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CHAPTER ONE 

INTRODUCTION 

The Paterno-Biichi Reaction 

The Patemo-Btichi reaction originally referred to a [2+2]-photocyc1oaddition 
between an alkene and the excited state of a carbonyl compound to give the 
corresponding oxetane 1 (Scheme 1). As outlined in this chapter, this reaction 
can be further generalized as a photochemical reaction between an unsaturated 
compound and a compOlUld with a carbon-heteroatom double bond, mainly 
aldehydes and ketones. Also, the notion that the reaction occurs through 
interaction of the excited state of the carbonyl compound with the ground state 
of the alkene does not always hold. Examples ofthe converse situation are also 
presented where the excited state of the alkene reacts with a carbonyl 
compound in its ground state [1] .  

hv -

Scheme 1 

R'no 
R3 R6 

R4 R5 

1 

The Patemo-Buchi reaction represents a method for preparing small, 
heterocyclic rings, some of which are contained in natural and biologically 
active compounds (Figure 1). Among such compounds are paclitaxel (2), an 
antitumor drug [2] isolated in T. brevi/alia [3], merrilactone (3) (isolated in 
Illicium merrillianum and showing neurotrophic activity) [4], and oxetanocin 
(4) (isolated in Bacillus megaterium NK84-021 8  [5] and possessing anti-HN 
activity) [6]. In addition, thromboxane A, (5), mitrephorone A (6) (isolated in 
Mitrephora Glabra Scheff and possessing anticancer activity) [7], and 
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2 Chapter One 

maoecrystal I (7) (isolated in Isidonjaponicus and showing cytotoxic activity) 
[8], all contain oxetane rings. 

Furthermore, oxetane 8 displays several biological activities [9], 
dictyoxetane (9) (isolated in Dictyoadatichotoma algae) [10], oxetin (10) 
(isolated from the fermentation broth of Streptomyces sp.OM-2317) [9a], 
bradyoxetin (11) (a bioactive compound isolated from Bradyrhizobium 

japonicum) [1 1], laureatin (12) (isolated from Laurentia nipponica and 
showing larvicidal activity) [12], parthoxetine (13) (isolated from Parthenium 
jruticosum) [13], and a sesquiterpene dimer (14) (isolated from Xylopia 
aromatic) [14] all contain an oxetane ring. 

o )l �A'O °OH 

Ph NH 0 
PhA)lO'" 

-6H � A � 0 
HO OBz OAc 2 

9 10 �"9 
13 

AcO 0 � 
A,O o 

"'/jN--f0 
HO\\" �'o 0.!-6 < 

3 

NH, 

N�:·.-l"Z\ 
IL . .J.. I N N 

4 O�"
OH 

OH 

Figure 1. Bioactive compounds containing the oxetane ring. 
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Introduction 3 

It is noteworthy that several patents for new drugs containing an oxetane 
ring have been registered [15]. Interestingly, only compound 4 and oxetin (10) 
have been synthesized to date using a Paterno-Buchi reaction. However, the 
compounds reported in Figure 1 represent future challenges for synthetic 
applications of this photochemical reaction. 

Several reviews have previously been published covering different 
aspects of the Paterno-Biichi reaction [16]. 

Historical Background 

The exact origin of the Paterno-Buchi reaction is not easily discerned because 
the discovery of this process involved a controversy between Ciamician and 
Paterno [17]. In 1909, Paterno, while studying the photochemical reaction of 
benzaldehyde with amylene (2-methyl-2-butene), showed that the 
corresponding [2+2]-cycloadduct was formed [18]. It was not possible for 
Paterno to distinguish between the two possible constitutional isomers of the 
oxetane and all of the possible stereo isomers could not be determined. 

In 1909, Ciamician also reported a reaction where the same type of 
photochemistry was described involving the photoreaction of safrole and 
isosafrole with benzaldehyde and claimed the formation of addition products 
[19]. However, structures were not provided for the photoproducts. 

Despite its potential, the Paterno-Buchi reaction was essentially 
forgotten. In 1949, it was reported that aliphatic aldehydes (ethanal) irradiated 
in a quartz tube in the presence of an alkene ( l-octene) gave, after distillation 
ofthe crude product, little ofthe corresponding ketone (2-decanone). However, 
no oxetane product was isolated [20]. It was only in 1954 that Biichi repeated 
the reaction described by Paterno, and identified the oxetane product [21]. 
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CHAPTER Two 

MECHANISM AND STEREOCHEMISTRY 

Mechanism 

Since the first reports on this subject, the reaction of benzaldehyde with 2-
methyl-2-butene was suggested to involve the triplet state of the carbonyl 
compound reacting with the alkene ground state to form the most stable 
biradical intermediate (Scheme 2) [21]. However, the photo isomerization of 5-
hexen-2-one (see below) and the absence of any effects due to the presence of 
oxygen allow one to speculate that a triplet state is not involved in this reaction 
[22]. 

r(YCHO V I hv + � -'-'------<.� 
(solvent) 

9--( + O+-PhJ---i PhA JJh 
+ .& + OH 

Ph �OH 
15 16 (15%) 

1.6:1 (64%) 
Scheme 2 

• 

In the reactions of biaryl ketones, the cyc1oaddition occurs only with 
carbonyl compounds that can access n-",* triplet states [23]. The reaction of 
benzaldehyde with 2-methyl-2-butene gives mainly the corresponding 
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6 Chapter Two 

oxetanes (64%) along with a mixture of l -phenyl-3-methyl-3-pentenyl-I-ol 
and l -phenyl-4-methyl-3-penten-I-ol (in a combined yield of 15%) as well as 
some dihydrobenzoin (1 1 %) [24]. The oxetane mixture is mainly compound 
15, but some of the isomer 16 is also present (15/16 � 1.6: 1) (Scheme 2). The 
relative stereochemistry of these products has not been determined. 

