CAN
CF; OR Y
0.1M CF; O . CF;
S
bR R I o 1
CFs Me (74) (—) (—)
i-Pr - (36) (20) (26)
o Et
Et
Cr(CO)s 1. Solvent, heat, additive O‘ + O’ Et +
2. CAN Et
OMe OMe 1 I
MeO O Meo  OMe
Et MeO,
MeO
(6]
|O‘ Et + ! O
1 1A%
MeO o Et Et
Alkyne (eq) CcC M) Solvent  Temp Time Additive 1 I I v
2.0 0.5 THF 45°  24h — (61) (18) 5) —) 84,13
2.0 0.5 THF 45° 24h — (70) (—) (—) (—) 13
2.0 0.5 THF 45° 24h — (72) (—) (—) (—) 67
1.5 0.2 THF 45° 24h — (55-65)  (18-26) “4) (<3) 67
3.4 0.1 THF 55¢ 34h — (52) (27) “4) (—) 13
34 0.1 THF 55°  48h PPh; (1 eq) (33) (48) ) —) 13
1.7 0.1 THF 55°  48h PMePh (1eq)  (27) @) = 13
2.0 0.1 THF 55°  43h OPPh; (1eq)  (32) (50) () (—) 13
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co p———= I+ II + II + IV (continued from previous page)
Alkyne (eq) CC (M) Solvent Temp Time Additive I 1 il v
2.0 0.1 THF 55¢ 55h  OPPhs (1 eq) 27) (30) 5) (—) 13
2.0 0.1 THF 55¢ 48h  Me;,S (1 eq) 39) (43) [E) (—) 13
2 0.05 THF 45° ITh — (46) (42) (1) 3) 84
20 0.05 THF 45° 11h  — (84) 5) (1) 2) 84
176 0.05 neat 45° 12h  — 1) (<1) (<1) (—) 84
2 0.005 THF 45° 48h — (5) (66) 9) (—) 84,13
200 0.005 THF 45° 37h  — 81) (5) (<1) 5) 84
4 0.1-0.2 THF  45° 40h  EtOCH=CH, (4 eq) (58) (—) — —) 137
2 0.5 THF 110° 30 min — 29) (53) (10) (—) 84
2 0.5 THF 110° 20 min — (26) (54) (10) (—) 84
2 0.5 THF 110° 40h  CO (1 atm) (28) (47) (<) (—) 84
2 0.05 THF 110° 1h — ) (68) (11) (—) 84
20 0.05 THF 110° lh — (38) (46) 7 (—) 84
2 0.005 THF 110° 2h — (tr) (65) (10) (—) 84
2 0.005 THF 110° 2h CO (1 atm) ®) (62) (10) (—) 84
2 0.005 THF 110° — CsHg (200 eq) 0) (73) (12) (—) 84
2 0.005 THF 110° — isoprene (200 eq)  (0) (55) (16) (—) 84
200 0.005 THF 110° 12h — (45) 31 [€)) (—) 84
2 0.5 THF 180° 5min  — (13) (38) (18) (—) 84
2 0.5 DMTHEF 45° 36h — (88) (6) (tr) (—) 84
2 0.005 DMTHF 45° 58h — (28) (52) 2) (—) 84
2 0.5 benzene 45° 24h  — (77) @ ) =) 84
2 0.005 benzene 45° 48h — 21) (—) (37) (—) 84,13
2 0.5 benzene 110° 30 min — 29) (6) 37 (—) 84
2 0.05 benzene 110° 13h  — 5) ) (53) (—) 84
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2.0 0.005 benzene 110° 2h — (<) 3) (68) (—) 84
2.0 0.5 heptane ~ 45° — — (81) (<2) (<4) (—) 84
2.0 0.5 heptane 110° 50 min — (54) ) (35) (—) 84
2.0 0.5 heptane 110° 25 min — (60) (1) (38) (—) 84
2.0 0.5 heptane 110° 25 min Acy0 (1.5eq) (36) (tr) (30) (—) 84
1.5 0.1-0.2 hexane 45° 24h — (83) (—) (—) (—) 13
2 0.5 MeCN 45° 24h — (6) 5) (6) (78) 84
2 0.05 MeCN 45° 24h — 3) 24) (12) (44) 84
2 0.005 MeCN  45°  48h — (tr) @1 (25) (25) 84
1.5 0.12 MeCN 45° 24h — (<2) (17) (—) (43) 13
3 0.1-0.2 CH)Cl, 45° 24 h — (65) (—) (—) (—) 12,13
2 0.5 isoprene  45° 24h — (80) (—) 4) (—) 84
1.5 0.1-0.2 dioxane 45° 24h — (70) (—) (—) (—) 13
1.5 0.1-0.2 MeNO, 45° 24h — (60) (—) (—) (—) 13
1.5 0.1-0.2 MeOH®  45°  24h — (51) (20) (—) (—) 13
15 0.1-0.2 HMPA  45° 24h — (12) @1 —) (29) 13
O
0 Et
Et ‘
3eq Cr(CO)s 1. DMF, 45°, 24 h O‘ a2 + MeO 16y + 13
2. CAN Et M
OMe OMe <0
MeO (6]
0.1-02M Et
O
MeO o
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co OTBS
Et
1. -BuOMe, 55°, 1 h
J— Cr(CO)s
Et——Et 2. TBSCI (4 eq), E (63) 73
t
4eq OMe OMe EGN (4 eq), 1t,3h
04M MeO OMe
(CO)Cr
Et MeO,
MeO
3eq Cr(CO)s 1. DMF, 45°, 24 h O‘ Bt 1+ ! O n 13
2. Oxidant
OMe OMe MeO OMe Et Et
0.1-02M Oxidant 11
air 5) (25
air, Sg 19) (28)
t
CO,Me
1. UV photolysis, MeO
L5 e Cr(CO)s THE 15,2 h L) + ’ B, Me B
OMe OMe 2. Air, silica gel eo
P 2
0.02M @ @
Et Et
MeO MeO 0
(5) (C))
(0]
Et
12eq OMe 1. THF, 45° O‘ (58) 13
MeO—= Cr(CO), 2. CAN Et
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Et Et
15¢q N Cr(CO)s 1. THF, 45°, 24 h O‘ I+ O‘ noo67
2. CAN, MeOH R E

03M OMe Et
MeO OMe MeO OMe
R I+1I LI
Me (79) 1.2:1
OMe (81) 2.1:1
CF; (55) 25.5:1
F (70) 7.5:1
(¢] OMe O
Et Et
2eq Cr(CO)s 1. THF, heat O‘ I + O‘ II 84
MeO 2. CAN MeO Et Et
OMe [0 (6]
CC (M) Temp Time I+1I LI
0.5 45° 16-24 h 94) 2:1
0.5 110°  30-40 min 94) 1.6:1
0.005 110° 1-2h 94) 1.3:1
R? o]
RZ Et
2eq Cr(CO)s 1. Benzene, 80°, 16 h O‘ 113
OR! 2. CAN Et
0.1 M o
R' R?
Me Br 93)
i-Pr Br (98)
Me CF3 (96)
i-Pr CF3 99)

TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co RO o Et
RO Et . RO
Et———Et Cr(CO)s 1. Solvent, heat O‘ O‘ Et +
1.5-2eq oM 2.CAN Et
e
M
0 1 OMe
Et
RO Et OMe
Clp - O
Et (0]
m © v
R CC (M) Solvent  Temp  Time ) | 11 11 v
Me 0.12 hexane 45° 1-2d (80) (—) (—) (—) 13
Me 0.12 MeCN 45° 1-2d (44) (19) (—) “4) 13
Me 0.5 THF 110°  3-40 min (85-93) (—) (—) (—) 84,13
Me 0.5 THF 110°  3-40 min (88) (—) (—) (—) 84
Me 0.005 THF 110° 1-2d (64) (—) (—) (—) 84
Ac 0.5 THF 45°  16-24h ©H > = > 84
Ac 0.5 THF 110° 30-40 min (80) (—) (—) (—) 84
(0] Et
Et
1. THF, heat
-l S § G S S
o 2.CAN Et
e
MeO 0 OMe I
MeO I MeO
Et Et
(e + O
° m OMe 1y
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CC M) Temp Time I 1I III v
0.5 45° 16-24 h (74) (tr) (—) (—)
0.5 110°  30-40 min (59) 17) (—) )
0.005 110° 1-2h (6) (37) (16) 5)
o
OMe
Et o o OMe OMe
2eq MeG Cr(CO)s 1. THF, heat O‘ + - 84
OMe OMe 2. CAN MeO Et - -
OMe O 1 )i
CC (M) Temp Time I II
0.5 45° 16-24 h (45) (14)
0.5 110°  30-40 min (37) (—)
0.005 110° 1-2h (<4) (—)
OTBS
1. --BuOMe, 55°, 1 h Et
4eq MeO Cr(CO)s 2. TBSCI (4 eq), Oe (70) 73
OMe OMe Et;N (4 eq), 1t, 3 h MeO Et
0.4 M OMe OMe Cr(CO);
Et
MeO
MeO Et  MeO
Cr(CO)s 1. THF, heat O‘ O‘ 84
OMe OMe 2.CAN
OMe O
Et
MeO
T
+ ux
OMe OMe
CC (M) Temp Time 1 I 111
0.5 45° 16-24 h (83) (<2) (<2)
0.5 110°  30-40 min (15) (19) (34)
0.005 110° 1-2h (<2) (54) (<2)
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs
MeO
1. Solvent, 45°
Et———Et OMe e I+ 10+ I
23eq 2. CAN
MeO—=Cr(CO),
CC (M) Solvent Time 1 11 11
0.03 t-BuOMe 8h (20) (—) (—) 276
0.005 THF 48-72h (24) 31) (<2) 84
AcO 0 Et
AcO Et  AcO
2eq Cr(CO)s 1. THF, heat O‘ + O‘ Et 84
OMe OMe 2. CAN Et \
OMe O I OMe 11
Et
AcO
T
I
OMe OMe
CC (M) Temp Time 1 I i1
0.5 45° 16-24h (60) (tr) (10)
0.5 110°  30-40 min (35) ) (42)
0.005 110° 1-2h —) (12) (70)
OTBS
1. -BuOMe, 55°, 1 h Et
4
eq CrCO)s 2. TBSCI (4 eq), Oe 92) 73
EGN (4eq), 11,3 h Et
OMe Cr(CO)3

04M
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OMe OMe OH OMe Et
Et
1. THF, heat
2eq . I+ Et I + 84
Cr(CO)s 2. Oxidant
Et
OMe OMe OMe OMe oMe ©
OMe Et OMe Et
e (L
OMe OMe OMe OMe
CC (M) Temp Time Oxidant 1 I I v
0.5 45°  16-24h  air (52) (K2 (<2 )
0.005 45°  48-72h  air (<4) (<) (0)  (43)
0.5 110° 30-40 min  FeCl3-DMF (11) (tr) 3l)  (46)
0.005 110°  1-2h  FeCl3-DMF <) (<) G4 (54
OMe OMe OTBS
1. -BuOMe, 55°, 1 h Et
4eq CrCO)s 2. TBSCI (4 eq), Oe (67) 73
Et;N (4 eq), 1t, 3 h \Et
OMe OMe 04M OMe OMe Cr(CO)3
Et Et
2eq 1. Benzene, 110°, 13 h O’ Etp + @’ Et g 242
Cr(CO)s )
2. Air co C/ 5
OMe 1OM OMe (concr Me
1+11(100), LI =65:35
OTBS
Cr(CO
1(CO)s 1. -BuOMe, 55°, 1 h MeO Et
MeO
4eq OMe 2. TBSCI (4 eq), (73) 73
EtN (4 eq), 1t, 3h MeO \Et
MeO 04 M OMe Cr(CO);
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs HO Et
e}
Et——Et Cr(CO)s Benzene, 110-125° Et  (75) 243
2eq
OMe OMe
0.5-1.0M
HO o Q
2eq Cr(CO)s (i-Pr)oNEt (0.1 eq), Et (37 243
MeCN, 60°, 29 h
OMe OMe E
0.5-1.0M t
o Et
Et
2eq Cr(CO)s 1. THF, heat O‘ + O‘ Bty
2. CAN Et
R OMe
R o 1 R OMe 1
Et
0 OMe
|O‘ Et + ! O
i! i1 v
R 0 Et Et
R CC (M) Temp Time 1 1 ux v
CH,CH,0Me 0.5 45° 16-24 h (82) = > > 84
CH,CH,0Me 0.5 110°  30-40 min (76) (tr) [ - 84
CH,CH,0Me 0.005 110° 1-2h (50) (22) [C5 R 84
OBu-1 0.5 45° 16-24 h 96) (<13) (= (— 84
OBu-1 0.5 110°  30-40 min (52) (1) (©6) —) 84
OBu- 0.005 110° 1-2h (7 (54) ® () 84
OBu-1 0.12 45° 1-2d (712) (<6  (—) (=) 13
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2eq Cr(CO)s 1. MeCN, 45°, 1-2d 1(24) + IH(18) + HI(—) + IV (23) 13
~Bu0O  OMe 0.2M 2. FeCly-DMF
Bu-n OAc OAc
AcyO (1.1 eq), Et Et
28eq B Cr(CO)s EtN (1.1 eq), OO (26 + OO (26) 267
003M  OMe THF, 65°, 5 h Et n-Bu Et
OMe OMe
OTMS
™S ™S g
Et
Cr(CO)s THF, 45° OO o + O’ E o 1
OMe OM Et
e (<
OMe OMe OMe OMe
o Et
Et
Cr(CO)s 1. THF, heat ‘ Et
2eq I+ i 84
om 2. CAN Et
(]
+-BuO o OMe
+-BuO 1-BuO
Et
+ E[ I
OMe
CC (M) Temp Time | 1T 111
0.5 45° 16-24h 87) (—) (—)
0.5 110°  30-40 min (71) (=) (—)
0.005 110° 1-2h (44) (13) ®)
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co Et
HO o
Et—— Bt OMe Benzene, 90°, 4 h Et (60 243
2
o Cr(CO)s OMe
05M
Et
(CO)sCr. OMe
MeO Et
1.8¢q = 1. THF, 60°, 20 h ‘ (58) 98
“ 2. 05, EL,O, 1t \ OH
Pz
0.05 M
CO)sC OM "
T
€0)s ¢ o Et
1.6eq = 1. THF, 60°, 9 h ‘ (41) 98
2. CAN h 0
§ \
0.05M =
CO)sC OM T
(COxCr ¢ o Et
_ ) )
1.5eq 1. Silica gel, 60°, 5 h N 0 (44) 98
X
2. CAN P
Br
Br
Et CO)Cr Et
(CO)sCra_OMe (CORCr,
1. THF, 60°, 5 h MeO Et
2eq _ 2. Ac,0, EtsN, DMAP, ‘ + 98
Et,0, rt ~ OAc
N |
2. FeCl3-DMF Pz (59)
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Et
CO)5C oM
(COXCr ¢ 1. THF, 60°, 5 h McO Et
2eq _ 2. Ac,0, EtsN, DMAP, ‘ (63) 98
Et,0, 1t = OAc
X 3. FeCl;-DMF
02M e =
Br
Br
Et
(CO)sCr. OMe MeO Et
= = \ OH
1 sili o s
Oeq . 1. Silica gel, 60°, 6 h HO 31) 98
2. 0,, Et,0, 1t O
(CO)sCr”” ~OMe Et OMe
Et
(CO)sCr
OMe Q OTBS
1. -BuOMe, 50° OTBS o Et
3eq 2. TBSCI (10 eq), O Et 4 OO 388
o EtN (10eq), rt, 12 h O Et
Et
OMe
0.04 M / 3
O conc’  ome GO (9
o)
Cr(CO)s Et
10 eq 1. Hexane, reflux, 1 h (48) 86
M
e:Si,O 2.CAN Et
Me™ |
OBu-n o
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce
MeO Et
crcon -
Et——Ft 1. THF, 55°,3 h QO Et (34 208
deq OMe 2. TBSCL EGN, 1t, 3 h | otss
(CO)Cr
0.05M
+ (18)
oM
13-15eq ¢ Toluene, 70°, 0.75-3 h 203
MeO— Cr(CO)3
ENR 0.04M (CORRNCICY OMe  OMe
R
2,6-Me,CgHs (68)
Cr(CO)s
OO OMe
OMe
Seq OMe 1. THF, 66°, 2 h 209
2. TBSCL E3N, rt, 2 h
OMe
Cr(CO)s
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Cr(CO)s
OMe

OMe

ot}

1. THF, reflux, 2 h

56 209
OMe 2. CAN 59
OMe
0.1M Cr(CO)s
0o
o 1. THF, 45°, 24 h .67
R—— Cr(CO)s 2.CAN * 1 ’
15eq R
OMe OMe 03M OMe O OMe O
R I+ LI
n-Pr (64) 2.9:1
i-Pr 61) 48:1
0 o
- OMe
j Cr(CO) 1. Hexane, reflux, 1 h O‘ N O‘ 86
T 5
OMe
2. CAN OMe
MeO
o 1 ¢} u
I1+11(79), LI =1:2.5
c; CF3 CF;
__ NEt,
EoN——— Hexane, 20°,0.5 h Cr(coy;  (67) 141
leg Cr(CO)s —
MeO  0075M MeO
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs CO,Et
(CO)sCr. OMe
MeO CO,Et
EtO,C———CO,Et Z 1. THF, 60°, 17 h ‘ 2) 98
2. Air, Et,O, 1t N OH
2.1eq § 0.04M - A LD |
Pz
o Pr-i
Pr-i
i-Pr———Pr-i Cr(CO)s 1. THF, 45°,70-115 h O‘ + O‘ Pri 4+ gy
Pri
OMe OMe 2. CAN o oM
MeO O I MeO LI | |
Pr-i MeO
MeO
e}
O‘ i ] O
MeO o mr p pi WV
Alkyne (eq) CC (M) 1 nm m I
20 0.05 29 (36) (9 1)
2 0.5 2n @3 ¢ 12
o]
MeO MeO Pri
2eq Cr(CO)s 1. THF, 45°, 44 h O‘ (83) 84
05M  OMe 2.CAN Pr-i
o
-i
2eq Cr(CO)s 1. Benzene, 110-130°, 34 h O Pr-i(79) 242

OMe
05M

2. FeCl3-DMF
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HO
TMS——Pr-i Cr(CO)s 2,6-di-tert-butylpyridine (1 eq), (51) 243
benzene, 110-125°
2eq OMe
0.5M
i i
OMe
MS
TMS—=——TMS (CO)Cr #-Buy0, 2 h, 50° | ™S 57.365
R MeO
1.25eq 04 M I
(CO);Cr
R ) | I
CF; O @n
Me 43) 2N
OMe = )
Co o
Ph
Ph—— Cr(CO)s 1. THF, 45°,24 h O‘ (78) 67
1.5¢q OMe OMe 2.CAN
03M OMe O
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co o 0
1. Solvent, heat, 2-24 h Ph
Ph——— OMe additive O‘ O‘ IB + 66
Ph
2eq MeO—Cr(CO), 2. CAN
OMe O OMe O
1A + Ph B +
Me OMe
LA + Ph mB -+
e} (0]
Ph v
MeOMeO
o
CC (M) Solvent Temp Additive 1 AB I A I AB v
0.5 THF 45°  none (70)  38:1 (13) 1.1:1 (1) 1.0:1 [©)]
0.005 THF 45°  none (23)  49:1 (53) 1.1:1 (11 1.1:1 (0)
0.5 THF 45°  PPh3 (2 eq) 29) 227:1 24) 1:1.5 “4 L6 (15)
0.005 THF 45°  PPh3(2eq)  (13) =35:1 67) 1.2:1 ©6) 1.2:1 ?2)
0.05 DMTHF 90°  none (34) 181 (59) 1.3:1 3) 111 (—)
0.005 DMTHF 90° none 5) 181 (74) 1.4:1 9 111 (—)
0.05 DMTHF 90° PPhj3 (2 eq) 7y 1e:1 (69) 1.3:1 2) 1:1.1 (—)
0.005 DMTHF 90°  PPh; (2 eq) (8) 19:1 (81) 1.3:1 5 1:1.6 (—)
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[0}

1. Microwave, (n-Bu),0, Ph
2eq Cr(CO)s 130°,300 s O‘ (54) 192
2.CAN
0.05 M 0
o)
Cr(CO)s Benzene, 110-125° 243
0.5-1.0M 61) a7
OMe
o
Cr(CO)s Benzene, 100°, 8 h Ho 243
i T™S
™S 2eq 0.5-1.0 M OMe (40)
R? O o
1. Solvent, 45°, 24 h O‘ O‘ 103
Cr(CO)s 2 CAN
(0]
Me R!' O 0]
1.5-2eq 04270.4 M I
R! R? Solvent 1 I
CF; H THF (25 (17)
OMe H THF 48) (21)
OMe H benzene 53) (25
OMe H n-heptane 57 (20)
OMe H DMTHF (56)  (24)
OMe OMe THF Q7N (=)
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cio OH
Pr-i R
FPr————Pri THF, 50°, 16 h ‘O Me  (53) 100
Cr(CO)s S
X n-Bu (65)
leq OR Pr-i
OR 03 M
CsHy-n TMS
1. Benzene, 110-145°,
TMS——=——CsH;|-n Cr(CO)s 33-39 h ’ T™MS + ’ CsHy-n 242
2e _
q OMe 05M 2. FeCly-DMF OMe (79 bMe ©
RI
HO o HO pentyl-n
2,6-Di-tert-butylpyridine (1 eq),
2eq Cr(CO)s Py (heq) RZ + 243
benzene, 110-125° ®) (63)
OMe 05M OMe 0
Cpy )
1: 1 mixture
R! = TMS (n-CsH;,); R? = n-CsH;; (TMS)
TMS——=——Ph Cr(CO)s 1. THF, 45° Complex mixture 146
OMe OMe 2. CAN
o
Ph
Me;Sn—=—Ph Cr(CO)s 1. THF, 45° O‘ (20)
OMe OMe 2. CAN
OMe O
Ci2

Cr(CO)s

OBu-n

e

0.03M

1. THF, 50°, 16 h
2.CAN

O Bu-r
O R~
LI, -
Bu-r
O
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90¢

= =
Cr(CO)s
X
= 0 1. Dioxane, 60°, 32 h 2 “7) 270
T™S L OMe ) o}
= o 2. lodine O
(¢)
OMe ) 94.eq 0.025 M OMe
Ciq
O Cr(CO)3
Ph———"Ph Cr(CO)s (n-Bu),0, 100°, 1 h 126
1.2eq OMe F MeO
02M (30)
Ph R
L.6eq Cr(CO)s (n-Bu),0, 45-60°, 2 h Me (40) 104
Ph CF; (25)
(CO);Cr OMe
0.1-02M
o)
1. Ultrasound, (n-Bu),0, Ph
1-1.5¢eq Cr(CO)s 20 min O‘ 1(69) 177
2. CAN Ph
0.04 M 0
l4eq \©\(CF(C0)5 1. Silica gel, 50°, 3 h 1(70) 177, 178
2. CAN
OH
Ph
3eq Cr(CO)s 1. THF, 45°,36 h OO (76) 169
2. Air, 30 min Ph
0.02M OFh
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cig

Cr(CO)s

o]
=
[N
fe]
Al
]
=
Z\i
o

©) 0.5M

(0}

Cr(CO)s

S}
(]
Q2

jost

OMe
0.5-1.0 M

fon

1.1eq CHCO)s
OMe 0.3M
Cr(CO)s
OMe
1.3eq

3M

et

Ph
Solvent, 100-110°, 2-20 h Ph 4

Solvent
(n-Bu),0O

benzene

Solvent, 100-125°
additive

Solvent
“benzene
THF
MeOH
benzene

benzene

(n-Bu),0, 70°, 2.5 h

(n-Bu),0, 60°, 2.5 h

I

Cr(CO);
I+ LI
(52)  65:35 241,242
(96)  55:45
Ph
o HO Ph
SO S I
OMe I OMe g1
Additive I+1I LII
none (88) 49:51
none (64) 38:62
none (74) 46:54

2,6-di-tert-butylpyridine (76) 72:28
pyridinium tosylate (39) 92:8
OH

Ph
‘ ——Cr(CO);3  (21.5) 104
Ph
OMe

OMe

Ph
‘ —Cr(Co); (19) 104
Ph
OH



LOE

80¢

(CO)sCra__OMe
=
x
X

1.8 eq 1. THF, 65°, 16 h 98
2. 0y, E,O, 1t _ Br (32)
0.07M
X
Ph
(CO)sCrs__OMe
1. THF, 60°, 4 h MeO Ph
2eq = 2. Ac;0, Et;N, DMAP, (50) 98
Et,0, rt A OAc
X 01M
. 3. FeCl;-DMF =
CO)5Ci OM b
€
(CO)sCr. o Ph
leq 7 1. (n-Bu),0, 45°,4 h ‘ (39) 389
2. HNO; A &
X 0.1M P
Ph
(CO)sCr. OMe
(@) Ph
P ) )
l4eq 1. Silica gel, 60°, 6 h N 0 1) 98
X 2.CAN | P
Br
Br
Ph cr(co);
(CO)Cr HO / _ph
1.1eg O O OMe L. (n-Bu),0, 50° O 0 @G0+
o . 2. TBSCL EGN, 1t O OMe Ph Cr(CO)s
’ O TBSO / Ph 388
O OMe
(6]
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ciy
(CO)Cr OEt OH
0 (CO)sC o
J— Et 51
Ph———Ph THF, 45°,3.5h 42) 391
Cr(CO)s
/ Ph
22eq 0.09 M OEt (CO);Cr  OEt
OEt OEt
Ph
(CO)sCr OH
2.0eq (s-Bu),0, 50°,2.5 h Ph 51 391
7 1)
OEt OH
(CONCY / Ph
Cr(CO)s (CO);Cr  OEt
OMe Cr(CO)s
OEt
1.2eq 1. Heptane, 76-80°, 1 h (32) B:oe=1.9:1.0 390
2. Air,40 h
MeOC " g og M
Cr(CO)s TBS
J— OMe
Ph———TBS Benzene, 80°, 12-24 h Ph 134
OMe OMe

(12)



60¢

01¢

Ciy (CO)sCr
MeO TBS
MeO
Ph——TBS Cr(CO)s Benzene, 80°, 12-24 h + O’ Ph 134
OMe (CO)3Cr/ OMe
(18)
(0]
Ph 2
Ph
= B/O Ph
} Cr(CO)s 1. THF, 65° N 75
o 2. CAN \
OMe e} [e)
3eq 0.05M 0
(45) (15)
X OMe A
(CO)sCr
=
\\ 1. Dioxane, reflux, 24 h O N O 1) (40) 270
A ™S )O 2. Todine o B
CO,Me @) CO,Me 0
0.84 eq 0.05 M
Cis
0] OH
O \\
g Cr(CO)s 1. THF, 55°, 14 h O‘ (40)° one isomer 90
X
OMe OMe 2. CAN
OMe O
OMe 3eq 0.02M
OH
Cie
Ph————Ph Cr(CO)s THF, 50°, 16 h ‘O Me  (61) 100
leq OR 0.03M NS n-Bu  (82)
OR Ph
TABLE 3. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
16
OTBS OBn OBn OH OTBS
‘ ‘ OMe Acy0 (1 eq), THF, 50°, 17 h OO (53) 298
3eq MeO 0.17M MeO
OTBS OBn Cr(CO)s OBn OMe OTBS
Ci7 (CORCr
Il
(CO)sCr R
Ph——TIPS MeO = | Benzene, 80°, 12-24 h 3-MeO (84) 134
\\_R 4-MeO (87)
Cy3
OH
) (CO)sCrs__OMe
Pr-i
OO THEF, 75°,40 h 100
~. 0
OMe i
leq 0.03M
Co Ph,P
R HP—o
N Cr(CO)4 R
Ph,P————PPh, Cr(CO)s Octane, 90°, 4 h O’ PPh, Me (85) 374
CF 74
1.2eq OMe 3 (74



11¢

Ca OEt
(CO)SCr
Ph,P—=———PPh, MeO 1. Heptane, reflux, 4 h
12eq 2. Air
003 M CO,Me
Cx
OH
Cr(CO)s

Ph OBu-n
O 1. THF, 67°,3d
N O 2.85%1d

0.77 eq 0.04 M
BnO
TBSO MOMO
Acy0 (1.5 eq), heptane,
/ 74 Cr(CO)s > 4 aep
MeO 80°,2d
0.5eq MOMO  OMe 02M
OTBS
Cpn
EtO /N\/ R
‘ OMOM
BnO
TBSO
Heptane, 50°, 47 h
P> Cr(CO)s
7 MeO
MOMO OMe (5M Additive
OTBS 0.34 eq AcyO (1.5 eq)
R= }{\/\/

thP/vC\r(CO)A

(30) 390
CO,Me
100
268

MOMO OMe OTBS

EtO N

269

MOMO OMe OTBS (35 3:1 mixture of diastereomers
0)

“ Oxidation was carried out using FeCl;-DMF.
b The product was a single isomer.

¢ The carbene complex was recovered in 30% yield.
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
(& OH
OH
= Yon \©\V¢Cr(€0)s #BuOMe, 45°, 2-4 h (60) 147
2eq
022m OMe OMe
OMe
OMe
OMe
1.5¢q Cr(CO)s Acy0 (2 eq), EN (3 eq), o 1(45) one isomer 148
THF, reflux, 4.5 h OMe
OMe OMe
0.009 M (0]
OMe
22eq @fCr(COB Ultrasound, Et;N (3 eq), I(41) one isomer 380
benzene, 3 h
OMe OMe
0.01 M
Cy (0]
OMe
1. THF, 1t, 20 h Et
——Et Cr(CO)s 2.50°,2h O‘ (35) 172
3eq Ohc 3.CAN
0.01 M OMe O
OMe OMe
}< @if&(cog Acy0 (2 eq), EisN (3 eq), = (48) >2 isomers 148
OH
THEF, reflux, 3.5 h
OMe OMe reflux OMe OMe0 O
1.5eq 001 M
OMe OMe
22eq Cr(CO)s Ultrasound, 1-4 h = >2 isomers 380
OMe OMe OMe OMeO °
0.0l M Solvent Ac,0O EgN
THF Oeq Oeq (55)
THF Oeq 3eq 0)
THF 1.5eq Oeq (0)
THF 2eq 3eq 0)
(n-Bu);0  0eq Oeq 29)
(n-Bu);0  0Oeq 3eq 27
(n-Bu);0 15eq Oeq 0)
(n-Bu)0  2eq 3eq (25)
benzene Oeq Oeq (20)
benzene Oeq 3eq (89)
benzene 1.5eq Oeq 0)
benzene 2eq 3eq (72)
OH
(¢]
oH OH
///\/ Cr(CO)s -BuOMe, 45°, 2-4 h OO + Meo\/ o) 147
20eq 022m OMe oMe (7 ol 33,
S
O r(CO)s
[0}
Cr(CO)s
MeO MeO-_/ [¢]
OMe
2.0eq

O OMe
0.22M

-BuOMe, 45°, 2-4 h MeO “6)  + & (=) 147
0~ SCr(CO)s
OMe
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs 0 Pr-n
Pr-n
__ 1. THF, heat
=—Prn Cr(CO)s e 1+ m + 84
2. CAN
2eq OMe o 0
CC (M) Temp Time 1 1 11
05 45°  16-24h R o5
0.5 110°  30-40 min (55) (—) () . m
0.005 110° 1-2h an (— @ OMe
n-Pr
2eq QYCKCO)S 1. Benzene, 80°, 16 h 1+ I + 113
Or 2. CAN
R CCM) ) S | G \
Me 0.1 ©6) (—) 3
i-Pr 0.1 ©6) (—) (—)
Me 0.005 a8 @ ()
OH Pr-n
1.B 80°, 16 h Frn
. Benzene, 80°,
2eq Cr(CO)s . I+1V + ’ 113
2. Air
OR
0.1M OR OR
A% VI
R I IV V VI
Me 3 B (©2) (—)
i-Pr 19) (—) @8) (—)
0
Pr-n R
1. Benzene, 80°, 16 h _
2eq Cr(CO)s Me (64) 113
2. CAN )
CF; OR i-Pr (60)
0.1M Cks O
0
1. Microwave, (n-Bu),0, Pr-n
2eq Cr(CO)s 130°, 5 min O‘ (85) 192
2. CAN
0osm OMe 0
0 Pr-n
OH OMe
1. MeCN, 45°, 24 h Prn o =
3eq Cr(CO)s 2.CO (650 psi), OO + Pr-n 13
MeO
OMe OMe THF, rt, 36 h
0.1-02 M OMe OMe
(57) OMe OMe (18-23)
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs Pr-n
Pr-n
—Prn Cr(CO)s 1. Solvent, heat O‘ I + I +
OMe OMe 2.CAN 0
OMe O MeO  OMe
0 O
MeO 1Ix
Alkyne CC M) Solvent Temp Time n-Pr I I I
2eq 0.5 THF 45°  16-24h (64) (—) (11) 84
3eq 0.1 THF 45° 24 h (74) (—) (—) 13
2eq 0.5 THF 110° 30-40 min (57) (—) (11) 84
2eq 0.005 THF 110°  1-2h (23) 41 (6) 84
3eq 0.1 CH,Cl, 45° 24 h (71) (—) (—) 13
1-1.5¢eq 0.04 (n-Bu),0, ultrasound — 5 min (61) (—) (—) 177
2eq 0.5 benzene 45°  16-24h (60) (—) (tr) 84
3eq 0.1-0.2 benzene 45° 24 h 90  (—) (=) 13
2eq 0.5 benzene 110° 30-40 min (52) (—) (—) 84
2eq 0.5 n-heptane 45°  16-24h (56) (—) (—) 84
3eq 0.1-0.2 n-hexane 45° 24 h (88) (—) (—) 13
3eq 0.1-0.2 MeCN 45° 24h (57-69) (—) (—) 13
OTBS OTBS
Pr-n Pr-n
OMe OMe amine (2.5 eq), 45° I I
0.05M OMe OMe OMe OMe
X Amine Solvent I II
Cl EgN THF only (—)
Cl  EuN n-heptane (—) (34)
OTf 2,6-lutidine CH,Cl, (86) (tr)
(0] OMe O
Pr-n Pr-n
2eq MeO Cr(CO)s 1. THF, heat O‘ 1+ O‘
OMe 2. CAN MeO
(6] 0]
OMe
O O
MeO I
n-Pr
CC (M) Temp Time I+1I LI 11
0.5 45° 1624 h 74 1131 D) 84
0.3 45° 24 h (76) 10.5:1 (—) 67
0.5 110° 30 min (80) 5.6:1 () 84
0.005 110° 1-2h (84) 5.0:1 (—) 84
(0]
CF;
CF; Prn R
2eq Cr(CO)s 1. Benzene, 80°, 16 h O‘ Me (95) 113
2. CAN i-Pr (98)
01M OR o
OH
CF;
CF3 Prn R
2eq Cr(CO)s 1. Benzene, 80°, 16 h OO Me (96) 113
2. Air i-Pr  (98)
OR
01M OR
o
Br Br Q
Br Pr-n
1. Benzene, 80°, 16 h
2eq Cr(CO)s + = 113
2. CAN P
ROPr Prn
0.1M OR o 1 ua O
R I I
Me (75) (5)

i-Pr  (91) (55)
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs B OH Br
r
Br Pr-n
Pr-n Cr(CO)s 1. Benzene, 80°, 16 h OO +
2eq OR 2. Air
1 OR
0.1M
R 1 I
Me (72) (5)
i-Pr - (90) (<5)
(6}
MeO Pron
1. Additive (1.5 eq), MeO Pr-n  MeO
2eq Cr(CO)s solvent, heat O‘ + + 84
2.CAN
OMe O
I O 11
O O
MeO OMe
n-Pr I
CC (M) Additve Solvent Temp  Time I 11 111
0.5 none THF 45° 16-24h  (30) (37) 9)
0.5 none THF 110° 30 min 41)  (39) (13)
0.5 TBSCI THF 110° 25 min (46)  (28) (—)
0.005 none THF 110° 1-2h 41) (25 (7)
0.5 none benzene  45° 16-24 h (36)  (40) (Tr)
0.5 none benzene 110° 30 min 50)  (23) 2)
0.5 none heptane ~ 110° 05h 50) (23 2)
0.5 TBSCI heptane  110° 05h (55)  (20) 2)
0.5 TMSCI heptane  110° 05h (52) (22) (—)
0.5 Ac,0 heptane  110° 05h (260) (12) 9)
0.5 BF3+OEt, heptane  110° 05h (56)  (20) (—)
MeO
1. Benzene, 45°, 16 h
2eq Cr(CO)s 2 CAN 1(29) + I (59) 113
0.5M OPr-i
OH
MeO.
MeO Pr-n
Cr(CO)s Hexane, 45° OO (46) + I (28) + 78
OMe
HO
1. Tf,0, pyridine, benzene TfO Pr-n
2eq Cr(CO)s 2. Alkyne, benzene, 80°, 16 h OO + o Pr-n 113
3. Air OR
OR _
0.1M OR o
TfO ! l Pr-n
OTf
OR
R 1 I

Me (80) (<5)
i-Pr (82) (6)
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
’ 0] Pr-n
Pr-n
=P Cr(CO)s 1. THF, heat O‘ 1+ I 84
2e OMe 2.CAN
d MeO o) o
MeO MeO
O O
Meow I
n-Pr - MeO
CC (M) Temp Time I 1I III
0.5 45°  16-24h 56) (—) (—)
0.5 110°  30-40 min 63) (<6) (1)
0.005 110° 1-2h (59) (<18) (5
(0]
AcO
AcO Pr-n
1. THF, heat
2eq Cr(CO)s 84
2.CAN
0sm OMe Temp Time I}
45° 16-24 h 61)
110°  30-40 min (50)
OH
AcO
AcO Pr-n R
2eq Cr(CO)s 1. Benzene, 80°, 16 h OO Me (60) 113
2. Air i-Pr (60)
OR
0.1 M OR
(0]
Ac
Ac Pr-n
2eq Cr(CO)s 1. Benzene, 80°, 16 h O‘ (63) 113
2. CAN
OMe
0.1M o
o Pr-n
Pr-n
2eq MeO Cr(CO)s 1. THF, heat O‘ + 84
MeO
OMe OMe 2. CAN MeO Y
OMe O OMe
1 I
(0]
MeO o I
OMe X
OMe
Pr-n
CC (M) Temp Time ) | 11 11
0.5 45° 16-24h ©0) (—) (10)
0.5 110° 0.5h (53) () )
0.005 110° 1-2h (39)  (10) (10)



TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

(443

(X43

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
(6] Pr-n
MeO
MeO Pr-n  MeO
Pr-n Cr(CO)s 1. Solvent, heat O‘ + + 84
OMe OM 2.CAN
€ €
OMe O oMe ©
I I
CC (M) Solvent Temp  Time I I il v
0.5 THF 45° 16-24 h 46) (<16) (<10) (<2)
0.5 THF 110°  30-40 min (43) (12) 3) (—)
0.005 THF 110° 1-2h (<6) 43) (<2) (—)
0.5 benzene  45° 16-24 h 47) (14) (<2) (10)
0.5 benzene 110° 40 min (35) ®) 4) (—)
0.5 hexane 45°  16-24h (49) 7 (<2)  (16)
OMe OMe OH OMe p., OMe p.,
Pr-n
1. Solvent, heat ‘ ’
+ + +
Cr(CO)s 2. Air OO O
OMe OMe OMe OMe oMe © OMe OMe
I II 111
OMe OMe
Pr-n  + O’ Pr-n +
oMe O OMe OMe
v v
OMe
(0)
(0]
MeO .
OMe
Vi Pr-n
CC (M) Solvent Temp  Time I i I v v VI
0.5 THF 45°  16-24h an 2 =) < (4 (K 84
0.5 THF 110°  30-40 min 52) (—) a7 ®) (—) (10) 84
0.005 THF 45° 2-3d 65 (13) (—) “) (—) (<3) 84
0.005 THF 110°  1-2h 1as = 6o = Q0 (=) 84
0.5 THF 45°  24h 59 = H H > > 175
0.5 hexane 45° 24h 14 = = =) () 175
0.5 MeCN 45° 24h 76) (—) (—) (—) (=) (—) 175
OH
HO
1. Tf,0, pyridine, benzene ~ TfO Pr-n
Cr(CO)s 2. Alkyne, benzene, 45°, 16 h OO (62) 113
3. Air
OMe OMe
05M OMe OMe OMe
OMe OMe O Br
Br Br Pr-n
(6]
1. THF, 45°,24 h + 1
Cr(CO)s O‘ 0 s
2.CAN oMe &
OMe OMe OMe O OMe

0.5M (24) (23) n-Pr
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs o Pr-n
Pr-n
Pr-n Cr(CO)s 1. Benzene, 80°, 16 h O‘ (49) (11) 113
2e
q Pr-i OMe 2. CAN
0.1M Pri O
(0]
AcO
AcO Pr-n
2eq Cr(CO)s 1. THF, heat O‘
2. CAN
OMe OMe
OMe (6]
AcO
Pr-n
CC (M) Temp  Time 1 1T 11 1A%
0.5 45°  16-24h 67) (<2) (<15) (<2)
0.5 110° 30 min @4n a2 ag (=)
0.5 110° 30 min® 52 13y (—
0.005 110° 12h 25 @) 12 (—)
AcO
2eq OMe 1. Solvent, heat I+1II+ I + IV 84
|
MeO—=Cr(CO)s 2. CAN
CC (M) Solvent Temp  Time I II I v
0.5 THF 45°  16-24h 68) (<2) (<15) (<2
0.5 THF 110° 40 min (41) (14) (14) (—)
0.005 THF 110° 1-2h (37) (24) (23) (—)
0.5 benzene 45° 16-24h (51) (10) (26) (—)
0.5 benzene 110° 30 min 47) (11 (14) (—)
HO Pr-n
0.
2eq Cr(CO)s Benzene, 110-125° 9) 243
OM
051.0M OMe
OH
MeO
1.1eq Cr(CO)s t+-BuOMe, 55°,0.5h (57) 93
MeO OMe
0.25 M
OMe
TMS
2eq 1. Solvent, 45°, 24 h 175
Cr(CO)s K
2. Air
OMe OMe Solvent OMe OMe
05M hexane (20)
THF (46)
MeCN (42) O
1. - BuOMe, 50° QTBS
3 0. 0 Pr-n
eq 0.04 M 2. TBSCI (10 eq), OMe
Et;N (10 eq), 1t, 12 h O
Cr(CO)s (CO)3Cr/ OMe TBSO
( prn (15
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs 9
P 1. THF, 45°,36 h =
/\/ Cr(CO)s 2. CAN, MeCN/H,0, O‘ (52) 218,90
1.5eq OMe OMe rt, 0.5 h
01M OMe O
OH Y
=z
1.5¢eq Cr(CO)s 1. THF, 45°,36 h + /\ 90
. o OMe
OMe OMe 2. Silica gel
0.1M OMe OMe OMe
(46) (20)
o
=
1.5eq Cr(CO)s 1. THF, 45°,36 h O‘ (54) 218
OMe OMe 2.DDQ, MeOH, 0°, 2 h o
0.1M MeO e ¢
OH
OH
/\AOH Cr(CO)s +-BuOMe, 45°, 2-4 h n 147, 65
2eq OMe 07 Cr(CO)s
025M (18)
. %
(20)
MeO.___Cr(CO)s MeO
OH
3eq = 1. THF, 60°, 17 h N ol (41) 98
2. 05, Et,O, 1t
XN 0.05M » =
MeO Cr(CO)s
1. THF, 60°, 4 h
2eq Z 2. DEAD, PPh;, (29) 98
THF, 1t, 18 h
X
0.5M
OMe OMe
X EGN (3
\\F <;ifc«c0)5 NGeq) =
OH OMe OR 0.01M OMe OR g o
R Additive Isomer Ratio ?
Me Ac)O (2eq) THEF, reflux (58) 4:1 148
Et Ac,O (2eq)  THF, reflux (72) 3:1 148
Me none benzene, ultrasound  (67) 3:1 380
o\\'
TMS
——TMS Cr(CO)s THF, 45°, 64 h / (69) 61
2¢q OMe
0.09 M MeO
MeO Cr(CO)s MeO TMS
2eq Z 1. THF, 50°, 6 h N ‘ oy ©D 98
2. 0,, Et,O, 1t
X Z
0.1M
Cs o
1. THF, 1t, 20 h Bu-n
= Bun Cr(CO)s 2.50°2h O‘ (80) 172
3eq OMe OAc 3.CAN

0.1 M

OMe O
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OAc
Bu-n
—Bu-
u-n Cr(CO)s Acy0 (2 eq), Ei3N (2 eq), OO (44) 267
2eq THF, 65°,4 h
Me OMe
0403 M
o Bu-n
eO.
MeO Bun MeO
23eq OMe 1. THF, 45°, 12 h O‘ ©6) + (19) 276
Mo ‘C o) 2.CAN
eO—Crl 4 o
0.1M OMe O OMe
OAc
Bu-n
2eq Cr(CO)s Acy)0 (2 eq), EN (2 eq), OO (51) 267
THF, 65°,4 h n-Bu
0.03M OMe
OAc
Bu-n
2eq Cr(CO)s Acy0 (2 eq), Ei3N (2 eq), OO [&20) 267
THF, 65°,20 h
OMe
0.03M OMe
MeO Cr(CO)s @) Bu-n
1.8 eq 1. THF, 60°,9 h B\ ‘ o (19) 98
2.CAN ‘
=
0.07M
Bu-n
Cr(CO)s ° ‘
oy DO
OMe . OMe
Seq OMe 1. THF, 66°, 2 h OMe (36) 209
2. CAN
OMe o}
0.1M Cr(CO)s P ‘
Bu-
R
OMe OMe OH
R OMe N\
—R THF, 60°, 12 h (6]
Cr(CO)s
leq
OMe OMe OMe OMe
R
s-Bu ©7) 3)
t-Bu 82) 9
OTBS
Bu-t
——Bur OR 1. -BuOMe, 55°, 1 h Oe “an CH(CO)s (48) dr=9.5:1 73
2. TBSCI (4 eq), E3N (4
deq MeO  Cr(CO)s (4 eq), BN (4 eq)
0.4M R = (-)-menthyl OMe OR
O Bu-t Bu-1
15¢eq Cr(CO)s THF, 60°, 17 h OO G