The quantum yield for the formation of the oxetanes 15 and 16 is 0.45 ± 
0.05. Benzophenone and acetophenone react with 2-methyl-2-butene to give 
the corresponding oxetanes higher regioselectivity (>90%) than for 
benzaldehyde. The quantum yields for oxetane fOlmation are similar to those 
obtained with benzaldehyde when benzophenone is the carbonyl compound, 
while acetophenone gives a lower value (0.1). All of these carbonyl 
compounds can access an n--+n* triplet state. 1- and 2-Naphthaldehyde give 
the corresponding oxetanes (70%) when reacting with 2-methyl-2-butene. The 
regioisomeric ratio between the two possible oxetanes is 3:2 in favor of that 
corresponding to 15 and the quantum yields are 0.05. 2-Naphthyl phenyl 
ketone reacts with 2-methyl-2-butene to give the oxetanes in 62% overall yield 
with a regioselectivity similar to that shown by benzophenone and with a 
quantum yield of 0.005. 1- and 2-Acetylnaphthalene do not react with all the 
alkenes tested. Naphthaldehyde and naphthyl methyl ketone have a n,n* triplet 
state. 9-Anthraldehyde also shows the involvement of a n-->n* triplet state. 
However, it gave a Patemo-Buchi reaction when irradiated in the presence of 
2-methyl-2-butene. To justify the reactivity of this compound, the internal 
conversion between the ll---+n* and ]t-----77t* triplet states could be lower than 
that for the naphthaldehydes, leading to a higher reactivity. The n--+n* triplet 
state of 9-anthraldehyde reacts with 2-methyl-2-butene, giving the 
corresponding oxetane with high regioselectivity, giving only the regioisomer 
derived from the most stable biradical intermediate. 
The triplet excited state of the carbonyl compound can undergo an electron 
transfer process with an alkene to provide the corresponding radical-ion pair. 
This process occurs with electron-rich alkenes and carbonyl compounds in 
polar solvents [25]. 

Kinetic Data. Some aliphatic ketones such as acetone react with (E)-l ,2-
dicyanoethene, giving the corresponding oxetanes in good yields (54%) while 
maintaining the configuration of the alkene in the product (Scheme 3) [26]. 
The fluorescence of acetone is quenched by the addition of dicyanoethene. 
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o A + NC�CN 
(IOcquiv) 

hv 
ft, 16 h 

Scheme 3 

-

NC H 

Scheme 4 

• 7--(CN (54%) i"CN 17 

7 

Oxetanes are also obtained in the reaction of the same aliphatic ketones 
in the presence of maleic anhydride in good yields (67%). Triplet quenchers 
(1,3-pentadiene, 2,5-dimethyl-2,4-hexadiene, and naphthalene) do not inhibit 
the reactions. Thus, the reactions seem to occur from a singlet excited n---+n* 
state either through a concerted process or through a rapid closure of an 
intermediate biradical species. 

The formation of 17 is only slightly affected by the addition of 1,3-
pentadiene (a triplet quencher), and the reaction is quite inefficient (<I> � 0.026-
0.054). The Stern-Vohner plot of the formation of17 as a function of (E)-1,2-
dicyanoethene concentration is in agreement with the fOlmation of an exciplex 
intermediate. 

The cycloaddition occurs through a concerted or a nquasi-concertedn 
attack of the nucleophilic n system ofthe singlet n---+n* state of acetone on the 
1t system of the ground state of 1,2-dicyanoethene (Scheme 4). The observed 
stereospecificity demands that bond fOlmation is faster than bond rotation. 

In the Paterno----Buchi reaction between acetone and acrylonitrile, only 
oxetane 18 is formed (Scheme 5) [27]. This observation is more consistent with 
an addition of the higher electron-density carbon lobe of the LSOMO orbital 
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ofthe ketone to the most electron deficient end of the acrylonitrile double bond. 
The reaction occurs via the fOlmation of an exciplex. 

o A + �CN 

(0.9 equiv) 

eN �. -tf (-) 
18 

Scheme 5 

Kinetic data confirms the involvement of the triplet state in the Paterno
Biichi reaction of benzaldehyde with 2,3-dimethyl-2-butene. The overall 
reaction follows Oth-order knietics. A Stern-Volmer plot of the reaction taking 
place in the presence of piperylene shows that the reaction occurs via a single 
reactive state (n->n* triplet) with a quantum yield of 0.55 [28]. Furthermore, 
when 9-anthraldehyde is used as a startnig material, a quantum yield of 0.024 
is found. A Stem-Volmer plot of the quenching experiment of the reaction 
between 9-anthraldehyde and 2,3-dimethyl-2-butene in the presence of di-tert
butyl nitroxide indicates that there are two different reactive species. The 
energy gap between the n--+1t* singlet state and the low-lying triplet state of 
anthraldehyde is considerably larger than that of benzaldehyde, and the rate of 
radiationless transition between these two states may become sufficiently slow 
to be competitive with the rate of singlet state reaction. In the case of 
anthraldehyde, both states could be responsible for the reaction. 

In the reaction between acetone and (E)- l -methoxy-l-butene, an electron 
rich alkene, the ratio of 19/20 and 21122 is found to be dependent on the niitial 
concentration of the alkene (Scheme 6) [29]. Compounds 21 and 22 are 
removed from the reaction mixture through acid hydrolysis. The ratio of 19/20 
extrapolated to zero concentration of the alkene is 1.06, whereas at high 
concentration of the alkene the ratio is ca. 2.5. At low concentration of the 
alkene, a mechanism involving a total loss of the configurational identity of 
the alkene seems to be operative, whereas at high concentration of the alkene, 
some preservation of the configuration is observed, probably indicating a 
different mechanism. 
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hv • 
rt 

(solvent) 

J± Et .: .: OMe 
+ .tt H .: .: OMe 

+ .tt H , , H 
+ H ! j U (100%) 

f! f! Etf! MeG Et MeG H 

19 20 21 22 
Scheme 6 

The amounts of 19 and 20 are reduced in the presence of variable amounts 
of piperylene (quencher oftriplet acetone), with the observation that quenching 
is not linearly related to concentration. Thus, the formation of 19 and 20 are 
not inhibited at the same rate. At high concentrations of piperylene, the only 
mechanistic pathway available is the addition from the singlet excited state of 
acetone. 

These reactivity patterns can be explained by assuming that both the 
singlet and triplet state of acetone undergo the [2+2] cyc1oaddition. The 
formation of singlet and triplet biradical intermediates are proposed. The 
singlet biradical intennediates (a mechanism operative at high alkene 
concentration) retain the infonnation of the configuration of the alkene 
(cyclizing rapidly to the oxetane). Triplet biradicals are expected to have a 
greater lifetime, allowing rotation of the carbon atom bearing the free-radical 
site. 

Benzophenone phosphorescence is quenched by the addition of enol 
ethers [30]. The kq and the energy of the HOMO of the enol ethers are 
correlated. Quenching data shows that the primary step in the quenching 
process is It-complex fonnation and not bond fonnation. Partial charge 
donation from the olefin to the ketone produces the initial exciplex. These 
results are relevant because they show that the fonnation of an exciplex is not 
limited to the processes involving the first excited singlet state, but also in those 
where triplet states are involved. Several articles have appeared on the kinetic 
behavior of the reaction [31] .  

A general way to rationalize the observed regioselectivity in the addition 
of (E)-1,2-dicyanoethene and (E)-1,2-dirnethoxyethene to norbornanone 
derivatives has been proposed. In the case of electron-rich substrates, the 
reaction occurs through an attack of the carbonyl n orbital on the olefin in a 
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perpendicular relationship. 'When using electron-poor alkenes, the attack 
occurs via a parallel confOlmation, allowing the fOlmation of the 
corresponding C-C-C-O'biradical (Scheme 7) [32]. 

+ )r-
NC -> 

Scheme 7 

Spectroscopic Studies. Spectroscopic studies of the Patemo-Buchi 
reactions allowed to detelTIlines evidences on the formation of the 1,4-biradical 
intermediate, when it is present. FurthelTIlore, they can confitm the presence 
of radical ions due to the presence of an electron transfer mechanism. The 
mechanism of the reaction between quinones and quadricyc1ane or 
norbomadiene has also been studied using CIDNP measurements. The results 
are in agreement with tbe formation of a biradical intermediate [33]. CIDNP 
experiments were also perfOlmed to characterize the biradical intelTIlediate in 
tbe reaction between acetylene and quinone [34]. 

Benzophenone shows a transient absorption due to the triplet at 525 nm. 
In the presence of dioxene, the transient triplet spectrum is quenched with 1:;;, 
� 175 ± 25 ps, and a new absorption appears at 535 mn [35]. This transient 
absorption has been identified as the triplet biradical. In fact, the triplet state 
ofbenzophenone is quenched by charge transfer to fOlTIl a contact ion pair that 
rapidly collapses to give the biradical. The picosecond-resolved spectnnn of 
tbe biradical uitermediate has also been reported [36]. 

The triplet state ofvinylformyl[2.2]paracyc1ophane derivatives has been 
studied using femtosecond time-resolved photoelectron spectroscopy [37]. 
Additionally, transient vibrational spectroscopy has been used to follow the 
decay of tbe biradical uitermediate [38]. 