OMe
05M

\
Cr(Cox

(78) (13)
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

OMe OMe

OMe OMe

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
) a a @
1. --BuOMe, 50° OH o
=Bu 0 2. TBSCI (10 eq), o Bur (23) 4 O Q0) 388
Seq OMe EGN (10 eq), 1t, 12 h OMe
4M
0 Cr(CO)s (CO)3Cr/ OMe TBSO
Bu-t
1. THF, 50°,2 h
’ ’ MeO
2. Et;N (4 eq), TBSCI (4 eq), Q Bu-t
44eq Q O 3 4 4 Q@ u (50)¢ 208
THF, 1t, 2 h OTBS
OMe
(CO)sCr (CO)Cr
0.05M
OH
Cr(CO)s OH
/WOH +-BuOMe, 45°, 2-4 h (75) 147
Z OMe
2eq
0.22M OMe
OMe
OH OMe
- Cr(CO)s EtsN (3eq),35h =
OMe OR o
OMe OMe g
0.01 M Additive
AcyO (2eq) THE, reflux T7)? 148
none benzene, ultrasound T7)? 380
Cy o
1. THF, 1t, 20 h CsHyjn
=—CsH|-n Cr(CO)s 2.50°,2h O‘ (51) 172
3eq OMe OAc 3. CAN oMe O
e
0.1M MeO,
OMe OMe OH OMe Pr-n
_ OMe Prn OMe / i\ oM
——< THF, 60°, 12 h + ¢ 150
Prn Cr(CO)s o
(24) (16)
leq OMe OMe OMe OMe
OMe
MeO Et
OMe OMe OH | OMe
OMe
OMe Et [ D ome
= THF, 60°, 12 h + o + 150
Et Cr(CO)s
leq
OMe OMe OMe OMe
an oMe (12
OMe
OMe
Et
D @
OMe OMe
OMe OMe OH
OMe
= CO,Me
orco THF, 60°, 12 h + 150
COMe r(C0)s COMe
leq
OMe OMe
5)

(65)
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
(&)
) Ly
Z R R
1. --BuOMe, 45-65° Me (53) 105
13eq COMe RO Cr(CO)s 2. PPhy, acetone, 1t, 15h RO COMe  Ac  (47)
02M OMe OMe
MOMO MOMO OH O
O,
X 0
o See table 275
// Cr(CO)s
MOMO OMe MOMO OMe
Alkyne (eq) CC (M) Solvent Temp Time
1.2 0.05 — THF 50° 14h (36)
1.2 0.05 — hexane 55° 64 h (30)
12 0.05 — CH,Cl, 70°  4h (39)
1.2 0.05 — heptane ~ 90° 12h (33)
1.2 0.05 ultrasound THF — — (23)
5 0.05 ultrasound hexane — — (€2))
2.6 0.5 — CH,Cl,  70° 3h (20)
24 0.3 — hexane 50° 20h (28)
OMe OMe OH 0><
O
See table 275
Cr(CO)s
OMe OMe OMe OMe
Alkyne (eq) CC M) Solvent Temp Time
1.2 0.05 THF 50° 12h (18)
22 0.05 THF 50° 12h (34)
3.5 0.1 THF 50° 12h 42)
22 0.05 CH,Cl, 70° 1h (23)
10 0.05 CH,Cl, 70° 1h (59)
20 0.05 CH,Cl, 70° 1h (76)
G OMe OTBS OMe OTBS
=
Cr(CO)s 2,6-lutidine, TBSOTT, OO + OO 95
CN OMe OMe heptane or CH,Cl,, 45 (22) (tr)
03 M OMe OMe CN OMe OMe CN
2eq Cr(CO)s
Cs 0
L. THF, 1,20 h CeHiz-n
= CeHyzn Cr(CO)s 2.50°2h O‘ (33) 172
3eq OMe OAc 3.CAN
0.1 M OMe O
MeO.__Cr(CO)s (¢} CeHy3n 0,
1.5eq 7z 1. Silica gel, 60°, 4 h ) o + N CeHj3-n 98
2. CAN ‘
NN = —
(30) (@]
O
1. Microwave, (n-Bu),0, Ph
=—Ph Cr(CO)s 130°, 300 s O‘ (52) 192
Seq 0.05M OMe 2. CAN

O
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg OAc
OAc
O 1. Solvent, 60°, 17 h Ph
=—rh Cr(COs 2. Ac,0 (2 eq), Ei5N (3 eq), + 89
1.2-2.0eq OMe solvent, 60°, 17 h I
OMe
CC (M) Solvent | E-1I
0.005 THF (79) (<12) (—)
0.03 THF (65) ) (—)
0.05 THF (66) <13)  (—)
0.5 THF (38) (32) (—)
0.5 THF (74) ®) (<0.5)°
0.5 benzene (36) 25) (<1.7)
0.5 MeCN (22) (18) (<2.8)
1. THF, 60°, 17 h Ph
O 2. Ac,0 (2 eq), EN (3 eq), OO
12eq Cr(CO)s THF, 60°, 24 h (69) 89
OMe 3. AICIy, EiSH, O OMe
CHaCl, 1t, 12h
MeO Cr(CO)s (6] Ph
L s
= . A\ 0
1.5¢eq 1. Silica gel, 60°, 5 h | H (22) 98
X 2.CAN = Br (24)
R R
MeO Cr(CO)s MeO Ph
1.8 eq = 1. THF, 60°, 21 h A ‘ OH (50) 98
“ 007 M 2.0, EL,0, 1t | P
MeO Cr(CO)s MeO Ph
1. THF, 60°, 5 h ‘
2eq = 2. Acy0, EtsN, A OAc (25) 98
S 02 M DMAP, Et,0, rt P
3. FeCl3-DMF
OMe OMe
X
Cr(CO)s EtN (3 eq) =
OH OMe OR o
OMe OR 01 m o
R Additive Z:E
Me Ac,O (2eq) THEF, reflux (74) 3:1 148
Et AcO (2 eq) THF, reflux (77) 7:3 148
Me — benzene, ultrasound (79) 7:3 380
OMe OMe
Qi(Cr(CO)s Silica gel, 50-60°, 3 h = 7 (71) 380
OMe OMe OMe OMe
Cy o
1. Microwave, (n-Bu),0,
Cr(CO)s 130°,300 s O‘ (57) 192
/
= OMe 2.CAN
Seq 0.05 M (6]
(0]
N 1. Hexane OH
\\/\OTHP Creos 2.CAN O‘ (76) 86
OMe 3. MeOH, HCI (1 M)
[0}
OH
X 0 1. -BuOMe, 40°, 1 h o) 279
OMe 2.CO (75 bar), OO ‘ (75) 280
o MeO—=Cr(CO), CHyCly, 70% 48 h o 281
1.5eq 0.1M OMe OMe
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy ; '
; OH O
0 o Cr(CO)s THF, 60°, 12 h OO | 150
Ty OAc OMe
OAc OMe (30-50)
OMe OMe OH
1. -BuOMe, 50°, 1 h 282, 283,
_— CO,Me CO,Me
= 2. CO (75 bar), (76) 281,279,
CO,Me OMe CO,Me
Et,0, 70°, 72 h 284
Lleq MeO—Cr(CO), OMe OMe
02M
0o
OMe
1. -BuOMe, 50°, 16 h O 0 CO;Me
1.1eq ‘O OMe 2. CO (82 bar), (20) 105
Et,0, 70°, 84 h
MeO— Cr(CO), MeO
OMe
02M
OMe O OR
CO,Me
1.leq OO 1. -BuOMe, 50°, 16 h 105
OMe CO,Me
2. See table MeO
MeO—=Cr(CO)4 OMe
02M Step 2 R
NaOMe (9 eq), MeOH, rt, 2 h OH (27)
Ac,0 (3.2 eq). BN (9.5 eq). OAc (44)
PPhs (7.5 eq), acetone
OMe OMe OH
1. -BuOMe, 50°, 1 h COMe
l.leq OMe 2. CO (75 bar), CH,Cl,, COMe (79) 281,279
70°,72 h
MeO MeO—=Cr(CO)4 OMe OMe OMe
02M
C
10 0
MeO
MeO
/ OM o
= e 1. Hexane, 50°, 3.5 h 10) + 276
OTHP 5 CAN OH
2eq MeO—=Cr(CO), : oMe O (¢}
(<
0.11 M MeO o0
H (22)
OMe O
0
CO,Bu-1
/\/\COZBu-t @YG(CO)S 1. THF, 45°, 24 h : (66) 67
OMe OMe 2.CAN
1.5¢eq 03M OMe O
OH
CO,Bu-1
1.5¢eq @YC“COE 1. THF, 45°, 24 h (66) 12
OMe OMe 2. Air
OMe OMe
02M
1. CH,Cl,, 40°, 36 h OH
2. Air, rt, 15 min
1.5¢eq Cr(CO)s 3. (CF5C0),0, NaOAc OO‘ (64) 12,13,
4. CF3CO,H, 45 min 265

OMe OMe
0.18 M

5. NaOH

OMe OMe O
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C OTf
10 RO ‘o
1. Solvent, 45°, 24 h COBut
/\/\cozBu-t OMe 2. TF,0, pyridine, 286
CHyCly, tt, 14 h
MeO—= Cr(CO), Ehe
Alkyne R Solvent OMe OMe
1.5¢eq Me 0.01M hexanes a7
1.2eq Ac 05M CH,Cl, o (67)
CONHBu-t
w CONHBu-t Cr(CO)s I. THF, 45°, 24 h (70) 67
1.5eq OMe OMe 2.CAN
. - 03M OMe O
11
OH o
A O/> 1. -BuOMe, 40°, 1 h 3
o OMe 2.CO (75 bar), OO ‘ O (6 279, 280,
o MeO— Cr(CO),s CH,Cl,, 70°, 48 h (o) 281
15eq 0.1 M OMe OMe
o)
CN
CN
//\/\r Cr(CO) o
= 5 1. THF, 45°, 36 h (76) 12
OEE OEE
15eq OMe OMe 2.CAN
03M
RZ
OMe
CHCO)s THF, 60°, 12 h 150, 288
R!  OMe
R! R?
OMe OMe = 4 @ ()
OAc H (—) (—) (—) (30-50)
OAc  OAc (16)  (30) (=) 2D
C
12 OMe OMe OH OTBS
OTBS
OO Pr-n
THF, 60°, 12 h (46) 150
: Cr(CO
// Pr-n (CO)s
leq
OMe OMe OMe OMe
OMe OMe OH OTBS Mo o
OTBS O O
Et
THF, 60°, 12 h G0y + ’ @8 150
%Et Cr(CO)s O
leq OMe OMe OMe OMe MeO
OTBS
- SO,Ph
P
///\/v 2 Cr(CO)s TBSCI, Et;N, OO (—) 95
1
eq OMe OMe heptane, 45°
OMe OMe
o)
S~ ‘
F
Fe Cr(CO)s 1. THF, 65°,48 h O‘ (d;} (63) 92

OMe OMe

2. PbO,, CH,Cl,
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cp Rl\ R2
S~
<
Fe 3 1. THF, reflux, 19-25 h (57 392
<d>> OMe 2. PbO,, CH,Cl,
1.2 eq 0.05M OMe Cr(CO)s
R!,R?=CH,
R! = CH,0Me, R? = Me
Ci3 MeO
MeO . OH O ~
@YCF(CO)S Heptane, 70°, 10 h (43) 290
= CO,Me
CO,Me OMe OMe
1.5eq 0.1M OMe OMe
OH
OMe OMe
= 1. Solvent, 50°, 48 h ’
Cr(CO)s + 297
2. Air
MeO,C OMe OMe MeO,C
Me OM
0.85-1.2¢eq 0.08 M OMe OMe .
=
Solvent I I D OMe
—_— OMe O
MeCN 53) (=
OMe
hexane 34 (—) MeO,C
benzene (54) ) o
benzene (60) (10
OMe OH
OMe T™MS OMe TMS . OMe
/ Jij . Cr(CO)s 1. MeCN,45°, 36 h OO Q! (66) 175
MeO,C OMe 2. Air MeO,C
l.leq 05M OMe OMe
OH
Ac Ac
///U Cr(CO)s 1. Solvent, 45°, 24 h OO ‘ + 158,393
MeO,C OMe OMe 2. Air, silica gel MeO,C
OMe OMe
1.1eq 0.1 M
=
Solvent I I OMe O—/ Ac
MeCN 74) (O OMe
benzene (I )) MeO,C
I
I.leq OMe 1. Benzene, 50°, 48 h 1(73) + TI(10) 158,393
MeO Cr(CO), 2. Air, silica gel
0.1M
Cis
MOMO MOMO oy OTBS
OTBS
A
-BuOMe, 55-60°, 10-24 h —
= o Cr(CO)s uOMe OO ) 274
MOMO  OMe MOMO  OMe
Cis OH
OBn OBn
///\(v Cr(CO)s 1. Solvent, 60°, 15 h OR 152
OR OMe OMe 2. Air, silica gel
R Solvent OMe OMe
OMOM THF (25)
OMOM benzene 22)
OAc THF (74)
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cie OMe OMe OH | OTBS QTBs
OMe R
TBSO OMe ®
THF, 60°, 12 h 15) + 40 150
/W\OMe . OO (15) O’ (40)
/
leq
OMe OM
e e OMe OMe OMe OMe
R= ;\/\/I\
1. Benzene, 75°, 12 h
P Ac 2. Air, 10 min, rt
= Cr(CO)s 3. (CF;C0),0, NaOAc OO“ (56) 158
1-Bu0,C OMe OMe 4. CF5CO,H, 1.5 h, 1t
1.2¢q 0.1M 5. NaOH OMe OMe O
Cio OMe OMe OH
/\ OBn T™MS T™MS - OBn
. X o ° o
= Q! Crco),  1-MeCN.45°,24h |OO ©) 175
MeO,C 2. Air 0
Lleq OMe OMe 05M OMe OMe  OMe
OTBS MOMO MOMO  OH
= OTBS
THF, 55°, 12 h OO
Cr(CO)s H (38) 2717
1.0eq 2.8M
OAc MOMO  OMe MOMO MeO oA
OTBS MOMO MOMO O  OTBS
N (1)
/
o -4
@YCI(CO)S 1. Heptane, 55°, 14 h (35-40) 277
1.0eq oM 2 CAN MOM
OAc MOMO  OMe OMO O e
Cyy
HO OAc QMe [0
OMc 1. Tf,0, pyridine, CH,Cl, TfO A 0
Cr(CO)s 2. Alkyne (1.05 eq), OO 1 (40) 113
o OTBS
OTBS OMe OMe CH,Cl,, 45°,24 h 7
0.14M 3. Ac,0, DMAP OMe OMe
Co3
AcO OAc QMe O’k
OMe 1. CH,Cl,, 45°, 22 h
3. Ac;0, (i-Pr),EtN, (42) 285
Z : DMAP, 1t, 5 h
OPMB MeO—=Cr(CO)4 o
MeO,C 0.5M
1.04 eq - OMe OMe
Cos TBSO OTBS
OTBS o)
s o JT
THF, 60°, 12 h o) (40) 150
TBSO \Jv Cr(CO)s O’
OMe OMe
OH
OMe OMe
V4
CH(CO)s MeCN, 50°, 15 h (56-60) 12
CO,CHPh, \ CO,CHPh,
OMe OMe OMe OMe
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TABLE 4. ARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cuo . X
R
Cr(CO)s 1. THF, 60°, 2 d O‘ (75) 375,376
Z OMe OMe 2. PbO,, CH,Cly
0.8 eq 0.01 M OMe O
Tol
R= Tol
Tol .
Br o
Br.
08eq Cr(CO)s 1. THF, 60°, 2 d O‘ (76) 375,376
00IM  OMe 2. PbO,, CHyCl,
¢}
i
Cr(CO) R
5 1. THF, 60°, 2 d 74 175376
— R
- OMe OMe 2. PbO,, CHyCl,
0.8 eq 0.01 M OMe O

“ The reaction mixture was not deoxygenated.

b Tsomers were not specified.

¢ Only one isomer of unreported configuration was obtained.

4 More than two isomers were obtained as products from this reaction.

¢ Alkyne added via syringe pump.
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TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C, OH
= Cr(CO)s -BuOMe, 40-60°, 2-4 h (68) 300
OMe
1.2eq 02M (CO)Cr OMe
NMe, R NMe,
R N X y R Temp Time
xeq Pyridine 3 005 Me 80° 1.5h (56) 394
(CO)sCr 4 01 nPr 55 78h (95)
OEt OEt
yM
Br Br
NMe,
NMe,
3eq A\ Pyridine, 70°, 72 h (79) 394
(CO)sCr
OEt OFt
0.05M
Me Me\
N N
o ’ .
2-4eq N\ g \) 1. Pyridine, 80°, 6 d OH  (36) 395
(CO)5Cr 2. HCI, DME, 80°, 14 h
OEt 0
0.05M
o R (o
NMe, R
[o o NMe, R
2-4 eq N\ Pyridine, 80°, 3 d H @®7) 395
(CO)sCr Me (75)
OEt
0.05M OEt
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy TBSO
NMe, TBSO NMe,
= A\ Pyridine, 80°, 1.5 h 1) 394
3eq (CO)sCr OEt
OEt
0.05M
o/w
0
NMe, .
Pyridine, 80°, 3 d (72)  1:1 mixture 398
of isomers
OEt
0/\\ (0]
o o
K/o NMe,
NMe,
N Pyridine, 80°, 3 d + 398
Me,N
(CO)sCr
OFt (38) OEL 27 OFEt
NBn, 0 NBn;,
=
7 “Prn THF, 50-55°, 4 d ﬁ/(pm (78)  Z:E=64:36 397
(CO)sCr”” TOEt OEt
Cs (CO)sCr Q
o OMe [(Naphthalene)Rh(cod)]- CO,Me
>% — [SbFg] (10 mol%), 1) 396
MeO o i\ CH,Cly, rt, 12-36 h o {
X 0.05M K

1.5eq
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Ce

Cr(CO)s
——E /\]&

(0]
Et
(<5)
Et
O

Et 1. THF, 45-60° 110, 399
OMe 2.CAN
OH
> Cr(CO)s Et
/Y 1. CH,Cl,, 45-60° (~10) 110, 399
OMe 2. Air Et
OMe
OTBS
1. THF, 50° Et
Cr(CO)s
1.5¢eq 2. TBSCI (1.5 eq). (59) 95
OMe EGN (2.5 eq). 1t, 6-12 h / Et
0.05M (coycr OMe
o)
Cr(CO)s Et Solvent
15¢q ~ 1. Solvent, 45-55°, 24 h THF (39) 61
OMe 2. Air Et MeCN  (42)
0.1M OMe
OH
Seq (/<\ THF, —20°, photolysis, 2 h Et (35 187
o Cr(CO)s o
Et
Cr(CO P
T
. ' (CO)s o Et
1.5eq [ | OMe 1. THF, 45°,24 h [ (58) 69
2. CAN o) Et
0
o)
03M
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cq O
OMe Et
Et———Et Cr(CO)s 1. THF, 45°, 24 h (37) 69
2. CAN Et
15eq 03M o)
0
‘ Et Solvent
1.5eq o OMe 1. Solvent, 45°, 24 h THF  (73) 69, 13
Cr(CO)s 2. CAN (0) Et hexane  (79)
(6] benzene (73)
03M MeCN  (64)
OH Bt
| Et
1.5-2.0eq o OMe 1. THF, 45-50°, 24-96 h
N
2. Air 1 Eon
Cr(CO)s (o) Et (o)
OMe o
oo _r o
0.3 80)  (—) 69
0.5 (73)  (<0.1) 60
0.005 (75 (<1.0) 60
OTBS
o 1. THF, 50° Et
1.5-2.0 eq TMS w(C0)s 2. TBSCI (1.5 eq). (38) 95
OMe EtN (2.5 eq), 1t, 6-12 h ™S / Et

0.05M

(CO)cr OMe



617¢

0S¢

Et
Cr(CO)s
1.5¢eq T™S 1. THF, 50°, 26 h (33) 95
OMe 2. Air TMS Et
0.05M OMe
OH Et
Et
1520 eq Cr(CO)s 1. Solvent, 45-50°, 18-42 h + Et
OMe 2. Conditions Et
I OMe o o
CC (M) Solvent Conditions 1 11
0.5 THF air, TSOH, H,O/THF  (67)  (<3) 60
03 THF FeCl3-DMF 64 (—) 69
0.005 THF air, TSOH, H,O/THF  (60)  (<1) 60
0.5 n-heptane  air, TsOH, H,O/THF (58) (<0.1) 60
0.005 n-heptane  air, TsOH, H,O/THF (73)  (=0.1) 60
0.5 MeCN air, TSOH, H,O/THF  (41)  (<1) 60
0.005 MeCN air, TSOH, H,O/THF ~ (23)  (22) 60
o)
Et Solvent
1.5eq Cr(CO)s 1. Solvent, 45°, 24 h THF (65) 69, 13
OMe 2.CAN Et MeCN  (56)
0
03M o
Et
1.5¢eq Cr(CO)s 1. THF, 45°,24 h (59) 69
OMe 2. CAN/MeOH Et
03M MeO OMe
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OTBS
1. THF, 50° Et
Et———FEt Cr(CO)s 2. TBSCI (1.5 eq), ‘O (65) 95
1.5eq OMe EGN (2.5 eq), 1t, 6-12 h / Et
(COBCr - OMe
0.05 M
0
P(Bu-n)3 Et
5eq Cr(CO) 1. THF, 60°, 12 h (33) 133
OMe 2. CAN Et
0
0.1M o o
TBS Et Et
TBS.__~ Cr(CO)s
V\f 1. THF, 45-60° (<6) + (<6) 110
OMe 2. CAN Et Et
0 0
OTBS
TBS_~__Cr(CO)s Et
15¢q wf CH,Cl,, 65°, 15 h (43) 110
OMe / Et
0.05M (COXCr - OMe
OTBS OTBS
TBSCI (2 eq), Et
1.9 eq Cr(CO)s (i-Pr),NEt (3 eq), (35) 207
OMe CH,Cl,, 60°, 10-12 h CEt

0.05M

OMe Cr(CO);

OMe Cr(CO);



16¢

se

1. 2,3-Dimethyl-1,3-buta-

OH

TMS " dhene (80 Et
iene (80 eq),
15¢eq “X_Cr(CO)s @0 eq) (52) 112
THF, 70°, 48 h
003M OMe 2. Air Et
OMe
NMe,
o o NMe,
2-4eq N\ Pyridine, 80°, 4 d i (78) 395
(CO)5Cr
OEt
Et OEt
Ph P OH
7
Seq Photolysis, THF, —20°, 2 h Et (81) 187
o~ Cr(CO)s o
0.05M Et
Ph
H
=" “Ph ©
Seq Photolysis, THF, (36) 188
(0] Cr(CO)s -20°,0.5h [0} Et
Et
Bu-n n-Bu OH
Et
1. THF, 60°,42 h
| O \ (12 121
N 2. Air N Et
Boc OMe Boc OMe
0/\\ o
o o
K/o NMe, 0
NMe, Et
N\ Pyridine, 80°, 3 d 398
Et Me,N
(CO)sCr
Et OEt
OEt
Et 37 OEt 18)
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OBn OH
‘ MeO, Et
Et——Et °
THF, 80 Meo__ 42) 124
(0} Et
22eq
OEt
TIPSQ OH TIPSQ OH
: ‘ Et
1-BuOMe, 55°, 7 h 210, 400
10 eq O O Et
(CO)»Cr OMe
(33)
(46) 3:1 mixture of isomers
TIPS Q OH TIPSO OH
TIPSO. Et
10 eq THF or +-BuOMe, 143,294,
50-55°,2.5-6 h “ o Et k 210, 400
OTIPS / OMe
OTIPS OMe (CO)3Cf
(30-31) (39-40)
OH OH
Pr-n
J— Cr(CO
——Prn Z €0 -BuOMe, 40-60°, 2-4 h (52) + (13) 300
12¢eq OMe / Pr-n
02M (CO)Cr OMe (CO)Cr OMe



€6¢

1293

[¢]
Pr-i
MeO—==—"Pr-i Cr(CO)s 1. THF, reflux, 4 h (=28) 266
OMe 2.CAN OMe
3eq [¢]
[¢]
H. Pr-i
3eq Cr(CO)s 1. THF, reflux, 4 h H. =37) 266
OMe 2.CAN OMe
0o
OH H
O 0
Et 0 ;
_ Cr(CO
Ac—=——Ft H(CO)s THF, 50° a18) + (39 71
OMe Ac Et
1.5-2 eq 0.05M OMe OMe
OH u
| Et 0
1.5-2eq o Cr(CO)s Solvent, heat I+ I
R (@) ‘Ac Et }
0.05M R
Solvent ~ Temp 1 I
OMe THF 50° (33)  (32) 71
OMe MeCN 50° (35 (31 71
1-morpholino THF 70° (18) (63) 401
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co OH
(0]
| Et 0
Cr(CO —
(CO)s o
Ac——Et o 1. Solvent, 50°, 14-15 h (0) Ac + Et 47
2eq 2. FeCl;-DMF 0 %
. 0.05M Q
R R
R Solvent I+10 LII
CFs THF (56) 7129
CF; benzene (67) 74:26
CFs MeCN (37) 6832
CFs CH,Cl, (51) 7228
Cl THF (57) 6535
H THF (63) 49:51
OMe THF 59) 53:47
NMe, THF (51) 39:61
OH
CO,Me
MeO,C—=——CO0,Me Cr(CO)s 1. THF, 45°, 24 h ®) 69
15¢q OMe 2. Todine COMe
03M OMe
G EtLN__CrCO)s EtO___Cr(CO)s
R Ph~ Cr(CO)s Pet ether/hexanes (1:1),
EoN—— Ph Pz (30) + Ph o~ _~ 29 402
OFt 0-20° =
1.5eq OEt NEt,

0.5M



SS¢

95¢

Ph NEt, Ph
— (CO)sCr —
leq (CO)Cr Ph Hexane, rt, 3 h — Ph (64) 403
OMe OMe
0.05M
OH
Ac—=——TMS Cr(CO)s THF, 50° 25 71
1.5-2eq OMe
0.05M OMe
OH OH
i Pr-n CO,Me
MeO,C —=—=—Pr=n o Cr(CO)s THF, 50° 35) + (33) 47
1.5-2¢q OMe O CO,Me (0] Pr-n
OMe OMe
0.05M
Cg 0
[ NMe, (0]
0
A\ ° Me,
_ Pyridine, 80°, 4 d (65) 395
D — Q (CO)sCr
2-4eq OEt
0.05M OE:
3eq Ph \ Pyridine, 80°, 1.5 h 1) 394
(CO)sCr OEt
OEt
0.05M
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs NBn, 0
NBn R Z:E
~ "R THF, 50-55°, 4 d — nPr (75 67:33 397
-C3Hs  (62) 90:10
(CO)Cr™ OEt R eGlls (62)
OEt
OH OH
Pr-n TMS
n-Pr—=—=—TMS Cr(CO)s 1. THF, 45°, 24 h (56) + (200 101
OMe 2. FeCl3-DMF T™S Prn
OMe OMe
OH OH
Pr-n
1.5¢eq Cr(CO)s 1. THF, 50°, 18 h 48) + 23 72
OMe 2. TFA, CH,Cl,, 1t, 0.5 h Pr-n
0.05 M OMe OMe
0 0
1. THF, 50°, 16 h Pr-n
n-Pr—==—SnMe; Cr(CO)s 2. HCl (aq) I+ I 7
15eq OMe 3.CAN Pr-n
0.07M o o
I+101(—), LIL=34.3:1
NBn, 9 NBn,
TMS /
TMS—=——TMS Z “Prn THF, 50-55°, 4 d pen O 397
(CO)sCr OFEt T™MS OEt
OH
‘ Ph
Ph—=——1 o Cr(CO)s THF, 60° ©) 146
OMe o !



LSE

86¢

Cy

Cl TBS
TBS—=——0Me Cr(CO)s ; o
@% - Y @
(¢}
OEt OFt
HO
Cl TBS
\\  Cr(CO)s THF, 80° (€)) 404
0 OMe
OMOM (¢}
OMOM
OH
H ‘ Ph
Phﬂ: Cr(CO)s o
Y o (CO)s THF, 50 e 71
1.52¢eq OMe 0
0.05M OMe O
Ph Ph
Cio Ph OH OH
Y/ )
n-CiHjs—— Photolysis, THF, + 187
20°,0.5h CiHlisn
5eq o) Cr(CO)s B () 8]
C7Hs-n
(30) (10)
Ph
Ph Ph
P OH OH
Seq Photolysis, THF, + 188
_20° ; 0
0 crco), 20°,0.5 h 0 C7H 51
C7Hys-n
(28) 7
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cio
o _ Cr(CO)s TBSCI (3 eq).
T V\f (i-Pr);NEt (5 eq), 212
1.5¢eq OMe toluene, 50°, 24 h , I
025M MeO
1+11(63), LI = 89:11
1. Toluene, 80°, 24 h
Cr(CO)s
2. TBSCI (3 eq).
15¢q W ) Gea) I+1I(62), LII = 3:97 212
OMe (i-Pr),NEt (5 eq),
025M toluene, 80°, 24 h
(COpCr TBSO -
o TBSCI (3 eq), .
15¢eq r(CO)s (i-Pr),NEt (5 eq), 212
OMe toluene, 50°, 3 h ; R | -
025M MeO MeO
I+1I(61), LI = 22:78
1. Toluene, 120°, 24 h
1.5¢eq Cr(CO)s 2. TBSCI 3 eq), I+1I(63), LII = 2:98 212
OMe (i-Pr),NEt (5 eq),
025 M toluene, 120°, 24 h
(COpCr TBSP -
TBS. - Cr(CO)s .
1.5¢q wlé Toluene, 50°, 24 h 212
OMe

025M

I+1I(73), LII<3:97




65¢

09¢

concr, Y ] coner,
t-Bu % Cr(CO)s -Buo £BuL.
1.5eq Toluene, heat, 24 h 212
OMe T
: 1 ‘ i
025M MeO MeO
Temp I+1I LI
50° (69)  65:35
120° (60)  1:99
1. Toluene, 80°, 24 h
Cr(CO 2. THO (3 eq),
L5eq (0% . 212
(i-Pr),NEt (5 eq),
OMe toluene, 80°, 24 h
025M
TBSCI (3 eq),
1.5¢eq Cr(CO)s (i-Pr),NEt (5 eq), 212
OMe toluene, heat, 24 h
025M
Temp I+1I LII
50° 7 21:79
80° (66)  23:77
1. Toluene, heat, time Temp Time TI+1I LII
1.5¢q Cr(CO)s 2. TBSCI (3 eq), I+10 50°  24h (75 1486 212
OMe (i-Pr),NEt (5 eq), 50°  48h  (66) <1:99
025M toluene, heat, 24 h 80° 24 h (74) 2:98
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cio
TBSO -_
TBS " (CO)sCr,
- \fc«cok 2,3-Dimethyl-1,3-butadiene, 29) 212
OM THF, 50°, 14 d ; )
1.5eq 0.07M MeO
o
_ Cr(CO)s o
Ph———Ac W THF, 50° — (73) 71
OMe PH
152eq 0.05M OMe
OH
Ph
Cr(CO)s
1.5-2eq THEF, 50° (70) 71
OMe Ac
0.05M OMe
OH H
| Ph 0O !
152 ¢eq o Cr(CO)s THF, 50° © * — g @) 7
Ph
OMe OMe
0.05M
1.5-2eq Q;CT(CO)S THF, 70° (62) 298% ds 47
OMe
0.05M
/ \ CH(CO)s [(Naphthalene)Rh(cod)]- (0] ;.
S o = [SbFg] (10 mol%), (85) 396
N CoMe OMe CH,Cl,, 1, 12-36 h CO,Me
1.5¢q 2 0.05 M



19¢

9¢

Cyy 0
A CH(C0)s Ph
Ph—=—=—TMS \/\f 1. THF, 45-60°, 19-38 h (70) 146
OMe 2.CAN TMS
2eq 0.044 M o
0
‘ Ph
2eq o Cr(CO)s 1. THF, 45-60°, 19-38 h (66) 146
OMe 2.CAN 0 ™S
0.044 M 0
0
Ph._~_-Cr(CO)s Ph Ph
2eq V\f 1. THF, 45-60°, 19-38 h (60) 146
OMe 2 CAN TMS
0.044 M o
OH EO H
| Ph 0O i
Ph—==—CO.Et Cr(CO)s o s A\
) o THF, 50 . op @ g @en 7
1.5-2eq OMe Ph
OMe O OMe
0.05M
<
A\ CHCO)s [(Naphthalene)Rh(cod)]- 0 Ph
1.5¢eq o) = [SbFe] (10 mol%), (75) 396
OMe CHyCly, 1t, 12-36 h COEL
0.05 M
o)
I TBSCI (3 eq),
Cr(CO)s (i-Pr)oNEt (5 eq), 212
CO,Me OMe toluene, 50°, 24 h
1.5¢eq 0.25M I+11=(74), LII <2:98 R =CO,Me
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci2
Pr-i
TBSO "~ TBSO
_ A _CH(C0)s TBSCI (3 eq), (CORCr concr, ’
T W (i-Pr),NEt (5 eq), ) 212
OMe N .. R \t-Pr
Pr-i 025 M toluene, 50°, 12 h ; I ) I
1.5eq MeO MeO
1. Toluene, 120°, 24 h T+ 0= (56), LTI = 94:6
Cr(CO)s
2. TBSCI (3 eq),
W ) Gea) I+11=(33), LIN<1:99 212
OMe (i-Pr)oNEt (5 eq),
025M toluene, 120°, 24 h
EtO.__Cr(CO)s
A P 1. Pyridine, 80°, 60 h o “n 105
RN 2. H,0 o
NMe, Me,N X
2eq 0.05M
OMe o
Cr(CO)s
=
X o W THF, 50°, 36 h = ® + (37 401
Y
OMe o
1.5eq Ph 0.04 M o Ph Ph OMe
Cio14 R
OH
R
n-Pr S ‘ Pr-n R
A 5 CH(CO)s 1. THF, 50°, 14-15 h . o o
2. FeCl3-DMF 0
; (o)
o OMe _ Q
2eq OMe O o
0.05M n-Pr
I OMe
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¥9¢

R I+11 LI
CF3 (70) 37:63
i (56) 51:49
H (67) 61:39
OMe (68) 74:26
NMe, (75) 79:21
o}
Ci3 | Ph
Ph—————"TMS o Cr(CO)s 1. THF, 60°, 28 h (5) +  complex mixture 146
OMe 2.CAN o A
0.05M ™S
Bu-
- TBSCI (3 eq), (CO)3CJBSO )
i; o Cr(CO)s (i-Pr);NEL (5 eq), 212
Bu-r OMe toluene, 50°, 24 h
1.5¢q 025M Me I+1I=(75), LTI 57:43
1. Toluene, 120°, 24 h
1.5¢q Cr(CO)s 2. TBSCI (3 eq), I+11=(67), LII<1:99 212
OMe (i-Pr)oNEt (5 eq),
0.25M toluene, 120°, 24 h
O = Cr(CO)s T?SC1 G ca o (COyCr BSP
W (i-Pr)NEL (5 eq), . + : 212
O OMe toluene, 50°, 24 h
1.5eq 0:25M Medl ! MeO 1
I+101=(57), LI = 89:11
1. Toluene, 120°, 24 h
WCT(CO)S 2. TBSCI (3 eq), I+11=(47), LI <1:99 212
1-5eq OMe (i-Pr),NEt (5 eq),
0.25M
toluene, 120°, 24 h
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OH
Ph
Ph—=—=ph QYCf(CO)5 (1-Bu),0,70°, 1.5 h .O 26) 104
OMe / Ph
l.1eq 0.14M (COBCr OMe
OH
Ph
15eq Q\fcr(co)s 1. (n-Bu),0, 70° 36) 69
OMe 2. FeCly-DMF Ph
0.3 M OMe
OH
‘ Ph
1.5¢eq o Cr(CO)s 1. Hexane, 45°, 24 h (66) 13
OMe 2. FeCly-DMF 0 Ph
03M OMe
OH
OEt Ph
15¢q WC'(CO)S 1. THF, 45°, 24 h ©7 69
OMe 2. FeCly-DMF E(O Ph
03M EZ=16:1.0 OMe
0 0
TVS._~_CHCO)s Ph T™S Ph
1.5¢eq V\]& 1. THF, 50°, 46 h 25) + @n 406
003M OMe 2. CAN Ph Ph
0 0
o)
TMS V/YCI‘(COB Ph
1.5¢q THF, 50°, 46 h j’ ( s (D 406, 110



S9¢

99¢

OH
F n-Bu Ph
15¢q 1Bu o\ A Cr(CO)s 1. -BuOMe, 55°, 18 h 35) 125
F  OMe 2. FeCl-DMF F Ph
OMe
OH
Ph
1.5¢eq Cr(CO)s 1. THF, 45°,24 h (89) 13
OMe 2. FeCl3-DMF Ph
03M OMe
Me,N Pr-n Me;N, Pron
‘ Cr(CO) - Ph
4eq 5 Pyridine, 55°, 78 h (80) 394
OEt
01M PH OEt
OH
Pho__~__CrCO)s Ph Fh
12¢q -BuOMe, 40-60°, 2-4 h (90) 300
OMe / Ph
02M (CO)Cr  OMe
o) o)
TBS Ph Ph
TBS A Cr(CO)s 1. THF, 50°, 46 h
15¢eq (35 + 17 110
OMe 2. CAN
Ph Ph
0.05M
o) 0
OTBS o
TBS. _~ Cr(CO)s e Ph
1.5¢eq CH,Cl,, 50° @6 * TBs (8 110
OMe / Ph
0.05M (CO)CY OMe Ph OMe
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ciy I\‘/Ie O/> Ph g Me
R N\/KO N R Timel Time?2
Ph——Ph (CO)Cr | 1. Pyridine, 80°, time 1 Ph Me 7d 36 h (50) 395
5
2-4eq 2. HCI, DME, 80°, time 2 \ n-Pr 3d 20h (42)
OFt Y OH
0.05M
O/> O/>
Me,N o Me,N o R Time Time
4eq | Cr(C%)5 Pyridine, 80°, time Ph R H 5d (81 395
Me 4d (51
OFt PH OEt
0.05M
(CO)sCra_OFEt
2eq w 1. Pyridine, 80°, 60 h o Pho () 405
2.H,0
NMe, Me,N Ph
0.05M
o OH
— - Ph
15¢q Phﬂc«cm; Toluene, 70, 5 h 52 407
MeO o -
Ph
02M OMe
OH
Ph
Seq Cr(CO)s Photolysis, THF, ~20°, 0.5 h (14) 188

(0}

]

=
%
] )
= =




L9¢

89¢

%

NMe, o
z Me,N
Pyridine, 80°, 3 d Et (46) 398
(CO)sCr OEt ¢}
O\)
EtO Et
O NBn, . .
R = Cr(CO)s Ph _ -
THF, 50-55°,4 d R n-Pr (68) 75:25 397
NBn, OEt c-C3Hs (59) >95:<5
Ph OEt
Ph ) —
TIPS Q OH TIPSQ OH
TIPSO Ph
2eq t+-BuOMe, 55°,3.5h B
(o Ph [ /
OTIPS / OMe
OTIPS OMe (CO)_;CI”
(@] (46)
Cp3 OH o
Ph Ph Ph Ph H
X Ph P
N Y/ 'CO,Me
Photolysis, THF, -20°, 2 h ~ + 187
Ph
5eq  CO,Me o~ Cr(CO)s 0 I (44) J 22)
CO,Me
Ciy
P Cr(CO)s o
VY THF, 50° (50) 71
& 0 OMe o _
Ph 0.05M
152eq Ph OMe
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C

b Cr(CO)s

Re

Me
0.05M

C

14
o)
\ R
B———FP
/
io
3eq
15
<: 2 T QYCr(CO)5
OTBS

OMe
1.5eq 025M
Cl
MeO———Sn(Bu-n)3 (Oﬁ\fCr(CO):;
OEt

Ph o~ _CHCO)s
j% o Y
OMe
Ph

0.77 eq 026 M
i-PrO, 6] Cr(CO)s
jz/’; Prn /HkOMe
i-PrO OH
0.83 eq 0.1 M

1. THF, 45°, 14 h
2.CAN

TBSCI (3 eq),
(i-Pr),NEt (5 eq),
toluene, 50°, 24 h

Si0,, 80°

Dioxane, reflux, 6 h

THEF, reflux, 6 h

75
212
I+II=(70), 11 <1:99 R=TBS
OH
OMe
(20) 404
(6)
OEt
OH OH
Ph MeO Ph
(48) + 8) 371
Ph Ph
OMe
6]
i-PrO
OMe ; po 372, 149

(39) 2.8:1 mixture of isomers

(21 E:z=25:1
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Cie OH OH Ph
Ph Z
Ph—=——=——"P"h Cr(CO)s 55-70°, 10-30 h + 100
) | II
OMe X =
OMe Ph OMe
Alkyne (eq) CC M) Solvent Additive I I
1.0 0.05 THF none (73) 2.4)
1.0 0.5 THF none (73) (2.8)
1.0 0.05 benzene  none 44) (<1.3)
0.4 1.2 THF (n-Bu)sP (3 eq) (74)  (<1.3)
0.4 eq Cr(CO)s THF, 66-70° 1 + 100
OMe
1.2M Time
9h (67) (4)
60 h (5) (0.6)
EtO Cr(CO)s
[0} Ph
2eq = 1. Pyridine, 80°, 72 h (60) 405
2.H,0
NMe,
0.05M
—
= OMe 1. Dioxane, 85°
o (COMCY 2. MeO,C—==—CO;Me. ' (61) 408
dioxane, 85°, 1-2 h N4 CO,Me
0.75eq Ph 0.02M
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cis R-
(COyCr B8O R ’ (COy,Cr TBSP
— = Cr(CO)s TBSCI (3 eq), . .
\/Y (i-Pr),NEt (5 eq), + 212
CH,0TBS OMe toluene, 50°, 24 h 7 u
0.25M )
1.5¢eq MeO MeO
I+II=(53), LII=>99:1 R =CH,OTBS
/ Cr(CO)5 1. Toluene, 500, 48 h
\/Y 2. TBSCI (3 eq), I+II=(58), I16:94 R =CH,OTBS 212
OMe (i-Pr),NEt (5 eq),
025M toluene, 50°, 24 h
Ci7 Ie) o
onco 1. THF, 50° Pr-n
n-Pr—=——Sn(Bu-n); HCOs 2. HCI (aq) .t u 72
OMe 3.CAN Pr-n
(6] (6]
I+1II=(68), LIl =34.1:1
OH OH
= Cr(CO)s Pr-n 1
\/\f 1. CH,Cl,, 50° + 7
OMe 2.1, 11 prn 1
OMe OMe
I+1I=(50), LII > 20:1
OH OH
Pr-n
Cr(CO)s 1. Hexanes, 50°, 18 h + 72
I II
OMe 2. HCI (aq) Pr-n
OMe OMe

I+1I=(77), LII > 99:1
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CLE

Ph EtO Cr(CO)s
X [¢) b Ph
Z 1. Pyridine, 80°, 56 h (66) 405
2.H,0 Me,N
CO,E NMe, 2 © O
2eq 0.05M
Cis
Ph
A
\\ Cr(CO)s 1. THF, 55°,24 h
2. Air
\\ Ph OMe
0.1 M
Alkyne (eq) CC (eq) B
1 2 (29) (32)
1 5 ) (69)
5 1 (43) 0)
Ph
% EtO Cr(CO)s
0] Ph
‘ = 1. Pyridine, 80°, 56 h (48) 405
=
A NMe, 2.H,0 MeoN \\
2eq Ph 0.05M Ph
_ TMS
Z OMe 1. Dioxane, 85°
o (CO)SCr 2. MeO,C—=—=—CO,Me, + 408
dioxane, 85°, 1-2 h %
Ph 0.02M COoMe
0.75eq
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cig OMe
P Bu-n
= OMe 1. Dioxane, 85°
o (CO)SCr)@ 2. MeO,C——=—=—CO,Me, 408
dioxane, 85°, 1-2h
Ph
0.75 eq 0.02M
OMe MeO
OMe 1. Dioxane, 85°
0.75eq (CO)SCr}\[/ 2. MeO,C—=—=—CO,Me. COMe 408
dioxane, 85°, 1-2 h
0.02M COMe
CO,Me Ph
(56) (19)
OMe .
o 1. Dioxane, 85°
0.75 eq (CO)5Cr 2. MeO,C—=—CO,Me. 408
dioxane, 85°, 1-2 h
0.02M
Cy
P Bu-n
4 OMe 1. Dioxane, 85°
o (CO);CrZ\@ 2. MeO,C——=—=—CO,Me, 408
dioxane, 85°, 1-2 h

Ar
0.75 eq
Ar= )

0.02M




€LE

YLE

Cy OH OH
= R
_NF Ny N0 +-BuOMe, 47°, 3.5 h + 263, 409
= X R
I.leq OMe / /
023 M (CO)CY OMe (CO)CY OMe
R= MM/ 1) (18)
2
Coy
TIPS OH
TIPS
M X
\\ OMe N Solvent
B (CONCr 1. Solvent, 55°, 24 h THF (70) 139
S 2. Air = toluene 81)
TIPS TIPS oM
e
I.1eq 0.1 M
Cos
OH
Ph OMe
(CO)sCr THEF, 70-74°, 12 h (56) 100
X
OMe Ph
037¢eq 17M
OMe
0.37eq (CO)sCr 1. Benzene, 70-74°, 12-34 h 100
2. CAN
CC (M)
0.016
0.16
1.7
TABLE 5. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ca
OH
R
R
S
A Cr(CO)s 1. THF, 55°, 24 h @1 + 139
\ : X
NS OMe 2. Air
R OMe %
leq 0.1 M R
OH

Wi

OH (23)

MeO
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TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C, OH
C
= Cr(CO)s THF, 50° s + (33) 131
1 atm OMe
022M OMe
G o}
o _ Cr(CO)s
— 1. THF, 45-55°,24 h I (59) 61
OMe 2. Air
1.5eq 0.1M OMe
o~ _Cr(CO)s
1.5eq W 1. MeCN, 45-55°, 24 h 1 (62) 61
OMe 2. Air
0.1 M
15¢q Cr(CO)s 1. THF, 45°, 24 h “4) + O 0 61
2. Air Y
OMe © OMe
0.1 M trans:cis = 91:9
' 0] 0]
24eq éifcr(cok Hexane, 60°, 24 h di?/ (26) + éz;/ 200 + 207
OMe OMe OMe
0.05 M OH ‘
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy M
oo OEt <0
o —
(CO)sCr NHBn
—\\ ’ :<:< THF, 70°, 12 h (CO)sCr N—Bn  (46) 410
25¢q 0.1M Bu-n Bu-n
O/w
Oﬂ K/N Ph
k/N = Cr(CO)s RhCl323H,0 (2 mol%), (76) 194
Ph Ot THF/MeOH (4:1), 20° MeO
0.25M Ot
OH
OH
N Cr(CO
N ~on Z rC0)s +-BuOMe, 45°, 2-4 h (76) 147
OMe /
2eq 022M (COy,cf OMe
/ \ Cr(CO)s [(Naphthalene)Rh(cod)]- / \ o
= Ac o 74 [SbFg] (10 mol%), o (64) 396
OMe CHyCly, 1t, 12-36 h Al
1.5¢eq 0.05M
OH
CO,Me
. Cr(CO)s
——CO,Me 1. THF, 45°,24 h (22) 69
OMe 2. Iodine
1.5eq 03M OMe
CO,Me
| [(Naphthalene)Rh(cod)]-
1.5¢eq o OMe [SbFg] (10 mol%), (89) 396
CrHCO)s CH,Cly, 1t, 12-36 h O
0.05M 0
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R \/\[4&&0)5

[(Naphthalene)Rh(cod)]-

0
R 000000
Ph

1.5eq [SbFg] (10 mol%), (75) 396
OMe CH,Cl, 1t, 12-36 h p-MeOCeH,  (81)
0.05M R €O,Me 2-furyl (88)
ferrocenyl (71)
n-Bu (70)
Cs OH
= Cr(CO)s Pr-n
nPr—=— /\f CH,Cl,, 50° (~13) 110,399
OMe
OMe
0 o
Pr-n
Cr(CO)s
1.5¢q 1. THF, 50°, 24 h @1  + ) 69
OMe 2.CAN Pr-n
03M 0 o
OTf
1. CH,Cl,, 50°, 1d Pr-n
Cr(CO)s
1.5¢q 2. TH,0 (1.5 eq), (66) 96
i-Pr),NEt (2.5 eq), N\
OMe (i-Pr),| (2.5 eq) CrC0);
0.05M CH,Cly, 1t, 24 h OMe
OTBS Solvent  Base
Cr(CO)s Pr-n
1.5¢q TBSOTS (1.5 eq), THF 2,6-lutidine  (73) 95
OMe base (2.5 eq), 50°, 18-22 h CH,Cl, 2.6-lutidine  (77)
0.05M \Cr(CO)3 THF (i-Pr),NEt  (55)
OMe
OTBS
1. THF, 50°, 18-22 h Pr-n
Cr(CO)s
1.5¢q 2. TBSCI (1.5 eq), (65) 95
EtN (2.5 eq),
OMe 3N (2.5 eq) \Cr(CO)3
0.05M THF., 1t, 6-12 h OMe
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OTBS OTBS
TBSCI (2 eq), Pr-n Pr-n
_ Cr(CO)s )
n-Pr——— (i-Pr),NEt (3 eq), 1 + 11 205
OR* CH,Cly, 60°, 14-19 h Y
1.9
“ 005M e CHCO: dge
R* 1 I drl
Rl= % R’ = R'  (69) (23) 60:40
Ph R (83) (—) 50:50
! R® (68) (—) 5842
R2= % R*= R*  (77) (—) 5545
Ph OH
_ Cr(CO)s 1. THF, 50°,24 h Pr-n
1.5eq VY 2. (n-Bu)3P, rt, 36 h (60) 69
OMe 3. MeOH, CCl,
03M OMe
0 o)
S CHCO)s Pr-n
1.5¢q 1. THF, 50°, 24 h 1+ I 69
OMe 2.CAN Prn
03M o
1+11(75), LI1299:1
- Cr(CO)s
1.5¢q 1. THF, 50°, 24 h 69
OMe

03M ZE=22:1.0

2.CAN
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08¢

OTBS

= Cr(CO)s TBSOTf (1.5 eq), Pr-n
1.5¢eq \/Y 2,6-lutidine (2.5 eq), (74) 95
OMe CH,Cly, 50°, 18-22 h \c o)
T
0.05 M OMe 3
OTBS
‘ Pr-n
Cr(CO)s
TBSCI (2 eq), 2
1.5eq 0. (i-Pr))NEt (3 eq), Cr(CO)3 (82) 205
U CH,Cly, 60°, 14 h OU 57:43 mixture of diastereomers
\[ 0.05M \[
OH
Pr-n
Cr(CO
12¢q = rCO)s -BuOMe, 40-60°, 2-4 h (75) 300
AN
OMe Cr(CO)s
02M OMe
OH
5eq (ﬁ Photolysis, THF, -20°, 2 h 24) 187
Cr(CO)s Prn
o)
o)
02M
OH
MeO.__~_Cr(CO)s Prn
\r\f MeCN, 50°, 24 h (64) 122
OMe
OMe
0
o)
[ | o) Prn
1.5eq o OMe 1. THF, 45°,24 h [ (38) 69
2. CAN (o)
Cr(CO)
° 0
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs o)
EtO Prn
n-Pr—=—o %)YC'(CO)S I. THF, 45°, 24 h (40) 69
15¢eq OMe 2.CAN Et0
03M EZ=16:1.0 0
OH
Pr-n
15eq Cr(CO)s 1. THF, 45°, 24 h (54) 60. 69
OMe 2. FeCl3-DMF complex
03M OMe o
OH n-Pr.
Pron e OMe
15¢eq Cr(CO)s 1. Hexane, 45°, 24 h G+ — © 60,246
OMe 2. Air, TsOH, THF/H,0 o)
03M OMe
OH Pr-n
‘ Pr-n
2eq o Cr(CO)s 1. THF, 50°, 21 h (57) + (=0.2) 60
OMe 2. Air, TsOH, THF/H,0 o) o)
o)
0.005 M OMe
o)
‘ Pr-n
1.5¢q o Cr(CO)s 1. THF, 45°,24 h (67) 69, 13
OMe 2. CAN o
03M 0
OH
TMS Prn
/J\fCr(CO)s 1. CH,Cl,, 50° (60) 110
OMe 2. Air, CF;CO,H

OMe
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TMS 1. CH,Cl,, 50°,24 h Pr-n
Cr(CO)s 2. Tf,0, (i-Pr),NEt 81) 96
CH,Cly, 1t, 12-15h N
OMe 2 ™S Cr(CO);
Me
OTBS
TMS Pr-n
Cr(CO)s 50°,18-22 h 1 95,72
AN
OMe ™S Cr(CO);
0.05M Me
Silane Base Solvent I
TBSCl E;N THF (44)
TBSC1 (i-Pr),NEt THF (37)
™S TBSOTf 2.6-lutidine CH,CL,  (79)
Cr(CO)s 1. THF, 50°, 1822 h I (60) 95
OMe 2. TBSCL, Et;N
0.05M
(0]
TMS Pr-n
2eq Cr(CO)s 1. Heptane, 50°, 24 h (76) 95
OMe 2.CAN T™MS
0.05 M o
OH Pr-n
Pr-n
1.52eq Cr(CO)s 1. Solvent, 45-50°, 18-24 h I+ )i
OMe 2. Oxidant, solvent Y
OMe
CC (M) Solvent 1 Oxidant, Solvent 2 I II
0.5 THF air, TsOH, THF/H,0 09) (£2) 60
0.005 THF air, TsOH, THF/H,0 (65) (<6) 60
0.3 MeOH FeCl3-DMF complex (72) (—) 13
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH OH
Pr-n
n-Pr——— Cr(CO)s THF, 45°, 24 h 1 + I 101
OMe Pr-n
OMe OMe
I+1I(55), LII1>250:1
OE OH
Pr-n Pr-n
Cr(CO)s EX, (i-Pr),NEt, 50°, 24 h ‘O I+ I
N\
OMe Cr(CO)3
EX__ Solvent Me 1 om o OV
THO  CH.Cl, 43)  (23) 96
AcBr THF ©64) (—) 95
EX Base 1
Cr(CO)s 1. THF, 50° 1 TBSCl EN (65) 95
OMe 2. EX, base MEMCI (i-Pr),NEt (68)
(0]
Pr-n
1.5eq Ci(CO)s 1. Solvent, conditions
OMe 2. CAN
(0]
CC M) Solvent  Conditions
0.3 THF 45°,24 h 61) 69
0.3 MeCN 45°,24 h (69) 13
0.08 (n-Bu);0 ultrasound, rt, (75) 177

10 min
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TBSCI (2 eq). Pr-n
1.9 ¢q Cr(CO)s (i-Pr)NEt (3 eq), I+ 207
OMe CH,Cly, 60°, 10-12 h CH(CO),s
OMe : OMe
0.05M 1+ 11 (65), LII = 60:40
R  OTBS R  OTBS
TBSCI (2 eq). Pr-n Pr-n
19eq R Cr(CO)s (i-Pr)NEt (3 eq), I+ Il 207
OMe CH,Cl,, 60°, 10-12 h CH(CO)s “Crcoy,
0.05M OMe OMe
R 1+11 LI
Me (50)  76:24
OMe (48) 94:6
OH
Pr-n
1.5¢eq Cr(CO)s 1. THF, 45°,24 h (66) 69
OMe 2. FeCl3-DMF complex L
03M ¢
Cr(CO)s EtO
R
3.5-7eq EtO | THF, 52°, 14 h Prn Pt (14 411,412
R NMe, & Nue, cPr (77)
0.04 M 1
EtO P
3.5-7eq I THF, 52°, 14 h I R=iPr (30) 411
(CO)4Cr~—NMe,
0.04 M
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
GCs Cr(CO)s EtO EtO Pr-n 0] NMe,
N -Pr —
n-Pr——— EtO ' See table. Prn T £ Pr-nt
n-Pr NMe, n-Pr NMe, n-Pr NMe, OEt
1 )i il
O NMe, O o
n-Pr n-Pr
Ny o+ Pr-n
oRL! NMe,
v v
Alkyne (eq) CC M) Solvent  Time  Temp Additive I I 11 v A\
4.5 0.01 hexane 90h  55-60° none (I ) 10 (O ) 412
4 0.1 hexane ~ 20h  55-60°  none 26) ) Q7)) 0 (0 412
34 0.1 hexane ~ 20h  55-60°  none 24 @ @25 O (0 412
101 0.1 l-pentyne 20h  55-60°  none 22) @ (24 0 (0 412
4 0.1 THF 60h  55-60° none (200 () @) © (0 412
34 0.1 THF 22h  55-60° none 22) @) 37 0 (0 412
3.5-7 0.04 THF 14h 52° none ® = = = = 411
4 0.1 DMF 144h  55-60° none @2n O O (28 412
34 0.1 DMF 48h  55-60°  none 25 @ 0 0 @27 412
4 0.1 MeCN  72h  55-60°  none 40) (14 O @6 (O 412
34 0.1 MeCN 14h  55-60° none a1z @ @O ¢ 412
4 0.1 DMF 90h  55-60°  PhsP (1 eq) 42) (10) (© (©) (6 412
4 0.1 DMF 72h  55-60°  PhsP (10 eq) (50) (12) () (0 (0 412
60 0.1 DMF 60h  55-60° PhsP (1 eq) (@2 D TG T (0) N () 23] 412
4 0.1 pyridine  88h  55-60°  none 68 (1) O 3 (0 412
1.5 0.05 pyridine  7h 80° none 78 (15 O O (0 412
4 0.1 hexane 7h  55-60° MeCN (1.8 eq) ©6) @) 13) (59 () 412
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‘ 0
: Pr-n L Pr-n
19eq Cr(CO)s Solvent, 60°, 24 h + + 207
) | I
OMe OMe OMe
0.05M OH
Solvent I i I n-Pr
THF 27) (25) (—) O
hexane (46) 37 (<3)
MeCN @) an = prn I
(6]
Pr-n
Cr(CO)s THF, 50°,24 h A%/ 7) 112
OMe MeO
0.05 M
OTBS
TBS 2,3-Dimethyl- Pr-n
1.5eq = Cr(CO)s butadiene (50 eq), ‘O (65) 95
Me THF, 50°,7d AN
Cr(CO
0.07M oM CO)s
[0} (6]
TBS Pr-n Pr-n
TBS o\ Cr(CO)s 1. THF, 45-60°
(<5) + (<5) 110
OMe 2. CAN
(¢] o
OH OTBS
TBS._~_-Cr(CO);s Prn Pr-n
\Af CH,Cly, 50° 0 + (72) 110
OMe AN
Cr(CO)3
OMe OMe
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs (CO)sCr EtO, n-Pr OEt
J— 7z
n-Pr—— EtO ‘ THF, 52°, 14hto 7d prn O+ [ @3 411,413
3.5-7 0.04 M 0 Bu-t
eq t-Bu NMe, t-Bu NMe, 2Pt
(0]
Pr-n
Cr(CO)s THF, 50°, 24 h (67) 112
OMe 0.05M
OMe
0] (0]
TBS Pr-n Pr-n
TBS. =~ Cr(CO 1. THF, 45°,24 h
1(CO)s (<5) + (<62) 95
2. CAN
OMe
(0] (0]
N O Q
4eq THF, 55° n-Pr = (63) EZ=2:1 412
" “Prn Pr-n
(coycr” ort  01M OEt
OEt 0 o]
(CO)sCr Pr-n n-Pr
— See table Pr-n 414
N-morph N-morph
Alkyne (eq) Solvent Temp Time
6 DMF 55° 36h (52)
3 THF/H,0 (99:1) 80° 3h (54)
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N-morph N-morph N-morph
— n-Pr = n-Pr
deq (CO)SCr:<—<Pr_n THF, 80°, 3 h \@/&Pr—n * Ny, 414,412
OEt OEt OEt
(56) (13)
0 N-morph
Pr-n n-Pr _
3eq — DME, 65°, 15 h Prn  (66) 415
(CO)sCr -morph
OEt OEt
0.05M
o
Pr-n N-morph
— n-Pr
3eq (CO)Cr :<_<N_morph THF/MeCN (9:1), 65°, 15 h \% (82) 415
OEt OEt
0.05M
N-morph c-Pr N-morph
— n-Pr
45¢q (CO)Cr Prc THF, 55° (67) 412
OEt OFEt
0.05M
n-Pr
OEt
(CO)sCr NHMe TN
— THF, 65° COSCr= _ N"Me 5 416
OTBS OTBS
EtO
OEt\ OEt n-Pr
(CO)sCr =
8eq — THF, 52°,7d (66) 413
NMe, 0
0.05M n-Prt OFL
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs (CO)sCr wpr  EO
I OEt =
n-Pr—— \ THF, 52°,7d ort (7 413
Me,N 0.05M o
8eq EtO n-Pr
Ph OH
Ph Pr-n
/ )
Seq Photolysis, (37) 187
o =Cr(CO)s THF, -20°, 0.5 h
6]
OH
Pr-n
@\fcr(co)s THF, 50°, 24 h / (56) 112
0.05M
TMS OMe MeG
MeO_ OMe MeO_OMe OH
Pr-n 417,418,
1.1eq OEt t+-BuOMe, 55°, 30 min ‘O (57) 279
25 M
MeO \ 023 \Cr(CO)
MeO—=Cr(CO),4 MeO OMe OMe 3
(CO)Cr n-Pr OFL EO
4
35-7eq | OEt THF, 52°, 14 hto 7 d [ a9 + Prn (0) 411,413
0.04 M 0 Ph
Me,N Ph Pt Ph NMe,
(CO)sCr OFt
4eq THF, 55°,36 h (38) 416

| OEt
Me,N 0.05M
OTMS

Pr-n
Me,N OEt
Vi Q
Cr(CO);
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OH
Ph
| Ph Pr-n
5eq Cr(CO)s THF, -20°, 0.5 h (30) 188
o photolysis
0
OTMS
TMS
Pr-n
1.5¢eq ;@;]/OMe THEF, 45°, 24 h ‘O 97) 12,95,
112
Cr(CO)
0.05M 5 (CO)gCr/ OMe
OH
1. THF, 45°, 24 h 4
Cr(CO)s B Prn  (95) 112
2. Silica gel
TMS OMe MeG
0.05M
OH
o (]
Pr-n
1. THF, 45°, 12 h
o ) (o) (64) 12
Cr(CO)s 2. Air
OMe OMe
o
TMSO
[0) Pr-n
OMe THF, 50°, 24 h (33) 112
OMe Cr(CO)s S
0.05M Me
OH
Pr-n
| CHCO)s 1. THF, 60°,42 h (60) 121
N 2. Air N
Boc OMe Boc OMe
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OTBS TBSO  OTBS TBSO  OTBS
TBSCI (2 eq), Pr-n Pr-n
n-Pr——— i +
CrCOs (i-Pr),NEt (03 eq), ‘ / 207
19¢q CH,Cly, 60°, 10-12 h concy I CONC )i
OoMe 005M (CORCr e CORCr e
OTBS
Pr-n
+ ‘O 1+ 11 (<2); I (79)
/ it
CO);C
(COxCr OMe
OTBS TBSO O 0
Pr-n Pr-n
°, 10- +
1.9eq CrCO)s 1. CH,Cl, 60°, 10-12 h (47) an 207
2. CAN
oMe 005M 0 o
O o
Pr-n
3eq . 1. Hexanes, 50°, 24 h .O (65) 299
Cr(CO)s 2. Air
OMe OMe (.15 M OMe OMe
OH
Pr-n
1.5eq || Cr(CO)s 1. THF, 60°, 42 h (58) 121
N 2. Air N

Boc OMe 0.04M

Boc OMe
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OEt (6]
(CO)sCr Ph n-Pr
6eq — DMF, 55°,45 h Ph (39) 414
N- h
morp N-morph
) ) OH
TMS \\ 1. i—Tnmethysﬂoxy-l,S— o Prn
utadiene (15 eq),
15¢q Cr(CO)s d (58) 112
THF, 50°,36 h
0.03M OMe - .
2. Sil 1,
ilica gel, air OMe
OEt Me,N A
(CO)sCr , ~ OTBS
4eq — OTBS Hexanes, 55°, 24 h n-Pr 92) 394
NMe,
0.1 M OEt
OH
(6] (0]
Pr-n
1.2eq O 1. THF, 45°,48 h O (60) 12
Cr(CO
1COs 5 FeCl-DMF
004M TS OMe OMe
Bu-n n-Bu OH
Pr-n
1. . ° 4
Seq [ O I. THF, 60°, 42 h 7 121
| 2. Air ITI
Boc OMe Boc OMe
Me,N R R_ NMe, R
n-Pr
| n-Pr
OEt Pyridine, 80°, 3 d 1) +  MeoN @2n 398
Cr(CO)s OEt OEt
R=
b X
pre
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
> R'O OR' on OR' og
' . Pr-n . Pr-n
n-Pr 7 — (CO)sCr 1. Benzene, 55-58°, 36 h ‘ ‘ 211
e RO 2. Air OR? O OR?
MeO OMe OMe OMe
MeO
LoM OMe < OMe 1
R! R? I+11 LII
Me Me (40) I only
Me Et (43) 10 only
Me i-Pr (@7 II only
Me t-Bu (50) I only
Et Me (73) 1:132
i-Pr Me (72) 1:12.5
OMe Meo_ M Meo_ M
MeO OMe OMe OMe
O OH OH
3eq Cr(C0y, 1+ Benzene, 55-58°, 36 h O Prn O Prn 911,299
2. Air
I II
OR?
OR! OrR! OR? OR' OR?
0.33 M
R! R? I+11 LII
Me Me (53) 3.0:1
Me Et (45) 2.4:1
Me i-Pr 51) 2.4:1
Me t-Bu (48) 2.0:1

Et Me (45) 2.1:1
iPr  Me 45) 2.1:1
iPr  tBu  (48) 34:1
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OEt OTBS o 0]
(CO)sCr n-Pr
deq _ THE/H,0 (99:1), 80° 3 h OTBS (50) 414
N-morph N-morph
0 N-morph
(CO)Cr n-Pr =
3eq DME, 65°, 15 h OTBS (62) 415
4
OEt
OTBS
TBS
Pr-i
i-Pr—— OMe CH,Cly, 65°,20 h (68) 110
2e 0.1 M /
q Cr(CO)s (CORCT e
R NMe, R NMe, R
. i-Pr
‘ i-Pr
Etojg/ Pyridine, 80°, 3 d \@ @4 + MeN ©Q0) 398
Cr(CO)s OEt OFEt
R=
b X
ol
c-Pr NMe, c-Pr NMe,
_ l c-Pr
oPr—— EtO Hexane, 55°, 24 h 95) 394
4 1M
e crcoys  ° OEt
R NMe, R NMe, R
| ¢-Pr(H) c-Pr
EtO Pyridine, 80°, 3 d (36) + Me,N (24) 398
Cr(CO)s H(c-Pr) OEt OEt
=
W
ol
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
OH
Cs (CO)SCr
[ 1. THF, 45°, 24 h
— OMe (57) 69
2. FeCl;-DMF
1.
S 03M OMe
EtO Cr(CO)s
. 0
2eq = 1. Pyridine, 80°, 45 h (73) 405
0.05M 2. H,0
NMe, z Me,N
RoN Ph RN Ph
1.5eq \;‘/OEt RhCl3¢3H,0 (2 mol%), )\Q (76) NR, = NMe, 194
025M oo _ i
CrHCO)s THF/MeOH (4:1), 20 OBt (74) NR; = morpholine
N-morph N-morph
Ph "Pbn b
EtO — N
1.5eq \ THF, 60°, 12 h + == = u— 193
CO)sCi N-morph (10) (25)
Coxcr P OFt OEt
TBSO OMe TBSO OMe
> — WC“CO)S 2,6-Lutidine, TBSOTE, . | = .
CH,Cl,, 60°, 12-24 h N =
MeO OMe 2Ll ) 0) / (12)
19¢q 0.05M (CORCY Hue (CORCT e
OH
OMe A
Cr(CO)s o
N\ 1. THF, 45°, 24 h OMe (68) 12, 69
— OMe 2. SiOy, air
1.5eq 03M OMe



S6¢

96¢

Cl
OH
e = | OE Silica gel, 80° 0) 404
o) o)
Cr(CO)s
3eq OEt I
OH
cl
| OH
o OEt Silica gel, 80° (32) 404
Cr(CO) 0
I
> OFt
o)
1. THF, reflux
OEt 2. PhyP, DEAD, ‘O @1 289
Cr(CO)s THF, 20°
(CO»Cr OFEt
SPh
8 eq d\(OE‘ 1. Silica gel, 80° 1(19) 91
o rco) 2. Pyridine-N-oxide
5
Ph
s\
8eq \ __Cr(CO), 1. Silica gel, 80° 139 91
O 2. Pyridine-N-oxide
OEt
H
1. THF, reflux
3eq OFL 289
2. CAN
Cr(CO)s
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs
H 1. THF, reflux
v\ — OEt 2. PPhs, DEAD, THF, 20° @7 289
3eq Cr(CO)s 3. Air, benzene, hv
OEt
(CO)sCr
1. THF, reflux
3eq 2. PPhs, DEAD, THF, 20° (>31) 289
o 3. Air, benzene
Lo
o) 0
0 o Ci(CO)s 0)]\
>—o 1. MeCN, 45-55°, 24 h (55) 61
= OMe 2. Air
1.5eq 0.1 M OMe
OH 0
OJ\
15¢q Cr(CO)s 1. THF, 45°,24 h (33) 69
OMe 2. FeCl;-DMF
03M OMe
o)
AN CCO0%s TMS - Solvent
T™MS—= W Solvent, 45-55°, 24 h THE  (50) 61
1.5eq OMe McCN  (73)
0.1 M

OMe



L6E

86¢

OH

cl
TMS
\, OE Silica gel, 80° 36) 404
(o) o)
Cr(CO)s
OFt
OTBS
TMS TMS
1.5¢eq /Kfcr(coh 1. THF, 50°,22 h (40) 72
OMe 2. TBSCI, EtsN, 1t, 16 h ™S” /
(CO)CY’
0.05M 1 OMe
OH
TMS
1.5¢q Cr(CO)s 1. THF, 45°, 24 h (71 69, 13
OMe 2. Air
0.05M OMe
o)
= Cr(CO)s - TMS
G/\f THE, 50°, 36 h an 239
OMe
OMe
OAc
‘ 1. THF, 50-55°, 16-36 h o TMS
o NF Cr(CO)s 2. Ac,0, pyr, DMAP, — 295
OMe CH,Cly, 1t, 16-24 h
OMe
Me,N Pr-n Me,N_ Prn
| T™S
2eq OEt MeCN, 80°, 8 h (53) 394
Cr(CO)s OFt
0.05M
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs 0
™S Cr(CO)s THF, 45°, 24 h 61
1.5eq OMe T
i OMe
0.1M I
I+1I(75), LI = 92A8
o)
H j TMS
OMe THEF, 55°, 24 h (37) 2:1 mixture of isomers 419
o 0"
Cr(CO)s B Ove
OMe OH OMe OH
MeO.
22eq OEt THF, 80°
[’ 0
OMe Cr(CO)s OMe I OEt OMe
1+11(28)
0
(\ ) (\ 0
0
R Ny 0 NMe, o < NMe,
24eq | e Pyridine, 80°, 4 d RMs 395
EtO
Cr(CO)s .
0.05M R 1 II
H 40) (9

Me (45 (9



66¢

00t

n-Pr_ N
—w/o
TMS J (56)

2-4eq o Pyridine, 80°, 40 h o 395
EtO
Cr(CO)s OEt
0.05M
Ph Ph Ph
! o (1. [
3eq THF, reflux + o T™S 420
o OMe ¢} T™S 1
L co MeG MeO Cr(CO);
5 (50) 13)
0.07M 1.4:1 mixture of isomers
OEt o
(CO)sCr N-morph
T™MS N OTBS
THF/MeCN (9:1), 75° (—) 415
K OFEt
TBSO
OTBDPS OTBDPS
TBDPSO,_ TBDPSO,_
1. THF, 55°,28 h QAc
3eq 2. AcyO, pyr, DMAP, TBDPSO._ .- ™S 295
OTBDPS OMe  CHyCly,rt, 16-24 h
Cr(CO)s OMe
Cg 0
OMe Bu-n Solvent
n-Bu—— (CO)Cr o Solvent, 45-55°, 24 h THF (60) 61
s oM MeCN  (80)
D eq . OMe
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce o (o}
Bu-n Bu-n
n-Bu—— Cr(CO)s THF, 45°,24 h 1+ o 6l
1.5eq OMe |
01M OMe OMe
I+11 (78), LT = 90:10
CrHCO)s +IL( )B
= u-n
‘ OEt THF, 60°, 2 h “ | (66) 410
Ph N
OMe OH
MeO. ; Bu-n
22eq THF, 80° (42) 124
(’ ()
OMe Cr(CO)s OMe OEt
CHCO)s Cr(CO)s R
Bu-n Me (54)
2.5¢eq | OEt THF, 70°, 12 h | | i-Pr  (48) 410
P “NHR Phe R PR @
0.1 M Bn (46)
Cr(CO)s Cr(CO)s
Bu-n
25eq | OEt THF, 70°, 12 h | (71) 410
n-Bu N
n-Bu NHBn Bn
0.1M
o
SO,Ph
| 1. Silica gel, 70 B
. Silica gel, 70°
8eq 0 OMe 5 CAN g 37 91
. [¢]
Cr(CO)
> o}



10t

v

H
(0]
3eq THEF, reflux (70) 420
o] OMe o] Bu-n ) .
3:1 mixture of isomers
007TM  Cr(co)s MeO
Ph Ph
\ (0]
3eq THEF, reflux (57) 420
OMe [¢) Bu-n
0 5:1 mixture of isomers
0.07M  Cr(CO)s MeO
H
(0]
3eq THEF, reflux (53) 420
OMe
MeO MeO Bu-n . .
15:1 mixture of isomers
Cr(CO)s MeO
0.07M
OMe OMe
MeO MeO 0
3eq THF, reflux (52) 420
MeO OMe MeO Bu-n
OMe OMe
Cr(CO)s MeO
0.07M
Ar Ar 0
Bu-n Ar
3eq o OMe THF, reflux Ph  (45) 420
o PMP (62)
007M CrCO)s OMe
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs R? OTBS
R% Bu-t
R! Y A
1 &
rBu—= 0 TBSCL 2 eq). R Cr(Co)s
(CO)sCr (i-Pr),NEt (3 eq), (0)
19-4.0eq . CH,Cl,, 60°, 14 h U
\[ B: \(
1. -BuOMe, 55°, 55 min
R! R? CC(M) 2. Filter through SiO, Method dr %de
Me H 0.4 3. TBSCI (4 eq), B (63) 57:43 14 97
H Me 0.05 NEt; 3eq), 1t, 3 h (78) 52:48 4 205
—(CH),— 0.05 A (90) 55:45 10 205
—(CH)y— 04 B (59 5842 16 97
Cr(CO)s o) o OFt
t-Bu t-Bu o
OEt ° i T ~ 421
| THF, 60°,20 h d/‘%m J~crcon,
Me;N™ Pri R Ne P
(47) R = OEt (11)
(15) R = NMe,
Cr(CO)s O 0 -Bu o
- N t-Bu
2eq | OEt Pyridine, 80°,2 d Pri  * — Pri 421
N
Me;N™ Prei OFt Me
9 60
0.05M @ (60
OFt o o
(CO)sCr Ph t-Bu
6eq — DMEF/H,0 (99:1), 55°,36 h Ph (54) 414
N-morph

N-morph



(3014

14014

OEt o)
Solvent
(CO)sCr Pr-n -Bu —_—
3-6eq — Solvent/H,O (99:1), Pr-n THF 51) 414
: 55-80°,3-36 h DMF (30
N-morph N-morph
1. THF, reflux
HO—/_\—: OFt 2. PPhy, DEAD, H (50) 99
Cr(CO)s THEF, —10° to —20°
g Cr(CO);
Seq
OMe OH
MeO_ OH
22eq THF, 80° 124
OEt MeO__.
OMe Cr(CO)s
cl
OH |
1. THF, 80°, 16 h
N\ o OEt 33) 404
= 2. PPhs, DEAD o
2¢q Cr(CO)s Okt
Me,N Pr-n Me,N - Prn
T™MS |
— OEt MeCN, 80°, 8 h TMS (53) 394
2eq 0.05M Cr(CO)s OEt
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
o)
G SO,Ph
\ 1. Silica gel, 70° Gt
J— . o1lica gel,
n-CsH, —= o OFt & (49) 91
S 2. CAN o
Cr(CO
(CO)s o
OH
OEt P>
A /YC‘(CO)S 1. THF, 45°, 24 h 3) 69
- OMe 2. Air EtO
1.5eq 03M OMe
EtO.__Cr(CO)s
L o)
— = 1. Pyridine, 80°, 60 h (43) 405
. NMe, 2.H,0 MeoN
4 0.05M
TBSO  OEt
EtO TBS._~ Cr(CO)s OEt
= v\f CH,Cl,, 65°,20 h (53) 110
EtO OMe {
2eq 0.05M Cr(CO);
OMe
TBSO  OTMS TBSO  OTMS
- _ Cr(CO)s S
= W (i-Pr),NEt, TBSCI, + | P 88
TMSO OMe CHCly, 60°, 12-24 h . "
1.9eq 0.05M (CONBCT e (COBCT e
I+1I(75), LII=90:10



(8014

901

Me;N_ o Cr(CO)s

Me2N>{ W
Pri OEt

Me,N

-z
/
o

Pyridine, 80°, 2 d ; (58) 21
2eq 0.05M Me
o
CN
Cr(CO
o = Z 10 1. Heptane, 50°, 24 h (76) 95
OMe 2. CAN
2eq 05M (0]
OTf
CN
Cr(CO
15eq = r(CO)s TH,0, 2.6-lutidine, 7 95
o AN
OMe CH,Cl, 50 Cr(CO)s
0.05M OMe
OTBS
o TBSOTf (1.5 eq), CN R 159,05
15eq Z r(CO)s 2,6-lutidine (2.5 eq), Me  (73) ’
OR CH,Cl,, 50-65°, 15-24h \Cr(CO)3 c-CeHyy (75)
0.05M OR
OTBS
1. THF, 50 oN
Cr(CO 2. TBSCI (1.5 eq),
1.5¢q “ 1(COs (13 eq) 67) 95
Et;N (2.5 eq), 1t, 6-12h <
OMe Cr(CO);3
0.05M OMe
0o
' CN
2eq Cr(CO)s 1. Heptane, 50°, 24 h (57) 95
OMe 2. CAN
05M o
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C; OR
_ Cr(CO)s ROTI (1.5 eq), CN R
Ne— N — \/Y 2,6-lutidine (2.5 eq), TBS (73) 159, 95
OMe
CH,Cl,, 50-65°, 15-24 h N TIPS (68
15eq 0.05M . Cr(CO)3 ©8)
OMe
OTBS
_ CHCO)s 1. THF, 50° CN
1.5¢q \/Y 2. TBSOTY (1.5 eq), (22) 95
OMe BN (25 eq), 1t, 6-12 h \
0.05 M Cr(CO)3
- OMe
OE
CN
1.5¢eq Cr(CO)s EX (1.5 eq), base (2.5 eq), ‘@ 159, 95
solvent, 50-65°, 15-24 h AN
OMe Cr(CO)3
OMe
0.05M EX Solvent Base
TBSOTf CH,Cl,  2.6-lutidine  (72)
TIPSOTf CH,Cl,  2.6-lutidine  (76)
AcBr THF (i-Pr),NEt (55)
OE
1. Solvent, 50° CN
1.5¢eq Cr(CO)s 2. EX (1.5 eq), base (2.5 eq), ‘@ 159, 95
OMe ,6-12h “crco),
Me
0.05M Solvent EX Base
THF TBSCI  EuN (65)

CH,Cl,  TIPSOTf 2.6-lutidine  (72)
THF Ac,0 EtN 31



LOY

80¥%

T™MS

Q
=
oc}
1%}

1. THF, 50° CN
15¢eq VK(C'(CO)S 2. TBSCI (1.5 eq). (52) 95
OMe EGN (2.5eq), 1, 6-12h  TMS \Cr(CO)3
0.05M Me
OTBS
TBS._~ Cr(CO)s CN
2eq CH,Cl, or THF, (68-69) 159, 95,
ooy OMe 45-65°, 1124 h Nercoy, 110
OMe )
OH OTBS
TBS
TBS.__~ Cr(CO)s TCN TCN
THF, 45°,24 h (<5) + 43) 095
AN AN
OMe Cr(CO); Cr(CO);
OMe OMe
OTBS
TBS - CN
2,3-Dimethyl-
1.5¢eq ~ Cr(CO)s ety (68) 95
butadiene (50 eq), N
oorm e THF, 50°, 6 G
o)
Cy cl
! 1. Silica gel, 80° Cottion
J— . o1lica gel,
n-CoHyy—= o OEt & 31) 404
2. CAN o
Cr(CO)s o
o)
cl
| 1. Silica gel, 80° Gt
. o1lica gel,
OFt & (52) 404
o 2.CAN o
Cr(CO
(CO)s o
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
o)
Cg SPh
‘ CgHyj-n
n-CeHjz—— o OEt 1. Silica gel, 80° 19 91
o)
2.CAN
Cr(CO)s o
PhS\
QL&(CO)A, 1. Silica gel, 80° I(18) 91
2.CAN
OEt
TBSO  Bu-
+-Bu = Cr(CO)s
>{ (i-Pr),NEt, TBSCI, (79) 55:45 mixture of isomers 88
OMe CH,Cl,, 60, 12-24 h /
1.9¢q 0.05M (CORCY Hpe
TBSO ’
TBS_~ Cr(CO)s
Q{ CHaCl,, 65°, 19 h O (40) 110
OMe
2eq 0.05 M /
(CORCY Hpe
MeN o Cr(CO)s
o)
2eq OFEt 1. Pyridine, 80°, 60 h (40) 405
2.H0 Me,N
0.05 M
RN Ph
RN~ Cr(CO)s NRy
1.5¢eq RhCl3*3H,0 (2 mol%), NMe, (72) 194
Ph OFt THF/MeOH (4:1), 20° o N-morpholino (73)
t

025M



601

(187

N-morph
N-morph P
1.5¢q (CO)5Cr. i THF, 60°, 12 h N\_Pri  (26) 193
T-1
OEt Ph OEt
o
_ Cr(CO)s Ph Solvent
Ph—— \‘/Y 1. Solvent, 45-55°, 24 h THF (55 61
OMe 2. Air MeCN  (81)
1.5eq 0.1M OMe
0
| Ph Medium
OEt . o o
4eq (6] 1. Medium, 70 Silica gel ~ (2) 91
¢}
Cr(CO)s 2. CAN THF 2)
o
OH
Ph
15eq OMe 1. THF, 45°, 24 h 76) 69
Cr(CO)s 2. FeCl3-DMF
03M OMe
NMe, NMe,
Ph
35-7¢q )1 THF, 52°, 14h \@ @ 411
EtO” Cr(CO)s OFEt
0.04 M
0o
| Ph
1. THF, 50°,9 h
2eq o OMe (60) 146
2. CAN o
Cr(CO)s
0.04 M °
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg o]
1. (n-Bu),0, 130°, 300 s, Ph
Ph—— OMe microwave (75) 192
2eq 0.05M Cr(CO)s 2.CAN
¢}
c-Pr NMe, c-Pr. NMe,
| Ph
3.5-7eq EtO THF, 52°, 14 h 1(62) 411
Crcoy; ~ 004M OFt
c-Pr
/ NMe,
3.5-7eq l THF, 52°, 14 h 1(72) 411
— @O
EtO :
i-Pr i-Pr,  NMe,
NM
Jor Ph
3.5-7eq 1 THF, 52°, 14 h 27) 411
=Cr(CO);
EO 0.04 M OEt
~Bu___NMe, ~Bu_ NMe, pn OB
| Ph
3.5-7eq EtO THF, 52°, 14 hto 7d o+ 411,413
0.04 M
Cr(CO)s ¢}
CO)sCr
(CO)s Ph
Ph——R Eto)i THF, 55°, 4 d 422, 423
3-6e
q Me:N” TMS NMe,
I+11  LII
H (62 181
D (64 1.8:1



11y

(484

o
Ph Ph
1.5¢eq OMe 1. THF, 45°, 24 h (55) + 3) 61
Cr(CO)s 2. Air :
0.1M OMe
o
H
Ph
o OMe THF, 55°, 16 h (21) 2.5:1 mixture of isomers 424
Cr(CO), 0 H
T
> OMe
0
TBS. CrCO)s TBS Ph Ph
1.5¢eq VY 1. THF, 65°,17 h (<5) + (54) 110
0.02M OMe 2. CAN
0
OTBS
TBS._~ Cr(CO)s Ph
1.5eq \Af CH,Cl,, 65°, 19 h (44) 110
OMe ]
0.05M oned |
(CO)sCr
R~ Cr(CO)s Ph R R?
25¢eq W THF, 70°, 12 h | Ph Me 410
NHR? OMe RN Ph Bn
01M R® n-Bu Bn
OEt
(CO)sCr. xR Ph R
=
8eq OEt THF, 52°,7 d OEt 413
0.05M OFt o NMe,
PH OEt
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs (CO)sCrs__OFEt Ph OEt
_ =
Ph—— N THF, 52°,7 d 1) 413
OEt o OEt
8eq 0.05M NMe, -
OEt  N-morph o) N-morph
3eq p THF/MeCN (9:1), - 97) 415
(CO)sCr Pr-n 65,15 h N\_Et
0.05M
OEt
n-Pr I\O n-Pr. NO
2eq B0 | MeCN, 80°, 8 h Ph\ﬁ ©5) 304
(CONCr 0.05M
Pr-c¢
OEt THF, 50°, 20 h (33) 240
Cr(CO)s
o
Y
| Ph
8 eq o OR 1. Medium, 70-80° 91
dico) 2.CAN 0 I
T
s o)
R Y Medium
Et SPh silica gel 20
Et SPh THF (0)
Et SO,Ph silica gel (47)
Me SO,Ph silica gel (69)



(384

17484

‘ \ Medium 1
8eq o _—Cr(CO), 1. Medium, 70-80°, 1 silica gel ~ (68) 91
OFt 2. CAN THF (45)
1. Pyridine, 80°, 68 h 0
2¢q OEt (88) 405
2. H,0
X
Me,N Cr(CO)s Me,N Ph
0.05M
Ph._ _NMe, Ph.  NMe, Ph OFt
| Ph
3.5-7eq EtO THF, 52°, 14 hto 7 d 0 + | (24) 411,413
0.04 M
Cr(CO)s OEt o b
Ph
Ph.__NMe, Ph_  NMe,
| Ph
1.5¢eq EtO RhCl3+3H,0 (2 mol%), (73) 194
CHCO) 0.25M THF/MeOH (4:1), 20° OEt
5
H
o
3eq THF, reflux (1) 420
OMe
o o Ph 1.2:1 mixture of isomers
(oycr  00TM MeO
OEt Ph morph-N—
o Prei Ph
15¢eq (CO)SCr)\(K/ THF, 60°, 12 h NP (34) 193
N-morph OEt
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OBn OBn O
i BnO_ _+ Ph R
Ph—— 1. Silica gel, 80° H (19 124
OEt BnO__.
2.CAN 0 Cl (48)
OBn Cr(CO)s (0]
o)
SO,Ph
‘ 1. Silica gel, 80° OAc
ACO—/—\—: o OMe 2. Pyridine N-oxide, (28) 91
CH,Cly, 20° Y
Cr(CO)s
o)
O N-morph
o OEt  N-morph TBS
TBS—— P THF/MeCN (9:1), (72) 415
3eq (COCr 65°, 15h
0.05M OEt
o N-morph
OEt  N-morph
s OTBS THF/MeCN (9:1), TBS N . a5
[&
4 (CO)sCr R 65°,15h TOTBS
0.05 M OEt
o)
(\ o (\ )
o)
. o NMe, 0 NMe,
24eq | €2 Pyridine, 80°, 4 d TBS ) + () 395
EtO
CrCO)s OEt TBS OEt



Sy

91y

0o o .
OEt R TBS
3eq _ THF/H,0 (99:1), R n-Pr (62) 414
(CO)sCr N-morph 80°, 12-20 h Ph  (48)
Cy N-morph
Me,N [e)
| 1. Pyridine, 80°, 60 h (26) 405
OEt
2. H,0 Me,N
Cr(CO)s
2eq 0.05M
TBSO
= TBS._~_-Cr(CO)s
CH,Cl,, 65°,20 h (57) 110
1 OMe / I
1.5eq 0.05M (COBCr  OMe
PMP PMP
™S CrHCO)s EtO ) PMP EtO. )
PMP—— THF, 55°, 4 d \ (26) + / 422,423
NMe, OEt NMe,
3-6¢eq PMP PMP
H
TBSO o
\ _ THEF, reflux (59) 420
o] OMe O 1.3:1 mixture of isomers
Cr(CO)s MO OTBS
3eq 0.07M
NMe, NMe, NMe,
3eq E{O Pyridine, 80°, 1.5 h TBSO/\@ 86  + @ 304
Cr(CO)s OEt TBSO
0.05M
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co o 0]
i-Pr (0]
4}—< OMe THF, 50°, 24 h Iy (66) 238
_ Cr(CO)s
1.5¢e E
q 0.05M OMe
OH O
P 1. THF, 45°, 24 h Ph
= OMe T (17 69
Ph 2.1,
15eq Cr(CO)s oM
03M
o ¢}
i-Pr (0]
OMe THF, 50°, 24 h bes
= OH reo) T-i
T 5
I:5eq 0.05M OMe (4
OH ¢}
0 ‘ | OBu-t
ﬂ OMe 1. THF, 60°, 42 h 43) 121
OBu-¢ N 2. Air N
: |
1.5eq Boc Cr(CO)s Boc OMe
0.04 M OMe
TMS OMe
— A
= M THF, reflux, 6 h (70 155
Pr-n Cr(CO)s Xy, Pr5.1:1:1 mixture of isomers;
T™S .
E.E is major
OMe
OMe
THF, reflux, 6 h (72) 155

Cr(CO)s

<

o

Xy Pron 11.5:4.2:1 mixture of isomers;

T™MS . .
E,E is major




L1y

81y

OMe
O
- (79)
X o Prn 5.25:1 mixture of isomers;
TMS

o OMe THEF, reflux, 6 h 155
Cr(CO)s
Cio 0.01 M E.E is major
TBSO Ph
. €05 (i-Pr),NEt, TBSCI,
— (74) 55:45 mixture of isomers 88
OMe CH,Cly, 60°, 12-24 h )
1.9¢eq 0.05 M (CORCY Hue
Ar Ar
OEt  NMe, EtO. . Ar EtO. ; Ar
—Ar Core > ™S THF, 55°,4d ‘ (30) + _ (18) 422,423
36eq (CO)sCr NMe, NMe,
) Ar Ar
Ar = 3,5-Me,C¢H3
NMe, » 0 l
N 1. Pyridine, 80°, 52 h
— OFt | (50) 405
EtO 2. H,0 MooN
2eq 0.05M © O
Cr(CO).
> OEt
OMe
— \ OMe o
(CO)sCr Dioxane, reflux (80) 51
Ph
1.1eq 0.03M
1. THF, reflux o
TBSO, 2. TBAF (1 eq), THF, 20°
OFEt 3. PhyP, DEAD, THF, 20° =9) 289
= Cr(CO)s 4. Photolysis, air,
benzene, 20° OEt
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
10 1. THF, reflux
2. TBAF (1 eq), THF, 20°
OTBS H OFt
J— / 3. PhsP, DEAD, THF, 20° (7 289
Cr(CO)s 4. Photolysis, air,
benzene, 20°
TBSO OTBS TBSO OTBS
OTBS = Cr(CO)s AN
}< S (i-Pr);NEt, TBSCI, N | 88
OR CH,Cl,, 60°, 14 h R =
! 1
19eq 0.05M (CORCr op (CORCr R
R I+1I LII
Me (70) 91:9
i-Pr (80) 91:9
TBSO OTBS TBSO OTBS
Cr(CO)s (i-Pr),NEt, TBSCI, N
1.9eq + | 88
CH,Cl,, 60°, 14 h . P
OMe ; I Il
0.05M (COBCr e (COKCT OMe
I+1I(41), LTI = 57:43
TBSO OTBS TBSO OTBS
N
19¢q OMe (i-Pr)oNEL TBSCI, + | > o8
CH,Cl,, 60°, 14 h K
Cr(CO / 1
r(CO)s (COXCE e €Ot e M
0.05 M