In the reaction between biacetyl and an electron-rich olefin, electron 
transfer accounts for tbe observed reactivity. The ESR spectra of tbe radical 
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cation and the radical anion can be observed [39]. The radical ion arising from 
an electron transfer process has also been observed in another related study 
[40]. 

Calculations. A study on the Patemo-Buchi reaction has been perfOlmed 
with ab initio calculations at the STO-3G level using Gaussian 70 [41]. The 
alkene is assumed to approach the ketone in such a marmer that its Jt orbitals 
lie in tlie plane defined by tlie ketone carbonyl group. In tlie reaction between 
fOlmaldehyde and ethylene, the surface crossing is sho\Vll to occur at a CO 
bond distance of approximately 1 .9 A. Activation energies of 24 and 29 kcal 
mol-1 are required for the excited reactant to leave this well and reach the 
biradical product. The effects of substituents can be deduced by tracing the 
molecular energy level variations and orbital coefficient changes that are 
induced by the substituents. Substituents can be broadly grouped into electron
donating, electron-attracting, and conjugative categories. Electron-donating 
substituents raise the molecular energy levels. Electron attracting substituents 
lower all energy levels. The energy of the n-orbital [F(nl] is changed only by 
a second-order inductive effect. In general, conjugative substituents lead to a 
spreading of Jt energy levels, with the highest occupied Jt level raised, and the 
lowest vacant level being lowered in energy. In addition, a much lower electron 
density is found at the reactive sites in either the Jt or Jt* orbitals. In this way, 
an electron-donating group on the alkene favors the formation of a 1,4-
biradical intelTIlediate, whereas an electron-withdrawing group on the alkene 
favors a concerted mechanism [42]. 

Theoretical calculations show that in the reaction of benzoquinone with 
2,3-dimethyl-2-butene to give the corresponding oxetane, an n---+Jt* triplet state 
is involved [43]. In contrast, the tetramethyl derivative, duroquinone, gives the 
corresponding cyc1obutane. In this case, calculations show the lowest triplet 
state is a Jt-----7Jt* triplet state. In the case of naphthoquinone, which gives both 
products, calculations show that both the n---+Jt* triplet and the Jt-----7Jt* triplet 
are close in energy. 

A description of the Paterno-Buchi reaction using the Woodward
Hofinann rules has been reported [44]. The effect of spin-orbit coupling in 
oxygen-containing biradicals was studied [45]. A conformational analysis of 
tlie biradical intermediate shows that the previously postulated conformational 
dependence of spin-orbit coupling in the biradical based on the n90-degree 
rulen is not satisfactory for quantitative estimates [46]. 
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In the reaction between 1,4-dioxene and benzaldehyde, theoretical 
calculations indicate that the only transition able to give the observed transient 
absorption is tbat from the LSOMO to the LUMO (S49 mn); the same result is 
obtained for tbe reaction between finan and benzaldehyde [16af]. 

The regioselectivity of the reaction can be explained invoking hard-soft 
acid and base theory, and this approach is in agreement with the experimental 
results [47]. Anotber way to explain tbe regiochemistry of tbe Patemo-Biichi 
reaction considers that atoms arrange themselves so that the obtained product 
reaches the minimum electrophilicity, that is considered the driving force in 
tbe reaction [48]. 

Anotber tbeoretical study of tbe Patemo-Biichi reaction shows tbat there 
are two conical intersection points located near the C-C and C-O bonded 
biradical regions of the ground state. These two conical intersections support a 
mechanism in which the decay from the excited state is accompanied by a 
geometric rotation of the terminal group, in the case of C-O attack, and by an 
orbital rotation at the oxygen center, in the case of C-C attack. FurthemlOre, 
for C-O attack, the triplet surface must cross the singlet to reach a biradicaloid 
minimum. For C-C attack, the triplet biradical minimum is located at the same 
geometry as the conical intersection between the two singlet states, and the 
efficiency of tbe intersystem crossing will be determined by the nature of the 
spin-orbit coupling. Thus, for the triplet, tbe reaction path can be predicted by 
tbe most stable biradical rule [49]. 

A CAS SCF geometry optimization using the TZV basis set of tbe 
intennediate biradicals shows that the biradical region corresponding to the C
C attack lies about 10 kcal mot! lower in energy than the C-O region [4S]. 
This result, however, is not in agreement with reported experimental results. 
An AFIR method has been used to obtain a predictable model for the reaction 
between formaldehyde and ethene. The reaction product is obtained by 
minimizing the AFIR function. The O-C bond formation is more favorable 
tban tbe C-C bond formation, and the oxygen atom forms a bond with the less 
bulky site of the alkene [SO]. The same behavior has been observed by using 
the atomic zero steric potential (AZSP). AZSP can be considered as a measure 
of charge heterogeneity [SI]. 

An electron transfer process can occur when the HOMO of the alkene is 
very near the LSOMO of the excited carbonyl compound [S2]. 
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Regioseiectivity and Diastereoseiectivity 

The reaction of acetaldehyde with acrylonitrile is considered to be a concerted 
[2 + 2] cyc1oaddition in which the regioselectivity is controlled by the dipole
dipole orientation. Another hypothesis involves the formation of an oriented 
exciplex intelTIlediate able to give only one possible constitutionally isomeric 
singlet biradical [31j]. 