I+11(87), LIl =72:28
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ocy

OH OTBS OH OTBS
t-Bu
| t-Bu t-Bu X
19¢q OMe (i-Pr);NEt, TBSCI, + | 88
0.05M o ; =
CrCO CH,Cl,, 60°, 14 h g
1(CO)s CORCY Gyve ! (CORCT Ovte I
1+11(74), LI = 91:9
[¢] OTBS (6] OTBS
Ph Ph
[ ’ -
1.3eq Me Additive (3 eq), + m
Cr(CO)s heptane, 90°, 18 h 1 e
OMe OMe
Additive I+1I LI
none (73) 82:18
(n-Bu);P (49) 66:34
i-Pr (0] OFEt
OMe THF, 50°, 24 h (68) 238
= OEt 0.05 M
15eq Cr(CO)s
i-Pr (6] OMe
— OMe THF, 50°, 24 h (62) 238
= OMe 0.05M
Cr(CO)s
1.5eq
Ci
NMe, b
}Qﬁ»n EO | 1. Pyridine, 80°, 64 h (87) 405
it
2 0.05 M 2. H,0 Me,N
cq Cr(CO)s
Pr-n
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
cn Cr(co)s PFt
Ar—— EO THF, 60°,7 d Ar - 22) 421
— | o I —~crcoy,
3eq TMS ]Id[e T™MS
Ar =2,4,6-Me;CgHy
R. NMe, R. NMe,
NMe, R
TBSO — Pyridine, 80°, 1.5 h a7 + (8) 394
0.05M OEt R OEt
teq Cr(CO)s R = (CH,);0TBS
_— OCD3 Benzene, 45°,48 h
OMe Cr(CO)s
2eq 0.05M
I+ (77), Ell=1:1; EEZI=1:3,E:Z1I 1:3
O OMe
OMe OH
OMe 1. THF, 45° 16
; o 0 Cr(CO)s 2. FeCl;-DMF
(6]
1.1eq o 1. Solvent, 45-50°, 18 h 278,12
OMe 2. FeCls-DMF
0-IM Cr(CO)s Solvent OMe
THF (72-76)
MeCN (69)
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OMe
(CO)sCr 1. 2-TMSO-1,3-butadiene
1.5¢q \\ (15 eq), THF, 50°, 72 h (23) 112
2. Me,C(CH,0H),, TMSCI
003M  TMS
cl
o OEt Silica gel, 80° (40) 404
MeO,C CO,Me
Cr(CO)s
cl
\ _ n |
— o OEt 1. Silica gel, 80° 404
2. DBU, THF
MeO,C  CO,Me CH(CO)s
OEt
R_ NMe,
— OEt R
B Cone _ M Pyridine, 80°, 1.5 h BY n-Pr (69) 394
Me0.C” COMe (COxsCr e MeO,C CO,Me (CH,):0TBS (51)
3eq 0.05M
0
Cn . 1-Ad o 0
OEt  Pr-i 1-Ad
1-Ad——= _ Pyridine, 80°, 2 d ~ Pr-i  + pri 421
2eq (CO)sCr NMe, N
0.05 M Me (50 ort (19
OTIPS
SPh
Phsf\{ OMe TIPSOTY, 2.6-lutidine, ‘0 (65) 95
Cr(CO)s THF, 50° ercoys
0.05M e
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cia
Cl 0
n ‘ n
=/ OTs 0 OEt 1. Silica gel, 80° n 1 (25) 404
2. Cs,CO3, DMF o 2 (26
Cr(CO)s $2003 20
OEt
SOPh 0
‘ 1. Silica gel, 80°
o OEt 2. Pyridine N-oxide, (26) 91
CH,Cl,, 20° o)
Cr(CO)s 2
2. Cs,CO3, DMF, 20° OEt
Ph O
S
T\ OTs
8eq 0~ Cr(CO; 1. Silica gel, 80° (49) 9]
2. Pyridine N-oxide 0
OEt o
OTBS
TBS
SO,Ph
\ 2/
X__Cr(CO )
}ﬂsozph \f 1(CO)s 2,3-Dimethyl- L (74) 95
OMe butadiene (50 eq), Cr(CO)s
1.5eq 0.07M THF, 50°, 4 d OMe
.OAc
OAc (7 Y
o~ -OA¢ 1. THF, 55°, 18 h . OAc
OMe - o)
) OAc TMS 2. Ac,0, pyr, DMAP, (59) 295
= ° Cr(CO)s CH,Cl,, tt, 16-36 h T™S
12¢eq 0.05M OMe
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144

= _.OAc
- OAc
O

0
OMe
12eq T™S 1. THF, 55°, 18 h (61) 295
Cr(CO)s 2.CAN T™MS
0.05M
0
o}
O ‘ CO,Et
2
CO,Et
///\\LCOzEt o OMe 1. THF, 45°, 24 h 69
NHA o NHAc
CrCO)s 2.CAN
1.5eq 03M o
o}
— ‘ |
=~k Q\WOMe 1. THF, 65°,2.d ‘ Fe (59 92
CCb} Cr(CO)s 2. PbO,, CH,Cl, 8] (be
leq 0.06 M 0
Ph it
| Ph >
|
leq OMe 1. THF, 65°,2 d ‘ Fe (62) 92
CHCO)s 2. PbO,, CH,Cl, I (67
0.06 M
TBSO  OSiMe,R TBSO  OSiMe,R
0SiMe,R . B
- OMe (i-Pr),NEt, TBSCI, . .
— CH,Cly, 60°, 14 h . =
Cr(CO)s ;
19¢eq : (CO)CY (CO)CY
0.05M OMe (I’:"e
R I+ LI
Ph 40)  85:15
CeFs (32)  62:38
PMP (56)  88:12
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
1 TBSO  OTIPS TBSO  OTIPS
OTIPS X
= OMe (i-Pr),NEt, TBSCI, + | P 88
CH,Cly, 60°, 14 h k
Cr(CO ,
19eq €5 05 m (CORCT e coned e T
I+1I(87), LI = 95:5
O N-morph
OEt  N-morph
X — OTBS  THF/MeCN (9:1), 80°, 1.5 h N (78) 415
Br  OTBS (CO)SCr 4 Br  OTBS oTBS
3eq 0.05M OEt
0. _O
MeO g OMe 1. CHyCl,, 50° (65) 95
N Cr(CO)s 2. MEMCI, (i-Pr),NEt, rt
MeO Cr(CO)s
o) 0
0 Pr-i OBu-t
M OMe THF, 50°, 24 h . (70) 238
_ Pr-i
t-BuO — Cr(CO)
T 5
1.5eq N
0.05M OMe
OFt O o
— (CO)sCr Pr-n .
BY — THF (1% H,0), 80°, 7 h B Prn (26) 414
EtO,C  COEt N-morph EtO,C  COEt
N-morph

3eq
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9Ty

Me,N_ R R_ NMe,
2-4eq OEt Pyridine, 80°, 3 d BY (48) 395
0.05M  Crco)s Et0,C 'COEt
R = (CHy),—~<
Cis
T™MS ‘ NMe, O Ar
Ar—— OEt THF, 55°,4d (34) 395, 423
3eq Cr(CO)s NMe, 4.5:1 mixture of isomers
Ar = 4-PhCgHy
OTBS OTBS
1. THF, 50°, 22 h
N OMe N
(n-Bu)3Sn——= T™S 2. TBSOTY, E;N, 40) + Q7 72
1.5eq Cr(CO)s rt, 16 h TMS Sn(Bu-n)3 TMS
(COXiCr OMe (CO)Cr - OMe
Me,N Pr-n Me,N_ Prn
= OEt Pyridine, 80°, 1.5 h FZ 81 394
TMS™ MeO,C COMe 005 M TMS” MeO,C COMe
3eq : Cr(CO)s OEt
OH
V4
x| COsEL [ | Z COE
t
3 v OMe Benzene, 70°, 2 h [ 32 385
0.9 Y
‘ | e Cr(CO)s 1 H
0.003 M OMe
Y z I n -
o o 368) (3 ~ome CO:E
0O CH, [CS N )) v
CH, CH, (53 B 7
i
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cis OH
o L-COsE =
OMe CO,Et
3 TMS Benzene, 70°, 2 h 3 (46) 385
Nl 0% Cr(CO);s ™S
Cis 0.003 M OMe
TBSO  OTBS TBSO  OTBS
o OTBS OMe Ph A Ph
——< (i-Pr),NEt, TBSCI, ¥ | 88
Ph o > =
Cr(CO)s CH,Cl,, 60°, 14 h ;
CO)5Cr I CO);Cr I
19eq 0.05M (CORCE Ome (CORCT Ome
I+11(81), LI =71:29
TIPSO OTIPS TIPSO  OTIPS
- OTIPS Pr-n N Pr-n
— OMe (i-Pr),NEt, TIPSCI, + | > 88
Pr-n o b
CH,Cl,, 60°, 14 h ’ /
1.9¢q Cr(Cos (COBCE e ! (CORCT Ope u
0.05M
1+11(68), LII = 93:7
OMe
= 4
1. Dioxane, 85°
o OMe 2. Me0,CC=CCO,Me, + 408
dioxane, 85°, 1-2 h
N Cr(CO)s
0o
Solvent
S oM
o ¢ 1. Solvent, 45° THF (17) 278
Cr(CO)s 2. Todine MeCN  (30)

OMe NEt,

OMe NEt, OMe
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8Ty

Cy7
N o N/
O Me,N
1. Pyridine, 80°, 60 h 15) 405
| OEt Y Me,N (
2. H,0
2eq Pr-n Cr(CO)s O
0.05
Pr-n
OR
Z T
OMe ROTY, 2.6-lutidine, TBS (76) 159
SPh OMe Cr(CO)s CH,Cl,, 50-65°, 15-24 h / TIPS  (77)
13¢eq 0.05M (COXCr OMe  SPh OMe
OAc OAc
OMe
Z R R=
OMe MeCN, 55°, 24 h (67) s 139
R ;
S Cr(CO)s OH
OMe 0.12M OMe
0.5eq
Cx3 TBSO OTr TBSO OTr
OTr AN
OM
}< )H( ¢ (i-Pr),NEt, TBSCI, + | P 88
Cr(CO)s CH,Cl,, 60°, 12-24 h I / I
19¢q 005 M (CORCE e (CORCT e
1+1I(89), LII = 55:45
TBSO  OTr TBSO  OTr
A
1.9eq OMe (i-Pr),NEt, TBSCI, + | 88
Pz
CH,Cl,, 60°, 12 h k /
, I n
Cr(CO)s CORCY e ©onc’ e
0.05 M
1+1I(68), LI > 96:4
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cos 8BS TBSO  OTr TBSO  OTr
OTr X
}< OMe CH,Cl,, 60°, 14 h + | 88
. Pz
Cr(CO) ! / I
1.9¢q 0.05 M 5 (CORCT OMe (CORCT OMe
’ 1+11(65), LI = 69:31
TBSO  OTr TBSO  OTr
X
1.9¢eq OMe CH,Cl, 60°, 14 h | 88
. Pz
Cr(CO ; i
005 M (€0 (CORCT OMe (CORCT OMe
: 1+11(88), LTI = 58:42
(6] OTr 0] OTr
R%__R! R! R2
‘ Heptane, additive (3 eq), 2-- 1--
13eq OMe P itive 3 eq). R ., R .
16-18h
Cr(CO)
’ oMe ! ome I
0.01M
R! R? EZ Additive ~ Temp I+ LI
Me Et  >98:2 none 90° (73) 92:8
Et Me <2:98 none 55¢ (66) 91:9
Me Ph >98:2 none 90° (72) 90:10
Me Ph >98:2 (n-Bu)sP 90° (68)  80:20
Me Ph  60:40 none 90° (65) 68:32
_-OBn
~OBn 1. THF, 55°, 22 h OBn
| OMe
OBn  TMS 2. Ac,0, pyr, DMAP, (53) 295
= 0 Cr(CO)s CHoCly, 1t, 1624 h TMS
12¢q 0.05M OMe
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ocy

Cos
o OTr N Pr-n
— < OMe TIPSCI, (i-Pr),NEt, + ‘ ' 88
Pr-n o b
CH,Cl,, 60°, 14 h
Cr(CO)s 22 ’ 4 I 1I
(CORCr oM. (CORCr OM
19eq 0.05M ¢ ¢
I1+11(72), LIl = >96:4
OH OTr
Pr-n (13)
111
OMe
Cy
OTr O OTr
= \ -
= l OMe See table. ‘ 357
Cr(CO)s
A 0.0l M OMe X
|
Solvent Temp I+1I LII
MeCN 55¢ (88) 98:2
MeCN 90° (72) 95:5
heptane 90° (60) 94:6
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
OBn
Ph S _.OBn
I #BuOMe, 60°, 26 h OBn 425
Cr(CO)s
2eq 0.15M

R

348,
e,
s

(83)

(0]
0]
X g
0%, (76)
OO
o)
><oq O}O§) (67)
O\ o
X

(80)
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OBn

_-OBn
1. THF, 55°, 16 h
OMe OBn
T™S 2. Ac,0, pyr, DMAP, (54) 295
Cr(CO)s CH,Cly, 1t, 16-24 h
T™S
027M OMe
(&)
o R
Ph
/
= ‘ Ph
OMe 1. THF, 60°, 2 d ‘ (73) 375,376
R CrCO)s 2. PbO,, CH,Cly
125¢q 0.008 M 0
0
Z Ph
Ph R
OMe 1. THF, 60°, 2 d ‘ (71) 375,376
i CH(CO)s 2. PbO,, CH,Cl,
125¢q 0.008 M 0
p-Tol
R= ’E Tol-p
p-Tol
TABLE 6. ALKENYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Csy R
Ph Ph (0]
R R %OMe 1. THF, 60°, 2 d o 376
Cr(CO)s 2. DDQ, MeOH, reflux, 1 h
0.04 M
R
0.8 eq




(354

TBDPSO
OMe
_.OTBDPS (CONCr
o OTBDPS
Z T™S
1.l1eq 0.05M
TBDPSO
OMe
‘ _-OTBDPS (CONCr
P o OTBDPS
= TMS

1.05 eq 0.05M

OTBDPS
_OTBDPS
1. THF, 55°,22 h OAc
2. Ac,0, pyr, DMAP, o OTBDPS
CH,Cly, 1t, 16-24 h
TMS
OMe
(32)

7:1 mixture of B:0. anomers

OTBDPS
__OTBDPS

1. THF, 55°,24 h OAc
2. Ac,0, pyr, DMAP,

CH,Cly, tt, 16-24 h
TMS

OMe

295

295
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TABLE 7. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OAc
_ C 1 om /
MeO——— N e Acs0 (1 eq), EtN (1 eq), (—) 287
o N
4deq Cr(CO)s THF, 70°, 6 h OMe
c 0.1M OMe
5
OAc
— 4 ! oM 4
EO——— N e A0 (1 eq), EN (1 eq), (—) 287
o N
deq Cr(CO)s THF, 70°, 6 h OFt
0.1 M OMe
Cs OH
Et
o a om Vi Meo—_©
Et———Et o) € 1. THF, 85°, 10 h ®2) + \/ “4) 65
o o]
15eq Cr(CO)s 2. Air, silica gel Et B Et
> 0.08 M | OMe
7 | o MeO 0] ‘
c
15eq o OMe 1. McOH, 85°, 10 h 1(82) N /7 N\ 3) 65
Cr(CO)s 2. Air, silica gel Et Et
0.08 M o
74 | Et
l6eq o OMe 1. THF, 75°, 18 h / (85) 114
0
Cr(CO)s 2. CAN Et
0.17M 0 1
—~
O —
1.6¢eq OMe 1. THF, 75°, 18 h 1(77) 114
Cr(CO)s 2. CAN
0.17M
—~
O - —~
1.0eq = OAc CH,Cly, -20°to1t, 1 h b=} o 114
022 M Cr(CO)s OAc
7 | Et
2-4eq N OMe A0 (2 eq), EN (2 eq), 4 (42-48) 116, 360
Mé CH(CO)s THF, 65°,3 h
0.0
H
N-N
15eq \ OMe 1. THF, 45°, 18 h (45) 237
2.CAN
0.1M Cr(CO)s
o)
Q-
1525¢q . | OMe 1. Solvent, 50°, 24 h ‘ 62
/ 2.CAN N Et
Me Cr(CO)s Me o
CC (M) Solvent
0.2 THF @81
0.01 hexane (79)
0.2 benzene (79)
crcoys 00! MeCN (29)
OMe
| 1. Hexane, 80°, 9-20 h I (78) 62
/N 2. CAN
Mé 0.01 M
Me\ Me\ o
N N Et
‘ 1. Hexane, 50°, 24 h
1.1eq OMe 2 Air (76) 62
: Et
Cr(CO)s OMe
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TABLE 7. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce (0] (6]
O, Oy
Et——Et N | OMe 1. Hexane, 50°, 24 h ‘ (75) + Q (20) 62
1.1eq / 2. Air /N Et /N \ Et
Me - Crcoys Me Ome Mé  Ome Cr(CO)
0.01 M oH
74 | CO,Me
Me0,C—==—CO,Me N OMe THF, 65°, 5 h 4 36) 116
24eq Me Cr(CO)s N COMe
0.04 M Me OMe
OAc OAc
7 ‘ TMS
T™MS——— N OMe Acs0 (1 eq), EN (1 eq), 4 (32) + / (r) 287
deq CrCO)s THF, 70°, 6 h N T™S
01M OMe OMe
c OAc OAc
7 74 | Bu-n
n-Bu—— /N OMe Acy0 (1.5 eq), EN (1 eq), 3n o+ 4 (20) 116
Me  Gico)s THF, 65°, 5 h N N Bu-n
24¢q 0.04M Me OMe Mé OMe
0
O Pr-n
EtO——Pr-n | OMe 1. Hexane, 50°, 24 h O (49) 62
N . N
32eq M / 2. Air / OEt
€ Cr(CO)s Me M
0.01 M OMe
0
O T™MS
EtO—=——TMS . | OMe 1. THF, 50°, 24 h ‘ (78) 62
25¢q W, 2.CAN /N OFt
© Cr(CO Me
02M (C0)s o
- 0
N~y 1. THF, 45°, 48 h
1.5¢q WOMe 2. CF3CO,H, 0.5 h 237
3.CAN
Fho Crcoys Ph
Cyo 0.1M
OMe O O
Cr(CO)s 0 | OMe
R'——R? ‘ Di 100°,5h \ + — 426
F ioxane, 5
e OMe Fl o R! Y
~ N 1 < I
0.05M
R' R? Alkyne (eq) 1 I
n-Pr n-Pr 1.5 ) ds)
n-Pr n-Pr 2.5 (18) (21)
Ph  Me 1.5 a3 (o
Ph  Me 25 29) (10)
Cyg e}
Y-
9 Y- Y
OMe 1. THF, 66°, 5 h \ S (56) 135
Cr(CO)s 2.CAN NMe  (28)
1.5eq 02M o
Cy 0
7 | 1. (n-Bu),0, 130°, 300 s, / Ph
Ph——— 0 OMe microwave (64) 192
o)
, Cr(CO)s 2.CAN
e 0.05M 0
o)
o, | O ‘
O/B = . OMe 1. THF, 45°, 16 h N 5 © (64) 75
Ml 2. CAN e (\)
Jeq ¢ Cr(CO)s o
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TABLE 7. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cyo OH Bu-n
7 | Bu-n
n-Bu—=——Bu-n o OMe 1. DMF, 120°, 5 h 4 + 7 “Bun 427
L5eq Cr(CO)s 2.1 N HCI, MeOH 0 Bu-n o
OMe (37) 0 34
Bu-t
7]
OMe 74 -
/2 — 0 1. DMF, 120°, 5 h | 72) 427
— Bu-r » ’ \_//
o}
1.5 eq Cr(CO)s 2.1 N'HCI, MeOH \
Ci OH Ph
7 | Ph —
:\%Ph o OMe 1. DMF, 120°, 5 h 4 pe—ea 427
0 0
1.5eq Cr(CO)s 2.1 N HCl, MeOH N
OMe 14 0 (30
trans:cis = 2.6:1
Cp OH Ph
7 | Ph
Ph—=—=—Bu-n 0 OMe 1. DMF, 120°, 5 h 4 + a Bun 427
15¢eq CH(CO)s 2.1 N HCL MeOH 0 Bu-n o
‘ OMe (1s) NG
OH trans:cis = 1:2.6
7 | Ph
o OMe 1. THF, 65° 4 1) 427
0
Cr(CO)s 2. 1 N HCI, MeOH Bu-n
OMe
Bu-1
@ 4
0 |
07L o OMe 1. DMF, 125% 5 h a - 0 (60) 427
= Bu Cr(CO)s 2. 1 N HCI, MeOH o
1.5eq o)
OAc OTBS
TBSO 4 | / x
— OEt 0 OMe Ac;0 (2 eq), E6N (x eq), 2 @3 115, 264
o 0
15¢q CrHCO)s THF, 65°, 10 h OEt 0 (36)
0.03M OMe
OH OTBS OAc OTBS
7 Acy0 (x eq), BN (y eq),
OMe 24 7
N AcOH (z eq). + 115,116
Mé Cr(CO)s THF, 65°,5-10 h N OFt N OFt
0.03M ’ Me OMe 1 Me OMe i
Alkyne (eq) X y z | I
15 1 0 0 (26) (41)
15 L1 11 0 ) (46)
24 15 15 0 ) (62
15 0 0 1 19) (—)
OMe Me
74 | X
15¢eq N OMe EtN (x eq), 10 (13) 115
Mé Cr(CO)s THF, 65°, 4-5 h 0 (68)
0.03M
Q 0
o 7] Y Bun Bu-n
\
JB—=—Bun o} OMe 1. THF, 65°, 16 h o 5O @7 + 4 (30) 74,75
o
3eq Cr(CO)s 2.CAN 5 b
0.03M o
Cu OH
74 | Ph
Ph—=——Ph %(OMC (n-Bu),0, 80°, 2.5 h 4 (19) 104
o]
l.leq Cr(CO)s Ph

0.17M

(CONCE OMe
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TABLE 7. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cu OH Ph
rR— | Ph
Ph—=—=—Ph o OMe 1. DMF, 120°, 5 h R— o Ph 427
o) o)
15eq Cr(CO)s 2.1 N HCI, MeOH Ph |
1 OMe ) I
R 1 II cis:trans IT
H @®) 61) 151
Me ©) 56) 131
0
7 | Ph Medium
1.3 eq (6] OMe 1. Medium, 50-80°, 2-3 h 4 silica gel (74) 177,178
CH(CO)s 2.CAN o Ph MgS0;  43)
0
OH
0 | o) Ph
1.25¢eq \ OMe (n-Bu),0, 70°, 2 h \ (62) 104
Cr(CO)s / Ph
02M (CO)Cr OMe
OH
Ph
13eq a (1-Bu),0, 80°, 1.5 h 4 28) 104
S OMe S
/ Ph
Cr(CO)s (CO)Cr OMe
0.18M
OAc
74 | Ph
2-4eq /N OMe Acy0 (1-2 eq), EN (1-2 eq), 4 (22-24) 116,267,
Mé Cr(CO)s THF, 65°, 2-24 h N Ph 360
0.04 M Me OMe
Cus o
Ph
~
Ph—==—"Ph PN ome 1. Toluene, 95°, 15 h PN (44) 17
—
2. Air Ph
2eq 01M Cr(CO)s I}
H 0
N-n R
1.5eq WONR 1. THF, 45°, 18 h Me (51) 237
! 2.CAN Ph (@l
Cr(CO)s R o
0.1 M
Me Me\ (o)
N N Ph
1.5¢eq ‘ OMe 1. Hexane, 50°, 24 h ‘ (52) 62
2.CAN O Ph
Cr(CO)s 0
0.01 M
Cr(CO)s 0 / OMe
! \
1.5eq F (n-Bu),0, 80°, 4 h | (45) 428
©  OMe Fe ph—Cr(CO);3
Qé @ PH
0.11 M
o) Ph o om
Cr(CO)s €
~ N , & = |
Fe OMe Dioxane, 100°, 5 h | Ph + Fe 426
Fe
= o M e "
Alkyne (eq) 0.05M 1 I
1.5 (38)  (—)
2.5 “43) 0
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TABLE 7. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cig o]
Ph ?
0, 4 | 7 Ph
\ — OMe ° 4
JB—=—"h o) 1. THF, 65°, 16 h o N 42) 74,75
(¢ [¢)
2.CAN |
3eq Cr(CO)s o} o)
0.05M o)
Cia17
O
24 | e R R
Ph—=—R 0 OMe Benzene, 80°, 12-24 h (CONCr TBS  (36) 134
12eq Cr(CO)s TIPS  (62)
) OMe
Cie
AcOTBSO /[ \
o_ O
7]
0 OMe AcO 2eq) EGN 2eq), ¢ (28) 264, 115
Cr(CO)s THF, 65°, 72 h o OFt
0.03M OMe
HoTBSO [
o_ O
7]
1.5¢eq /N OMe Acy0 (1.1 eq), EGN (1.1 eq), 7/ (38) 115
Me Cr(CO)s THF, 65°, 8 h N OEt
Me OMe

0.03M
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TABLE 8. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy HO (6]
o 4 | / Y X y  Time
>{ Y OMe THF, 65°, 20 h O — — 20h (13) 264,115,
Y
X eq Cr(CO)s NMe 24 0.03 4h (39) 116
Cs yM OMe
(0]
4 I Pr-n
N 1. THF, 75°, 18 h
nP—— 0 OMe 4 51 114
s 2.CAN o
=€ Cr(CO)s I
0.17M (0]
4 | 1. Ultrasound, (n-Bu),0,
13eq o) OMe 1t, 25 min 1 45) 177
Cr(CO)s 2. CAN
0.1 M
4 | 1. Microwave, (n-Bu),0,
2eq o} OMe 130°, 300 s I(72) 192
Cr(CO)s 2. CAN
0.05M
OH
4 | Y Pr-n Y x y Temp Time
xeq Y OMe (n-Bu),0,70°, 2 h O 11035 70° 2h (23) 104
Y o
Cr(CO)s \Cr(CO)3 S 12 05 80 1.5h (40)
yM OMe
TABLE 8. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs H
N~ N X
n-Pr—— WOMe 1. THF, 45°, 18 h 0.01 (10) 237
15eq 2.CAN 01 @3l
xm CrCOs 10 @7
H OAc
N~ .
. |N /N\ N Pr-n
1.5eq OMe Acy0 (1.5 eq), L (1 237
THF, 45°,36 h
Cr(CO)s OMe
0.1M
[¢] o
Pr-n
11415 | 1. Hexane, 50°, 24 h N 2
d-15e
d N OMe 2.CAN N N
/ / / Pr-n
Me Cr(CO)s Me o Meé o
0.01 M 1 1
I+1I(68), LI1=350:1
Me
\
N
2eq | OMe 1. Hexane, 80°, 9-20 h IT+1I(73), ILI>110:1 62
2. CAN
Cr(CO)s
0.1 M
(0]
O Pr-n
I.l1eq N | OMe 1. Hexane, 50°, 24 h O (85) 62
wd 2. Air N
N Cr(CO)s Me OMe
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124

Me\ Me (0]
N \N Pr-n
| OMe 1. Hexane, 50°, 24h O (48) 62
1.1-1.5eq 2. Air Q
Cr(CO
01 M (CO)s OMe
OTBS OTBS
o)
Pr-n
1.1eq | 1. Hexane, 55°, 1.5h (53) 242
N OMe 2. Air N
Me/ M/
Cr(CO) e
0.01 M ’ OMe
OTBS o OTBS
lLleq | 1. Hexane, 55°, 48h i \ Pr-n (38) 242
N OMe 2. Air N
/ Me
Me Cr(CO)s OMe
0.01 M
OH
(] o
3
g = o OMe 1. Solvent, 80°, 14h 4 + 0 65
. o]
12eq Cr(CO)s 2. Air
0.1M I OMe s
Solvent ) | (2)-11 (E)-I1
THF (22)  4®) (0
MeCN 32 20 &
o 7 AW
>—: S OMe EtOH (1.5 eq), g7 NF T, COEC g ppg 0 379
EO 1 5¢q CrCO)s THF, 60° ,4-6 h OMe CO,Et
0.05 M
TABLE 8. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH O
H
A ¢ ] oM 7 OEt L) _ CO,Et
>j 0 € EtOH (x eq), + 0 r 2
0
BO ) 5eq Cr(CO)s THF, 60-65, 3-20h OMe CO,Et
0.05M OMe
I Il
X I 1O I(EZ
15 (— 80 1:12 379
0 Qen Qo) — 264, 115
o) CO,Et "
[ ] EtOH (x eq) A a
Xe€eq),
2-4eq N OMe qa | v N _ CO,E
/ THF, 60-65°, 3-6 h N o |
Me Cr(CO)s \ e Me OMe COEt
- Me
0.05M I i
X I 1O I(EZ)
1.5 (—) (87) Eonly 379
0 G G — 116
Ceo /T
Bu-n
OR Y =
74 | Bu-n MeO o o
n-Bu—— 1% OMe Additives (1.1 eq), / ¥ 5
(50 Y u-n
CrCO)s THF, 60-65°, 6-24 h J
OMe Y
I 11
OMe



Lyy

8y

Alkyne (eq) Y Additive R I 1
1.5 [¢] none H (33) @35 381
26 o) none H (76 (—) 360
1.5-2.5 o) Ac,0, EsN Ac (68) (—) 381,267,
360
1.5 S none H (33 10 381
1.5 S none H @4 (— 360
15 S Ac,0, EN Ac (66) (—) 381, 360
OAc
a 1. THF, 85°, 20 h / Bu-n Moo O A\
1.5¢q o OMe 2. Acx0, NaOAc, ©0) + \ /0@y e
o o}
CrCO)s THF, 85°, 6 h B
0.08 M OMe
OH
Bu-n
4 Conditions
i 1 B -
3eq | o 1. THF, 53°, conditions o Cl 40 h (42) 169
o 2. Air, 30 min (e} ultrasound, 2h  (59)
Cr(CO)s
0.03M
OAc
74 | Bu-n
24eq N OMe AcO(15cq BN (eq, < (34) 116
Me Cyco)s THF, 65°, 2 h N
Me OMe
OAc
74 ‘ Bu-n
deq N OMe A0 (1 eq), EN (1 eq), 4 22) 287
Cr(CO)s THF, 70°, 6 h N
0.1M OMe
TABLE 8. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OAc
7 ‘ Bu-n
n-Bu——= | N OMe Ac0
— 20 (1 eq), EgN (1 eq), = (18) 287
4eq Cr(CO)s THF, 70°, 6 h N
0.1M ’
OH
(]
M
e 0 OMe 1. Solvent, 78-85°, 12:20n ¢ 114,65
— o]
1.02.1 g Cr(CO)s 2. Workup
0.08-0.17 M I OMe
Meo—_©
\ /) o+
R

Solvent ~ Workup

a
MeO CO,Me
v
R= (CHZ)ZCOZMe

1 I X v v

o
\

THF air, Si0,

THF TsOH, benzene, 85°

hexane air, Si0,
MeOH air, Si0,
benzene  (n-Bu);P, acetone
MeCN air, Si0,

as  6n @@ = )
= 65 = = )
(6) (39 Ay = )
@4n = = @ )
(B0 = G = )
12y = = = @)
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oSy

CO,Me
OH
O o)
4 | 1. MeOH, 85°, 18 h o
1.1eq OMe 2. (n-Bu)sP, acetone, S 6 + 0 ®) 114
Cr(CO)s ™ 1h \
OMe
CO,Me
OH
7]
15¢q S OMe 1. THF, 85°, 10 h 4 (37 114
Cr(CO)s 2. Air, Si0, S
0.17M OM
S (30)
MeOzC
0
1. MeOH, 85°, 2 h
/ | 2. C13CCO,H, benzene, 4 (35) 114
o 0 o
reflux
Cr(CO)s O~
0.1M
Cs o
74 | 1. Microwave, (n-Bu),0, Ph
Ph—— 0 OMe 130°, 300 s 4 (29) 192
2eq Cr(CO)s 2.CAN 0
0.05 M 0
OH
74 | Ph
1. THF, 45°,36 h
12¢q 0 OFh 4 73) 169
2. Air, 30 min o)
Cr(CO)s
0.02M OPh
TABLE 8. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg OAc
24 | Ph
Ph—— N OMe Ac,0 (2 eq), EGN (2 eq), 4 5) 116
24eq ME o) THF, 65°, 4 h N
H
N-y R
L.5eq WOMe 1. THF, 45°, 18 h Me  (22) 237
X 2.CAN T™MS (10)
Cr(CO)s R
0.1M
0
Oy
25 | 1. Benzene, 50°, 24 h ©) 0
D e
a N OMe 2.CAN N
v /
€ Cr(CO)s Me o
02M
0
O
. [ 1. Hexane, 50°, 24 h O 50 o
e
d N OMe 2. Air N
v /
¢ Cr(CO)s Me OMe
0.01 M
Cy o
74 ‘ 1. Microwave, (n-Bu),0,
—@—: o OMe 130°, 300 s 4 ‘ ) 192
Cr(CO)s 2.CAN 0
2eq 0.05M o]
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(494

H
Cio Q
B
BiO a 4 OBn Conditions
o _tondiions
| — / | o 1. THF, 55°, conditions 0o cl 33h (25) 169
T 0 2. Air, 30 min o) ultrasound, 5~ (55)
12eq
Cr(CO)s
0.03M
Cy o)
TsO O
TN — N ‘ OMe 1. Hexane, 50° 24 h O “2) 62
/ 2. K,COs, Nal, 80°, 6 h N
1.1-1.5eq Me Cr(CO)s Meé OMe
0.01 M
Cia HO
= 7 N
COE L ome J COEt
(6] Benzene, 70°, 2 h 385
o) I
S Cr(CO)s
% ‘ OMe
o OMe THF, 100°, 2 h 1(10) 385
o)
Cr(CO)s SPh
o ]\
SPh a 1. Toluene, 85°, 18 h 0 MeO e
Meozct o) OMe 2. (n-Bu)sP, acetone J | (23) + MeO,C ®) 114
3. Air, SiO.
Ileq Cr(CO)s 2 o oS
OMe
Boc )(
OH N
O/>; 4 I 6]
7LN o OPh 1. THF, 50-55°, conditions /"] 169
\ . .
Boc Cr(CO)s 2. Air, 30 min o)
Alkyne (eq) 0.03-0.05M Conditions OPh
15 21h (53)
3.0 ultrasound, 2 h (59)
TABLE 8. HETEROARYL(ALKOXY)CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cp OH o
i %
NHBoc | OEt
Et0 o OAr 1. THF, 45°, 17-36 h 4
) ) o NHBoc
[ Cr(CO)s 2. Air, 30 min
N OAr
12-20eq 0.01-0.05 M 1
Ar 1 n
2-CIC¢H, G4H
2-MeOCgH,  (26)  (—)
4-IC6H, 43) (—)
3-CF3C¢Hy (35) (—)
OMOM OMOM
1 S
o
Ph E ‘ 1. Benzene, 50°, 17 h O N Ph (59) 0
OMe 2. Air H
1.5eq N N N
N e /
€ Cr(CO)s Me OMe
0.01M
Ci3
o) o)
1 Er 1
Bn0” "N | N “OBn
n N . OMe 1. Xylenes, 55°, 1.5 h . \ Et H ©1) 242
/ 2.140° 1 h
15¢q S Me Cr(CO)s md OMe

0.05M




€Sy

Cis
X - CO,Et

0.83 eq

a

0 OMe
Cr(CO)s

0.0025 M

Benzene, 70°, 2 h

OMe

\ “OMe

@
O,
—

CO,Et

(10

385
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TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy
— : NH; Argon (5 bar), \ (48) 431
1.3eq MeO CHCO), MeCN, 80°, 15 min OMe ,N‘Cr(CO)S
024M H
13eq NHMe Argon (5 bar), Q{\}A (73) 431
| .
MeO— Cr(CO)4 MeCN, 80°, 15 min MO NMe
\Cr(CO)
024M 4
. H
P N
Seq W Benzene, reflux, 12 h O’ (52) 429
(CO)Cr~y, /
/ (CONCY o)
(CO)sCr. N\v Ph
1.5eq Y THF or cyclohexane, / \ (48) 235,236
Ph Ph N Ph
80°, 1-3h H
033 M
H
N\rph
32eq @ ‘Cr(CO) Argon (5 bar), ‘N (51) 432
e 4 o N
N THF, 70°, 1 h Cr(CO)4
Me, /
N
Cs 0.08 M Me,
NMe,
NH, N
MeoN—— Benzene, 20°, 2 h - 79 430
© (CO)Scr%Ph coscr= Bt e
1.0eq 03M Ph
Co Et Et Et
i Cr(CO
Et——Et )\f 1(CO)s Benzene, 80°, 18 h Et * Et Et 83
2eq NMe
2 NMe, (10 NMe, (10 NMe,
025M
OH
EtOZCWCr(CO)5 EtO,C Et
4eq N THF, 60°, 48 h Et (75) 156, 157
0.03M <—7 (N;
Et Et
Ph.__Cr(CO)s
3eq Solvent, 2.5-5 d ‘ Bt + Et + 13
NMe,
0.1M NMe, O
1T Et Et
Solvent  Tem I I I fg\
£ DR N
THF 95° (13)  46) (15 Ne
THF 115° 3B (22)  (14) o
toluene  95° ) @ 19
toluene 115° (22) 14 (22
Et
Ph g
5eq \W Benzene, reflux, 6 h O’ Et (1) 429
(CO)Cr~ /
/,
0.08 M (COxCr °
PhYCr(CO)_g 2
1.5-2.0 eq N 1. DMF, 120-125°,5 h Et (52) 79
i / 2.90-95°, 15 h
(6]



TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

9Sv

LSy

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Et
Ph Cr(CO)4 °
B \f 1. DMF, 120-125°, 5 h O‘ E 06 o
N-morph 2.90-95°,15h
1520eq N-morph

Et
H
N \‘rPh %\ Et
12eq . THF, 70°, 1 h N (59) 432
N7 ) N
Ve, o,

N
0.1M Me,
OAc
CHCo 1. Toluene, 55°,4 h Et
5 S Cr(CO 2. Acy0, EtsN, DMAP, (67) 162, 163
e
4 _N__0O ,35h Et
Bn Y . N._O
3. FeCl3-DMF, 20 min Bn~
OBu-1
0.1M OBu-
JPr-n o OH
Vs N Et Et Et
2¢eq wpr—N_ | Toluene, 100° nPr=N_ | an + (14) 433
>—Cr(CO)4 o Et Et Et
i -Tol
p-Tol P OH p-Tol
0.25M

Et Et

H
t t

1.2eq ‘C o Toluene, 70°, 1 h (COXCr \ + (COuCr 432

ACH(CON N NH

N
Me,
(5) (36)
NMe.

0.09M > NMe.

N

OAc

Et
Et
. Solvent, 55-60°, 2-3 h O‘ Et OO
Ac,0, EgN, DMAP, o + Et 162, 163
N (0]

p-Tol YCr(CO)4
“ A

2eq R N \KO 2.
OBu.r 1,052 h N
u- /
3. Workup R OBu- I R Y I
OBu-t
CC (M) Solvent Workup R 1 I
0.05 THF none H (54) (—)
0.26 toluene FeCl;-DMF Bn (11 (56)
Et Et
Ph
3 X H 5-90°,24 h I\ 84
eq /\N CHCO)s exane, 85-90°, N Ph (84) 232
0.014 M H
Et Et
R R
x -90°, 1- /o \
3eq Ph/\N/‘%Cr(CO)s Hexane, 70-90°, 1-3d Ph . R Ph 97) 232
M 81
0.014 M H e (8D
t-Bu  (85)
O O H -Bu),0, 90°, 3 h 4
' NH (n-Bu)y (40) 208
0.05M Cr(CO)s

22eq i DMF, 120°, 3 h ‘ E (66) 392
' | ¢
N-morph

OMe Cr(CO)s OMe N-morph
0.06 M
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TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce CO,Me
//,Cr(CO)4 (CO)Cr=
MeO,C——=—=—CO,Me >——< CH,Cl,, —20°, 24 h \/‘ / COMe  (73) 54
N-morph
1
“ 0.1M N-morph
RO,C CO,Me
ROZCWCr(CO)s R
coMe —————————————————
12¢q N THF, 60°, 16 h MR 81) 157
0.03M (_7 N (1R.2S,5R)-menthyl  (67)
Ph /g MeO,C CO,Me
10eq Ph)\\N CH(CO)s Photolysis (pyrex), Ph>2j\ 23) 189, 190
0.005 M hexane, rt, 4-11 h Pl N
CO,Me
R! \ - Cr(CO), (CO),Cr= R! R?
/
leq M CH,Cl, —20°, 24 h / / COMe —CH,CH,CH,—  (54) 54,53
R2  N-morph RITTS —CH,CH,CH,O0—  (95)
2 i
0.1M R?  N-morph CH,0Me Me (69)
O| CHCON MeO,C CO,Me
I
2eq P N P CO (30 psi), THF, 1t, 25 h [\ o I 90) 165
e "N
0.03M
0  Cr(CO)s
2eq e N7 Ph CO (30 psi), THF, t, 5 d 1 (78) 165
Me
0.03M
1. n-BuLi, THF, -78°,
10 min MeO,C CO,Me
R ACHCO)s 2. PhCOCI, ~78 to 0° _
2eq R ’ I\ Ph (72) 165
NHMe 15 min R™ >y~ Ph Me (23
0.17M 3. Alkyne (2 eq), Me
CO (30 psi), 1t, 2d
72 NR;
leg NN CH(CO0)s Photolysis, THF, NH, (9 54
0.05M NR, —40°tort, 12 h NHMe (10)
72 1. Photolysis, THF, ~40°
leq NN (C0)s 2. Alkyne (1 eq), 35) 54
0.05M NMe, —40°tort, 12h
CO,Me
R Cr(CO)s 1. Photolysis, THF, -40° (CO)Cr= R
leg \/A‘f 2. Alkyne (1 eq), / /) COMe Ph (55) 54
N-morph —40°to1t, 12h RTN 2-furyl  (50)
0.05M N-morph
o R 0 Et Et o
>%E[ PhAN/&Cr(CO)S Hexane J\ I + I\ M 234,232
Ph R Ph R
3eq 0.014 M N N
Temp Time H 1 1I H
Me 80° 24h 95 (=D
Ph 70°  2-3d 98) (0)
G n-Pr OFt EtO Pr-n
— XN /g
EtO———"Prn Ph™ SN Cr(CO)s Hexane, 80°,24 h Ph/m\ (73) + th (1) 234
3 N N
! 0.014 M H H
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TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C; EtO Pr-n
- Ph.__N._Cr(CO)s m
EtO———Prn Hexane, 70°, 2-3 d i (94) 232
3eq Ph N Ph
0.014M H
NEt
NH, N 2 Ar
Et,N :< o -
) (CO)sCr Benzene, 20°, 2 h (CO)SCr:< e Ph (81) 430, 435
leq 03M Ar r 4-CICgH,  (96)
NEt,
Cr(CO)s (CO),Cr—=
leq Benzene, 60°, 2 h (63) 403
MeHN™ ~Ph N=
03M M Ph
NEt,
Ph
PN /g THF or hexanes, h / \ Ph (26) 235, 236
Ph™ TN CnC0)s 80°, 1-3h N
H
NEt,
Ph
Ph—\
leq PN & THF, 20°, 1 h 1316 + N ‘ (33) + 434
Ph” SN Scrco)s O
033 M
Ph  NEt,
PN (34) +
Ph” N7 Cr(CO)s
S (10)
Ph III Ph
Cr(CO)3
Et,N NEt,
OEt Ph EpN =
4eq ~ THF, 80°, 30 min (CO)a (lr) + ~pp (15) 436
Ph N Cr(CO)s III
0.33M EuN Cr(CO)3
+ Etﬁ (86)
pn” N~ Fh
NEt, NEt
o 0
0 [ /
2eq N= Ph  EL0,20°1h . 0 .
(CO)5Cr:< Ph 0~__N__O N:< Ph
Ph \}4 (CO)5Cr:< Ph
033M Ph  Ph Ph
(28) (16)
NEt CO)sC e Ph
(CO)Cr pp (COSCI=
_ o + %0
N
v
Ph
H Ph 0:<Ph
c (8) (16)
8
Bu-
(COYCr—0 MeO,C, u-n
YN ; 7\
MeO,C Bu-n CO (30 psi), THF, 1t, 25 h (36) 165
Ph~ "N~ "Ph Ph Ph
Me N
2eq Me
0.03M
EtO,C R
ELOZCWCr(CO)5 R
E10,C—=——R N THF, 60°, 16 h COaEt COEt (77) 157
{ / n-Pr (61)
1:2eq 0.03M
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TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy
R Ph Ph
(CO)Cr=—\
Ph——— /Q Benzene, reflux, 6 h ’ + ‘ 429
S Ph g / (30) / (22)
€
q 0.08 M (CO);Cr o (CO);Cr o
Ph Ph
(CO)sCr
19eq Ph)LD Benzene, reflux, 12 h Pk'l N + Ph N 77
38 —
01 M ©oxcr 0 o8 0 -
OH
EtOZCWCr(CO)s EtO,C Ph
4eq N THF, 60°, 48 h (70) 156, 157
0.03M Q N
R! R!
_ Ph.__Cr(CO
RI———R? (€O)s 1. DMF, 120-125°, 5h R> 4 O‘ R? 79
1.5-2eq N-morph 2.90-95°,15h 1 I
6] N-morph
R! R? I I
Ph Me 41) (52)
Bu-t  CO,Et (31) (58)
Bu-t
EtO,C——Bu ! DMEF, 120°, 3 h ' + : 392
' ' CO,Et '
2.1eq N-morph H
0.05 M [}
OMe Cr(CO)s (54 OMe 6 OMe O
Co1y
Ph———R 5 DMF, 120°,3 h ' - 392
2.1eq N-morph
R 005M Ove Cr(CO)s oMe ©
SMe 3)
T™MS (low)
Cio Bu-n Bu-n
Ph.__Cr(CO)s
n-Bu——=—=—Bu-n Y 1. DMF, 120-125°, 5 h Bu-n + ‘ Bu-n 79
152eq N-morph 2.90-95%, 15 h
(28) o] 67 N-morph
Cii
EtO,C, Ph
E0C._~ Cr(CO)s
EtO,C—=—=—Ph N THF, 60°, 16 h ) 157
N
1.2eq 0.03 M <_7 ( 7
Cpa / ) n-Bu Ph
Ph—=—=—Bu-n o Cr(CO)s DMF, 120°,5 h N I\ M @21 427
€
15eq NMe; V4 ° :

0.08 M
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AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cp
| =
Fe 3 DMF, 120°,3 h (50) 392
‘Cb? N-morph
1.5¢eq 0.05M  OMe Cr(CO)s
Ciy OH
Ph
e Cr(CO)s
Ph—=——Ph Benzene, reflux, 15 h (15.4) 437
2eq N Ph
LA N
VAR
Ph Ph
/O
15eq =N e, DMF, 120-125°, 5 h o /N NVRENCE 427
@)
Cr(CO)s \ |
Ph
Vi o Ph Ph
15¢q = N-morph 1. DMF, 120°, 5 h o I\ e Ph 427
e} N-morph 0
Cr(CO)s 2.1 N'HCI, MeOH \
(20) 27
cis:trans = 1:1
CA D B P
1.1eq S 1. Benzene, reflux, 12 h S \ / (44) + 46) 77
Cr(CO)s 2. Pyridine, reflux, 6 h N Ph
0.1 M Ph P
7 N\
S N
l.leq 1. Benzene, reflux, 12 h 44) 77
Cr(CO)s 2. Pyridine, reflux, 6 h
0.1M
OH
EtOZCWCT(CO)S EtO,C Ph
1.5eq N THF, 60°, 48 h Ph (57) 156, 157
0.03M \ / N
?r(CO);
Ph.__Cr(CO)s Ph Ph
1.2eq Benzene, reflux, 12 h fg\ (55) 161
NMe, )
O Ph
A
Me” T Me
Ph Ph
Ph Cr(CO)s —
1.2eq Cyclopentadiene (10 eq), o Ph 59) 438
NMe, benzene, reflux, 24 h ITI
Me
Ph Ph
Ph
Ph
)\ 4 Ph -
Ph
2eq (CO)Cr N\j 1. Benzene, reflux, 12 h N 24) + \ N 2) 77
2. Pyridine, reflux, 6 h
(6] Ph
Ph
ph 9
Ph Cr(CO)s Ph 7
2e Benzene, reflux, 2 h 18-23 439, 440z
4 N o012M SN ( ) !
N\ Ph /

(CO)CY Ph



TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.

991

L9Y

Ph Ph Ph 0 O
~ N/& K\N Ph

——Ph S\J Cr(CO)s Benzene, reflux, 12 h S/\N 7\ o + S—/ — 77
2eq ., O PH Ph
(42) ()]
Ph Ph
+ O‘ Ph + Ph
(7) o a1 O
Ph
19eq @,/&Cr(co)s Benzene, reflux, 12 h (14) + 42 77
(CO);Cr
0.1M
Ph
N
* (16)
o)
Ph
Ph Ph
19¢q N/&C,(CO)S Benzene, reflux, 12 h \ ph— X |+ 77, 440a
\
Ph (0-2) O (50-62)
Ph pp
ph— |
N
(CO);Cr
O (0-33)
OH Ph
Ph__Cr(CO)s Ph
\f 1. THF, reflux ‘ Ph
0.9 eq N o Air o 6D+ (13) 164
y J A
0.03M \ /) \
Me
c-Pr Me Ph
v—Pr\N,Me o \;}’ Ph \N Ph
Cyclohexane, y o | O’
125 ¢ — + + Ph 161 441
d /&Cr(CO)S reflux, 12 h P Ph
l)kll Ph P\’h C/r(CO) 0
3
0.07M Cr(CO)3 Cr(CO)s
(42-47) (14) @1
Ph Ph
Ph__Cr(CO)s 1. DMF, 120-125°, 5 h
1.5-2.0eq Y 2.90-95° 15 h ‘ Ph + ’ Ph 79
N-morph 3. Acid
1 N-morph II N-morph
Ph
Acid T I I
- Ph
no (34 (55 (0) *
s (34) (0) (52
o yes (34) (0) (52) m o
(COXCr Ph Ph
2.0eq Ph N/B”'S 1. Toluene, reflux, 18 h 4/}—<\ (32) 1:1 mixture of isomers 441
H 2. Pyridine, 6 h Ph N=Bu-s
Ph Mel Ph
/§ 0~_N__Pn
2.0eq HN Cr(CO)s 1. Benzene, reflux, 12 h / 23) + Ph (11) 441
\H}\ 2. Pyridine, 6 h /a>\ o
\{ Ph Ph o]
+ Ph (41)

o
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TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ciy
Ph
Cr(CO)s Ph
= % \
Ph——=—=—Ph Ph N 1. Benzene, reflux, 8 h Ph N 440a
_— 2. Pyridine, reflux
0.17M o
Me
| Me
Me\N/W 0=N\__ph o N ph
1.5eq )\ 1. Benzene, reflux, 48 h /) + 440b
(CO)sCr Ph 2. Pyridine, reflux, 12 h Ph Ph
Ph Ph
(62) @)

Me , Ph

Mew P 0= N<__ph

)\ Cyclohexane, reflux =) (—) 442
(CO)sCr Ph Pl‘l Ph

Cr(CO);
Ph Ph

Ph YCr(CO)s

N
(/
Ph
)
1.5eq /&
Ph Cr(CO)s
0.1 M
1.2eq
N n
(CO)5Cr:<
Ph

THF, 80°, 1-3 h /Z_ﬁ\ 41 235,236
Ph N Ph
H
C)

N
O Ph
Cyclohexane, reflux _ (65) 440b
Pl‘1 Ph
Cr(CO)3
n n
Benzene, reflux, 22 h 6] N Ph + O N Ph 437
/ / *
Ph Ph Ph Ph
I Cr(CO); I

Ph Ph
it v
Ph Ph
©i\§*l’h + Ph +
[¢] [¢]
v A%

I m IV V VI VI VII IX
167 @) 07) ) O7) O O O (©
2 (10) (32.6) (0.6) (1.5) (23) (0) (17.9) 3.9 (0)
3311 374 0 (0 8 () “6) (5.2) (5.8
4 0 G 0 © (113) (39 (1.9 (© (123)
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TABLE 9. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cia Ph
(CO)Cr=—0 Ph
— |
Ph——Ph i / A\
Ph N Ph CO (30 psi), THF, rt, 25 h - Ph (12) 165
2eq Me II;I/[e
0.03M oH
Ph Cr(CO)s Ph Ph
\/Af “ _ON
2eq N Benzene, reflux, 10 h Ph/\/ (53.3) (19.4) 437
VA Ph
N
yAVE
Ph
m “ Des
1.0 Tol ,75% 1h + /
“ (CONCry_ j@ oluene onc! \ (concf
01 NMez Q\ NMe,
(42) (10)
l\(le
23eq (CO)sCr. N\/\Ph 1. Benzene, reflux, 12 h O‘ Ph Ph (3.6) + 440b
Ph 2. Pyridine, reflux, 12 h
(0]
o
Ph
ﬁ/ 0.7) + m// (5.8) +
Ph Ph
o 1\’/[e
Ph pp N N Ph
~vie
N 426 + ﬁ @1
Ph Ph
Ph Ph
Ph R _ R
10eq /L\ /§ Photolysis (pyrex), Ph P Me (51) 189, 190
P N7 SCrC0)s hexane, rt, 4-5 h p/ NR Ph (49)
0.005 M
1.5¢eq ‘ DMF, 120°,3 h o (85) 392
N-morph
OMe Cr(CO)s N-morph
0.05M
e (CO)Cr=—0 MeQ
CO)sCr 41 Ph Cr(CO)
(CO)s o A J\ . 5
——Ph o N Ph CO (30 psi), THF, 1t, 2.25 h 7\ (65) 165
MeO Me Ph N Ph
2eq 0.03M Me

This product was formed with retention of configuration of the s-butyl group.
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
G
— 5 DMF, 120°, 1 h 3 (50) 392
N-morph
005M  OMe Cr(CO)s oMe ©
CN
- Pho_~ Cr(CO)s 1. Photolysis, THF, —40° (CO)4Cr=—
NC——= 2. Alkyne (1 eq), / / (22) 54
N-morph Ph™ Xy
0.05M —40°tort, 12 h
C . N-morph
- OEt
ElO—— /l\\ /g Photolysis (pyrex), Ph><j\ (73) 190
10 eq Ph N Cr(CO)s hexane, rt, 5 h PH N
0.005 M
MeO
Ph
MeO e THF, MeCN or CgH h (38-55) 235,236
— Ph” N7 Cr(c0)s 80°. 13 h Ph™ “7 "Ph
15¢q 03M H
MeO
Ph
1.5¢eq ~ THF, 80°, 1.5 h BzO N Ph (11) 236
BzO~ "N~ Cr(CO)s |
03M Bz
OH
! CO,Me
[0} —~— 2
_ _>Cr(Co
>—— rCO) CH,Cl,, —20°, 24 h (25) 54
MeO ~ \
N-morph Cr(CO),
leq 0.1 M N-morph
MeO,C.
Ph
leq PN THF or MeCN, 80°, 1-3 h /m\ (36) 236
Ph™ N7 Cr(CO)s Ph N~ Ph
03M H
MeO,C.
Ph  Ph
leg s /§ THF, 80°, 1.5 h 810 /N oh (18) 236
BzO~ "N~ Cr(CO)s N
03M Bz
0—=Cr(CO) MeO:C
4
| I . 7\
2eq P N > ph CO (30 psi), THF, 1t, 13 h o o (80) 165
Me N
0.03 M Me
Cys OH O
EtO,C
o Et0,C WCr(COh R R s
>—: N THF, 60°, 48 h Me (63) ’
R
1.5¢eq 0.03 M Q N OMe (89)
¢ OEt  (94)
Cs OH
Pr-n
— Cr(CO
n-Pr—= rC0)s Benzene, 80°, 24 h 57 83
NMe,
2eq 0.25M NMe,
OTBS
Pr-n
Cr(CO TBSCI, (i-Pr),NEt,
3eq (CO)s (i-Pr); ©5) -
benzene, 80°, 17 h
NMe, CHCO);

025M
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OTBS
Pr-n
n-Pr AN CC0)s TBSCI, (i-Pr),NEL, @2) 83
2eq NMe, benzene, 80°, 14 h \Cr(CO)3
025M NMe,
OH
_ Cr(CO)s \©/Pf‘”
2eq Benzene, 80°, 16 h 57) 83
NMe,
0.25M NMe,
OTBS OTBS
R4 _ Cr(CO)s R¢ Pr-n RY Pr-n
2eq R2 N R TBSCI, (i-Pr),NEt, R0 »LLC o + R0 205
U 0.05 M benzene, 80°, 14-18 h K@ 1(CO); N
anti R' = H, R? = CH,OR?
syn R' = CH,OR? R?=H 1 )i
R? R* anti:syn 1 11 dr % de
Me Me <17:83 “49) (—) 5545 10
Me Me >83:17 (34) (—) 5545 10
Me Ph 26:74 40) (13) 52:48 4
TBS Me 14:86 51)  (—) 5545 10
TBS Me 86:14 “48) (—) 5941 18
WCY(CO)S Ar—Cr(CO)3 Ar OTBS
N 111 Tl] Pr-n
2eq J: j\ TBSCI, (-Pr),NEt, Ji j\ + Ji j\ Ar= \©/ 205
No benzene, 80°, 20 h " No N0 b
0.05M (51) dr =55:45 (12)
OH
R EtO,C Prn
EtO,C.__~ Cr(CO)s R
1.5¢eq \/Kf THF, 60°, 48 h R H ((72) 156, 157
0.03M Q (Nj b
OH Pr-n
Pr-n
deq Cr(CO)s 1. Solvent, 80°, 36-47 h I+ it 83
NMe, 2. HX, THF/H,0
NMe, o
CC (M) Solvent 1 II
0.5 heptane 66) (<2)
0.5 benzene 64) (<1)
0.5 THF (57 (12)
0.005 THF (<22) (19)
0.5 CH,Cl, 18) (<7
0.5 MeCN (<5)  (13)
0.5 DMF 25) (13)
OTBS
Pr-n
deq Cr(CO)s TBSOT, 2,6-lutidine, ‘0 83
NMe, 80°, 42-64 h NMe\zcr(Co)3
CC (M) Solvent
0.5 heptane (50)
0.5 benzene (40)
0.05 CH,Cl, (33)
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OTf
1. Benzene, 80°, 84 h Pr-n
n-Pr—— Cr(CO)s 2. Tf,0, (i-Pr),NEt, ‘0 (25) 83
b osm e e NMe\Cr(CO)3
. 2
OH (0]
Pr-n Pr-n
2eq Cr(CO)s 1. Sol-ven-t, 80°,20 h . . 43
2. Oxidative workup
NMe,
025M NMe; ! o
o o Pr-n
Pr-n Pr-n
o || + MeN | n
I v A%
Ph NMe, Ph (6]
Solvent ~ Workup 1 I I v v
benzene CAN (—) (<4 (— 25 ()
THF none (=) (<2) (12 15 (19
THF CAN (=) <) = = =)
DMF none <D (= ) <D (32
OTBS OTBS
Pr-n Pr-n
19¢q Cr(CO)s TBSCI, (i-Pr),NEt, @ + ‘O (20) 207
benzene, 80°, 10-12 h AN
NMe, » 8V \
025 M NMeZCr(CO)3 NMeZCr(CO);
' OTBS ' OTBS
Pr-n Pr-n
1.9eq Cr(CO)s TBSCI, (i-Pr),NEt, 35 + ‘ (4) 207
benzene, 80°, 10-12 h CHCO \C o
NMe, NMe, (€O NMe, (€03
OR QR OTBS QR OTBS
: Pr-n i Pr-n
19¢q CrCO) TBSCI, (i-Pr),NEL, + ‘O + 207
5
benzene, 80°, 10-12 h CrCO \\\C co
NMe, NMe, 1€ I e, CFEO)
0.25M
OTBS
Pr-n R 1 I I
‘0 Me (32) (2) 9
AN TBS (25) (4) (29)
I NMCZCr(CO)s
0]
Pr-n
OMe HO n-Pr
2¢q . )\\N /gc o 1. THF, 70°, 4 d 7 e+ oMe (18) 406
r(CO)s 2. Air/silica gel Ph \N N:<
0.16 M Ph
Pr-n n-Pr Pr-n
R
HO
3eq P /g Solvent, 70-80°, 24 h ﬂ + /Z—\)\ + = 234,232
P SN SCr(C0)s PG TR PR TR -
H H Ph N R
0.014 M
I I III
R Solvent I I I
Me hexane (40) 9) (51)
Ph hexane 64)  (—) (28
t-Bu hexane 94) (=) 5)
+-Bu MeCN (20) (61) (14)
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs Pr-n n-Pr Pr-n
OR! R?
o HO
n-Pr—— )\\ /& Hexane, 70° ﬂ\ , * /m\ , * = 234
Ph” N7 SCr(Co)s Ph™ ™7 TR Ph N7 TR -
H H Ph~ NT R?
I i il
R! R? I n Im
Me Ph (] @ 6D
Ac  Ph (] 9 @3
Ac  Bu (13 (@6 (37
o
OMe Bu-t Pr-n
2eq )\\ /& 1. THF, 70°, 24 h (41) 224,233
Ph N Cr(CO)s 2. CAN
0.08 M o)
OH
OMe Bu-t Pr-n
PPN 1. THE, 70° 38) 224
Ph N Cr(CO)s 2 Air
OMe
OH OH
Ph _ Cr(CO)s Ph Pr-n Ph Pr-n
2eq \A]? 1. Benzene, 84°, 17 h + 83
NMe, 2. Workup
025M I )i
e NMe, NHMe
Workup 1 I
air, silica gel 39 (—)
air, benzene (23) ®)

244,205
1.5¢eq MeCN, 45-50°, 24 h wl (40-61) >96% de
€ N o)
Phj Y
N
Me
Me\ o)
N
Pr-n
=< Yse
VAN N 244,205
1.5¢q (CO),Cr Me MeCN, 45-50°, 24 h W, (22-33) >96% de
! e N 0O
N .
L 0.005 M Phj
N\
Me
T™S T™MS
o Ph HO m
TMS—— PN /g THF or MeCN, 80°, 1-3 h N 60) + (10) 236
Ph” SN SCr(CO)s _ Ph N Ph
15¢q 03M PhT N Ph H

o}
. o NMe
o Pho_~_CHCO)s 1. Photolysis, THF, —40 (CONCr— ?
>j W 2. Alkyne (1 eq), / (54) 54
Me,N N-morph —40°tort, 12h Ph™ Xy 7
0.05 M

N-morph



081

181

TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co OH
EtOZCv/YCr(CO)5 EtO,C Bu-n
_ 156, 157
n-Bu—— N THF, 60°, 16 h (88)
4eq 0.03M <_7 N
Ph.__Cr(CO)s pu-n
\lé 1. DMF, 120-125°, 5 h
1.52eq N (49) 79
( 7 2.90-95° 15 h
o)
OH Bu-n
Ph__Cr(CO)s Bu-n Bu-n
1.0eq 1. Solvent, temp, 4 h + + 0| 160
N-morph 2.90-95°, 15h -
1 N-morph I o N-morph
Solvent ~ Temp I 1I 11
DMF 120° @ 90 (=)
MeCN 120° 9) (71) 3)
THF 120° a8 @3 D
hexane 90° S0 13 (12
Ph.___Cr(CO)s
1. DMF, 120-125°, 5 h I (95) 79
N-morph 2.90-95°, 15h
Bu-n n-Bu
Ph
P THF or MeCN, 80°, 1-3 h A (30) + I\ (56) 236
Ph™ N7 Cr(CO)s _ Ph™ N7 T Ph
Ph” "N~ Ph H
-B
O’—>Cr(CO)4 " :Z_)\
! i )\
2eq P N ph CO@0psi), THE 1 130 o @7 165
Me II:I/le
0.03M
K Bu-t
-Bu—— O NH (n-Bu),0, 90°, 3 h O’ (40) 208
4eq O ‘ \ 0
Cr(CO)s Cr(CO);
l}? Bu-7 R
2-4¢q ; K\o DMF, 120-125°,3-3.5 h 3 H (53) 392
N\/K Me (20)
R
OMe Cr(CO)s oMe ©
0.04-0.06 M
I,NOMe
2eq ; (\o DMF, 125°,3 h ®) 392
NVA\
OMe Cr(CO)s oMe ©
0.09M
OH
EtO,C
Et0,C WC«CO)S ? OTMS
TMSO
. N THF, 60°, 16 h (73) 156, 157
deq 0.03M <—7 N
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
G OAc
. OAc
1. Toluene, 55°, 2.5 h Gt
]‘3n CsHyjn
D CHly = N. _OBut 2. Ac,0, Ei;N, DMAP, . 162, 163
| \||/ 1t,3.5h
2eq (CO)Cr=—-0 3. FeCl3-DMF, 20 min BH/N\[&O (46) (19)
CsHy-n
0.03M OBu-t

R
NH, a7
CsHin NHMe (22)

1.2-2eq ! DMF, 120-125°,3 h | NMe, (51) 392
R N-aziridinyl (0)
N-pyrrolidinyl [©)]
OMe Cr(CO)s oMe © pyronany
0.05M N-piperidinyl (75)
I8N an
Cy

THF, 60°, 16 h

EtO,C WG(CO)S EtO,C
: - N O (82) 156, 157
4eq 0.03M Q N
c (7

K CgH3-n
(COYCr=" N A
n-CeHjz—— /m (n-Bu),O/THF (10:1), \ P (45) 443
Ph” N 90° 1h /
(CO);Cr o
OH
EtOZCWCr(CO)S EtO,C CeHy3-n
4eq N THF, 60°, 16 h (66) 156, 157
0.03M \ / N
. Meo.C 9 Me0,C
MeO,C N Tol-p CgHy3-n )\ CgHy3-n
12¢q 1. Toluene, 120°, 1 h & N T TN T
R Cr(CO)s 2.1t,20 h ,,
0.06 M p-Tol' 1 p-Tol  1I
R I+ LI
Me (45) 5842
Bn 260 —
OH Ph
Ph
_ Cr(CO
Ph—— 1(CO)s THF, 66°, 1 h I 42) + 11 (40) 54
2eq N-morph
0.05 M N-morph N-morph
—
2eq - Cr(CO) THF, 66°, 1 h 120) + I (20) 54
N-morph
0.05M
N-morph
~— (CO)sCr
2¢eq - Cr(CO) CHyCly, 11, 1 h (46) 54
N-morph

0.05M
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OH
EtO,C WCKCOB EtO,C Ph N
Ph———R N THF, 60°, 16 h R H (95 156
4eq 0.03M \ / N D @80
OTBS
EtO,C WCr(CO)s EtO,C Ph
Ph—— N 1. THF, 60°, 16 h \ (70) 156
4eq 0.03 M () 2. TBSCI, EN N. Cr(CO)s
Ph Ph
Ph HO I\
1.5¢eq P THF, MeCN or cyclohexane, A 0-12) + 41) 235,236
Ph™ N7 Cr(CO)s 80°. 13 h _ Ph N Ph
’ Ph~ N~ "Ph H
03M
Ph
Ph _
10eq )\\ k Photolysis (pyrex), LNV 43) 189, 190
Ph N Cr(CO)s hexane, rt, 4-5 h PH N
0.005 M
Ph Ph
1.5¢q ~ THF, 80°, 1-3 h (38) + (12) 236
BzO N/&Cr(CO)S Bz0 N Ph PNy~ TPh
H
03M Bz
Me\ (6]
N
Ph
o= W
l N N
1.5¢q (CO)Cr—= MeCN, 45-50°, 24 h / (40) >95% de 244
Me Me N O
(N Phj
N
0.01M Me
Co OH
EtO,C WCr(CO); EtO,C
4@71 N THF, 60°, 16 h (58) 156, 157
deq 0.03M ; <N>
Ph Ny Ph H
Ph Ph \N ) Ph
4eq THF or MeCN, 80°, 1-3 h = (15) + (43) 236
Ph SN NCr(c0)s HO
p-Tol p-Tol
Ci o
EtO,C WCr(COk EtO,C
156, 157

B

0.03M

THF, 60°, 16 h

(68)
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TABLE 10. AMINO AND IMINO CHROMIUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci OH

C _ EtO,C ¢\[4Cr(c0)5 EtO,C O ©|

| Fe

Fe N THF, 60°, 16 h :d>: (85) 156, 157
@ 0.03M \ /

4eq

15¢eq ! DMF, 120°, 3 h (50) 392

N-morph

OMe Cr(CO)s
0.05M




L8Y

88%

TABLE 11. SULFUR-STABILIZED CHROMIUM CARBENE COMPLEXES WITH ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH
Pr-n
_ Ph Cr(CO)s 1. THE, 46°, 48 h
n-P—=— ) (36) 377
) SEt 2. Air
« 0.02M
SEt
OH
Pr-n
1. THF, 46°, 48 h
2eq SEt ) OO (32) 377
2. Air
MeO  Cr(CO)s
0.02M MeO SEt
Ce OAc
a BF3+OEL (5 cq), Bu-n Mes— O A\
n-Bu—= 0 SMe A0 (5 eq), BN (5 eq), 4 @8) * \ /) O s 167
o o}
Cr(CO)s THF, 65 n-Bu
2o 0.03 M SMe
. OAc
Ph Cr(CO)s BF3+OEt, (5 eq), Bu-n
2eq \f Acy0O (5 eq), EisN (5 eq), (45) 167
SMe THF, 65°
0.03M SMe
OH
Bu-n
BF3+OE, (5 eq),
19eq SPr-n 30Bt: G eq) @ 168
toluene, 65°
MeO Cr(CO)s
0.18 M MeO SPr-n
OAc
2 ‘ BF3+0Et, (5 eq), Et
Et——=——Et o) SMe Acy0 (5 eq), EN (5 eq). 4 (41) 167
2eq Cr(CO)s THF, 65° o Et
0.03M SMe
TABLE 11. SULFUR-STABILIZED CHROMIUM CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OAc
Ph Cr(CO)s BF3+OEt, (5 eq), Et
Et 2: Et Acy0 (5 eq), EGN (5 eq), (13) 167
e
q SMe THF, 65° Et
0.03M Me
OH
Ph.__Cr(CO)s Et
2eq 1. THF, 46°, 48 h (46) 377,166
SEt 2. Air Et
G 0.02M
Cr(CO)s v
EoN——— n-PrS — Petroleum ether O (58) 168
leq Y/ S (54
0.1M
Cr(CO)s R
Cr(CO)s allyl  (82)
2eq Et,0, 20° EuN | -Bu (75) 445
Ph SR Ph (79
0.5M Ph™ "SR
c-CHyp (79)
Cr(CO)s
Cr(CO)s R Ar
leq Petroleum ether ‘ NEt, n-Pr - Ph (67) 168
RS r Me 4-MeCgHy;  (60)
0.1M RS™  Ar
Cs n-Pr 4-MeOCeH, (63)
OAc (6]
74 | BF3+OEt, (5 eq), / Ph Ph Ph
Ph——=—= 0 SMe Ac,0 (5 eq), EGN (5 eq), (32) + (32 167
o ¢}
2eq CH(CO)s THF, 65
0.03M SMe o

SMe
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OAc
Ph Cr(CO)s BF3*OEL, (5 eq), Ph
2eq Acs0 (5 eq), BN (5 eq), (42) 167
SMe THF, 65°
0.03M
SMe
OH
Ph__Cr(CO)s Ph
2eq 1. THF, 46°, 48 h 45) 377
SEt .
0.02M 2 Alir
SEt
OAc
a BF3OE(, (5 eq), y Bu-r
MeO,C—=——Bu-r 0 SMe A0 (5 eq). B3N (5 eq), (55) 167
o 0
2eq Cr(CO)s THF, 65 CO:Me
0.03M SMe
Cy OAc
7 ‘ BF3+OEt; (5 eq), J Ph
Ph—= o SMe Ac0 (5 eq). EGN (5 eq), @5) 167
2eq CrCO)s THF, 65° o
0.03M SMe
OAc
Ph Cr(CO)s BF30E, (5 eq), Ph
2eq \( Acy0 (5 eq), EiN (5 eq), [C)) 167
SMe THF, 65°
0.03M SMe
OAc
T™MSO a BF3+OEL, (5 cq), y §
>%0Et (0] SMe Acy0 (5 eq), EisN (5 eq), (33) 167
o 0 OEt
Ve Cr(CO)s THF, 65°, 96 h L
0.03M ¢
TABLE 11. SULFUR-STABILIZED CHROMIUM CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ciy OAc
7 ‘ BF5°0Et, (5 eq), J Ph
Et0,C—==—Ph o) SMe Acy0 (5 eq), EsN (5 eq), (52) 167
Cr(CO)s THF, 65° COLEt
2eq 0.03M SMe
OAc
Ph Cr(CO)s BF3+OEt; (5 eq), Ph
2eq \l& Acy0 (5 eq), BN (5 eq), 43) 167
SMe THF, 65° COLEt
0.03M SMe
Cia
/—OMe
_
= H
Fe ; BF3OEt, (5 eq), BN (5 cq), 5) 392
<= SEt THF, reflux, 19 h
2eq 0.03M OMe Cr(CO)s
Ciy
OAc
7 ‘ BF30Et, (5 eq), J Ph
Ph—=——"Ph 0 SMe A0 (5 eq), EGN (5 eq), 23) 167
2eq Cr(CO)s THF, 65° 0o Ph
0.03M SMe
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Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
OH 0 Et
L—Mo(CO),4 1. Additive (2 eq), solvent, “:Et Et
- ST OO0 OO Cps
Pl OMe 2. Workup Et Et +
OMe o) OMe
I 1I il
A Et Et o. OMe
Et + /Z_g\ + jttph
e Ph 0 OMe Et Bt
v v VI
Alkyne (eq) cCM) L Solvent Additive Workup 1 11 1II v v VI
1.9 0.1 CcO THF none air 9) (—) (66) (1) (5) (—) 60
1.9 0.005 CcO THF none air 3) (—) (71) 0) (2) (—) 60
1.9 0.1 (n-Bu)sP THF none CAN (—) (43) (—) (—) (—) (—) 201
1.9 0.1 (n-Bu)sP THF none air (—) (—) (<1) (—) 2) (—) 201
7.8 0.056 (n-Bu)sP THF none CAN (—) (36) (—) (—) (—) (—) 201
7.8 0.056 (n-Bu)sP THF none air (—) (—) (1) (—) “4) (—) 201
1.9 0.1 CcO THF (n-Bu);P CAN (—) (<5) ) (—) (0) (—) 201
1.9 0.1 CcO benzene none air (6) (—) (74) 0) (15) (—) 60
1.9 0.005 CcO benzene none air 5) (—) (66) 0) ®) (—) 60
7.8 0.1 CcO MeCN  none air (—) (—) (—) (—) (6) (16) 60
7.8 0.1 CcO MeCN  none CAN (—) 39) (>5) (1) (—) (—) 60
7.8 0.005 CcO MeCN  none air (—) (—) (—) (—) (6) 3) 60
7.8 0.005 CcO MeCN  none CAN (—) (67) (>5) (1) (—) (—) 60

TABLE 12. ARYLMOLYBDENUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

(434

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Et Et Et Et
(CO)Mo~—0
S PN /Y ;
——Et p-Tol 1}1 OBu-t 1. Solvent, temp, 1 h p-Tol N o + p-Tol N OR 163
1.2eq R 2. Air, 3-12h | |
CO,Bu-t CO,Bu-t
0.06-0.1 M 1 1
Solvent Temp R I I
THF 60° H an  (—)
toluene 80° Bn  (—) (13)
R Et Et Et Et
(CO)Mo~— JN ﬁd /Zi
|
1.2 e Solvent, temp, 2-3 h - - 433
q p-Tol /kN p p-Tol N 0 + p-Tol N o
| HO |
R R R
0.06 M I 1
Solvent  Temp R I I
THF 60° n-Pr (18)  (—)
toluene 80° Bn ) (10)
NEt
Ph 2
J— (CO)sMo Ph
—=—Nry (COMo=( Hexane, t, 1 h —/ 6 359
OM
leq 03M ¢ OMe
NEt,
NH,
N—
leq (C0)5MOZ< Benzene, 20,2 h (C0) Mo:< Et (83) 430
Ph >

03M Ph



€6v

Cis

n-Pr - n-Pr
Me Ph

1.2eq

Alkyne (eq)
1.5
2.5

OMe
(CO)sMo

0.05M Fe

(-

S

|
HN N
PNy
Ph Mo(CO)4
0.1 M

OMe
(CO)sMo=—

|
Fe

==

0.05M

—

(10)

1o} OMe
N
Dioxane, 100°, 5 h ]l:e R?
= ®
I
) |
(40)
O -
Ph J
Benzene, reflux, 3 h \ﬁé‘] \N
Ph Ph
6] Ph
Dioxane, 100°, 5 h . :
’ ’ | Ph
Fe OMe

1I
amn
19)

(40)

OMe

426

446

426
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TABLE 13. ARYLMOLYBDENUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
’ Pr-n OH
Pr-n
Ph Mo(CO)s Pr-n
nPr—=— \f 1. Solvent, 80, 26-60 h ’ + o I\ ove ©
L9eq OMe 2. Air, silica gel ¢ ¢
I OMe I OMe I
o OH
n-Pr. _ Ph Pr-n
Pr-n OMe
_ +
Ph
O Prn V
Ph._ _OMe
MeO o) o MeO., o) o
+ +
Prn Pr-n Pr-n
VI v VIII
CC (M) Solvent 1 o m IV v VI VIl VI
0.1 THF 2n 6 @25 O 20 20 (0 )
0.005 THF Qn 12 @ O 6 (1) 0 (0
0.1 benzene 62) @ @ (13 2 @25 (0 (0
0.005 benzene ®8) 3 B B ® 1O 0 (0
0.1 MeCN 10) (18 (16 (©) @ (B0 3 (0
0.005 MeCN 3 © @ ©O @ O @ @)
0.1 MeOH 19 @ 02 © @25 @) O (0
¢}
TMS
TMS—— Mo(CO)s 1. Toluene, 90°, 5 min O‘ (69) 82,185
13eq OMe 2. CAN
0.07M o
Ce Bu-n
n-Bu——— Q(OME 1. Toluene, 90°, 5 min \Eji\% (53) 82, 185
1.3¢eq Mo(CO)s 2.CAN \
o
7 | Bu-n
13eq 0 OMe 1. Toluene, 90°, 90 min 4 @7 185
o
Mo(CO)s 2. CAN
0.07M o
Bu-t
0 0
J— OMe
t+-Bu——— OMe 1. Toluene, 90°, 5 min \©i\> + i 185
Mo(CO)s 2.CAN y a9 But (34)
1.3eq 0.07M
Bu-t
o
OMe
13eq \©\[(0Me 1. Toluene, 90°, 5 min \©i\% + \ /) 185
Mo(CO)s 2. Air y  an Bus %)
0.07M
R R
R
0 OMe _
13eq OMe 1. Toluene, 90°, 5 min \/ H (33 185
i OMe (34
Mo(CO)s 2. Air Bu-r ¢ o
0.07M
Cg CgHy3-n
n-CeHiy—=— Q\WOME 1. Toluene, 90°, 5 min (69) 185
13¢eq Mo(CO)s 2. Air \

0.07M
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TABLE 13. ARYLMOLYBDENUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg CgHy3-n
n-CeHjz—— OMe 1. Toluene, 90°, 5 min \@Q (60) 82, 185
1.3
eq Mo(CO)s 2.CAN Y
0.07M
(0]
2 ‘ CeHypzn
13eq 0 OMe 1. Toluene, 90°, 90 min / 35) 185
O
Mo(CO)s 2.CAN
c 0.07M o
’ Ph OM OTBS
(&
TBSO
_ Benzene, 100°, 1.5 h Ph\M (66) 447
Mo(CO)s
OMe
1.7¢q 0.04 M
Ci2
EtO,C P OH
a = COEt
2
6] OMe See table 4 385
Mo(CO). 0
(o]
09eq | | B
0.003 M
H
--CO,Et --CO,Et
“OMe * ~OMe
S
O,
=
III
Solvent Temp Time I I il
THF 55°  4h () (12 (=)
THF 67°  033h (=) 10 (=
THF 67° 2h (=) @0 (=
THF 100° 2h (tr) (42) (—)
benzene 25°  56h a9 ®  an
benzene 70° 4h (12) (8) (16)
benzene 100° 2h (17) 5) (10)
1,4-dioxane 102° 2h (tr) (34) (—)
Cis
EtO,C
O~ 7 ‘
3 O OMe 1,4-Dioxane, reflux, 2 h 42) 385
| I Mo(CO)s
0.9 eq 0.003 M
Mo(CO)s
0.83eq THF, reflux, 2 h N\ (33 + 385
Ph™ “OMe ~OMe  CO2Et
0.003 M Ph
H

o 17)
\\—COoEt (

“OMe 2z

Ph
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TABLE 14. ALKENYLMOLYBDENUM CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OH u Et
| Et
Et———Et o OMe 1. Additive, solvent, temp + Et 60
Mo(CO)s 2. Air, TsOH, THF/H,0 (0) Et (O) HO
OMe
I I
o, H
Et o
Et
Et OMe
Et
Mo
N | Y
\ CcOo /
Et Et
I
Alkyne (eq) CC (M) Solvent Temp Additive (eq) 1 1I I
2 0.5 THF rt none (49) (12)  (3-5)
2 0.05 THF It none 31) (33 (35
20 0.05 THF rt  none (58) (16) (3-5)
2 0.05 THF 60°  none (16) (36 (—)
2 0.05 THF 110° none (6) 25 (=
3 0.05 THF rt MeCN (10) (100 (59 (—)
2 0.05 THF rt MeCN (100) (tr) (6) (—)
2 0.05 THF 60°  PhsP (1) (14  @nH  (—)
2 0.05 THF 60°  (n-Bu)sP (1) (—) (= )
2 0.05 THF 60°  (MeO)sP (1) (—) (= )
2 0.05 THF 60°  CO (1 atm) 33) (1) (—)
2 0.005 THF rt  none ®) 59 (—)
200 0.005 THF rt  none 36) (1) (—)
2 0.005 THF rt MeCN (100) 7 (58) (—)
2 0.5 n-heptane rt none ©9) (<3) (—)
2 0.05 n-heptane rt none (68) (<5) (—)
2 0.005 n-heptane rt none (69) (<1) (—)
2 0.05 benzene 1t none (65) (—) (—)
2 0.05 benzene 1t MeCN (2) (54) (6) (—)
3 0.05 benzene rt  MeCN (4) 24) (34 (—)
3 0.05 benzene 1t MeCN (10) (16)  (33) (—)
3 0.05 benzene 1t MeCN (38) (7) (46) (—)
3 0.05 benzene 1t MeCN (114) (7 (43) (—)
2 0.05 CH,Cl, 1t  none 33 (= =)
2 0.05 DMTHF  rt none (28)  (36) (—)
3 0.05 MeCN It none 5) (25) (—)
2 0.05 DME It none 57 (14 (—)
2 0.05 DMF It none ) (14) (—)
2 0.05 MeOH It none (11 (40) (—)
2 0.05 MeNO, 1t none (<10) (<10) (—)
OH
g Et
Et
2eq OMe 1. Solvent, temp, 8-19 h + Et 60
Mo(CO) 2. Air, TsOH, THF/H,0 Et
o H
’ OMe 0
II
CC (M) Solvent Temp | II
0.5 THF 50° 48) (22)
0.005 THF 50° (6) (64)
0.5 n-heptane 50° (33) 7
0.005 n-heptane  50° (33) 9)
0.1 MeCN 25¢ 5) (27)
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TABLE 14. ALKENYLMOLYBDENUM CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OH OH O
o | Et
>%Et o OMe Solvent, rt + + 71
152 Mo(CO)s © ! © Bom
e OMe O
0.05M
Solvent ) | II III
THF 23) (—) @4
MeCN (<10) (26) (1) I
Cio
OH "
0 Ph o\
>%Ph OMe THF, 50° anp + 0=<__ 59 71
Mo(CO)
1.5-2 5
€q OMe O Ph OMe
0.05M
Cuy Ph Ph
Ph _
Ph—==—"Ph /L\ k Photolysis (pyrex), Ph @1 190
Ph” "N T Mo(CO)s 2
hexane, rt, 7h pi N
10 eq 0.005 M
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TABLE 15. ALKENYLMOLYBDENUM CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH
Pr-n
n-Pr——— OMe 1. THF, rt, 14 h (80) 60
2. Air, TsOH, THF/H,O
2¢eq Mo(CO)s 2
0.1M OMe
OH H Pr-n
‘ Pr-n
2eq o OMe 1. THF, rt, 24-28 h + 60
Mo(CO)s 2. Air, acid, THF/H,0 o o o
OMe
1 I
CC M) Acid I i
0.05 TsOH (51)  (10)
0.005 none 35 @14
OH g FPrn
Pr-n
2eq OMe 1. Solvent, temp, 15-45 h + 60
Mo(CO)s 2. Air, TsOH, THF/H,O H 5
OMe
1 I
CC (M) Solvent Temp | II
0.5 THF It (86) (<0.2)
0.005 THF It a7 (—)
0.5 n-heptane  50° (72)  (<0.8)
0.005 n-heptane ~ 50° (80)  (<3)
TABLE 15. ALKENYLMOLYBDENUM CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cua o EtO,C OMe
EtO,C —
=) (] —
OMe THF, 67°,2 h o (1 385
leq [ | O
Mo(CO)s
0.003 M
| OMe o
0.7 eq Q\H/ THF, 67°,2 h COLE (34) 385
Mo(CO)s 0 3.4:1 mixture of isomers
0.004 M OMe
OH
N
OMe CO,Et
leq TMS THF, 100°,2 h 385
Mo(CO)s T™S (30)
0.01M OMe
OH
N
CO,Et
0.9 ¢q OMe THF, 67°, 12h 385
Mo(CO)s 24
0.003 M OMe
+ CO,Et

(35)

O 3:1 mixture of isomers
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TABLE 16. ARYLTUNGSTEN CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy
Ph W(CO)s
— Photolysis, toluene, rt ’ (<10) + polymer 63
OMe
OMe
Ce OH
Ph W(CO)s 1. THF, 80°, 4275 h =
E—=Ft hd R 0 Et 60
OMe 2. Air, silica gel Et
1.9eq I OMe I OMe
Et Et Et Et
’ /Z:X% ’ /M
Ph™ g7 =0 Ph™ Ny~ “OMe
III
Et Et
+ p—
B! CO,Me
CcC M) 1 1I I v \%
0.1 ® (3 (= @G3 (=)
0.005 ® & aAn (= O
OH Et
Ph.__W(CO) Et
5 1. MeCN, 80°, 62 h
1.9¢eq o 4 + Et (1) + 60
OMe 2. Air, silica gel Et
0.005 M OMe OMe
Et Et MeO 0
Ph
Ph OM
o ¢ Et Et
TABLE 16. ARYLTUNGSTEN CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cq Ph Et Et
X
Et——Ft Ph/\N W(CO)s Hexane, 80°, 24 h /Z/—g\ (86) 234
3eq 0.014 M PR TPh
H
[0}
Et
Ph AW(CO)s 1. Benzene, 80°, 42-73 h
1.9eq + 60
OMe 2. Workup Et
L I o
Ph o OMe
11 o IV
CC (M) Workup I II 111 IV
0.1 air, silica gel —) (= =) 6)
0.1 CAN 3 @) @ ()
0.005 air, silica gel =) = = @
0.005 CAN 2 G6H @6 (—)
Et
4eq OMe 1. Benzene, 80°, 46 h ’ Et (40) 448
W(CO)s 2. Silica gel o
G 0.1M
07N NE, 07 N\
NEt,——— — Petroleum ether, 20°, 2 h (CO)sW o — (72) 168
leg (CO)sW
SC3Hs SC;Hs




S0s

90$

NEt,

NH, N—(
1 e W Benzene, 20°, 2 h - 91 430
q Copsw=( cow= m O
Ph
03M Ph
R R 1 EZ
NEt, OMe (61) 10:1
leq Hexane, 20°, 2 h (CO)sW Me (78) 100:0 359, 141
(CONW H (74 1000
OMe Br 45) 5:1
033M CF; (69) 100:0
NElv
SR (oW
2eq copw=( Et,0, 20° v ous
Ph
05M R/ W(CO)5
I v
R I 1I I  Iv
allyl ®2) @ 0) 0)
Ph ©) O & O
CH,Ph (70)  (0) (22) (7)
TABLE 16. ARYLTUNGSTEN CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C; NEt,
- NElz
(CO)sW ‘
_ (CO)sW _
NEL—— 3 :<N_ Pet ether/ether, 20°, 0.5 h O 434
_\Ph N
leq 0.22M (82) P (10
NEt NEt
, (COosW :§_<
W(CO)5
(3) 3)
Co.14 Ph
Ph W(CO)s
Ph——R Toluene or benzene ’ R 63
OMe
OMe
R Temp Time Recovered CC
Me photolysis  rt 72h (—) (50)
Me — 100° 18 h (>90) (—)
Ph photolysis rt  6-10d (<10) (—)
Ph — 100°  3h (90) (—)
Co Ph ph
Ph—— Ph W(CO)s X
_ R _) Toluene, 110°, 1.5 h ’ (60) + ‘ _ (30) 449
OR - N . 2
‘g@\ (COW  OR (CO);W  OR
Cio NEt,
_ (CO)W— Ph
NE,—=—NEf (CO)5WZ< (n-Bu),0, 90°, 6 h ! — 19 366
leg 025M OMe

EN OMe



LOS

N
Ph—=—=—Ph N\ ome 1. THF, 45°, 18 h (51) 237
s 2.CAN
eq W(CO)
01M ’ o
OMe
0 Ph OMe
o °
. > \
| p-Xylene, 138°, 5 h . etk Ph 426
Fe ¢
Fe | <= "
0.05M icb} = (34) (30)
Ph
deq OMe Benzene, 80°, 66 h ’ Ph (19 448
W(CO)s OMe
0.1M
EtO
Toluene EtQ 391
(CO)sW )
(CO)sW
22eq 0.06 M
Temp Time 1o
70° 3h (30) (46)
75° 4h ©)  (70)
Cy
OMe
Ph,P—=—=—"PPh, (C0)5w2< Hexane, 100°, 4 h Ph,P————PPh, (78) 374
Ph