The regioselectivity of the reaction of carbonyl compounds with furan 
derivatives is explained on the basis of the relative stability of the biradical 
intermediates [53]. The regioselectivity of the attack is postulated to depend 
on the frontier orbital coefficients [47]. 

The minimum electrophilicity principle [w' '" (EL - EH)2/4(EL - EH)], 
wherein «/ is the electrophilicity, .st is the energy of LUMO, and £H is the 
energy of the HOMO, correctly predicts the most stable constitutional isomer 
fOlTIled in the reaction. This is based on the assumption that there is a tendency 
for atoms to arrange themselves such that the observed product reaches the 
minimum electrophilicity [48]. Thus, in the theorical reaction between 
fOlTIlaldehyde and 1,3-butadiene, two possible constitutional isomers can be 
obtained (Scheme 8). The electrophilicity values are 0.21210 for the first 
oxetane product and 0.20269 for the second one. Finally, the electron density 
on the reactive carbon atoms is assumed to detelTIline the regioselectivity of 
the reaction [54]. 

HCHO + � hv 
• (-) 

Scheme 8 

The stereoselectivity of the Paterno-Buchi reaction has attracted the 
attention of several researchers. Stereoselectivity in the alkenes bearing 
electron-withdrawing or electron-donating substituents are interpreted on the 
basis of the main interactions between the orbitals in the excited state [55]. 

3-(Silyloxy)oxetanes are successfully prepared from silyl enol ethers 
containing additional carbon-chlorine, carbon-silicon, or carbon-sulfur bonds 
(Scheme 9) [16ah, 56]. Ethers, esters, and simple alkenes are compatible with 
the reaction. When a �-alkyl-substituted silyl enol ether is used, a trans 
relationship between the C-2 and C-3 substituents in the oxetanes is observed. 
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This result does not depend on the geometry of the alkene. The products are 
obtained with high diastereoselectivity (dr 87: 13 - 98:3) [57]. 

t-BuSJlOTMS 

TMSO t-Bu 
t-BuAA 

PhCHO (0.5 equiv) ?i . r-i 
Scheme 9 

PhCHO (0.5 equiv). 
hv, benzene, rt 

�"t-Bu 
t-Bu-1' H 

OTMS /PhCHO\ 
1;1 , 

H 9--Y"t-Bu 
n"'t-Bu Ph OTMS 

H :: O--{"'t-Bu 
Ph-i' j;-OTMS 

H t-Bu 
O�t-Bu 

Ph-i' F-OTMS 
H t-Bu 

I:! ' 9---("1-13u 
n",i-Bll Ph OTMS 

H .  o----l/'-t -Bu 
,J-�t-Bll Ph' ClTMS 

Scheme 10 

(27%) 
dr >95:5 

(58-64%) 
dr 95:5 
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In the triplet biradical, free rotation leads to the sterically least congested 
confOlmation. A further reaction pathway of this species includes intersystem 
crossing (ISC) and an assumed selection step (cleavage vs. ring closure) at the 
singlet 1,4-biradical level, which accounts for the high diastereoselectivity at 
C-2/C-3. 
The presence of a stereogenic center in the p-alkyl group induces facial 
diastereoselectivity. In some cases, high diastereoisomeric ratios are observed 
(Scheme 10) [58]. The observed diastereoselectivity probably arises because 
of a confOlmational preference represented in Scheme 10. This confOlmation 
allows the attack by benzaldehyde on the enol ether on the less shielded face 
[59]. 

Good diastereoselective results are obtained by using silyl enol ether 23, 
which gives the corresponding adducts with a dr of 67:33 (Scheme 1 1), and 
compound 26, giving the adducts with a dr of 15:85 (Scheme 12) [60]. In the 
fOlmer reaction, two confOlmers of the biradical intelTIlediate can be obtained. 
Conformer 24 is calculated to be more stable than 25 by 3. 1 1  kcal mol-I) [61 ] .  

TMSO�i-pr 

OBn 

23 

PhCHO (0.5 equiv) 
• 

hv, hexane, -2SoC 

e."Ph 
O"'

H 
TMSO� 

. 11'�OBn I-Pr 

24 

Ph�;-pr + 
TMSO � 

OBn 

(35%) 
dr 67:33 

TMSO� .,H 
o .' �

Ph H" 
i-Pr OBn 

25 

Scheme 11 
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II i-Pr PheBO (0.5 equiv) 
TMSO'Y • Cl hv, benzene, 30De 

Ph�i-pr + 
TMSO' Cl Phl" �i-pr 

TMSO ('l 
26 

Scheme 12 

(28%) dr 15:85 

The LSOMO of the biradical 24 is at -0.077 H, while the HSOMO is at 
-0.073 H. The coupling of the radical carbon atoms gave two new orbitals in 
the product. The new orbitals are a a orbital and a a* one. To obtain the cr 
orbital, considering the atomic coefficients at the radical carbon atoms on the 
involved orbitals, the coupling of these carbon atoms can occur only as 
depicted in Scheme 13, where the in-phase superposition of the p orbitals 
allows the fOlmation of only one stereoisomeric product. 