Ph l
leq —
0.085 M >_W(CO>4
MeO
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TABLE 17. ARYLTUNGSTEN CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OMe
— (CO)5W2< 40°,45h Polymer (44) 85
100 eq Ph
OEt
Cs . OEt (CO)5W:<—§OEt
BO—— (CO>5WZ< Et,0, 0-4°,24 h — (80) E:Z=9:1 378
2eq 02sm 0 Ph
Cs OH Pr-n b
Ph W(CO)s *Pr—n T-n
n-Pr—=—= Y 1. Solvent, 80°, 30-240 h OO + O’ + /@\ 60
OMe 2. Air, silica gel Ph™ N TOMe
I ome I Ome T
0 OH
. n-Pr\Q{FLEMe . Ph Pr-n .
—
Ph
0 v Pr-n v
OMe MeO o o
Ph4<\—<C02Me e
Pr-n Vi Pr-n vit
Alkyne (eq) CC M) Solvent 1 1I I v \ VI VII
BE 0.1 THF ©® ©® GD O 10 a8 O
3.8 0.005 THF (10) ) (38) 0) (7 (20) )
20-30 0.1 benzene (7 (57) (12) (1.2) (19) 2) ©0)
3.8 0.005 benzene (6) (60) (5) (6) (14) (1) 0)
3.8 0.005 MeCN (10) ) (5) (0) (1) (5) )
Cos OMe
P (C0)5W2< Temp, 18-22 h Polymer 85, 63
Ph
Alkyne (eq) Temp R Polymer
50 40° n-Bu (45)
100 60° -Bu (28)
50 40° Ph (55)
Gy
OMe
Ph—=— (CO)5W1< Cycloalkene (100 eq), - 450, 451
Ph 50°,21-312h
" m
Alkyne (eq) Cycloalkene n
10 cyclopentene 1 (19)
3 cyclopentene 1 (4.9)
225 cyclopentene 1 (4.2)
1.75 cyclopentene 1 7
1 cyclopentene 1 (15.8)
0.75 cyclopentene 1 (20.3)
0.3 cyclopentene 1 (36.7)
10 cycloheptene 3 (16)
1 cycloheptene 3 (16)
10 cyclooctene 4 7
1 cyclooctene 4 )
Ph
deg OMe 1. Benzene, 80°, 96 h ’ (40) 448
W(CO)s 2. Silica gel ®

0.1M



01¢

TABLE 17. ARYLTUNGSTEN CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
(CO)5W2< Toluene, 75°, 18-24 h 452
Alkyne (eq) [e(eX(%))]
1 0.05 (50)
100 0.001 [€)))
Ci7
OME ‘
(CO)5W3< Toluene, 75°, 18-24 h E:Z=22:78 452
E:Z =44:56
Alkyne (eq) CC (M)
1 0.05 41)
100 0.001 (26)
Cis
452

o
Copsw=( Toluene, 75°, 18 h ‘ @4
. O

0.001 M
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TABLE 18. ALKENYLTUNGSTEN CARBENE COMPLEXES WITH INTERNAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OH Et
‘ Et
Et—=——Ft o OMe 1. THF, 90°, 24-48 h + Et 60
2eq W(CO)s 2. Air, TsOH, THF/H,0 (O) Et 8]
OMe 1 O 1
CC (M) 1 1
0.5 (58)  (<3)
0.05 65)  (<3)
0.005 an  (<2)
OH Bt
Et
2eq OMe 1. Solvent, 90°, 18-32 h + Et 60
W(CO)s 2. Air, TsOH, THF/H,0 Et
OMe I O
CC (M) Solvent 1 1|
0.1 THF (45) (@]
0.005 THF (56) (8)
0.1 n-heptane 51) (23)
0.005 n-heptane (50) (38)
0.1 MeCN 24) (24
0.005 MeCN ®) 47)
OH o H
o Et [e) i
>\%Et OMe THF, 80° 36) + — @0) 71
Et
1.5-2eq W(CO)s
OMe O OMe
0.05M
TABLE 18. ALKENYLTUNGSTEN CARBENE COMPLEXES WITH INTERNAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
NEt.
G OFt NEy,  Ph 2
_ (CO)sW OEt
_ (CO)sW (CO)sW _
EtN———— _ Cyclohexane, 0° — 37 + (1 402
1 Ph OEt
e 05M Ph

OEt
(CO)sW:
+ Ph A // (22)

NEt

OEt
(CO)sW

ELN

OFt

(CO)NTV_

* BN s
Ph

(16)
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TABLE 19. ALKENYLTUNGSTEN CARBENE COMPLEXES WITH TERMINAL ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cq RN Ph R,N_  Ph Catalyst NR,
o [ Catalyst (2-2.5 mol%), [(COD)RhCI], NEt, (63)
— OEt THF/MeOH (4:1), MeO [(COD)RhCI], N-morph (61) 194
1.5 eq W(CO)s 20°,36h OBt L(CORRKCI) NEp (77)
[(CO),RhCI], N-morph (74)
0.25M RhCl3+3H,0  NEt, 77)
RhCl3¢3H,0  N-morph (77)
OEt morph-N R!
(CO)sW R! [(COD)RICI], (2.4 mol%),
1.5¢q 7\ THF/EtOH (5:1), MeO N\_R? 193
2
R 20°,36-38 h
N-morph OEt
025M
R! R?
1-cyclohexenyl Me (53)
Ph Me (63)
Ph i-Pr (59)
Ph (70)
% >~
Pr-n n-Pr
Cs R !
n-Pr——— Hexane, 80°, 24 h 7\ + /\ 234
Y N/gW(CO)5 P07 TR PSR
3eq H H
0.014M I o R I I
OH Me (74) (<1)
Pr-n Ph  (76) (0)
2eq OMe 1. THF, 80°, 61 h (87) 60
W(CO) 2. Air, TsOH, THF/H,0
5
0.005 M OMe
TABLE 19. ALKENYLTUNGSTEN CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH g Prn
P — ‘ Pr-n
n-Pr——— 1. THF, 80°, 108-120 h
o OMe ) + 60
8eq 2. Air, TsOH, THF/H,0O o o
W(CO)s H
1 OMe I
CC M) 1 11
0.5 (43)  (204)
0.005 (54) (—)
(0]
Pr-n
deq OMe 1. THF, 80-90°, 38-64 h 60
W(CO)s 2.CAN
(0]
CC M)
0.1 (88)
0.005 (96)
RoN Ph RN Ph NR, Catalyst
| Catalyst (2-2.5 mol%), NMe, [(COD)RNCI],  (53)
>E OEt THF/MeOH (4:1), N-morph [(COD)RhCI],  (58) 194
20°,36 h
W(CO)s 0°, 36 OEt NMe, [(CO),RhCl], (74)
15eq 025M N-morph [(CO),RhCl], (75)
NMe, RhCl323H,0 (78)
NEt, RhCly3H,0  (74)
N-morph RhCl33H,0  (76)
NHMe  [(CO)RKCI,  (0)
NHEt [(CO),RhCl],  (0)
NHMe RhCl33H,0 0)
NHEt RhCl3¢3H,0 0)



SIS

91¢

OEt N-morph )
(CO)sW R! [(COD)RACI], (2.4 mol%), R
15eq 7\ THF/E(OH (5:1), N\ R (59) 193
2
R 20°,28-36 h
N-morph OEt
025M
R! R?
1-cyclohexenyl Me (59)
Ph Me (68)
Ph i-Pr (68)
Ph }J\/\/K an
Cg
R,N_ _Ph RN Ph
| Catalyst (2-2.5 mol%),
Q{ OEt THF/MeOH (4:1), 194
20°,36 h
1.5eq W(CO)s OEt
025M Catalyst NR,
[(COD)RhCI], NEt, (1)
[(COD)RhCI], N-morph  (60)
RhCl3+3H,0 NMe, (73)
RhCl3+3H,0 NEf, (1)
RhCl3+3H,0 N-morph ~ (71)
OEt N-morph
(CO)sW: Ph [(COD)RACI], (2.4 mol%), Fh R
1.5¢q 7\ THF/EtOH (5:1), N\_R Me (62) 193
R 20°,30-32 h i-Pr (59
N-morph OEt
025M
TABLE 19. ALKENYLTUNGSTEN CARBENE COMPLEXES WITH TERMINAL ALKYNES (Continued)
Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C
s R,N_ _Ph RN Ph
| RhCl323H,0 (2 mol%), - NR,
Ph—— OEt THF/MeOH (4:1), NMe, (76) 194
15¢q (CONW 20°,36 h OEL NEt, (77
025M
Ph
OEt
(CO)sW: NHMe —
2.5¢eq - THF, 70°, 12 h (CO)sW NMe  (53) 410
Ph
0.1M oh
morph-N
morph-N | [(CODRACIL, (24 mol%), Fh
15¢q X "pn THF/E(OH (5:1), N\_R 193
20°,36 h
coyw? Sogr 0PM OFt
R
Me (69)
i-Pr )
Ci
morph-N morph-N Ph
TMSO P - [(COD)RACI], (2.4 mol%),
THF/EtOH (5:1), N\ 61 193
Ph (5:1). T™MSO (61)
20°,38h
(CO)sW™ OEt OFEt
1.5eq

025M
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TABLE 20. CARBENE COMPLEXES OF NON-GROUP VI METALS WITH ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy .
_ ool PFq~ +
= Cp(co)zpe:< CH,Clp, 78 to 1t + Cp(CO)zFe + Cp(CO)Fe CH,Ph 453
3eq Ph 3 (—)
1+0=(75) 1II
10 Ph ° |
eq CH,Cl,, 78°, 1 h \\ (89) 198
EO” “Fe(CO), \
Fe(CO)3
Fe(CO)4
49¢q 60°, 1h | 197
Ph NMe, NMez Me;N \
02M
Fe(CO)3
Fe(CO)3 v
Me,N
Ph Fe<c0)3 <0C>3Fe
Atmosphere  Solvent I I + 1T il
CO (55 psi)  CH,Cly (47) (13) (0)
CO (650 psi) (CH,),Cl, (20) (47) (0)
Ar (40 psi)  CHyCly (73) (0) 21
Ar(15psi)  THF (62) (0) )
CO,Et
N _Ph EtO,C
2eq _ Photolysis, Et,0, 20° (79) 454
(CO)3Fe Ph
0.01 M (CO);Fe
TABLE 20. CARBENE COMPLEXES OF NON-GROUP VI METALS WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy
o Ph3Sn\C0(CO)3
= | Benzene, 50°, 6 h [\ s 200
Ph OMe Ph o OMe
25¢eq 0.007 M
Fe(CO), 0" Ph
Et—— CO (55 psi), (33) 198
EtO” “Ph ? O
106 CHCl,, 70°, 1 h EtO
q Et Fe(CO);
M CO,M
Fe(CO), €0:C e
MeO,C—= THF 7\ I+ ]\ II 455
EO™  “Ar BO™ Ny~ TAr B0 N~ TAr
49eq
Ar 1 I
Ph (15) 4)
2-MeOCgHy (78) (0)
3-MeOCgHy (22) 1)
4-MeOCgH, (42) an
CO,Et CO,Et /Ph
P CO,Et N _Ph N
2¢q X N Photolysis, E,0, 20° | /L e o+ )—Ph @4y 454
7]\ MeO,C™ / Ph
(CO)sFe Ph Fe(CO)3 MeO,C
0.01 M CO,Et /Ph
N +
N
+ 0 - Pho (1)
(CO);Fe‘/\

CO,Me
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Cs : n-Pr
Fe(CO), n-Pr
n-Pr—— CICH,CH,CI, 60°, 1 h /A 64) + (4) 197
Ph” " NMe, PhN o NMe
4.9eq 02M Ph Pr-n
o
Fe(CO)4 o Ph
MeO,C——— CO (55 psi), CH,Cl,, 15
? E©O~ Ph (5 psi), CHCly <\ | as) 198
10eq 70° 1h EtO
MeO,C Fe(CO);
Fe(CO), CO,Me MeO,C
49eq N o THF o\ I+ -\ I 455
'y t
Ar o OEt Ar o OEt
Ar I I
Ph (25) (42)
2-MeOCgH, (] (79)
3-MeOCgH, (30) (19)
4-MeOCgH, (0) (80)
CO,M
Fe(CO), e
49eq CICH,CH,ClI, 60°, 1 h /A (73) 197
Ph NMe, Ph™ N\~ " NMe,
c 02M
o Et Et
Fe(CO)4
Et—=—=—Rt Solvent, 60°, 1 h M 197
49¢q Ph NMe, Ph o NMe,
02M Solvent
THF (45)
CICH,CH,Cl (74)
Et Et
Ph;S
P o0y,
25eq | Benzene, 50°, 6 h o\ 93) 200
Ph” “OMe Ph™ N\ ~OMe
0.007 M
TABLE 20. CARBENE COMPLEXES OF NON-GROUP VI METALS WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs R? fe) R?
1. Photolysis, pyrex filter, R2 Bu-n 0 O
n-Bu—— THF, 20°,5 h O‘ + O 181
MnCp'(CO), 2.CAN I o o) n
R'O 0
R! R? 1 )i
Me H ©  5-10)
TiCp,Cl H (30)  (5-10)
TiCp,Cl  Me (28)  (5-10)
oc Ph
oC ™
N
Ru)\OMe 9
H \ Bu-n
Seq E};ﬁ%—m 1. Toluene, reflux, 3 h O‘ (a8) 199
t
éo 2. CAN
Zgé 0
0.04 M
Fe(CO), OH CO,Me
CO,Me MeO,C CO,Me
MeO,C—==—CO,Me OFt THF OO + 455
49eq R R CO,Me MeO,C CO,Me
OEt 1 CO,Me 1T
R Rinl 1 I
H H 1) )
2-OMe 5-OMe 5) 5)
3-OMe 6-OMe (33) 2)

4-OMe

7-OMe (93) (<D



s

128

Co

CO,Me
MeO,C, M
Fe(CO),4 €0, COMe MeO,C CO,Me
MeO,C—=—=—CO,Me Solvent, 60°, 1 h /A + 197
Ph” "NMe, Ph™ N\~ NMe, MeO,C CO,Me
49eq 02M CO>M
Solvent I 1 I Ve 1
CH,Cl, (50) (0
CICH,CH,CI (35 (24
THF (16)  (13)
CO,Et Ph pr Ph
Ph N N
2eq X /IL Photolysis, Et,0, 20° B\ /P oan o+ ) Pho(62) 454
~
(CO)sFe” “Ph E B E
0.01M E*¥ Ph
N+
S—ph
+ o - (7)  E=CO,Me
copFe”| L E* = CO,Et
c; E
NEt,
. . Cp'(CO),Mn
EuLN Cp! (Co)zMﬂ:< Hexane, 70°,22 h (76) E:Z=10:1 456
leq 04M OMe OMe
NEt
Ph 2
Cp/(CO) Mn:< B 80°,2h N= 66
leq p 2 enzene, s Cp'(CO)zMn:< Et (66) 430
o3m  NH Ph
NEt,
NH,
(CO)sMn(CO), Mn=< B 20°2h N= 83 430
leq s 4 enzene, 20 (CO)5Mn(CO)4Mn:< B D
Ph
03M Ph
TABLE 20. CARBENE COMPLEXES OF NON-GROUP VI METALS WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg %
Fe(CO), o Ph
Ph CO (55 psi), CH,Cl,, \ | (74) 198
Ei0” “Ph Xy
10 eq 70° 1h EtO \
Fe(CO);
Ph
Ph Ph
Fe(CO),
49eq Solvent, 60°, 1 h ]\ + 197
Ph” " NMe, Ph™ N NMe,
Ph Ph
I I
o) OH
Ph Ph Ph Ph
Me,N
¥
m v
Ph Ph
Solvent 1 1T 111 v
CH,Cl, sy © O (O
CICH,CH,Cl 16) (15 () (30
THF (12) (13) (18) (0)
E
COEL Et0,C _Ph
_Ph
2eq /i N Photolysis, Et,0, 20° | // (74) 454
)\ Ph” s Ph
(CO)sFe Ph Fe(CO)3
0.01 M
Cio OBu-t OH
Fe(CO), -BuO OBu- 1-BuO Ph
-BuD—==—0Bu-¢ CH,Cly, 60°, 1 h © * (5) 197
49¢q Ph™ NMe, #-BuO OBu-t #-BuO OBu-t
02M OBu- OBu-
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Cis

MeO,C —

MeO,C

12eq

OMe

Cp’(CO)zMn:<

Ph

Fe(CO)4

EtO Ph

PhsS
1Co(C0);

Ph OMe
0.007M

CH,Cly, 60°, 1 h

CO (55 psi), CHoCly,
70°, 1h

Heptane, 50°, 6 h

OMe

—
MeO,C Ph (68)
MeO,C
0
Ph

N
\ 93)
EtO N \ Ph
ph Fe(CO);

Ph Ph

Ph o OMe

457

198

200
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci3 ul ~ OH R MO R
1. RC=CH (3 eq), R
(coscr=( benzene, 70°, 12-24 h . . 78
0,005 M — 2. Silica gel OH e}
1 I I
R! R I O m Iv R 7
- - - - - OMe
OMe H 9 (10) 3 (34) +
OMe Me ® @ 3 ¢4
(6]
v
Ciz.16 OH
1. n-PrC=CH (x eq), Frn
solvent, 60-85°, 4-24 h I+ +IV R=nPr + + 58,246
2. Workup Pr-n o
v VI
R! CC (M) X Solvent Workup 1 1 v v VI
OMe 0.005 3 benzene silica gel 3) (15) 55  (—) (—)
OMe 0.005 3 benzene Zn/HOAc 2) (12) =) ) (—)
OMe 0.005 3 benzene silica gel (—) (=) 54)  (—) (—)
OMe 0.5 3 benzene TiCls/LAH 7) 5) (—) (<0.8) (<1.2)
OMe 0.5 3 benzene silica gel (—) (=) 14)  (—) (—)
OMe 0.05 3 benzene TiCls/LAH 5) (11) (—) (<0.1) (0.6)
OMe 0.05 3 benzene silica gel (—) (=) 38) (—) (—)
OMe 0.005 3 benzene  TiClyLAH 2  (13) (4 (<03) (<1.0)
OMe 0.005 3 benzene silica gel (—) (=) 53)  (—) (—)
OMe 0.05 10 benzene TiCls/LAH 8) 2) (—) (<0.2) (<0.6)
OMe 0.05 10 benzene Silica gel —) (=) 1) (—) (—)
OMe 0.05 10 THF TiCls/LAH ) (<03) (—) (<0.1) (<)
OMe 0.05 10  THF silica gel (—) —) 23 () (—)
OMe 0.05 10 MeCN TiCls/LAH (15)  (<0.5) (—) (<0.5) (<0.5)
OMe 0.05 10 MeCN silica gel (—) —) D () (—)
OMe 0.08 3 MeCN silica gel (G N A G A G B G
OMe 0.005 2.5 MeCN silica gel (17 = = = (—)
OMe 0.08 hexane silica gel 4) (—) 43) (—) (—)
OMe 0.01 2 hexane silica gel (10) 9) 56)  (—) (—)
OMe 0.005 hexane silica gel (10) 10 &7 (—) (—)
OMe 0.004 1.2 hexane silica gel 2) 2) 24) (—) (—)
N-pyrrolidinyl 0.05 10 THF TiCl;/LAH 2) 16) (—) 1.0y ()
N-pyrrolidinyl 0.05 10 THF silica gel (—) (—) (16) (—) (—)
N-pyrrolidinyl 0.05 10 benzene TiCls/LAH 2.4) 14) (— (<02) (3)
N-pyrrolidinyl  0.05 10 benzene silica gel (—) (— an -
N-pyrrolidinyl 0.5 10 benzene TiCls/LAH 3) a1y (— <10y (&)
N-pyrrolidinyl 0.5 10 benzene silica gel (—) (—) an
N-pyrrolidinyl ~ 0.05 10 MeCN TiCls/LAH (<0.3) (<0.2) (—) (<0.2) (<0.3)
N-pyrrolidinyl ~ 0.05 10 MeCN silica gel (—) (—) <« (=)
Ciz
OMe 1. n-PrC=CH (3 eq),
(CO)sMo benzene, 60-85°,4-24h I + Il + IV + V + VI R=n-Pr 58,246
_ 2. Workup
CC M) Workup I 1I v v VI
0.5 TiCly/LAH 36) (<04) (—) (<04) (<04)
0.5 silica gel (—) (—) (1) (—) (—)
0.05 TiCl;/LAH 43) (<0.5) (—) (<05) (<0.4)
0.05 silica gel (—) (—) 5) (—) (—)
0.005 TiCls/LAH 48) (<0.5) (—) (<0.5) (<1.0)
0.005 silica gel (—) (—) (20) (—) (—)



9T¢

LTS

TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci3
OMe 1. n-PIC=CH (3 eq),
(CO)sW
benzene, 60-85°, 4-24 h I+II +IV+V + VI R=nPr 58,246
— 2. Workup
CC (M) Workup | II v \% VI
0.5 TiCls/LAH (17)  (<0.5) (—) (<0.5) (<0.5)
0.5 silica gel =) (= <05 (— ()
0.05 TiCls/LAH 27) (<3.0) (—) (<0.5) (<0.5)
0.05 silica gel (—) (—) (<0.5) (—) (—)
0.005 TiCls/LAH 29) (<1.0) (—) (<1.0) (<2.0)
0.005 silica gel (—) (—) 0.2) (—) (—)
OMe 1. n-PrC=CH (3 eq), OMe
(CO)sCr MeOH (x eq), benzene, O
I+1II+1V R=nPr + VII 246
60-85°, 12-24 h OMe
0.005 M 2. Silica gel
X 1 m IV v
0 2) 12 49
5 (=) (= @ M
10 =) = @ &
20 (4) ©® G5 ©®
50 (2 @ GH O
100 (1) 3 aAn 9
200 (3) 3 (12) “9
500 3) @O @ T4
OH
OMe _ OMe
1. RC=CH (3 eq), R Q
(COxCr MeOH, 45°,36-42 h + 246
A A0 = OMe
2. Silica gel R
1 1
cc o R 1 m OMe
0.21 n-Pr (18)  (18) (11 +
0.07 n-Bu Qe @) (3) OMe
0.005 n-Pr 9 (12) @5 1
OH (6]
1. TMSC=CH (3 eq), ™S T™MS OMe
0.005 M benzene, 70°, 12-24 h @) + (46) 78
2. Silica gel
(6]
Et O
- 0 Et
1. EtC=CEt (3 eq), OMe
0.005 M benzene, 70°, 12-24 h + 27 78
2. Silica gel Et
o

PN

— N
I.RC” " "SCH @3 eq), PMe R

0.005M benzene, 70°, 12-24 h H (36) 78

W g{
S m

2. Silica gel o) ™S (9
CO,Bu-t (41)
OH Ph o)

1. PhC=CH (3 ¢q), Ph MeO Ph OMe

solvent, 15-36 h + + 458, 78,
2. Silica gel 0 246

I 11 o III

Solvent Temp 1 o Ix

THF 45° N (=) =

benzene 70° (16) (20) (54)

MeCN 45° 43) (— (—
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci3 OH Bu-n
OMe 1. n-BuC=CH (3 eq). Bu-n
(CO)sW
THF, 85°, 48 h (26) + (42) 458
— 2. Silica gel 7 Bu-n
7 n-Bu
OMe o OMe
1.R'C=CPh(2-3 eq), Ph R!
(CO)sCr 5
R20H, 45°, 48 h + Pz , * 246
2. Silica gel 1 OR
— . dl1lica
= & R Ph
0.07M 1 i OMe
0
R! R? 1 o s
H Me (36) (40) (12) - OR
H i-Pr 37 (14) (<D
Ph Me 5) < @D
OH Ph o
OMe 1. RC=CPh (3 eq), Ph
(CO)sW 0
solvent, 85°,48 h + —Ph + 458
— 2. Silica gel R /
0.07 M — I Ph I PH r I
Solvent R I I TII
THF H 50 @2H (=)
MeCN  H ® (=) @0
THF Ph M (=
Cis o)
OMe 1. n-PrC=CH (3 eq), n-Pr OMe
(CO)Cr /) y/ benzene, 70°, 12-24 h @37+ /o \ (30) 78
2. silica gel o~ OMe
0.005 M o)
Cis
. o)
o \\ 1. THF, 75°, 14 h
(CO)sCr § (n—BOu)3PC,éTetone, 50°,5h J (12-14) 114
. MeOH,
|\ N 0
o OH
0.5-0.005 M
O‘<—\
(CO)sCr o) \\ 1. CH,Cl,, —20° = o
s =4 (tr) 114
2.-20° to 25° o)
I\
()
Ci617 o o
/ - = 3
0—SiMe, \—= 1. PAC=CPh (10 eq), R
(CO)sCr hexane, reflux, 1 h 86
R! 2.CAN R? OH
o)
R! CC (M) R? R}
2-propenyl — Me H (62)
2-furyl 0.011 —OCH=CH— (75)
c R n
16-19 o OAc H 1 (16)
: j — R R H 2 (8
o), 1. E,0, 25-35°, 20-44 h Ho3 o) 214,90
(CO)5Cr:< 2. PPhs, Ac,0, EtN
Ph Me 1 (81)
0.04 M SR Me 2 (62)
Me 3 (62)
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cie-18 ;
H — R! R, R
\ / N
N R2
(CO)SCr R Toluene, 110°,2-2.5h 222,221
‘Cr(CO
MeO 2 N OMe H(CO)
0.03M R! R2 R3
H H H ()
H Me H (0)
Me H H (50)
Et H H (50)
Cr Me H D (—)"
OMe OMe o
(CO)sCr O
— Benzene, 70°, 16-24 h 41) 245, 247
— —
OH
Solvent, 110°, 16-24 h 245,247
m
)ﬂ
m n Solvent
1 1 benzene 30)
1 1 MeCN (48)
1 2 MeCN (61)
1 3 MeCN (38)
2 2 MeCN (36)
2 3 MeCN (—)
OMe
Ci728
MeO (CH), OMe
OH HO
: OH (CHy), OH (CHy, 215.459
Solvent, 16-24 h (CHz)n (CHa), + oH
+
0.005 M I I
OMe
(CHp); OMe
OH
+ I
OMe

n Solvent Temp
6 hexane 60°
6 benzene 60°
6 CH,Cl, 60°
6 MeCN 60°
6 THF 60°
6" THF 60°
6 THF 100°
8 THF 100°
10 THF 100°
13 THF 100°
17 THF 100°

@ a0 (=
@ 149 (>
14 @6 (=)
19 e@n =
© 66 (=
© a9 =
ag 39 (=
2 a5 @3
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C )
17-27 (CHy), (CHo),
OMe @ ( o ) OH
(CO)sCr
Solvent, 12-22h + + + 176, 217
" I i I
0.002 M OMe OMe OMe
(CH);
(CHo, OoH OMe
HO *
MeO HO
v (CHy); A
OMe
n Solvent Temp 1 I I v v
6 THF 100° = = > = 6
6 benzene 100° = = = (= (8
10 THF 70° ®) [C20 R E1) N C o RN V)]
10 THF 100° @ @42 d5 () (8)
10 MeCN 100° an an e = o
10 CH,Cl, 100° 2 (= < dan a2
10 hexane 100° 22) = = 29 ©®
10 benzene 100° 40 (= @ 2 12
13 THF 65° @O @ @2 = ©
13 THF 100° 5 6% d6 @ 10
13 benzene 100° (14) (—) (—) (18) (26)
16 THF 100° (56) (@ H = a0
16 benzene 100° (48) (—) (—) 2) )
Ci7.18 —

(CO)sCr

02M g
Cis
6]
(CO)sCr \\
T™MS
I\
o2m O
[¢]
O*S/iMe \
2
(CO)SCr:< A
Ar R'
001 M R Ar
Me Ph
Me Ph
H  4-MeCeH,
H  4-MeCgH,
OMe
(CO)sCr

R———

v-Terpinene (100 eq),
Acy0 (3 eq), EN (4 eq),
THF, 85°

OAc
R E
/N
Me
OH
.THF, 75° 14 h o]
. (n-Bu)3P, acetone, 50°, 5 h \§ (76) 114
. CCly, MeOH, 1t, 16 h
o
o
R2 R!
. Sol 11 1h
Solvent, reflux, O‘ on 86
2. CAN
R? ©

Solvent Additive

R
™S (—) 127
~Bu  (31)

W =

THF none H (24)
hexane none H (34)
THF none Me (14)
hexane PhC=CPh (10 eq) Me (40)

OMe OMe

-BuOMe, 55°,2 h OO + OO‘O 460
: CO);C / R
OMe (CoxCr OMe
R

n-Pr (30)  (30)
™S (—) ()
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

ges

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cig
OMe Bu-t
(CO)sCr
t-BuOMe, 55°,2 h (38) 461
-Bu———
t-Bu
o 0
(CO)sCr [0) o
Benzene, 60°, 1.5 h 20) + 51 243
O
0]
OH
ﬂ; OAc
0 — 1. Additive (10 eq), Solvent  Additive
(CO)Cr solvent, reflux, 1 h OO THF none (38) 86
2. PPhy hexane  none (40)
001 M 3. Acy0, pyridine o) hexane PhC=CPh (39)
OMe TBSO HO
(CO)sCr 1.
/" N\—oMe- 245,247

Z
X
|

MeCN, rt, 16 h, CO (1 atm)
2.110°,23 h (52) (10)
HO TBSO

@j (40) 128

(CO)Cr Benzene, 87°, 12 h
025M
(E:Z=1:1) (CO)5Cr
- OH
\Nwﬁ\\ h
(CO)sCri \ Benzene, 85°, 12 h (22) 128
— 0.25M
(E:Z=35:1) aN
0o

o— SlM€2 \
(CO)sCr \ 1. Additive (x eq), solvent, OH
+
reflux, 1 h O‘ on + 86
2. CAN . % -
° 0

0.01-0.3 M

O m o
Additive X Solvent I o m Iv R' R
none — THF a7 @ (10 () — —
none — benzene 19 @ a6 (O — —
none — hexane 33 (O 0) 0) — —
2,6-di-tert-butylpyridine — hexane 28) (0) 0) 0) — —
Ac,O 1.5 hexane 26) (2 0) 0) — —
diphenylacetylene 10 THF 26) (— (=) = — —
diphenylacetylene 2 hexane S0y 6 (— (—) — —
diphenylacetylene 5 hexane 70 8 (—) ) — —
diphenylacetylened hexane 6l @ (— =) — —
diphenylacetylene 10 hexane @8 3 = = — —
diphenylacelylene" 10 hexane ® 3 (— =) — —
diphenylacetylene, CO (1 atm) 10 hexane 45 6 —) =) — —
1-hexyne 10 hexane GBl) 4 (—) (24 nBu H
3-hexyne hexane 39 (6) (—) ((22) Et Et
3-hexyne hexane 48) & 2) (1) Et Et
3-hexyne 10 hexane 51 (1) @ (19 Et Et
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cio 0—
O—SgMe — @ @
(CO)Cr ? T 1. Additive, solvent, Et
reflux, 1 h + 86
2. CAN H Et
I 0 II
(¢] (¢]
0.01-03 M Additive Solvent | 1T
none THF (23) (0)
none benzene (24) )
none hexane (26) )
2,6-di-tert-butylpyridine hexane 22) 0)
diphenylacetylene (2 eq) benzene 22) 0)
diphenylacetylene (10 eq)  hexane (60) 0)
3-hexyne (10 eq) hexane 41) (14)
OAc
1. THF, reflux, 1 h
0.01-03 M 2. TBAF, B,0 (33) + ©) 86
o 3. TMSCI, McOH ) OAc
OAc 0
4. Acy0, pyridine OAc
O 0
/
O Sinte \—= veO
(CO)sCr
Ar 1. CH,Cly, reflux (26) 86
Ar = 4-MeOCgH, 2.CAN OH
0]
O
1. PhAC=CPh (10 eq),
Ar =2-MeOC¢Hy hexane, reflux, 1 h O‘ 41) 86
2. CAN OH
MeO o
0— SIMCZ \ o
(CO)sCr \ 1. Additive (10 eq), hexane, ~MeO MeO
reflux, 1 h O‘ + + 86
OH
2.CAN
.01-0.03 M
0.01-0.03 1o on o ©
Additive I I III MeO
none @2 (@ (0
PhC=CPh 39 () (0
EtC=CEt @9 (@ 14 m
[0}
o— SlMCz \\ 1. Additive (10 eq), hexane, Additive
(CO)Cr reflux, 1 h O‘ none (38) 86
2.CAN PhC=CPh (62)
001M MeO O OH
(¢]
/O‘\_
O—SiMe, — 1. Solvent, reflux, 1 h %6
(CO)sCr 2. Workup
Ph 0.01 M I
(6]
Solvent  Workup I I
THF CAN @7 (©)
benzene TBAF, HCl, CAN 25 3
OH
OMe
(COXCr / 7 — Benzene, 70°, 16-24 h Q4) + (19) 245, 247
0.005 M




8¢¢

6¢S

TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cio-20 OH MeO o
OMe
(CO)sCr / / s ,
f olvent, 70°, 16-24 h + 245,247
n
0.005 M ) )
n Solvent | 1I
1 benzene &7 (—)
1 (n-Bu),0 (50 (5)
1 THF [CORENG!
1 MeCN (20N Y]
1 DMF (10)  (16)
2 benzene (33) 0)
Ca023 / /
o), 1. PAC=CPh (5 eq), o
0—SiMe, 150 W Xe Arc R
Cp'(CO)Mn (345 nm filter), O‘ oH 182
CH,Cly, 20° \
2.CAN o
R R n
H 1 (30)
Me 1 (20)
Me 2 (22)
Me 3 (23)
Cyo
/ 0
4 o
OMe Benzene, 70°, 16-24 h = 7 (39) 245,247

(CO)sCr / 7

0.005 M
0]

/
0—SiMe,
(CO)sCr

0.01-0.3 M

0
o— >%\
coper=(

Ph

(0]
1. Additive (10 eq),
solvent, reflux O‘ 86
2. CAN OH
(0]

Additive Solvent
none THF (15)
PhC=CPh hexane (48)

1. Et;0, 35°,20 h OO (65) 214

2. PPhs, Acy0, EGN, 17.5 h
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy 0 o
O—SiMe, —— 1. Additive (x eq), OH
(COxCr solvent, reflux O‘ + + 86
2. CAN OH
0.01-0.03 M I O o I (0]
R!
CLL,
m o
Additive X Solvent I o m R' R
none — THF 30) @4 0) — —
none — benzene 27 &) () — —
none® — benzene 25 (5 () — —
none — toluene 25 (— (O — —
none — hexane Q7 O (0 — —
diphenylacetylene 5 THF 29 (©6) (0) — —
diphenylacetylene 10 benzene 55 (—)  (0) — —
diphenylacetylene 10 hexane ©5 (5 ©O — —
1-hexyne 10 hexane 54) () (15 n-Bu H
3-hexyne 5 hexane 61) (10) (6) Et Et
3-hexyne 10 hexane 75 O (9 Et Et
OAc
1. Solvent, reflux OAc
2. TBAF, Et,0 OO + 86
3. TMSCI, MeOH OAc
4. Ac,0, pyridine ' OAc o o
Solvent I 1I
THF 38) (7
hexane “40) @)
(O  — 0
O—SiMe, — HO
(C0)5Cr:z 1. Additive (10 eq), MeOH MeO
solvent, reflux + + 86
2. CAN
I o o
OMe (e}
Additive Solvent I I III
none THF (200 (6) (0) MeO Et
none hexane [ (O () O‘
PhC=CPh  hexane 55 O (©) m | Et
EtC=CEt hexane ) @
/0*\ o
0=SiMe; —— 1. PAC=CPh (10 eq),
(CO)sCr hexane, reflux O‘ (59) 86
MeO 2. CAN OH
OMe O
/0 o
0O—SiMe,
1. THF, reflux ou 0 86
2. CAN
(¢]
OMe
OMe
N :< X OH
(CO)sCr Ph Hexane, 70° _ (53) 462
N Ph
> Ph
N 1. PhC=CPh (10 eq), Ph o
(CO)5CI':<—\; benzene, reflux dj 31) + Ph—— \ /CN (48) 219
— . 2. Air, silica gel N/ Ph
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cao Me J%
N OH Solvent
(CO)sCr —_————
1,4-Cyclohexadiene (100 eq), THF (25) 127
\\ solvent, 80° /N Ph toluene  (15)
0.01 M Mé
Ph MeCN (6)
Hydrogen source, OAc
Acy0 (3 eq), EiN (4 eq), 127
THF, 85° N Ph
Me
CC (M) Hydrogen Source
0.005 1,4-cyclohexadiene (100 eq) (43)
0.01 1,4-cyclohexadiene (10 eq) 34)
0.01 1,4-cyclohexadiene (100 eq) (63)
0.02 1,4-cyclohexadiene (100 eq) (49)
0.02 Y-terpinene (100 eq) (53)
0.02M HSiEt; (100 eq), 1) 127
THF, 85°, 13 h
0.02M DSiEt; (100 eq), 127
THF, 85°, 13 h
Me ——
\
(CONC N ¥-Terpinene (100 eq), OAc
r
’ R = I-cyclohexenyl Acy0 (3 eq), EN (4 eq), (41) 127
\\ THF, 85° N R
/
0.02M R Me
Cai o 1. PhC=CPh (5 eq), o
O—SiMe, \\ 150 W Xe Arc
Cp'(CORMn (345 nm filter),
182
CH,Cl,, 20°
2.CAN
3. Acetylation
OMe
(CO)sM
Photolysis, Et,0, —44° 463
Ph———
OMe OMe
(CO)sMo
107 mbar, 45° (—) 463
Ph——
OMe
OMe Ph
(concr ‘O
1. +-BuOMe, 55°, 2 h (55) 463
Ph——— 2. Air
Ph
OMe
/0 o
corc O —SiMe, 1. PAC=CPh (10 eq),
(CO)sCr
\\ hexane, reflux O‘ OH (65) 86
MeO 2. CAN
OMe O
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CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cyy
el 0o o)
O—SiMe, 1. Additive (10 eq), R R Et
(CO)sCr hexane, reflux + 86
\\ ’ OH
2.CAN Et
0
R Additive I I 0 u o
R Me PhC=CPh (50)  (0)
Me EtC=CEt (25 (14
Et OMe PhC=CPh 37 (O
o o)
0—SiMe, \\ 1. EtC=CEt (10 eq),
(COXCr hexane, reflux O‘ Et + —\ + 86
2.CAN | Et
(53 O OH (17) o
Et
! l Et
©)
Et o o
o
0—SiMe, \ 1. PhAC=CPh (10 eq),
(CO)sCr \ hexane, reflux Et (73) + - - “4) 86
2.CAN Y
MeO MeO O OH MeO
H _/%TMS T™S
N
(CO)sCr Benzene, 88°, 12 h Ph - (57) 128
— ¥
Ph Cr(CO
025M (0%
T™S
\\ ™S
o Ph
N—H Benzene, 80°, 12 h 4@:]} (60) 128
C0)sC \
(COCr Cr(CO)s
025M Ph
Ca12
ove g
(CO)sCr Y
— \\ OH Y
THF., 65°, 3 h o) (25) 464,216
O NMe (20)
Y
0.02M / CHy G
(CO)Cr OMe
Ca126
0
0—SiMe, \ 1. PhC=CPh (5 eq), o R! R?
Cp'(CO),Mn \ 150 W Xe Arc R! R? H Me  (75)
R? (345 nm filter), O‘ oH H Et (51) 182
CH,Cl,, 20° H Ph (60)
- 2.CAN ) Me Me (75
Me  Et (79)
Me TMS (32
C OMe Me  (48)
OMe O
(CO)sCr
— \\ 1. (n-Bu),0, 90° 2 h
(40) 216
2.CAN ‘
0.04 M
o)



9IS

LYS

TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ca OH
H
N Ph TMS
N \\
(CO)5Cr Benzene, 85°, 12-17 h (29) 128
— TMS
Ph _N
H
025M E:Z=1:155
Cx 0 OH
H Ph Ph
N \
(CO)SCr:< A\ Benzene, reflux, 12 h (G4 o+ § (23) 219
Ph Ph | |
N N~
/0—\— _ o
0—SiMe, — 1. PhC=CPh (5 eq),
Cp'(CO),Mn 150 W Xe Arc
(345 nm filter), (56) 182
CH,Cl,, 20° OH
2.CAN O
Caz4
n-Pr
\\ Pr-n
H R
\
X o I
(CONCr Solvent, 105°, 1 h + O 465
I N
/
H
R Solvent 1 1
R H (n-Bu),O (34) (14)
Me (n-Bu),0 39) (10)
H toluene 20 (18)
Me toluene (23) (16)
Ca36 Ar
Ar
Toluene, 110°,2 h Ph (19) 220
4-MeCgH, (18)
2,4,6-Me;CeH, 17)
HC=C(CH,)¢C=CH, MeO O O OMe 31 215
THF, 100°, 0.2-4 h
SPh
O
o \ 1. THF, 80°, 8 h
(CO)sCr A 2. FeCly-DMF 2 (s51) 114,265
/ 2 T™S 3. TFA/AcOH (1.5:1) O
o CCly, rt, 15 min OH
0.13M
1. THF, 80°, 8 h o Sph
2. Mel, K,COj3, Me,CO
0.13M 3. TFA/AcOH (1.5:1), / (56-94) 114
CCly, rt, 15 min [e)
4. Air or FeCl3-DMF OMe
/A T
o) =
(COxsCr nPr 1. EuO, 35-37% 64 h OO Prn (48) 218,90
2. PPhs, acetone
MeO ’ MeO O O
NN

0.05M
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.

o)
OI — =
> N 1. E,0, 35-37°, 64 h
(CO)sCr n-P 2 O‘ (51) 218,90

2. DDQ, MeCN/H,0 O on
MeO 0.05 M MeO o Pr-n
Pr-n o / HO Pr-n
O
O—SgMez \ 1. Additive (10 eq), = Pr-n | |
(CO)sCr \ hexane, reflux ou — + 86
\ 2. CAN
MeO MeO O Pr-n MeO o) |
I 11 111
Additive | II 111
none (40) 9 40
PhC=CPh (53) 3 (=
Couns EtC=CEt (51 “4) 40
- (6] R Additive Solvent

(CONCr 1. Additive (10 eg), R Ph none THE (25
R solvent, reflux, 1 h O‘ on Ph none hexane (19) 86
2.CAN Ph PhC=CPh hexane  (43)

(o] n-C;Hys none hexane  (48)
n-C7H;s PhC=CPh hexane  (51)
n-C7Hjs  EtC=CEt hexane  (56)

Caa30

R I+11 LII

THF, 100°,0.2-4 h + H (>65) (<1:30) 215
O O T™S (31) (39:61)

R Ph (66)  (80:20)

OMe I OMe II
OH Ph

Me\ Ph

N

(CO)sCr 4/_\ Benzene, reflux, 12 h OO 30) + O’ (17 219
5 < /

Ph Ph N (CO)Cr N

T™S Me” Me

AN

H\
N See table + 23
(CO)sCr
114
+
(CO);Cr’ 11X
Solvent  Temp Time 1 I I v
hexane  reflux 3h (13) (10) @43) (0)
MeCN  reflux 0.5h © O © I
toluene 70° 2h © (0 80 (10)
t-Bu
H Solvent, 85°, 1 h 465
N
(CO)SCr:< )
Ar Ar Solvent Cr(CO);3
Ph (n-Bu),0 (70)
4-MeCgH;  (n-Bu),0 (82)
Ph toluene (20)

4-MeCgHy  toluene 57)
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cas Et
[¢]
0—siMe, A\ 1. PAC=CPh (5 eq).
Cp'(CO),Mn 150 W Xe Arc
(345 nm filter), 51) 182
CH,Cl,, 20°
2. CAN
/O
O—SiMe;,
(CO)sCr \\ MeO C7H,5-n
C7Hys-n 1. Hexane, reflux (36) 86
2. CAN
(¢]
O~ S‘Mez \\ 1. Additive (10 eq), CyHisn Additive
(CO)sCr o hexane, reflux O‘ none (55) 86
s 2.CAN PhC=CPh  (49)
[0}
H
\N \
(CO)sCr \ Benzene, 85°, 12-17 h (59) 128
— Ph
Ph
025M EZ=11:1
\/ Ph
N Vi NC —
(CO)sCr 1. Benzene, reflux (16) + (7 219
2. Air, silica gel \ Ph———
— Cr(CO)3
TMS TMS

CO (1 atm),
TMS  THF, 110°,20 h

OMe

CO (1 atm),
MeCN, 110°,20 h

Toluene, 110°,2 h

N
H\
N
(CO)sCr

Cae.29 Ar

Toluene, 90°, 2 h

i}
'h
AN
R n-(Bu),0, 85°
N
(CO)SCr:<

Tol-p

H H
(0}
[0}
) Y
\ \ (19) 245
TMS
(29) 220
Ar
Ph (28)
4-MeCgHy (24) 220
2,4,6-Me;CgH, (65)

2,6-(MeO),CeHy  (42)
3.4,5-(MeO);CeH,  (43)

t-Bu & 0
R
p-Tol S ——
- H (82) 465
N Me (85
B 63
(CO);Cr/ no



ss

(399

TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.

Ca7.30 Ar

AN

H\
N See table I+ H=LCrCO) 220
(CO)sCr
Ar Solvent  Temp Time I 11
Ph toluene 90° 1h 26) (—)
4-MeCgHy toluene 90° 1h 25 (—)
2,4,6-Me;CgH, toluene 90° lh 70)  (—)
2,4,6-Me;CgH, t+-BuOMe  55° 45h 25 22
2.,4,6-Me;CgH, THF 68° 3h 57 (15)
2,4,6-Me;CgH, MeCN 82° 40 min (63) )
2,4,6-Me;CgH, (n-Bu),0  75° 1h 45)  (28)
2,4,6-Me;CgH, (n-Bu),0O  85° 35 min 49)  (30)
2,6-(MeO),CeHs toluene  90° 1h 43)  (—)
3,4,5-(Me0)3;C¢H, toluene 90° 1h 45 (—)
Cag 38 R?
OMe R! OMe
(CO)sCr ‘ Cr(CO)s \\ // 223
R* (1.0eq),
1,2-dichloroethane,
0.0025 M R3 .
100°, 20-40 min
R! R} R? R*
Me Ph Me Ph (35)
Me n-CgHjz Me n-CgHj3 (22)
Me OMe Me OMe (36)
Ph OMe Ph OMe (41)
Me OMe Me Ph (31)
Ph OMe Me Ph (35)
Me OMe Me n-CgHy3 (22)
Me n-CeHy3 Ph OMe (35)
Me OMe Ph OMe (40)
Ca9.30
(0]
R
(CO)sCr HO g \
\\ J— 1. Benzene, temp, 18-19 h O’ + MeO ‘ 247,245
T 2. Workup O‘
OTBS TBSO O‘
I TBSO II
0.005 M R Temp Workup 1 I
OMe 75°  air (30) (23)
NMe, 120°  TiCls/LAH (10) (—)
OMe o /
(CO)sCr 74
\ CO (1 atm), MeO o
\ — VY (28) 245

— MeCN, 80°,27 h

OTBS
0.005 M TBSO
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions

Product(s) and Yield(s) (%) Refs.

Cyo OMe
(CO)sW
\\ Additive,
— solvent, 110°, 19 h
OTBS
CC (M) Additive Solvent
0.005 none THF
0.005 none benzene
0.005 none heptane
0.005 none MeCN
0.05 none MeCN
0.005 CO(latm) MeCN
Pr-n
Cs3 \
H
\
N
(CO)sCr
MeO (n-Bu),0, 85°, 1.5 h
0.06 M
OMe
Ci6.43
R

(n-Bu),0, 85°,1.5h

i}

(CO)sCr
MeO

0.05M OMe

Cy7

t-Bu

i}
[6)

Solvent, 85°, 1.5-2 h

(CO)sCr
MeO

0.02-0.05 M

Me Solvent
(n-Bu),0

toluene

HO HO
D - T

(53)
(51)
(48)
(63)
(50)
(47)

HO | | I

1I
(0)
(0)
(0)
(©)
©)
(31)

466
466
R I I
T™S (14) (=)
Ph ®) ()
ferrocenyl (16) (8)
2-pyridinyl (3) 3)
466

1 I
(low)  (0)
o an
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TABLE 21. CARBENE COMPLEXES WITH TETHERED ALKYNES (Continued)

Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Css
n-CsHy;
H
\
N
(CO)sCr
(n-Bu),0, 85°,2h 466
MeO
0.04 M OMe

“ There was greater than 90% deuterium incorporation in the product.

b The concentration of the starting carbene complex was equal to 0.025 M.
¢ A trimer was also isolated in 9-13% yield.

4 The concentration of the starting carbene complex was equal to 0.001 M.
¢ The concentration of the starting carbene complex was equal to 0.006 M.

/ This product was a mixture of two diastereomers.



LSS

8S¢S

TABLE 22. NON-HETEROATOM-STABILIZED CARBENE COMPLEXES WITH ALKYNES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C, OH
Ph Cr(CO)s X
= Y Et,0,1t,2h | ©) 87
1.6 Ph / =
O e
q (CO)CY N
G
Ph W(CO)s
— Alkyne (100 eq), Polymer (75) 85
Ph 40°,22h
Cy OH
Ph Cr(CO)s
— \f Et,O,1t, 2 h (12) 87
1.6 eq Ph /
(CO)Cr pp
+ . OH
a | * BE 1.CO (1 atm),
S H CH,Cl,, -78° 74 (33) 467
2. Air s
W(CO),Cp
0.006 M
+ BF, OH
T 4 1.CO (1 atm),
56, 467
H CHCl, -78° (62)
2. Air
W(CO)Cp
0.006 M
+ BF,
T RS Q /WCp(CCE !
H CO (1 atm), (73) dr=1.2:1 56
CH,Cly, ~10°
W(CO)-Cp
0.006 M
TABLE 22. NON-HETEROATOM-STABILIZED CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy q OEt
(CO)sW
EO cosw=( CHACl, 78° 10 -25° i ZQ:\ @y 48
18 eq Ph Ph
Cr(CO)s
Cr(CO)s
‘ OEt
leq Q‘O CH,Cl,, —20°,2 h (47) 345
0.05M C O
Cr(CO)s
Cr(CO)s
| OEt
leq CH,Clp, —20°,2 h (41) 345
leq CH,Cl,, —20°,2 h (36) EZ=1.6:1 345
Cs OH
Ph Cr(CO)s Pr-n
n-Pr——— Y Et,O,rt,2h (11) 87
Ph /
1.5eq (CO)Cr  py
+ - OH
T BE; 1.CO (1 atm), R
R—— H CH,Cl,, -78° n-Pr (34) 467
2. Air, 24 h R i-Pr (67)

W(CO),Cp
0.006 M
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Cr(CO)s

) O o
S\ - ’ 1. -BuOMe, 20°, 1-2 h ‘g . o + 0 "
e T
HO — ’ 2. TBSCI, Ei;N, 20°, 2 h
4eq
0.1M »
59
(46) (59) (<3
4eq (CO)5Cr 0 1. -BuOMe, 40°, 1-2 h (68) 173
O 2. TBSCI, E;N, 20°, 2 h
0.1M
O Cr(CO)s
1. -BuOMe, 20°, 1-2 h
deq (CO)5Cr + e} 173
2. TBSCI, Ei;N, 20°, 2 h
0.1M O (33)
H MesP (1 eq), o {V
— (CO)sW CH,Cly/pentane (1:2), COWTN Ph (11) 469
11eq oot Ph -50°, 3-5 min
H CO)sW e
(CONW (CO)s
MeS—= // CH,Cly/pentane (1:2), — (—) 469
-50°, 30 min
1.1eq 0.02 M
TABLE 22. NON-HETEROATOM-STABILIZED CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ce OMe OTBS
O MeO ! ! Bu-n
n-Bu—— (CO)sCr 1. -BuOMe, 20°, 1-2 h (CONCY (62) 173
4eq O 2. TBSCI, EN, 20°, 2 h
0.1M OMe OMe
OTBS
OMe OTBS
Bu-n
O MeO ! ! Bu-n OO
deq 1. -BuOMe, 20°, 1-2 h / + (CO);Cr/ 173
CO)sCr :
(€0 2. TBSCI, EN, 20% 2 h (CO)Cr’ O
0.1 M O O (25) (40)
OMe
4eq (CO)sCr ’ 1. -BuOMe, 20°, 1-2 h Q’ (78) 173
2. TBSCI, Et;N, 20°, 2 h
0.1 M
OTBS OTBS
n-Bu Bu-n
4eq (CO)SCr 1. -BuOMe, 40°, 1-2 h OO 42) + O (26) 174,173
0

O

IS
<

2. TBSCI, EN, 20°, 2 h

o
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! (CO)5Cr I
4eq (CO)sCr 1. -BuOMe, 20°, 1-2 h ! (55) 174,173
O 2. TBSCI, EGN, 20°, 2 h n-Bu 0
0.1 M TBSO
! O)3Cr !
4eq (CO)sCr 1. -BuOMe, 20°, 1-2 h 173
O 2. TBSCI, EGN, 20°, 2 h n-Bu OQ n-Bu %
0.IM TBSO RO
@7 R=H (26)
R =TBS (<5)
+ - OH
T BFy 1. CO (1 atm),
Bu—— H CH,Cl,, —78° (49) 467
2. Air, 24 h Bur
W :
0006 M V(CEORCP
Ph
100 eq (CO)5WI< 40°,15h Polymer (15) 85
Ph
+ BE, OH OH
_‘ B 1.CO (1 atm),
_ R
R—— H CH,Cl,, -78° 467
2. Air, 24 h R
Wi
R 0006 M Y(CEORCP I II
n-Pr (28) (33)
i-Pr (16)  (49)
TABLE 22. NON-HETEROATOM-STABILIZED CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Co
+ - OH
_‘ BEy 1.CO (1 atm), E
Eti—=——EKt H CH,Cly, -78° (34 467
2. Air,24h
W(CO),Cp Et
0.006 M
H NMe, NMe,
Me,;N—=—=—NM W o (CO)sW (CO)sW
eN——= e (CO)s :<Ph CH,Cly, 50 wicoy; ® (5  470a
Me,N Me,N Ph
c; - NEt,
Cp'(CO),Mn Ph
E6N Cp'(CO),Mn =< Hexane, 70°, 22 h PCO% — (52) 456
leq 04M Ph Ph
NEt,
Ph (CO)sW Ph
leq (CO)5W2< Hexane, —-60° to rt > :§_< (50) 359
Ph
07M Ph
s
(CO)sCr
leq (CO)sCr g CH,Cl,, -60°, 5 min * (51) 345
0.05M O 0
-
(CO)sCr
(CO)sCr 0 CH,Cl,, —60°, 5 min — o) (52) 345
leq
0.05M
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(CO)sCr
leq (CO)sCr CH,Cl,, 20% 1h — (27) syn/anti = 4.6 345
0.05M O
NEt,
Ar (CO)C A Ar
r r -
leq (CO)5C1”:< CH,Cl,, —20°, 1 h s _ Ph  (58) EZ=5.6:1 345
PMP
0.05M PMP PMP (65)
leq CH,Cl,, —60°, 5 min (73) E:Z=3.4:1 345
Cg
H (CO)sW NMe,
Q{ (CO)SW:< 1. CH,Cly/pentane (1:2), —40° (14) 469
Ph _
2. MeC=CNMe; (1.2 eq)
1.leq 0.02M
OH
Ph.___Cr(CO)s Ph
Ph—= i ELO. 1t 2h @n 87
Teq " \c (CO)
T
Ph 3
Ph
50 eq (CO)5W2< 40°,46 h Polymer (49) 85
Ph
TABLE 22. NON-HETEROATOM-STABILIZED CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy u
H
_ Ph (CO)sW
Ph—— (C0)5WZ< CH,Cl,, -80° to —10° (—) + (—)  470b
Ar (CO)sW ~— Ar —
leq PH Ar
Ph
+ B SAT ) ArS Ph, 4-MeCeHy
(CO)sW—W(CO)4
TMS—=—=—TMS (CO)sCr g -BuOMe, 20°, 1-2 h " ®82) + O . (<5) 173
o O O
0.1M
Cr(CO)s T™MS v TMS
deq O O -BuOMe, 40°, 1-2 h O O (44) 173
0 o)
0.1M 0
Il
Cr(CO)s M
T™S
4deq O.O t-BuOMe, 20°, 1-2 h \ ™S (—) 173
0.1M i O i
- NEt,
EL,N—— (CO)sW
2 \\ (CO)SW:< CH,Cly/pentane (1:2), ’ (78) 469
Tol-p —40°, 30 mi =/
lLleg 0.02M »ou i Tol-p
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+
\ o H 1. CH,Cly/pentane (1:2), B PMe; h
— (CO)5W2< -50°,1.5h (CO)sW \ (10) 469
Ph 2. MesP (1 eq)
1.0eq 0.02M
Ph
Ph 0
ELN—=——NEt (CO)5Cr:< Hexane/benzene (3:1), Ph (16) 471
Ph :
1.5¢q 02M t, 30 min EGN NEt,
OH
Cii
Ph.__Cr(CO)s Ph
EtO,C—==—Ph E,O, 1t, 2 h (7 87
Ph / CO,Et
leq
(CORCE by
OMe
_.OMe
Ph.__Cr(CO)s OMe
1. THF, 20°, 1 h 296
Ph 2. Silica gel, 10°
/ - .
(CONCY I (30) dr=125:1
Ciy
] oBRS Tolp | BFY
Ph——=——~"h H CO (1 atm), CH,Cl,, -78° (89) 56
Ph
leg Cp(CORW—
W
0.006 M W(EORCP Ph
TABLE 22. NON-HETEROATOM-STABILIZED CARBENE COMPLEXES WITH ALKYNES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OH
(CO)sCr__Ph Ph
Ph—==—"Ph (n-Bu),0, 40°, 2 h (22) 104
s / Ph
l4eq o (CO)Cr
z
0.1M - 0
OH
Ph.__Cr(CO)s Ph
leq \[4 ELO, 11,2 h (20) 87
Ph 7 Ph
(CONRCY by
OH
CF3
CF3 Ph
12¢eq (n-Bu),0, 1t, 2 h OC (18) 104
/ Ph
04M Tol-p CORCE p,
OH
Ph
OH
CF3
CFy Ph
1. (n-Bu),0, 1t, 2 h Ph
1.5eq . + 47
2. Air
Ph
oosm  Tolp Tolp
(14) 4
oH CFy
2-naphth__Cr(CO)s Ph
1.2eq \]& (n-Bu),0O, 1t, 1 h (11) 104
Ph
Ph
0.25M /

(CO)Cr naphth-2
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Ph W(CO)s
Y Toluene, 50°, 16 h
Ph
0.001 M
Ph W(CO)s
Toluene, 50°, 16 h
Ph
0.05M
Ph W(CO)s
Toluene, 50°, 16 h
Ph
0.001 M
Ph W(CO)s
leq Toluene, 50°, 16 h
Ph
0.05M
Cis
Ph W(CO)s
Toluene, 50°, 16 h
Ph
0.001 M

100 eq

()

I(51)

19

) ‘!

1 (40)

o,

452

452

452

452

452

“ The yield was based on starting alkyne.
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
C
1 OMe
(CO)sCr N-morph OMe
N N = THF, rt, 12 h j@% 38) an
— morph-N morph-N _
0
Ciy
OMe
(CO)sCr
\ MeO OMe 1. CNBn (2 eq),
\ + T THF. tt, 15 min (52) 473
2. Silica gel 0 NHBn
OMe
Cis
OFt EtO EtO (0]
(CO)sW
\\ + RyoPH Pentane, 0° @ + + @ 474
— P ~ PR
cojsw= PR cojsw=FR2 cojsw= PRz
I II 111
R I O oIV EQ
t-Bu I+II+1III(80) (0) +
c-CgHyy B0 (M (22) (36)
copw-PR: IV
OMe OH
CO)sCr M
(CO)s o Photolysis, CO, THF OO OMe © 254
Ph
OMe OMe
(CO)sW _—
\ + Neat, 50°, 4 h ' a0 + ’ ) 475,472
\ - O O
Ph
OMe Ph Ph OMe
(CO)sW {
\\ + = MeCN, 1t, 72 h " (€8] 475,472
A MeO Q
Ph MeO
Cis-16
OMe
CO)sW
(CO)s o) OMe
AN =
|' 475,472
+ o S THEF, rt + ‘
P (6] 1 R morph-N o R
R R Time I I
Cl 12h (36) (0
H 10 min ) (95
Me 15 min ) (90)
OMe 2d 0 95
OMe OMe
(CO)sW A~ -OMe (CO)W Ph
\\ + r/ THE, rt, few min — — (95) 472
morph-N — OMe
Ph N-morph
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
OMe OMe OMCOM
(COsW e
\\ + = THF, 1t " 472
Ar morph-N X morph-N Q R
Ar Time R
Ph 5 min H 95)
4-MeCgH, 15 min Me 97
4-MeOCgHy 8h
+ £ THEF, rt 472
morph-N ~
Time R
15 min
15 min
10h
OMe OTMS
(CO)sW
\\ + = THF, rt, 10 min (83) 472
Ph morph-N A
OMe
(CO)sCr
> N , o
N\ ¢ 1. THF, rt, 10 min ’ (58) an
2. TsOH, toluene, 110°
P mophNT morpN Q
OMe N-morph OMe
(CO)sCr {
\\ + = THF, -10°, 6 d O’ (34) 472
o morph-N AN morph-N Q
OMe
(CO)sCr OMe OMe  one
X
\\ + ﬁ THF, 1t, 3 d (64) 472
1 eq ™SO N ™SO
OMe OMe  OMe (e
X
3eq + ﬁ THF, 1t, 3 d \ (59) 472
™SO~ X TMSO
OMe  OMe
=
2eq + THF, 1t, 2 d ! (86) 472
A
morph-N morph-N
MeO
OM
e \ OMe  (OMe
2eq + = THF, rt, 6 d ‘ | (85) 472
morph-N N morph-N
OC3Hs
(54) 472

morph-N
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cis OMe
Y oMe gy
(CO)sCr !
0 o
\\ + THF.1t, 12 h | | (87 472
morph-N morph-N
2eq
N-morph
2eq + = THF, 1t, 12 h
morph-N
OMe OMe
N
leq + THF, 1t, 3 d
TMSO
leq + THEF, 40°,2d

morph-N

Cis.16
OMe
(CO)sM
OR?
N+ [jj
"OR?
- M R!
Cr H
Cr H
w H
Cie Cr OMe
OMe
(CO)5er
Ci7.18
CO,Me
(CO)4Cr=—
/ CO,Me
NHR
0.1M
Ci7
OMe
O
W(CO
002M" O
OEt
(CO)sM

NMe,

RZ

TBS
TMS
TBS
TBS

Toluene or benzene, 45°

Photolysis, THF, CO

sod
OMe

NHR
¢
\

CO,Me R
CHyCly, 1t, 8 h
0 0,Me
N

(23)

Me (44)

N, purge, THF, reflux, 9 h (79)
O OH
OMe

§  OFt

Et,0, 20°, 12-14 h

(COM \Me,
+

R
W (89)
Cr (85)

H (35

254

54

252,253

474
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci7 — —
P O
Cr(CO)s Photolysis, CO, THF OO (65) 477
OH
OMe OMe
(6]
CNBu-7 (3 eq), OO (78) 255
toluene, reflux NHBu-7
OMe
(6] \ (0] \
S Solvent R
CNR, solvent, toluene t-Bu (72) 255,257
Cr(CO)s
reflux, 12-24 h NHR THF CH,COEt  (64)
OMe OMe
OMe
(CO)sM OMe  gpe
\ =
A\ + «  THF,11,20-30 min @(’o on 9 472
morph-N
2eq - morph-N
Ph
M=Cr, W
PMe MeO MeO
(CO)sM N OMe o
N + ~# THF.1t,2.5 min (30) 472
Ph
2eq * NS ¢
Ph morph-N
M=W
OMe  OMe OMe
M=Cr X
I eq THF, 11,48 h | i ’o Ph (85) 472
morph-N 6 6
CCl N
CCls\(/N 1. CNBu-f (2 eq), 3\r/
| THF, 60° (60) 478
N Cr(CO)s Na
2. Silica gel NHBu-t
OMe OMe
Cis
<j;(OMe CNBu-7 (2 eq), .O (90) 255
Cr(CO)s ether, reflux NHBu-7
OMe
1. N, purge, M Workup
THF, reflux, 4-9 h Cr air, sunlight, 12h  (56) 252,253
o] OMe 2. Workup 0 OH W none )
OMe
M(CO
oo2m MEOs
1. N, purge, R _
THEF, reflux, 6 h R Me (72) 253
MeO OMe 2. Air, sunlight, 12 h y OH  OMe (0)
R cO
OMe
Cr(CO)s
0.02M
1. N, purge, o
O
k THF, reflux, 6 h k (65) 253
o OMe 2. Air, sunlight, 12 h o OH
OMe

0.02M  W(CO)s
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

(0)

THEF, reflux, 6 h
2. Air, sunlight, 12 h

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cis
M
CNBn (2 eq), W (78) 473
o] OMe THF, tt, 15-60 min 0 NHBn  cr  (86)
OMe
0.0sM M(CO)s
CNBu-7 (2 eq),
vt (2 eq) (85) 473
THEF, rt, 15 min
MeO OMe NHBu-7
MeO oM
005M  Cr(CO)s ¢
OMe
OMe
(COYsW OMe
=
\\ + THF, 1t, 4 d @(’ Ph (67) 472
X
2eq _ morph-N morph-N
Ph
OMe e
OMe
= morph-N |
2eq + \ THF, 1t, 1d Ph—_ Ph 93) 472
morph-N MeO = =
CCl3 N, CCly N
\W X 1. CNBu- (2 eq), Y TR M
N~ OMe ° N w 72 478
THF, 60°, 12 h X NHBu-f (72)
. Sili C 68
Ph  M(CO)s 2. Silica gel Ph OMe T (68
CClg,\r/N
M=Cr Sealed tube, THF, 80°, 18 h N | (70) 478
OMe
C
18 N-morph N-morph
X CO,Me CO,Me
CH,Cl,, 1t, 8 h (68) 54
N 0.1M
(CO)4Cr CO,Me CO,Me
Cig
R
R R
OMe Photolysis, THF, CO OO H  (90) 254
Ph Cr(CO)s OH (78)
R=H CNBu-7 (2 eq), (85) 255
ether, reflux
OMe
(CO)sCr
O O THF, reflux, 36 h (90) 479
OMe ‘ R Time
CNR, reflux
Ph  Cr(CO)s t-Bu t-BuOMe 48 h 257
NHR  CHoTs  ZnCL, THE 5h
OMe
1.N. 3
2 purge 252,253
(46)
o OH

ji@
£

0.02M Cr(CO)s
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cig R
(CO)sCra_-OMe ‘ ‘
O N Photolysis, solvent, CO OO Ry OO 477
O OH OH
I 1I
OMe OMe
R Solvent I 1I
F THF an - (55
cl THF ©) (83
OH THF (30) (35)
F toluene (<2) (58)
Cl toluene (<3) (89)
OH toluene (63) (12)
1. Conditions, time 252,253
2. Workup, 12 h
OMe (0] OH
© OMe
0.02 M M(CO)s Conditions Time Workup
Cr THEF, reflux, N, purge 8h air, sunlight, 12 h (72)
Cr THE, reflux 12h air, sunlight, 12 h (26)
Cr THF, 40° 28h air, sunlight, 12 h (20)
Cr hexane, reflux 24 h air, sunlight, 12 h (25)
Cr MeCN, 65° 8h air, sunlight, 12 h (25)
Cr THF, reflux, CO atm 9d air, sunlight, 12 h (—)
w THEF, reflux, N, purge 9h none (59)
w THEF, reflux 20 h none (58)
w THEF, 40° 48 h none (15)
w hexane, reflux 48 h none (19)
w MeCN, 65° 10h none (32)
o 1. N, purge, 6]
>< THF, reflux, 4 h >< (67) 253
0 OMe 2. Air, sunlight, 12 h o OH
0.02M  Cr(CO)s OMe
0]
0.05M CNBu-f (2 eq), >< (78) 473
THF, tt, 15 min o NHBu-1
OMe
Cyo
- e
7
See table | O
OMe
OH
Cr(CO)s OMe
Conditions Temp
photolysis, THF — (18) 251
photolysis, THF, CO —_ 93) 254
heptane reflux (29) 254
heptane, CO 80° (75) 480
THF 80° (41) 480
THF, CO 80° 87) 480
benzene 80° 51) 480
benzene, CO 80° 92) 480
Photolysis, MeOH, CO ! co,Me (6 + | \O (67) 254
OH
OMe
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

H

S

. Air, sunlight, 12 h

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cyo
Ph ‘
7
CNR! ‘ 255,257
OMe | NHR2
Cr(CO)s OMe
R! Solvent  Temp Time
t-Bu Et,O reflux 8h t-Bu (83)
n-Bu -BuOMe reflux 12h n-Bu (70)
Bn THF Tt 21h Bn (85)
CH,CO,Et THF reflux 8h CH,CO,Et 81)
2,6-Me,CgHs CH,Cl,  reflux 8h 2,6-Me,CgHj3 (86)
T™S THF t 2h H (56)
CH=CHMe THF reflux 1h H (68)
OMe Photolysis, THF, CO 50 254
o y .O (50)
(6] OH
Cr(CO)s
OMe
R R
9 | SNYe
O Photolysis, solvent, CO + 477
Cr(CO) OH
: OH
OMe
OMe OMe
I I
Solvent R I I
THF OMe (9) 61)
THF Me (39 (32
THF CHO (30) “41)
THF CF; (<2)  (69)
toluene Me (@) (89)
toluene CHO (22) (66)
~ Ph Ph
CNBu-7 (2 eq),
vt 2ed) @4) 255
OMe +-BuOMe, reflux NHBu-7
OMe
Cr(CO)s
o n-Pr MeO Pr-n
1. CNBu-7 (2 eq),
MeO THF, reflux, 40 h o (73) 272
Cr(CO)s 2. CAN Me O
OMe OMe
1. THF, reflux, 9-12 h (69) with N, purge 253
o OMe 2. Air, sunlight, 12 h 0 OH  (44) without N, purge
Cr(CO)s OMe
1. N, purge, THF, reflux, 3 h 95) 253
OMe O
OMe OMe OMe

Cr(CO)s
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cyo
OMe
OMe
MeO 1. N, purge, MeO
THF, reflux 0) 253
MeO OMe 2. Air, sunlight, 12 h MeO™ A OH
OMe ¢ OMe
Cr(CO)s
OMe MO OMe
MeO ¢
CNBu-7 (2 eq), (85) 473
MeO OMe THF, 1t, 15 min MeO NHBu-t
OMe
Cr(CO)s OMe
(0] oM O
OMe e
MeO == MeO
CNBu-7 (2 eq), 97) 473
MeO OMe THF, tt, 15 min MeO NHBu-t
OMe
Cr(CO)s OMe
o) [0}
>< CNBn (2 eq), >< 67) 473
e} OMe THF, 1t, 15 min o NHBn
Cr(CO)s OMe
NMe,
(CO)sCr
O O Dioxane, reflux, 52 h (29) 479
H
(0]
Photolysis, CH,Cl, (45) 256
Ph
(CO)sCr OFt OFEt OFt
o N Pree THF, 50-55° A0 + S \r 481
Y T ~ Pr-c R e
N
Pr-c R N Pr-c¢
Pr-c
0.03M
I I
R I I
n-Pr (22)  (63)
c-Pr 0) 81)
t-Bu 0) 92)
Ph 2 45
(COL;/S?r\ CO,Me CO,Me
4 74 54
COMe CH,Cl, 1t, 8 h come 9
N-morph N-morph
0.1 M
(CO)4Cr CO-Me CO,Me
/ N
A
= 62 54
NCOZMe CHyCly, 1t, 8 h o) COMe (62)
N-morph N-morph
0.1 M
MeO (CO)4Cr\ CO,Me N-morph
\ COMe A A
— CH,Cl,, 1t, 8 h (65) 60:40 mixture of isomers 54
CO,Me
N-morph MeO CO,Me
0.1 M
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
C0),C CN OH
4Cr.
Ph N Ph CN
1. THF, rt, 9 h
= - (20) 54
2. Air, sunlight
N-morph
N- h
0.05M e
1. CO (1 atm), -- - M
//\ THF, 65°, 6 h ( ; W (49) 253
(0] o 2. Air, sunlight, 12 h 0 Cr (55)
M(CO)s om0
0.02M
Gy
OMe OMe
(CO)sCr HO
Ph A Photolysis, THF, CO OO (42) 254
Ph
OMe
R’HN
CNR! OO 255,257
Ph
R! Solvent Temp Time R?
t-Bu t-BuOMe 32° 12h t-Bu (89)
CH,CO,Et  THF reflux 8h CH,COzEt  (80)
T™S THF/PhMe reflux 24 h H (32)
CH=CHMe Et,0 reflux 2h H (76)
~ O 1. N; purge, o~
THEF, reflux, 3 h o an 252,253
OM: i i
o € 2. Air, sunlight, 12 h o OH
0.02M  Cr(CO)s OMe
1. N, purge,
THF, reflux, 9 h (70) 253
OMe 2. Air, sunlight, 12 h . OH
OMe ©
W(CO)s OMe
0.02M
OMe OMe
MeO CNBn (2 eq), MeO
. (76) 473
OMe THEF, rt, 15 min
MeO MeO NHBn
OMe
Cr(CO)s OMe
Ph
7 7
Photolysis, CO, THF, 8 h (75) 255, 256
Cr(CO)s
Me,N Me,N OH
CO)C CoM oH
T e
e Ph COMe
\ Pz I.THF,1t,9 h (92) 54
Nemorph 2. Air, sunlight
N-morph
0.05M
1. MeLi (1 eq), THF, -80° OH
2. H30%, —60° 54

Ph \<>/C02Me 32)



98¢

L8S

TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy OEt
OFt H
(CO)sM M
— Et,0,20°, 5 h \ W (92) 474
OFEt OBt g OEt
(CO)sM NHPh M 1 i
Toluene, 50°, 4 h + \ w30 (59 474
H /I}I\ (O H N—py, Cr (44) 45
PH (CO)s (CO)M
1
/0\ OBu-1 OH
(CO),Cra. NMe Y N(Me)CO,Bu-7
74 \ Photolysis, THF, CO o @81) 256
° )
Cp CH(OMe),
[ CH(OMe), . ' CH(OMe), ‘
Photolysis, solvent, CO + 477
Cr(CO)s
OH
OMe OMe I OH Jp
Solvent 1 I OMe
THF (30) (44)
toluene (<4 (92)
Ph
——
1. N, purge, Ph M
THEF, reflux, 7-12 h R=OH W (89 252,253
o) OMe ) ) [} R
2. Air, sunlight, 12 h 1 Cr (72)
M(CO)s OMe
0.02M
M
0.05M CNBu-1 (2 eq), I R=NHBu-r W (88) 473
THF, 1t, 15 min Cr (94)
Ph
Ph
—
1. THF, reflux, 7-12 h (56) with N, purge 252,253
0 OMe 2. Air, sunlight, 12 h o OH  (32) without N, purge
Cr(CO)s OMe
0.02M
1. N, purge, M
THF, reflux, 3-12 h W (83) 253
OMe . .
2. Air, sunlight, 12 h OMe OH Cr  (90)
M(CO)s OMe
0.02M
Ph
o — ><o Ph
><0 OMe CNBu- (2 eq), o NHBus 9 473
THF, rt, 15 min
Cr(CO)s OMe
0.05M
o CNBn (2 eq), (59) 473
M
TMSO ¢ THF, tt, 15 min ™SO o NHBn
Me ©
Cr(CO)s OMe

0.05M
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
N A
o) o o
OMe \—__ OMe
MeO CNBu- (2 eq), MeO (92) 473
THF, rt, 15 min
MeO OMe MeO NHBu-1
e OMe
Cr(CO); OMe
morph-N morph-N Ph
Cr(CO)4 THF, 11,9 h oH (45) 54
005M CONMe, CONMe,
(CO)s (CO)3F6//S€\Cr(CO)3
(CO)sFe—S¢ ‘/\ Eo 5) 4) 482
? e THF, reflux, 2.5 h (CO)3Fe— se/ZP\CHQPh
(CO)3Fe\S Ph
Se—
Cr(CO)s (CO);Fe// e Cr(CO);
(CO)‘Fe/Se OEt THF, reflux, 2 h ‘/\ o 5) 25 +
\ ’ ? (C0)3Fe\se/;>‘CHzPh 483
(CO);FE\S Ph
Se Ph
CO);Fe
0.13M (€O ‘/\/ | OEt
S
(CO)3Fe~—g, ‘“/Fe(CO)s (19)
EO - ngpe(coh
_Se_ _Ph
CO);Fe
(COxRFeT (CO)zFe//Se (c0)3Fe//5e ‘
(COpFe g OF THE, 85° 31 X a9+ X O (15 s
(CONFE—g¢ (COpF, on
Cr(CO)s o)
OEt
<c0)3Fe//Se ‘
Toluene, reflux, 3 h \/\ (70) 484
(CORFE—g¢ Ol
_—S.__Ph
CO);Fe
(CO); // ‘ (CO);Fe (CO);FE
OEt THF, 85°,3 h 484
(CO)sFe— . 85°,
Se (CO)xFE\Se (CO);Fe\Se OH
Cr(CO)s
(11 1 (23) OEt
Toluene, 85°,3 h 1 (34) 484
S _Ph
(CO)sFe
X ] Sad
OEt THF, reflux, 2 h \ a7+ 483
(CO)sFe— , .
Te (CORFE e N -OFt )
Cr(CO) _s P
0.09 M s (CO);FT 7 | OEt
(CO) Fe/l TexFe(co); (9
3 Te / N
Et0 - S//Fe(CO)3
(CO)3Fe//S ‘ _Solvent
Solvent, reflux, 2 h \/\ THE Q1) 484
(COpFe—rg OH toluene  (38)
OFEt
Ph
/Cr(C0)4 O
Photolysis, THF, CO .O (83) 256
MeN___-O

OBu-1

OH
N(Me)CO,Bu-t
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Cy
OMe ‘
(CO)Cr ‘
Q O Photolysis, solvent, CO OO (76)  + 477
OMe OH
OMe
Ph
S
1. N; purge, Ph M
OMe THF, reflux, 6-12 h W (60) 252,253
) 2. Air, sunlight, 12 h o OH Cr (55)
M(CO)s OMe
— Ph
><O 1. N; purge, [¢] Ph
THEF, reflux, 6 h >< (72) 473
0 OMe ) . 0 ol
2. Air, sunlight, 12 h
Cr(CO)s OMe
OMe Ph OMe
MeO — MeO Ph
CNBn (2 eq), ®2) 173
McO OMe THF, tt, 15 min MeO NHBn ;
OMe OMe
0.05M Cr(CO)s OMe
N-morph N-morph
S COMe CO,Me
4 CH,Cl,, rt, 8 h (52) 71:29 mixture of isomers 54
Ph—"\ _
(CO)Cr COMe PK CO,Me
0.1 M Ph
1. MeLi (1 THEF, -80°
el 1 (1 eq), , =80 MeO,C ol (71) 54
2. H;0
! COMe
Cy
OFt Ph : W(Co)
CO)sW — EBN. 5
(€05 _ Petroleum ether, 20°, 3 d 2 “Ph (—) 485
NEG, OFt
NEt, Ph W(CO)s
COSW=\ Petroleum ether, 20°,3d O -Ph(66) 485
OEt
NEt,
+
(@) Ph
1. Toluene, 45°,5 h (82) 485
2.aq HCl1 NEt,
Caz26
Ph
OEt Ph R N R
(CO)sCr N:< _
Pr-c THF, 50-55°, 16-24 h . Pr-c n-Pr - (88) 481
005M R OFt cPr (97)
t-Bu  (85)
Cos Ph  (62)
Ph
S
1. N; purge, Ph
OMe THEF, reflux, 2 h (90) 253
e 2. Air, sunlight, 12 h OMe
Cr(CO)s OMe
1. N, purge,
THEF, reflux, 2 h (—) 253
OB
o " 2. Air, sunlight, 12 h 0 OH
OBn

Cr(CO)s
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Coy
(+-Bu),P<__~ Cr(CO)s (-Bu),P- ‘
w CNR (2 eq), O (96) R = 1-Bu, c-CgHy; 486
Ph OEt cyclohexane, 60°, 1 h NHR
0.16 M OFt
M(CO)s M(CO)s
(-BuyP” (+-Bu),P (-Bu)R
(t-Bu)P _~ M(CO)s
W Pyridine (0 or 1 eq), 3-35 h + + ’ 486
Ph OEt
EtO 1 EtO i EtO 1
M Solvent ~ Temp Pyridine I 1I il
Cr benzene 60°  no (>90) (0) )
Cr benzene 80°  no 0) (>90) )
Cr benzene 80°  yes 0) 0) (>90)
w heptane 55 no (C2))] 0) 0)
w heptane 80° no 0) (86) )
w heptane 80°  yes (0) 0) (>90)
CZS e
_ Cr(CO)4
\ Photolysis, THF, CO Ol (28) 256
BonN__O
Y N(Bn)CO,Bu-r
OBu-1
Cas07
- 1 2
MeO R? Conditions R R
A: Photolysis, toluene, CO A Me OH (51
or O A allyl OH (58) 292,293
B: CNBu-#, toluene, B Me NHBu-r (89)
reflux, 5 h NR! g{e B allyl NHBu- (58)
Ca
/Cr(CO)5 /Cr(CO)5
(c-CgHy)oP Ph (c-CeHy1)2P (c-CeH1)oP
OFt Heptane, 2 h + ’O 486
Cr(CO)s
EtO EtO 11
Temp I 1I
80° >80) (>10)
100° ) (>90)
Ph
= Ph
CNBu-7 (2 eq),
OMe ! ; (65) 473
MeO THF, rt, 15 min TMSO NHBu-
TMSO OMe
Cr(CO)s OMe
0.05M
Ca629
PhYPh
I Ph
R__N RN R
' THF, 50-55°, 15-18 h — Ph n-Pr (88) 481
OE
! OFt ePr o (96)
Cr(CO)s +-Bu  (99)
0.05M Ph (80)
Cas
N-morph
‘ N-morph
Ph [(COD)RAKCI]; (2.5 mol%),  php (76) 195

| THF, 20°, 36 h

&

OEt
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
MeO OH
O R
Photolysis, toluene, CO O O allyl (63) 293
N N Boc (71)
\ I
R MOM
MeO NHBu-#
O R
CNBu-t, toluene, reflux, 5 h O O allyl (74) 292,293
N N Boc  (68)
\ I
Cao R MOM
MeO Cr(CO)s
MeO
MeO AN
Photolysis, CO, OTIPS (36) 271,272
OTIPS THEF or toluene OH
OMe OMe
OMe 0.03M
MeO
1. CNBu-f (2 eq), THF,
0.75M reflux, 24 h OH (60) 271,272
NHBu-#
2. TBAF OMe OMe
MeO o TIPSO,
1. CNBu- (2 eq), THF, Me
reflux, 16 h OTIPS  + ‘ 271,272
(¢]
2.CAN
OMe O oMe O
1
CcC (M) I i u
0.4 (82) (0)
0.1 (57-62) (20-25)
Ph
_ Cr(CO)y O Atmosphere
5 \ Photolysis, N, (40) 256
N 0 1t here, THF
atmosphere, OH co (62)
OBu-1 N(Bn)CO,Bu-1
Cso
Me\ Me
N Ph \N
Ph— | OMe Photolysis, CO, THF Ph—G O 1) 165
ot OH
Cr(CO)s Ph OMe
Gy
Ph
o Ph
_ Cr(CO)4
Photolysis, CO, THF OH (33) 256
BnN__ O
N(Bn)CO,Bu-t
OBu-t
G136
W(CO)s
EtO
[(COD)RACI]; (2.5 mol%), 195

toluene, 70°, 12 h

R Me

0.1M E:Z=95:5
R! R2 R3
Ph Me Me
Ph Me H
Ph Ph H
cyclohex-1-enyl Ph H

X )
~ 5{
2 e
R R! OEt

(1)
(74)
(76)
(73)
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TABLE 23. CYCLIZATIONS OF DOUBLY UNSATURATED CARBENE COMPLEXES (Continued)

Carbene Complex or Precursor Complex Conditions Product(s) and Yield(s) (%) Refs.
Ca33
R C;H;s5-n R C7Hys-n
\
N ~ N R
‘ Photolysis, CO, THF O Bn  (65) 258
Cr(CO)s O OH PMB (62)
MeO 0.005 M OMe
Bn\ C7H;s5-n Bn C7Hys-n
N X N R
' CNBu-7 (7 eq), O Me (86) 258
Cr(CO
r(CO)s THF, 75°, 18 h O NHBu-# MOM (72)
OR 1.2M OR
Csg
RhCI(COD)
EtO O
Ph \ — Toluene, 70°, 4 h g N (63) 195
—
N Pl o
PH € Ph

0.1 M E:Z=95:5
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TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES

Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
G
OEt OH
_ CONES =
= f Hexane, 1t, 2 d (8) 487
10° Pa T
0.07M
Ca H_ Ph CHy e o H><Ph
= CH,Cly, 20°, 6 h + / /\w—w‘/\\ 488, 489
CO)sW—W(CO
9eq (CO)s (CO)s (CO)W—W(CO), (CO); (CO)3
(28) (23)
+ poly-2-butyne (—)
H
excess (CO)SW:< Pentane, —78° to rt (CO)5W4'H + Ph"“"\/Ph + n-CsHll/\Ph 489
Ph
+ MerCo[C(H)Ph +  MeyCo[C(H)Ph]?
+  (MeyCy)o(CO)C(H)Ph]*
Cs OH
Bu-#
B P Argon (4 bar), -BuOMe, ‘ N " (ext. Iy Tow) 2”1
~Bu extremely low
% Cr(CO)s 100°, 2 h /_P Y
1.1eq
OMe (CORCY OMe
0.1 M
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs OH Cr(CO)s
N But Bu | OMe
_ Argon (4 bar), -BuOMe, .
+Bu—=P N0 gon (4 bar) (minor)  + ) i 5) 231
70°,7h P K
1.1eq OMe O//
025M OMe
OH
t-Bu
7 ‘ / N Bu-r IP
3 OMe + \
13¢eq o Asgon (9 bar), DME, . | e e . )\@ @2 231
Cr(CO)s 90%3h 0
OMe
0.08 M
OH
t-Bu
7 ‘ / N Bu-7 IP
OEt + \
13eq s Argon O ban, B, g /b @ e . )\@ @3) 231
CHCO)s 90°,3 h \
0.04 M (COMCr - OEt
OH
t-Bi
Ph._Cr(CO)s X But " b
1.2eq Y Argon (5 bar), DME, 6) + / \! (35) 231
P
OMe 80°.5h MeO O/K Ph
0.02M OMe
1-Bu
(CO)4Cr=—0OMe
| Y \P OMe
1.2eq MeO Argon (5 bar), CH,Cl,, MeO o (60) 230, 231

0.02M

rt,8h
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OH

MeO M
eO X Bu-t
Cr(CO
1.2¢q MeO (CO)s Argon (5 bar), DME, _p (25) + 231
008M  OMe 70%4h MeO
OMe t-Bu
i OMe
MeO o (50)
OMe
(CO),Cr=—0Me t-Bu
! / \P MeO
EtO EtO
1.3 eq —CrCO); Argon (5 bar), Et,0, o (77) 230, 231
70° 1h —Cr(CO)3
0.04 M
OH
Bu-t
2-naphth Cr(CO)s X Bu-t P
ldeq Argon (5 bar), --BuOMe, O ¥ + X‘& 230, 231
OMe 50°,5h / P 2-naphth o OMe
0.17M (CORCT OMe )
(19)
(C0)5Cr\ Bus
+ ; ®)
AN
2-naphth o OMe
OH Cr(CO)3
Bu
1.0eq Cr(CO)s Argon (5 bar), -BuOMe, | 7\ 229,231
50°,2h P P
OR
04M R
Me (32) [©)
Et 72) (0
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cs6 OH Cr(CO); OH
t-Bu——=—P O Bu t N Bu-t
+ Cr(CO)s Alkyne (1 eq), argon (5 bar), _ P ‘ _P 231
+rBu—= OFt Et,0, 60°, 2 h
OEt
1:1
0.19M
Bu-t
OG T+ I+ (—),
\
O Crcoy,  FILMI=27:3:5
Cs
t-Bu
(CO)4Cr=—0Me
\ / P
MeO MeO |
t+-Bu——P Argon (5 bar), -BuOMe, O (11) 231
70° 3 h
0.06M  Syre
Ce
H
-Bu—— (CO)SW:< Alkyne (excess) polymer (—) 489
Ph
_ OMe
— O\ (CO)Cr THF, 50°, 41 h 3) 490
T OH
1.2eq I
M I
1.2¢eq Br(COM=— Toluene, —10° to rt, 1 Cr (12) 81
10 min W (16)
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= OMe OH
(6] (CO)5Cr:< THF, 70°,9 h O, (€3] 80
o 0.0044 M
l.1eq
G = OMe OH
< (CO)sCr THE, 70° O@ I 80
1.2eq CcC M) Time
0.0044 6.5h (57)
0.1 2h (20)
0.1 84 h¥ (52)
OMe o
1.2eq (CO)5Cr:< MeCN, 70°, 6.5 h I(39 + (26) 80
0.0044 M I OMe
OMe
‘CO)4C“—< Solvent, 2-12 h 1+1 133
L
0.006 M
Alkyne (eq) L Solvent  Temp 1 1I
2.8 (n-Bu)sP THF 70° 48) (0)
32 (n-Bu)sP MeCN 70° 49) (0)
2.0 PhsP THF 21° ©1) (0)
0.8 PhsP MeCN 22° @®) (55
OMe OH
(CO)sCr
1.2eq THEF, 70°, 6 h (71) 491
0.0044 M
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
C (0]
! = OMe oH
< (CO)5Mo:< Solvent, 70°, 1-4 h 80
- OMe
I I
0.0044 M
3.5-4eq Solvent I i
THF 62) (5
MeCN (29) (10)
OMe
(CO)sW See table I+1I 80
0.0044 M .
Alkyne (eq) Solvent Temp Time I 1
5 — THF 95° 59h (56)  (0)
5 — MeCN 95° 44 h 8) (23)
2.5 photolysis THF It 4h (56)  (0)
6 — THF 952 133h"  (71)  (0)
OMe OH
7eq (CO)5W2< THF, 95°, 65 h” (71) 80
Bu-n Bu-n
0.0044 M
OH R M
1.2¢eq Br(CO)M=——-wR Toluene, —10° to rt, 10 min C@i Me Cr (50) 81
0.1M R Me W (54
Ph W (18)
NEt,
H (CO)sW
EoN——=—— (copsw={ _78° s 7 489
Ph

Ph
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Cy CeHy3n
n-Bu Mo(CO)s
n-CeHj3——= Benzene, 100° (20) + >:\_/C5Hn-n (5) 447
OMe —
CeHy3-n
Ph
€reos OO
Ph—— \f (n-Bu),0, 80°, 1 h (12) 492
OMe (CO);Cr “
22eq 05M
Ph OH
Ph
Cr(CO)S OO
22eq Hexane, 70-80°, 8-20 h 406
OMe “
0.05M OH
(22) 12 e
22eq /L Hexane, 80°, 24 h /U\ /Zj\ 234
Ph SN S M(co)s
0.014M
II
M I 1I il
Cr (200 (25 (13)
w 65 (<) (O
— OMe OH
(CO)SCr:< (n-Bu),0,70°,6 h (61) 246
— Pr-n
l.leq 0.006 M Pr-n
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Cg .
M
- _ OH _
Br(CO)M=—— Toluene, —10° to rt, Cr (46) 81
— 0.1M 10 min W (52)
1.2eq
= OMe OH M
(CO)5M:< THF, 50-95°,32-50 h C@i Cr (32) 80
— W (50)
0.0044 M
1.2-4eq
OMe
n-Pr OMe
>—: (CO)5Cr)\ THF, reflux, 6 h RS (40) 155
T™S Ph n-Pra, = Ph
T™S
10:3.3:1 mixture of diastereomers;
E,E-major
Cio
o T™S M
— OMe OH
(CO)sM THF, 70-95° Cr (73) 80
——TMS W (61)
12-10¢q 0.0044 M
Ph OMe O
<\ (CO)sCr Dioxane, reflux, 6 h O O  OMe (80 51
Ileq 0.02M
A
OMe
— OMe e
— T (CO)5M0:< Benzene, 60°,4.5 h OMe ) 493
Bu-n
OMe OH

Bu-n



S09

909

OH M
MeO,C T
Cr (52)
MeO,C

Br(CO)M=—— Toluene, —10° to rt, 81
0.1M 10 min W (60)
12eq
C17
Z =
OMe
(CO)SCr:< 1. PhCl, 100° 24 h 0 2 + o (10) 130
N 2. Iodine — —
N 0.05M
0.83eq Prn
Ci3 Ph
— M
———Ph . OH
Br(CO)M=——- Toluene, —10° to rt, Cr (31 81
— 01M 10 min W (42)
12eq
Cl
a
OMe 1. Solvent, reflux
(CO)sCr 2 TSOH + 129
. TsOH, rt
N _ P
Bu-n
Solvent ) | I 11
dioxane GH O Qo s
dioxane/CDCl5 (49:1) 29 (1) (26) —
OMe
0.83 eq (CO)5Cr:< 1. Solvent, 100°, 24 h I+1I + o v 130
2. lodine 0
0.05M
Solvent I ] v
PhCl ©0) () (5
PhCI/CCly (9:1) (20) 45) (0)
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Va
OMe 1. Dioxane, reflux
(CO)sCr > TSOH + + 129
. TsOH, rt
AN - 0 0
(54) (13)
P Bu-n
7 OMe
(CO)5Cr:< 1. Dioxane, reflux, 26 h 0] (71) 259
= 2. Todi =
Bu-n 0.03M odine
0.83 eq
Bu-n
// OMe
(CO)sCr 1. Dioxane, reflux, 26 h (0] (84) 259
> 0.03M 2. Iodine —
n-Bu
0.83 eq
Et0,C = OMe Et0,C OH
(CO)sM THF 80
EtO,C — EtO,C
0.0044 M
Alkyne (eq) M Temp Time
1 Cr 70°  155h 57)
5.5 w 95° 65h (72)
MeO,C — O
MeO,C N Toluene, 120°, 1 h (48) 494
\ (CO)5Cr:< MeO,C CO,Me
1.3 eq 0.7M
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CO,Me

MeO,C = @
N Toluene, 120°, 1 h 494
MeO,C y " < MeO,C COMe 5
1.3 eq '
0.7M
— o 1. Additive (4 cq), OH
Et Ts—N
Ts—N (CO)5Cr:< solvent, 65-80°, 1-4 h b 291
— 2. FeCls-DMF
leq
CC (M) CC(eq) Solvent Addtive
0.13 1.0 MeCN none 17)
0.13 1.0 benzene none 31)
0.13 1.0 THEF (sealed tube) none (59)
0.13 1.0 THF none (40)
0.013 1.0 THF none (56)
0.006 1.0 THF none (57)
0.006 2.0 THF none (60)
0.006 2.0 THF Ph;P (71)
0.006 1.0 benzene/hexane (1:1) PhsP (74)
0.006 2.0 THF DMAP (19)
0.006 2.0 THF (PhO);P (71)
0.006 2.0 THF (n-Bu)sP 27)
Cig
Ph OMe I R
(CO)SCT:'/\ Dioxane, reflux, 6 h Me (61) 51
A R O c-Pr (68)
l.leq 0.02M OMe
R
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Y
Cia
‘ P
[0
Ph OMe O
(CO)SCr:< Solvent, 100° I+ ' o 260
S R o)
0.2M OMe OMe
l.leq O R
R Solvent 1 11
Me dioxane 22) (26)
c-Pr dioxane/H,0 (99:1) (26)  (50)
Bu-n
Z ~
OMe
’ (CO)5Cr‘j'/ 1. PhCl, 100°, 24 h o) (14) 130
\\ 0.05M 2. Todine —
Bu-n n-Bu
0.83 eq
_ s OMe ™S
(CO)5Cr:< 1. Dioxane, reflux ol (20) 155
— 2. TsOH, rt
— OEt OH
Ts—N (CO)5Cr:< 1. THF, reflux (71) 291
\ N Ts—N
- 2. FeCl3-DMF
leg 0.006 M
N OH s OH
TN Ot 1. THF, reflux N
(CO)sCr + 291
\ 2. FeCly-DMF S
leg A 0.006 M 5) @5
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Cis

Ph
OMe
(CO)sCr Dioxane, reflux, 6 h (54) 51
X 0
0.02M
I.1eq
OMe
// (CO)sCr 1. PhCl, 100°, 24 h (30) 130
2. Todine
0.05 M
X
0.83 eq
~. COMe CO,Me
OMe
(CO)sCr 1. Dioxane, reflux, 26 h 0 61) 259
\\ 2. Iodine —
Bu-n 0.03M n-Bu
0.83 eq
— OEt OH
Ts—N (CO)5Cr:< 1. THF, reflux Ts—N, 0) 291
— 2. FeCl3-DMF
. 3
leg 0.006 M
Cis16
- R
— OEt OH 7R
Ts—N — . (CO)sCr 1. THF, reflux Ts—N COMe  (16) 291
— 0.006 M 2. FeCl3-DMF T™MS (84)
leq
TABLE 24. MISCELLANEOUS REACTIONS OF CARBENE COMPLEXES (Continued)
Alkyne Carbene Complex Conditions Product(s) and Yield(s) (%) Refs.
Ci7
4 OMe
(CO)sCr 1. PhCl, 100°, 24 h
2. Iodine
\\ 0.05M
0.53 eq
=
Z OMe
(CO)5Cr:< 1. PhCl, 100°, 24 h
% 0.05M 2. lodine
0.53 eq
Cig _
Ph
& OMe
Ph (CO)5Cr:< 1. PhCI, 100°, 24 h 0 31 130
2. Iodine —
S 0.05M
0.53 eq
Cio ~.__Ph Ph
OMe
(CO)5Cr:< 1. Dioxane, reflux, 26 h o) 81) 259
\\ 2. Iodine —
Bu-n 0.03M n-Bu
0.83 eq
Ph
~
b OMe
S (CO)sCr 1. Dioxane, reflux, 26 h 0 (63) 259
N 2. Todine =
Bu-n 0.03M n-Bu

0.83 eq
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= CO,M
Z e 2l OMe
(C0)5Cr:<
AN 0.05 M
0.53 eq
/%TMS OEt
Ts—N (CO)sCr
\%TMS
leq 0.006 M
— OEt
Ts—N (CO)sCr
N — pp
leq 0.006 M

N F
OEt
K ome  (€oner=
NV
N 0.006 M
OMe

= AN
1. PhCl, 100°, 24 h o)
2. Todine —
T™MS
OH
Ts—N, (10)
T™MS
Ph
o 83
Ts—N @9

1. THF, reflux
2. FeCl3-DMF

1. THF, reflux
2. FeCl3-DMF

1. THF, reflux
2. FeCl3-DMF

Ts
N

)

H

OMe

OMe

(34)

CO,Me

(35)

291

291

291

“ These products arise from the coupling of 2-butyne with one or two C(H) Ph fragments, or two 2-butyne molecules with one C(H)Ph fragment and one CO

molecule.

b The alkyne was added slowly.
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Many chapters contain brief discussions of reactions and comparisons of alter-
native synthetic methods related to the reaction that is the subject of the chapter.
These related reactions and alternative methods are not usually listed in this
index. In this index, the volume number is in boldface, the chapter number is in

ordinary type.