r�Ph II 
Ph�O 

�" 
TMSO - TMSO� _ 

H"" HI" i-Pr 01111 i-PI onn 
II 

ClX'P' Ph� 
TMSO "OJ.!:h - TMS;Y -Cl 

i-Pr 
Scheme 13 

� Ph 0 Hno,;;>� i-Pr TMSO 
Ph 
H�O 1MS1 Cl 
i-PI 

-

-

Ph OTMS 

� 
II 

. 
!1" I-I r OBn 

i-Pr1 r 
Cl�O 
TMSO Ph 

Conformer 24 gives the major stereoisomer observed in the reaction 
(Scheme 13). The calculations are in agreement with the experimental results, 
showing that the course of this reaction is strictly frontier orbital controlled. 
The other biradical conformer (25) gives the other diastereoisomer which is 
observed in the reaction. The observed diastereoisomer ratio (67:33) can be 
explained by the small difference between the energies of the confOlmers of 
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the biradical intermediate (3. 1 1  kcal mol-I). To confIrm this result, the 
behavior of 26 has been examined (Scheme 12). In this case, the authors 
observe an inverse diastereoselectivity [59b]. Also in this case, two confOlmers 
ofthe biradical intermediate are possible. The energy difference between these 
two confOlmers is 4.6 kcal mol-1. The coupling between the carbon atoms, 
considering the atomic coefficients, allow the fOlmation of the observed 
diastereoisomers, where the most stable confOlmer of the biradical 
intermediate is able to give the major observed diastereoisomeric product, 
while the other confOlmer of the biradical intermediate can give the minor 
observed diastereoisomeric product (Scheme 13). The larger diastereoisomeric 
ratio (85:15) observed in this case is in agreement with the larger energy 
difference between the conformers of the biradical intermediate. 

When silyl O,S-ketene acetal (E)-27, is used, 28 is obtained as the main 
product (Scheme 14) [62]. 

Et OTBS >=< + 4-NCCJl4CHO 
11 St-ilu 

27 (0.5 equiv) 

IIv 
• 

McCN, O°C, 4 h 1;1 
(,l--r-El 

4-Nc<.'o!f4++0Tll S 
fl Sf-ilu 

28 
1=1 jj:Et 

4-NCC(iH4 � � St-Bu 
H OTBS 

Scheme 14 

(62%) 
dr 80:20 

The stereochemical behavior of the reaction of2? with aromatic carbonyl 
compounds is explained by considering the ability of the sulfur atom to 
coordinate the oxygen atom of the carbonyl compound [62]. The presence of 
such an interaction induces attack of the excited carbonyl compound on the 
side of the alkene bearing the sulfur atom (Scheme 15). The sarne regio- and 
stereoselectivity is observed when silyl O,Se-ketene acetals are used [63]. 
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4-NCC6H� • ______ �:o;r'::!:':-____ • • C6H4CN-4 

4-NCC H. �. 0_____ � -04 C6H4CN-4 

I

��O /" H -'tIlU tBS H -........f� 

29 

H 8 H ill 

I-BuS OTBS 
t-BuS � * 

28 

Scheme 15 

PhCHO (0,67 cquiv) 
• 

hv, MeCN, rt, 14 h 

Scheme 16 

+ 

other 
diastereoisomer 

(70-71%) 
dr 90:10 

Oxetanes are obtained in the Patemo-Buchi reaction of N-acyl enamines 
29 and 30, N-Acyl derivatives are used to reduce the electron density of 
enamines without changing the electronic properties of the double bond (eJpara 
of -NH, group is -0,66, while that of the -NHCOMe substituent is -0, 15), 
These compounds give the corresponding adducts with high regio- and 
stereose1ectivity (Schemes 16 [160, 64] and 17 [65]), The main product in each 
case is the thermodynamically less stable isomer [66]. 
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PhCHO (0.67 equiv) 
• 

hv, MeCN, rt, 1 4  h 

o 
Ph)::Q 

Scheme 17 

I 
COzMc 

19 

(56%) 

Sometimes, chiral enamine derivatives do not give the corresponding 
adduct with high diastereoselecti-vity [16r, 67]. For example, (R)
phenylethylamine reacts with acetaldehyde in the presence of acetic anhydride 
to give the corresponding N-acylenamine, that is irradiated in the presence of 
benzaldehyde to give the corresponding cis-oxetanes in 2: 1 ratio [67]. 