Acetoacetic ester condensation, 1, 9
Acetylenes:
cotrimerizations of, 68, 1
oxidation by dioxirane, 69, 1
reactions with Fischer carbene
complexes,
phenol and quinone formation, 70, 2
synthesis of, 5, 1; 23, 3; 32, 2
Acid halides:
reactions with esters, 1, 9
reactions with organometallic
compounds, 8, 2
a-Acylamino acid mixed anhydrides,
12, 4
«a-Acylamino acids, azlactonization of,
3,5
Acylation:
of esters with acid chlorides, 1, 9
intramolecular, to form cyclic ketones,
2,4;23 2
of ketones to form diketones, 8, 3
Acyl fluorides, synthesis of, 21, 1; 34, 2;
35,3
Acyl hypohalites, reactions of, 9, 5
Acyloins, 4, 4; 15, 1; 23, 2
Alcohols:
conversion to fluorides, 21, 1, 2; 34, 2;
35,3
conversion to olefins, 12, 2
oxidation of, 6, 5; 39, 3; 53, 1

replacement of hydroxy group by
nucleophiles, 29, 1; 42, 2
resolution of, 2, 9
Alcohols, synthesis:
by allylstannane addition to aldehydes,
64, 1
by base-promoted isomerization of
epoxides, 29, 3
by hydroboration, 13, 1
by hydroxylation of ethylenic
compounds, 7, 7
by organochromium reagents to
carbonyl compounds, 64, 3
by reduction, 6, 10; 8, 1
from organoboranes, 33, 1
Aldehydes, additions of allyl, allenyl,
propargyl stannanes, 64, 1
Aldehydes, catalyzed addition to double
bonds, 40, 4
Aldehydes, synthesis of, 4, 7; 5, 10; 8, 4,
5;9,2;33, 1
Aldol condensation, 16; 67, 1
catalytic, enantioselective, 67, 1
directed, 28, 3
with boron enolates, 51, 1
Aliphatic fluorides, 2, 2; 21, 1, 2; 34, 2;
35,3
Alkanes, by reduction of alkyl halides
with organochromium reagents, 64, 3
oxidation of, 69, 1
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Alkenes:
arylation of, 11, 3; 24, 3; 27, 2
asymmetric dihydroxylation, 66, 2
cyclopropanes from, 20, 1
cyclization in intramolecular Heck
reactions, 60, 2
from carbonyl compounds with
organochromium reagents, 64, 3
dioxirane epoxidation of, 61, 2
epoxidation and hydroxylation of, 7, 7
free-radical additions to, 13, 3, 4
hydroboration of, 13, 1
hydrogenation with homogeneous
catalysts, 24, 1
reactions with diazoacetic esters, 18, 3
reactions with nitrones, 36, 1
reduction by alkoxyaluminum hydrides,
34,1
Alkenes, synthesis:
from amines, 11, 5
from aryl and vinyl halides, 27, 2
by Bamford-Stevens reaction, 23, 3
by Claisen and Cope rearrangements,
22,1
by dehydrocyanation of nitriles, 31
by deoxygenation of vicinal diols, 30, 2
from «-halosulfones, 25, 1; 62, 2
by palladium-catalyzed vinylation,
27,2
from phosphoryl-stabilized anions,
25,2
by pyrolysis of xanthates, 12, 2
from silicon-stabilized anions, 38, 1
from tosylhydrazones, 23, 3; 39, 1
by Wittig reaction, 14, 3
Alkene reduction by diimide, 40, 2
Alkenyl- and alkynylaluminum reagents,
32,2
Alkenyllithiums, formation of, 39, 1
Alkoxyaluminum hydride reductions,
34, 1; 36, 3
Alkoxyphosphonium cations, nucleophilic
displacements on, 29, 1
Alkylation:
of allylic and benzylic carbanions,
27, 1
with amines and ammonium salts, 7, 3
of aromatic compounds, 3, 1
of esters and nitriles, 9, 4

y-, of dianions of -dicarbonyl
compounds, 17, 2
of metallic acetylides, §, 1
of nitrile-stabilized carbanions, 31
with organopalladium complexes,
27,2
Alkylidenation by titanium-based reagents,
43, 1
Alkylidenesuccinic acids, synthesis and
reactions of, 6, 1
Alkylidene triphenylphosphoranes,
synthesis and reactions of, 14, 3
Allenylsilanes, electrophilic substitution
reactions of, 37, 2
Allylic alcohols, synthesis:
from epoxides, 29, 3
by Wittig rearrangement, 46, 2
Allylic and benzylic carbanions,
heteroatom-substituted, 27, 1
Allylic hydroperoxides, in
photooxygenations, 20, 2
Allylic rearrangements, transformation of
glycols into 2,3-unsaturated glycosyl
derivatives, 62, 4
Allylic rearrangements, trihaloacetimidate,
66, 1
m-Allylnickel complexes, 19, 2
Allylphenols, synthesis by Claisen
rearrangement, 2, 1; 22, 1
Allylsilanes, electrophilic substitution
reactions of, 37, 2
Aluminum alkoxides:
in Meerwein-Ponndorf-Verley
reduction, 2, 5
in Oppenauer oxidation, 6, 5
Amide formation by oxime rearrangement,
35,1
o-Amidoalkylations at carbon, 14, 2
Amination:
of heterocyclic bases by alkali amides,
1,4
of hydroxy compounds by Bucherer
reaction, 1, 5
Amine oxides:
Polonovski reaction of, 39, 2
pyrolysis of, 11, 5
Amines:
from allylstannane addition to imines,
64, 1
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oxidation of, 69, 1
synthesis from organoboranes, 33, 1
synthesis by reductive alkylation, 4, 3;
57
synthesis by Zinin reaction, 20, 4
reactions with cyanogen bromide, 7, 4
a-Aminoacid synthesis, via Strecker
Reaction, 70, 1
a-Aminoalkylation of activated olefins,
51,2
Aminophenols from anilines, 35, 2
Anhydrides of aliphatic dibasic acids,
Friedel-Crafts reaction with, 5, 5
Anion-assisted sigmatropic
rearrangements, 43, 2
Anthracene homologs, synthesis of, 1, 6
Anti-Markownikoff hydration of alkenes,
13, 1
m-Arenechromium tricarbonyls, reaction
with nitrile-stabilized carbanions,
31
n°-(Arene)chromium complexes, 67, 2
Arndt-Eistert reaction, 1, 2
Aromatic aldehydes, synthesis of, 5, 6; 28,

1
Aromatic compounds, chloromethylation
of, 1,3

Aromatic fluorides, synthesis of, 5, 4
Aromatic hydrocarbons, synthesis of, 1, 6;
30, 1
Aromatic substitution by the Sgx1
reaction, 54, 1
Arsinic acids, 2, 10
Arsonic acids, 2, 10
Arylacetic acids, synthesis of, 1, 2; 22, 4
B-Arylacrylic acids, synthesis of, 1, 8
Arylamines, synthesis and reactions of,
1,5
Arylation:
by aryl halides, 27, 2
by diazonium salts, 11, 3; 24, 3
y-, of dianions of S-dicarbonyl
compounds, 17, 2
of nitrile-stabilized carbanions, 31
of alkenes, 11, 3; 24, 3; 27, 2
Arylglyoxals, condensation with aromatic
hydrocarbons, 4, 5
Arylsulfonic acids, synthesis of, 3, 4
Aryl halides, homocoupling of, 63, 3

Aryl thiocyanates, 3, 6

Asymmetric aldol reactions using boron
enolates, 51, 1

Asymmetric cyclopropanation, 57, 1

Asymmetric dihydroxylation, 66, 2

Asymmetric epoxidation, 48, 1; 61, 2

Asymmetric Strecker reaction, 70, 1

Atom transfer preparation of radicals,
48, 2

Aza-Payne rearrangements, 60, 1

Azaphenanthrenes, synthesis by
photocyclization, 30, 1

Azides, synthesis and rearrangement of,
3,9

Azlactones, 3, 5

Baeyer-Villiger reaction, 9, 3; 43, 3
Bamford-Stevens reaction, 23, 3
Barbier Reaction, 58, 2
Bart reaction, 2, 10
Barton fragmentation reaction, 48, 2
Béchamp reaction, 2, 10
Beckmann rearrangement, 11, 1; 35, 1
Benzils, reduction of, 4, 5
Benzoin condensation, 4, 5
Benzoquinones:
acetoxylation of, 19, 3
in Nenitzescu reaction, 20, 3
synthesis of, 4, 6
Benzylic carbanions, 27, 1; 67, 2
Biaryls, synthesis of, 2, 6; 63, 3
Bicyclobutanes, from cyclopropenes,
18,3
Biginelli dihydropyrimidine synthesis,
63, 1
Birch reaction, 23, 1; 42, 1
Bischler-Napieralski reaction, 6, 2
Bis(chloromethyl) ether, 1, 3; 19, warning
Borane reduction, chiral, 52, 2
Borohydride reduction, chiral, 52, 2
in reductive amination, 59, 1
Boron enolates, 51, 1
Boyland-Sims oxidation, 35, 2
Bucherer reaction, 1, 5

Cannizzaro reaction, 2, 3

Carbenes, 13, 2; 26, 2; 28, 1

Carbene complexes in phenol and quinone
synthesis, 70, 2
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Carbenoid cyclopropanation, 57, 1; 58, 1 by replacement of hydroxy groups,
Carbohydrates, deoxy, synthesis of, 30, 2 29, 1
Carbo/metallocupration, 41, 2 Carbon-heteroatom bond formation:
Carbon-carbon bond formation: by free-radical chain additions to
by acetoacetic ester condensation, 1, 9 carbon-carbon multiple bonds,
by acyloin condensation, 23, 2 13, 4
by aldol condensation, 16; 28, 3; 46, 1; by organoboranes and organoborates,
67, 1 33,1
by alkylation with amines and Carbon-nitrogen bond formation,
ammonium salts, 7, 3 by reductive amination, 59, 1
by y-alkylation and arylation, 17, 2 Carbon-phosphorus bond formation, 36, 2
by allylic and benzylic carbanions, Carbonyl compounds, addition of
27,1 organochromium reagents, 64, 3
by amidoalkylation, 14, 2 Carbonyl compounds, «,f-unsaturated:
by Cannizzaro reaction, 2, 3 formation by selenoxide elimination,
by Claisen rearrangement, 2, 1; 22, 1 44, 1
by Cope rearrangement, 22, 1 vicinal difunctionalization of, 38, 2
by cyclopropanation reaction, 13, 2; Carbonyl compounds, from nitro
20, 1 compounds, 38, 3
by Darzens condensation, 5, 10 in the Passerini Reaction, 65, 1
by diazonium salt coupling, 10, 1; oxidation with hypervalent iodine
11, 3;24, 3 reagents, 54, 2
by Dieckmann condensation, 15, 1 reductive amination of, 59, 1
by Diels-Alder reaction, 4, 1, 2; §, 3; Carbonylation as part of intramolecular
32,1 Heck reaction, 60, 2
by free-radical additions to alkenes, Carboxylic acid derivatives, conversion to
13, 3 fluorides, 21, 1, 2; 34, 2; 35, 3
by Friedel-Crafts reaction, 3, 1; 5, 5 Carboxylic acids:
by Knoevenagel condensation, 15, 2 synthesis from organoboranes, 33, 1
by Mannich reaction, 1, 10; 7, 3 reaction with organolithium reagents,
by Michael addition, 10, 3 18, 1
by nitrile-stabilized carbanions, 31 Catalytic enantioselective aldol addition,
by organoboranes and organoborates, 67, 1
33,1 Chapman rearrangement, 14, 1; 18, 2
by organocopper reagents, 19, 1; 38, 2;  Chloromethylation of aromatic
41, 2 compounds, 2, 3; 9, warning
by organopalladium complexes, 27, 2 Cholanthrenes, synthesis of, 1, 6
by organozinc reagents, 20, 1 Chromium reagents, 64, 3; 67, 2
by rearrangement of «-halosulfones, Chugaev reaction, 12, 2
25,1;62,2 Claisen condensation, 1, 8
by Reformatsky reaction, 1, 1; 28, 3 Claisen rearrangement, 2, 1; 22, 1
by trivalent manganese, 49, 3 Cleavage:
by Vilsmeier reaction, 49, 1; 56, 2 of benzyl-oxygen, benzyl-nitrogen, and
by vinylcyclopropane-cyclopentene benzyl-sulfur bonds, 7, 5
rearrangement, 33, 2 of carbon-carbon bonds by periodic
Carbon-fluorine bond formation, 21, 1; acid, 2, 8
34, 2; 35,3;69, 2 of esters via Sny2-type dealkylation,

Carbon-halogen bond formation, 24,2
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of non-enolizable ketones with sodium
amide, 9, 1
in sensitized photooxidation, 20, 2
Clemmensen reduction, 1, 7; 22, 3
Collins reagent, 53, 1
Condensation:
acetoacetic ester, 1, 9
acyloin, 4, 4; 23, 2
aldol, 16
benzoin, 4, 5
Biginelli, 63, 1
Claisen, 1, 8
Darzens, 5, 10; 31
Dieckmann, 1, 9; 6, 9; 15, 1
directed aldol, 28, 3
Knoevenagel, 1, 8; 15, 2
Stobbe, 6, 1
Thorpe-Ziegler, 15, 1; 31
Conjugate addition:
of hydrogen cyanide, 25, 3
of organocopper reagents, 19, 1; 41, 2
Cope rearrangement, 22, 1; 41, 1; 43, 2
Copper-Grignard complexes, conjugate
additions of, 19, 1; 41, 2
Corey-Winter reaction, 30, 2
Coumarins, synthesis of, 7, 1; 20, 3
Coupling reaction of organostannanes,
50, 1
Cuprate reagents, 19, 1; 38, 2; 41, 2
Curtius rearrangement, 3, 7, 9
Cyanation, of N-heteroaromatic
compounds, 70, 1
Cyanoborohydride, in reductive
aminations, 59, 1
Cyanoethylation, 5, 2
Cyanogen bromide, reactions with tertiary
amines, 7, 4
Cyclic ketones, formation by
intramolecular acylation, 2, 4; 23, 2
Cyclization:
of alkyl dihalides, 19, 2
of aryl-substituted aliphatic acids, acid
chlorides, and anhydrides, 2, 4;
23,2
of a-carbonyl carbenes and carbenoids,
26, 2
cycloheptenones from «-bromoketones,
29,2
of diesters and dinitriles, 15, 1

Fischer indole, 10, 2
intramolecular by acylation, 2, 4
intramolecular by acyloin
condensation, 4, 4
intramolecular by Diels-Alder reaction,
32,1
intramolecular by Heck reaction, 60, 2
intramolecular by Michael reaction,
47, 2
Nazarov, 45, 1
by radical reactions, 48, 2
of stilbenes, 30, 1
tandem cyclization by Heck reaction,
60, 2
Cycloaddition reactions,
of cyclenones and quinones, 5§, 3
cyclobutanes, synthesis of, 12, 1;
44, 2
cyclotrimerization of acetylenes, 68, 1
Diels-Alder, acetylenes and alkenes,
4,2
Diels-Alder, imino dienophiles, 65, 2
Diels-Alder, intramolecular, 32, 1
Diels-Alder, maleic anhydride, 4, 1
[4+3],51,3
of enones, 44, 2
of ketenes, 45, 2
of nitrones and alkenes, 36, 1
Pauson-Khand, 40, 1
photochemical, 44, 2
retro-Diels-Alder reaction, 52, 1; 53, 2
[6+ 4], 49, 2
[3+2],61,1
Cyclobutanes, synthesis:
from nitrile-stabilized carbanions, 31
by thermal cycloaddition reactions,
12, 1
Cycloheptadienes, from
divinylcyclopropanes, 41, 1
polyhalo ketones, 29, 2
m-Cyclopentadienyl transition metal
carbonyls, 17, 1
Cyclopentenones:
annulation, 45, 1
synthesis, 40, 1; 45, 1
Cyclopropane carboxylates, from
diazoacetic esters, 18, 3
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Cyclopropanes:
from «-diazocarbonyl compounds,
26, 2
from metal-catalyzed decomposition of
diazo compounds, 57, 1
from nitrile-stabilized carbanions, 31
from tosylhydrazones, 23, 3
from unsaturated compounds,
methylene iodide, and zinc-copper
couple, 20, 1; 58, 1; 58, 2
Cyclopropenes, synthesis of, 18, 3

Darzens glycidic ester condensation, 5, 10;
31
DAST, 34, 2; 35, 3
Deamination of aromatic primary amines,
2,7
Debenzylation, 7, 5; 18, 4
Decarboxylation of acids, 9, 5; 19, 4
Dehalogenation of «-haloacyl halides, 3, 3
Dehydrogenation:
in synthesis of ketenes, 3, 3
in synthesis of acetylenes, 5, 1
Demjanov reaction, 11, 2
Deoxygenation of vicinal diols, 30, 2
Desoxybenzoins, conversion to benzoins,
4,5
Dess-Martin Oxidation, 53, 1
Desulfurization:
of «-(alkylthio)nitriles, 31
in alkene synthesis, 30, 2
with Raney nickel, 12, 5
Diazo compounds, carbenoids derived
from, 57, 1
Diazoacetic esters, reactions with alkenes,
alkynes, heterocyclic and aromatic
compounds, 18, 3; 26, 2
a-Diazocarbonyl compounds, insertion
and addition reactions, 26, 2
Diazomethane:
in Arndt-Eistert reaction, 1, 2
reactions with aldehydes and ketones,
8,8
Diazonium fluoroborates, synthesis and
decomposition, 5, 4
Diazonium salts:
coupling with aliphatic compounds, 10,
1,2

in deamination of aromatic primary
amines, 2, 7
in Meerwein arylation reaction, 11, 3;
24,3
in ring closure reactions, 9, 7
in synthesis of biaryls and aryl
quinones, 2, 6
Dieckmann condensation, 1, 9; 15, 1
for synthesis of tetrahydrothiophenes,
6,9
Diels-Alder reaction:
intramolecular, 32, 1
retro-Diels-Alder reaction, 52, 1; 53, 2
with alkynyl and alkenyl dienophiles,
4,2
with cyclenones and quinones, 5, 3
with imines, 65, 2
with maleic anhydride, 4, 1
Dihydrodiols, 63, 2
Dihydropyrimidine synthesis, 63, 1
Dihydroxylation of alkenes, asymmetric,
66, 2
Diimide, 40, 2
Diketones:
pyrolysis of diaryl, 1, 6
reduction by acid in organic solvents,
22,3
synthesis by acylation of ketones, 8, 3
synthesis by alkylation of B-diketone
anions, 17, 2
Dimethyl sulfide, in oxidation reactions,
39,3
Dimethyl sulfoxide, in oxidation reactions,
39,3
Diols:
deoxygenation of, 30, 2
oxidation of, 2, 8
Dioxetanes, 20, 2
Dioxiranes, 61, 2; 69, 1
Dioxygenases, 63, 2
Divinyl-aziridines, -cyclopropanes,
-oxiranes, and -thiiranes,
rearrangements of, 41, 1
Doebner reaction, 1, 8

Eastwood reaction, 30, 2

Elbs reaction, 1, 6; 35, 2

Electrophilic fluorination, 69, 2
Enamines, reaction with quinones, 20, 3
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Enantioselective aldol reactions, 67, 1
Ene reaction, in photosensitized
oxygenation, 20, 2
Enolates:
Fluorination of, 69, 2
a-Hydroxylation of, 62, 1
in directed aldol reactions, 28, 3; 46, 1;
51,1
Enone cycloadditions, 44, 2
Enzymatic reduction, 52, 2
Enzymatic resolution, 37, 1
Epoxidation:
of alkenes, 61, 2
of allylic alcohols, 48, 1
with organic peracids, 7, 7
Epoxide isomerizations, 29, 3
Epoxide
formation, 61, 2
migration, 60, 1
Esters:
acylation with acid chlorides, 1, 9
alkylation of, 9, 4
alkylidenation of, 43, 1
cleavage via Sn2-type dealkylation,
24,2
dimerization, 23, 2
glycidic, synthesis of, 5, 10
hydrolysis, catalyzed by pig liver
esterase, 37, 1
B-hydroxy, synthesis of, 1, 1; 22, 4
B-keto, synthesis of, 15, 1
reaction with organolithium reagents,
18, 1
reduction of, 8, 1
synthesis from diazoacetic esters, 18, 3
synthesis by Mitsunobu reaction, 42, 2
Ethers, synthesis by Mitsunobu reaction,
42,2
Exhaustive methylation, Hofmann, 11, 5

Favorskii rearrangement, 11, 4
Ferrocenes, 17, 1
Fischer carbene complexes, 70, 2
Fischer indole cyclization, 10, 2
Fluorinating agents, electrophilic, 69, 2
Fluorination of aliphatic compounds, 2, 2;
21,1, 2; 34, 2; 35, 3, 69, 2
of carbonyl compounds, 69, 2
of heterocycles, 69, 2

Fluorination:
by DAST, 35, 3
by N-F reagents, 69, 2
by sulfur tetrafluoride, 21, 1; 34, 2
Formylation:
by hydroformylation, 56, 1
of alkylphenols, 28, 1
of aromatic hydrocarbons, 5, 6
of aromatic compounds, 49, 1
of non-aromatic compounds, 56, 2
Free radical additions:
to alkenes and alkynes to form
carbon-heteroatom bonds, 13, 4
to alkenes to form carbon-carbon
bonds, 13, 3
Freidel-Crafts catalysts, in nucleoside
synthesis, 55, 1
Friedel-Crafts reaction, 2, 4; 3, 1; 5, 5;
18, 1
Friedldnder synthesis of quinolines, 28, 2
Fries reaction, 1, 11

Gattermann aldehyde synthesis, 9, 2
Gattermann-Koch reaction, 5, 6
Germanes, addition to alkenes and
alkynes, 13, 4
Glycals,
fluorination of, 69, 2
transformation in glycosyl derivatives,
62, 4
Glycosides, synthesis of, 64, 2
Glycosylating Agents, 68, 2
Glycosylation on polymer supports, 68, 2
Glycosylation, with sulfoxides and
sulfinates, 64, 2
Glycidic esters, synthesis and reactions of,
5,10
Gomberg-Bachmann reaction, 2, 6; 9, 7
Grundmann synthesis of aldehydes, 8, 5

Halides, displacement reactions of, 22, 2;
27,2
Halide-metal exchange, 58, 2
Halides, synthesis:
from alcohols, 34, 2
by chloromethylation, 1, 3
from organoboranes, 33, 1
from primary and secondary alcohols,
29, 1
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Haller-Bauer reaction, 9, 1
Halocarbenes, synthesis and reactions of,
13,2
Halocyclopropanes, reactions of, 13, 2
Halogen-metal interconversion reactions,
6,7
«-Haloketones, rearrangement of, 11, 4
a-Halosulfones, synthesis and reactions
of, 25, 1; 62, 2
Heck reaction, intramolecular, 60, 2
Helicenes, synthesis by photocyclization,
30, 1
Heterocyclic aromatic systems, lithiation
of, 26, 1
Heterocyclic bases, amination of, 1, 4
in nucleosides, 55, 1
Heterodienophiles, 53, 2
Hilbert-Johnson method, 55, 1
Hoesch reaction, 5, 9
Hofmann elimination reaction, 11, 5; 18, 4
Hofmann reaction of amides, 3, 7, 9
Homocouplings mediated by Cu, Ni, and
Pd, 63, 3
Homogeneous hydrogenation catalysts,
24, 1
Hunsdiecker reaction, 9, 5; 19, 4
Hydration of alkenes, dienes, and alkynes,
13, 1
Hydrazoic acid, reactions and generation
of, 3, 8
Hydroboration, 13, 1
Hydrocyanation of conjugated carbonyl
compounds, 25, 3
Hydroformylation, 56, 1
Hydrogenation catalysts, homogeneous,
24, 1
Hydrogenation of esters, with copper
chromite and Raney nickel, 8, 1
Hydrohalogenation, 13, 4
Hydroxyaldehydes, aromatic, 28, 1
a-Hydroxyalkylation of activated olefins,
51,2
«-Hydroxyketones:
rearrangement, 62, 3
synthesis of, 23, 2
Hydroxylation:
of enolates, 62, 1
of ethylenic compounds with organic
peracids, 7, 7

Hypervalent iodine reagents, 54, 2; 57, 2

Imidates, rearrangement of, 14, 1
Imines, additions of allyl, allenyl,
propargyl stannanes, 64, 1
additions of cyanide, 70, 1
as dienophiles, 65, 2
synthesis, 70, 1
Iminium ions, 39, 2; 65, 2
Imino Diels-Alder reactions, 65, 2
Indoles, by Nenitzescu reaction, 20, 3
by reaction with TosMIC, 57, 3
Isocyanides, in the Passerini reaction,
65, 1
sulfonylmethyl, reactions of, 57, 3
Isoquinolines, synthesis of, 6, 2, 3, 4;
20, 3

Jacobsen reaction, 1, 12
Japp-Klingemann reaction, 10, 2

Katsuki-Sharpless epoxidation, 48, 1
Ketene cycloadditions, 45, 2
Ketenes and ketene dimers, synthesis of,
3,3;45,2
«a-Ketol rearrangement, 62, 3
Ketones:
acylation of, 8, 3
alkylidenation of, 43, 1
Baeyer-Villiger oxidation of, 9, 3;
43,3
cleavage of non-enolizable, 9, 1
comparison of synthetic methods, 18, 1
conversion to amides, 3, 8; 11, 1
conversion to fluorides, 34, 2; 35, 3
cyclic, synthesis of, 2, 4; 23, 2
cyclization of divinyl ketones, 45, 1
synthesis from acid chlorides and
organo-metallic compounds, 8§, 2;
18, 1
synthesis from organoboranes, 33, 1
synthesis from «,-unsaturated
carbonyl compounds and metals
in liquid ammonia, 23, 1
reaction with diazomethane, 8, 8
reduction to aliphatic compounds, 4, 8
reduction by alkoxyaluminum hydrides,
34,1
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reduction in anhydrous organic Morita-Baylis-Hillman reaction, 51, 2
solvents, 22, 3
synthesis from organolithium reagents

and carboxylic acids, 18, 1 Nazarov cyclization, 45, 1

synthesis by oxidation of alcohols, Nef reaction, 38, 3
6.5:39,3 Nenitzescu reaction, 20, 3
Kindler modification of Willgerodt Nitriles:
reaction, 3, 2 formation from oximes, 35, 2
Knoevenagel condensation, 1, 8; 15, 2; synthesis from organoboranes, 33, 1
57,3 o,B-unsaturated:
Koch-Haaf reaction, 17, 3 by elimination of selenoxides, 44, 1

Kornblum oxidation, 39, 3 Nitrile-stabilized carbanions:

Kostaneki synthesis of chromanes, alkylation and arylation of, 31

flavones, and isoflavones, 8, 3 N}troammes, 20, 4 ]
Nitro compounds, conversion to carbonyl

compounds, 38, 3

B-Lactams, synthesis of, 9, 6; 26, 2 Nitro compounds, synthesis of, 12, 3
B-Lactones, synthesis and reactions of, Nitrone-olefin cycloadditions, 36, 1
8, 7 Nitrosation, 2, 6; 7, 6
Leuckart reaction, 5, 7 Nucleosides, synthesis of, 55, 1
Lithiation:
of allylic and benzylic systems, 27, 1
by halogen-metal exchange, 6, 7 Olefins, hydroformylation of, 56, 1
heteroatom facilitated, 26, 1; 47, 1 Oligomerization of 1,3-dienes, 19, 2
of heterocyclic and olefinic Oligosaccharide synthesis on polymer
compounds, 26, 1 support, 68, 2
Lithioorganocuprates, 19, 1; 22, 2; 41, 2 Oppenauer oxidation, 6, 5
Lithium aluminum hydride reductions, Organoboranes:
6.2 formation of carbon-carbon and
chirally modified, 52, 2 carbon-heteroatom bonds from,
33,1

Lossen rearrangement, 3, 7, 9 ) % L o
isomerization and oxidation of, 13, 1

reaction with anions of

Mannich reaction, 1, 10; 7, 3 a-chloronitriles, 31, 1
Meerwein arylation reaction, 11, 3; 24, 3 Organochromium reagents:
Meerwein-Ponndorf-Verley reduction, 2, 5 addition to carbonyl compounds, 64, 3;
Mercury hydride method to prepare 67, 2
radicals, 48, 2 addition to imines, 67, 2
Metalations with organolithium Organohypervalent iodine reagents, 54, 2;
compounds, 8, 6; 26, 1; 27, 1 57,2
Methylenation of carbonyl groups, 43, 1 Organometallic compounds:
Methylenecyclopropane, in cycloaddition of aluminum, 25, 3
reactions, 61, 1 of chromium, 64, 3; 67, 2
Methylene-transfer reactions, 18, 3; 20, 1; of copper, 19, 1; 22, 2; 38, 2; 41, 2
58, 1 of lithium, 6, 7; 8, 6; 18, 1; 27, 1
Michael reaction, 10, 3; 15, 1, 2; 19, 1; of magnesium, zinc, and cadmium,
20, 3; 46, 1; 47,2 8, 2;
Microbiological oxygenations, 63, 2 of palladium, 27, 2
Mitsunobu reaction, 42, 2 of tin, 50, 1; 64, 1

Moffatt oxidation, 39, 3; 53, 1 of zinc, 1, 1; 20, 1; 22, 4; 58, 2
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Osmium tetroxide asymmetric
dihydroxylation, 66, 2
Overman rearrangement of allylic
imidates, 66, 1
Oxidation:
by dioxiranes, 61, 2; 69, 1
of alcohols and polyhydroxy
compounds, 6, 5; 39, 3; 53, 1
of aldehydes and ketones,
Baeyer-Villiger reaction, 9, 3;
43,3
of amines, phenols, aminophenols,
diamines, hydroquinones, and
halophenols, 4, 6; 35, 2
of enolates and silyl enol ethers, 62, 1
of a-glycols, a-amino alcohols, and
polyhydroxy compounds by
periodic acid, 2, 8
with hypervalent iodine reagents, 54, 2
of organoboranes, 13, 1
of phenolic compounds, 57, 2
with peracids, 7, 7
by photooxygenation, 20, 2
with selenium dioxide, 5, 8; 24, 4
Oxidative decarboxylation, 19, 4
Oximes, formation by nitrosation, 7, 6
Oxochromium(VI)-amine complexes, 53, 1
Oxo process, 56, 1
Oxygenation of arenes by dioxygenases,
63,2

Palladium-catalyzed vinylic substitution,
27,2

Palladium-catalyzed coupling of
organostannanes, 50, 1

Palladium intermediates in Heck reactions,
60, 2

Passerini Reaction, 65, 1

Pauson-Khand reaction to prepare
cyclopentenones, 40, 1

Payne rearrangement, 60, 1

Pechmann reaction, 7, 1

Peptides, synthesis of, 3, 5; 12, 4

Peracids, epoxidation and hydroxylation
with, 7, 7

in Baeyer-Villiger oxidation, 9, 3; 43, 3

Periodic acid oxidation, 2, 8

Perkin reaction, 1, 8

Persulfate oxidation, 35, 2

Peterson olefination, 38, 1
Phenanthrenes, synthesis by
photocyclization, 30, 1
Phenols, dihydric from phenols, 35, 2
oxidation of, 57, 2
synthesis from Fischer carbene
complexes, 70, 2
Phosphinic acids, synthesis of, 6, 6
Phosphonic acids, synthesis of, 6, 6
Phosphonium salts:
halide synthesis, use in, 29, 1
synthesis and reactions of, 14, 3
Phosphorus compounds, addition to
carbonyl group, 6, 6; 14, 3; 25, 2;
36, 2
addition reactions at imine carbon,
36, 2
Phosphoryl-stabilized anions, 25, 2
Photochemical cycloadditions, 44, 2
Photocyclization of stilbenes, 30, 1
Photooxygenation of olefins, 20, 2
Photosensitizers, 20, 2
Pictet-Spengler reaction, 6, 3
Pig liver esterase, 37, 1
Polonovski reaction, 39, 2
Polyalkylbenzenes, in Jacobsen reaction,
1, 12
Polycyclic aromatic compounds, synthesis
by photocyclization of stilbenes,
30, 1
Polyhalo ketones, reductive
dehalogenation of, 29, 2
Pomeranz-Fritsch reaction, 6, 4
Prévost reaction, 9, 5
Pschorr synthesis, 2, 6; 9, 7
Pummerer reaction, 40, 3
Pyrazolines, intermediates in diazoacetic
ester reactions, 18, 3
Pyridinium chlorochromate, 53, 1
Pyrolysis:
of amine oxides, phosphates, and acyl
derivatives, 11, 5
of ketones and diketones, 1, 6
for synthesis of ketenes, 3, 3
of xanthates, 12, 2

Quaternary ammonium
N-F reagents, 69, 2
salts, rearrangements of, 18, 4
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Quinolines, synthesis of,
by Friedldnder synthesis, 28, 2
by Skraup synthesis, 7, 2
Quinones:
acetoxylation of, 19, 3
diene additions to, 5, 3
synthesis of, 4, 6
synthesis from Fischer carbene
complexes, 70, 2
in synthesis of 5-hydroxyindoles,
20, 3

Ramberg-Bécklund rearrangement, 25, 1;
62,2
Radical formation and cyclization, 48, 2
Rearrangements:
allylic trihaloacetamidate, 66, 1
anion-assisted sigmatropic, 43, 2
Beckmann, 11, 1; 35, 1
Chapman, 14, 1; 18, 2
Claisen, 2, 1; 22, 1
Cope, 22, 1; 41, 1, 43,2
Curtius, 3, 7, 9
divinylcyclopropane, 41, 1
Favorskii, 11, 4
Lossen, 3, 7, 9
Ramberg-Bicklund, 25, 1; 62, 2
Smiles, 18, 2
Sommelet-Hauser, 18, 4
Stevens, 18, 4
[2,3] Wittig, 46, 2
vinylcyclopropane-cyclopentene, 33, 2
Reduction:
of acid chlorides to aldehydes, 4, 7;
8,5
of aromatic compounds, 42, 1
of benzils, 4, 5
of ketones, enantioselective, 52, 2
Clemmensen, 1, 7; 22, 3
desulfurization, 12, 5
with diimide, 40, 2
by dissolving metal, 42, 1
by homogeneous hydrogenation
catalysts, 24, 1
by hydrogenation of esters with copper
chromite and Raney nickel, 8, 1
hydrogenolysis of benzyl groups, 7, 5
by lithium aluminum hydride, 6, 10

by Meerwein-Ponndorf-Verley reaction,
2,5
chiral, 52, 2
by metal alkoxyaluminum hydrides,
34,1; 36,3
of mono- and polynitroarenes, 20, 4
of olefins by diimide, 40, 2
of «,B-unsaturated carbonyl
compounds, 23, 1
by samarium(II) iodide, 46, 3
by Wolff-Kishner reaction, 4, 8
Reductive alkylation, synthesis of amines,
4,3;5,7
Reductive amination of carbonyl
compounds, 59, 1
Reductive cyanation, 57, 3
Reductive desulfurization of thiol esters,
8,5
Reformatsky reaction, 1, 1; 22, 4
Reimer-Tiemann reaction, 13, 2; 28, 1
Reissert reaction, 70, 1
Resolution of alcohols, 2, 9
Retro-Diels-Alder reaction, 52, 1; 53, 2
Ritter reaction, 17, 3
Rosenmund reaction for synthesis of
arsonic acids, 2, 10
Rosenmund reduction, 4, 7

Samarium(II) iodide, 46, 3
Sandmeyer reaction, 2, 7
Schiemann reaction, 5, 4
Schmidt reaction, 3, 8, 9
Selenium dioxide oxidation, 5, 8; 24, 4
Seleno-Pummerer reaction, 40, 3
Selenoxide elimination, 44, 1
Shapiro reaction, 23, 3; 39, 1
Silanes:

addition to olefins and acetylenes,

13, 4
electrophilic substitution reactions,
37,2

oxidation of, 69, 1
Sila-Pummerer reaction, 40, 3
Silyl carbanions, 38, 1
Silyl enol ether, a-hydroxylation, 62, 1
Simmons-Smith reaction, 20, 1; 58, 1
Simonini reaction, 9, 5
Singlet oxygen, 20, 2
Skraup synthesis, 7, 2; 28, 2
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Smiles rearrangement, 18, 2

Sommelet-Hauser rearrangement, 18, 4

Sgrn1 reactions of aromatic systems,
54, 1

Sommelet reaction, 8, 4

Stevens rearrangement, 18, 4

Stetter reaction of aldehydes with olefins,
40, 4

Strecker reaction, catalytic asymmetric,
70, 1

Stilbenes, photocyclization of, 30, 1

Stille reaction, 50, 1

Stobbe condensation, 6, 1

Substitution reactions using organocopper
reagents, 22, 2; 41, 2

Sugars, synthesis by glycosylation with
sulfoxides and sulfinates, 64, 2

Sulfide reduction of nitroarenes, 20, 4

Sulfonation of aromatic hydrocarbons and
aryl halides, 3, 4

Swern oxidation, 39, 3; 53, 1

Tetrahydroisoquinolines, synthesis of,
6,3

Tetrahydrothiophenes, synthesis of,
6,9

Thia-Payne rearrangement, 60, 1

Thiazoles, synthesis of, 6, 8

Thiele-Winter acetoxylation of quinones,
19, 3

Thiocarbonates, synthesis of, 17, 3

Thiocyanation of aromatic amines,
phenols, and polynuclear
hydrocarbons, 3, 6

Thiophenes, synthesis of, 6, 9

Thorpe-Ziegler condensation, 15, 1; 31

Tiemann reaction, 3, 9

Tiffeneau-Demjanov reaction, 11, 2

Tin(Il) enolates, 46, 1

Tin hydride method to prepare radicals,
48, 2

Tipson-Cohen reaction, 30, 2

Tosylhydrazones, 23, 3; 39, 1

Tosylmethyl isocyanide (TosMIC),
57,3

Transmetallation reactions, 58, 2

Tricarbonyl(5°-arene)chromium
complexes, 67, 2

Trihaloacetimidate, allylic rearrangements,
66, 1

Trimethylenemethane, [3 + 2]
cycloaddition of, 61, 1

Trimerization, co-, acetylenic compounds,
68, 1

Ullmann reaction:
homocoupling mediated by Cu, Ni, and
Pd, 63, 3
in synthesis of diphenylamines, 14, 1
in synthesis of unsymmetrical biaryls,
2,6
Unsaturated compounds, synthesis with
alkenyl- and alkynylaluminum
reagents, 32, 2

Vilsmeier reaction, 49, 1; 56, 2

Vinylcyclopropanes, rearrangement to
cyclopentenes, 33, 2

Vinyllithiums, from sulfonylhydrazones,
39,1

Vinylsilanes, electrophilic substitution
reactions of, 37, 2

Vinyl substitution, catalyzed by palladium
complexes, 27, 2

von Braun cyanogen bromide reaction,
7,4

Vorbriiggen reaction, 55, 1

Willgerodt reaction, 3, 2

Wittig reaction, 14, 3; 31
[2,3]-Wittig rearrangement, 46, 2
Wolff-Kishner reaction, 4, 8

Xanthates, synthesis and pyrolysis of,
12,2

Ylides:
in Stevens rearrangement, 18, 4
in Wittig reaction, structure and
properties, 14, 3

Zinc-copper couple, 20, 1; 58, 1, 2
Zinin reduction of nitroarenes, 20, 4
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