The Patemo-Biichi reaction of 2,3-dihydrofinan with benzaldehyde 
shows a significant endo stereoselectivity (Scheme 18) [68]. 

o o 
(solvent) 

11 

• 
, 0 r;;?--Ph 
H 

PhCHO 
hv, 11, 24 h 

Scheme 18 

(98%) 
dr 88: 1 2  

'When acetone is used as the carbonyl compound, the adduct with 2,3-
dihydrofinan is obtained in 52% yield as a mixture of two constitutional 
isomers in a 200: 1 isomeric ratio [69]. However, when acetaldehyde is used as 
the carbonyl compound, the adduct is obtained in 63% yield as a mixture of 
stereo isomers. The selectivity in this case depends on 2,3-dihydrofuran 
concentration, involving a switch from a triplet mechanism to a singlet 
mechanism at higher concentration [16u, 16v, 16z, 68e, 70]. The best 
interaction between the frontier orbitals is that from the LSOMO of 
acetaldehyde and the HOMO of 2,3-dihydrofinan [16am] . The atomic 
coefficients on the olefinic carbon atoms in 2,3-dihydrofinan are -0.26 at C-2 
and -0.38 at C-3. The atomic coefficient on the oxygen atom in the LSOMO 
of singlet excited acetaldehyde is 0.48, while the atomic coefficient at the C-l 
of acetaldehyde in the HSOMO is 0.49. The nature of the LUMO of 2,3-
dihydrofinan excludes the possibility of a concerted mechanism. The reaction 
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leads to the formation of an extremely reactive singlet biradical. In this case, 
the oxygen atom of acetaldehyde attacks the C-3 carbon atom in 2,3-
dihydrofuran to give the more stable biradical intennediate. The reaction, in 
this case, allows the fOlmation of only the exo isomer. This logical scheme 
explains the observed reactivity assuming that, when the reaction is performed 
in a concentrated solution, the excited singlet state will give the exo isomer, 
while the excited triplet state is responsible for the fonnation of the endo 
isomer. In the triplet state, the main interaction is that between the LSOMO of 
the triplet state acetaldehyde and the HOMO of the dihydrofuran. This 
interaction leads to the formation of the corresponding C-C 1,4-biradical 
intermediate (Scheme 19). The HSOMO on the biradical intermediate is 
mainly localized on the aromatic ring. The LSOMO is mainly localized on the 
dihydrofuran ring. Coupling between the radical carbons in these two orbitals 
to give the new cr orbital is possible only ifthe endo isomer is formed (Scheme 
19). 

Me ).." H 0 fo-> -
Scheme 19 

\\!hen benzaldehyde is used as the carbonyl component, the reaction with 
2,3-dihydrofuran shows good regio- and stereoselectivity. The adducts are 
isolated with an overall yield of98% as a >98:2 constitutional isomer mixture 
with the major isomer obtained as an 88: 12 endolexo mixture. The reaction of 
dihydrofuran with benzaldehyde is the first example where spin-controlled 
selectivity is observed [16v, 16ae]. In singlet photoreactions, stereoselectivity 
is often controlled by the optimal geometries for radical-radical combinations. 
By contrast, in triplet photoreactions, the optimal geometries are those able to 
favor the intersystem crossing from the triplet excited state to the singlet 
excited state. The singlet biradicals should be too short-lived to enable rotation 
about the endocyclic C-O or C-C bonds, and, therefore, confmmational 
memory effects on the stereochemistry are expected. The geometries in the 
triplet state can be quite different from the fmmer ones because of differences 
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of the spin-orbit coupling (SOC) values. The lifetimes of many triplet biradical 
intelTIlediates are definitely high enough to enable bond rotations. Therefore, 
the formation of the thermodynamically favored product can be expected 
because the radical-radical combination step should not be influenced by the 
approach geometry. "Memory effecls" should be erased because of the 
relatively long biradical lifetimes. After transition from the triplet to the singlet 
potential energy surface, immediate product fOlTIlation is expected. Thus, the 
intersystem crossing (ISC) proceeds in a concerted fashion with the formation 
of a new bond or by cleavage of the primarily formed single bond. As a 
consequence, the stereoselectivity of the Patemo-Buchi reaction is the result 
of a combination of several rate constants for cyclization versus cleavage 
reactions. 

endo exo exo endo 

t t t t O�h � H 

0-FH � Ph PI�O 
H�Me 

H 0 
p�Me 

31 32 33 34 

Scheme 20 

Benzaldehyde reacts with 2,3-dihydrofuran in its triplet state and a triplet 
biradical intelTIlediate is fOlTIled. To obtain the oxetane products, intersystem 
crossing into the singlet manifold is necessary. The most important factor 
influencing an intersystem crossing for flexible triplet biradicals is spin-orbit 
coupling. The angle between p orbitals at the radical centers is approximately 
90° for maximum spin orbit coupling. For the pronOlUlced endo selectivity in 
the reaction between aromatic aldehydes and 2,3-dihydrofuran, the two 
biradical conformers 31 and 32 can be considered to be responsible, 31 being 
more populated because offewer steric interactions (Scheme 20). 

'When a methyl group at C-2 is present, the increasing gauche interactions 
with the �-alkyloxy substituent lead to a certain concentration of 33 and 34, 
with 33 being preferred because of fewer steric interactions. Another 
explanation for the regio- and stereochemistry proposes that the HSOMO is 
mainly localized on the aromatic ring and the LSOMO is mainly localized on 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



22 Chapter Two 

the dihydrofuran ring [71]. Coupling between the radical carbons in these two 
orbitals to fOlTIl a new cr orbital is thus possible only if the endo isomer is 
formed (Scheme 21). 

Ph )..." 
H 0 trY 

Scheme 21 

u- and �-Naphthaldehydes, on the contrary, give high exo selectivity in 
the reaction with 2,3-dihydrofuran [72]. The cyc1oaddition occurs in the 
presence of triplet quenchers, while in the presence of 2,3-dihydrofuran 
fluorescence quenching is observed. In this case, the singlet excited state is 
responsible for the high exo selectivity [16z, 72], and the coefficients on the 
HSOMO and LSOMO allow coupling of the radical carbons to only give the 
exo isomer [61]. 

Furan and 2-methylfuran react with propanal and benzaldehyde [73]. In 
this case, the exo configuration at C-6 of the dioxabicyc10[3.2.0]heptene 
skeleton is observed [74]. Good regioselectivity is observed using silyl- and 
starmylfuran derivatives, and the reaction occurs on the less hindered side of 
the molecule [75]. When 2-silyloxyfuran is irradiated in the presence of 
aliphatic carbonyl compounds or with benzaldehyde, a 1 :  1 mixture of 
constitutionally isomeric products is fOlmed. In contrast, when benzophenone 
is used, only the product derived from attack on the most hindered side of the 
molecule is formed. The same result is observed with acetone in a reaction 
where a low concentration of furan is used. In all these cases, exo selectivity is 
observed [76]. In contrast to the above reported data showing a good 
regioselectivity of the reaction of substituted furan derivatives with carbonyl 
compounds, 2-furylmethanol and the corresponding silyl ether give rise to low 
regioselectivity in the reaction with benzaldehyde [76, 77]. 

The high exo stereoselectivity of the reaction of furan with benzaldehyde 
has been extensively studied; the formation of the product occurs via a triplet 
l,4-biradical which biradical must be converted (intersystem crossing) into a 
singlet biradical to give the product. To explain the pronounced exo 
stereoselectivity, a secondary orbital effect is postulated. Thus, an interaction 
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between tbe ratber flexible a-oxy radical center and tbe allyloxy ring-localized 
radical most likely plays a major role to induce the observed stereoselectivity 
(Scheme 22) [16m, 68d]. 

o ° 
_P_h_C_H_O---,-(O_. _I _eq-,-L_liv-,l_. .�O 

hv, benzene, �O/Jl' 3-6 h, 6_80 

Scheme 22 

-

H J'h 

C;;o 
° ' H 

(88%) 
dr 212:1 

Considering the regioisomeric biradical intennediates 35 and 36 (Figure 
2), resulting from the head-to-head andhead-to-tail addition, respectively [71], 
tbe biradical 35 is calculated to be more stable than 36 by 16.5 kcal mot!. 

H 
Ph 05a ° 

35 

° O\-Ph ° H 
36 

Figure 2, Possible biradical intermediates in the reaction of benzaldehyde 
witb furan. 

The HSOMO is mainly localized on the benzaldehyde fragment of tbe 
biradical, while the LSOMO is mainly localized on the finanoid part of tbe 
molecule. The coupling between the radical carbons in these two orbitals to 
fonn a new cr orbital can give only the exo isomer, in agreement with the 
experimental results (Figure 3). 
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Ph �H 
I!c? -

Chapter Two 

Ph::i-H O� PhCi'\II 
-9 

Figure 3. Rationale of the stereoselectivity of the reaction between 
bendaldehyde and furan. 

Use of Chiral Auxiliaries. 2,3·Dimethyl·2·butene reacts with 
neomenthyl phenylglyoxylate in benzene to give the corresponding adduct 
with a dr of 83: 17 at _66° (Scheme 23) [78]. 

Ph ... l 
+ o�0:O" " "' ... ' _ ... /1\ ... '_ •• benzene [-Pr _72° to 55° 

(0.41 equiv) 

Scheme 23 

(-) 
dr 83:17 at-66° 
dr 60:40 at 200 

The same type of reactions with chiral phenylglyoxylates are performed 
with 1,  l ·diphenylethene [79]. In this case, a good dr can be obtained 
(88.5: 1 1 .5), but the products are formed in very low yields. Better results are 
obtained by using enol ethers in reactions with chiral phenylglyoxylate 
derivatives (Scheme 24) [78a, 78b, 80]. 
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+

Ph
}O

""

(1

""" _--, h_v __ )<::rt�"...", � no solvent, rt 0 � u"'
(1 Ph � 

(0.9 equiv) 

Scheme 24 

Ph 0'!-9 )<o.J--+Ph 
+ �0""(1 "'" o/� Ph 
(99%) 
dr >78:22 

In some cases, the use of chiral enol ethers give results with good regio
and stereoselectivity in reactions with aromatic aldehydes (Scheme 25) [81] .  

Yo o , 70 
MeO OBn 

Yo 
PhCHO (1.2 cquiv) 0 o

�, 0 
hv, benzene, Ii, 

• MeO OBn 
o 30-60 h Ph (57(%) 

Scheme 25 

Yo O�OTo 
+ MC:J=60Bn 

Ph (28%) 

The reaction of cyclic enamide derivative 37 with a chiral aromatic 
aldehyde in toluene at _100 gives the corresponding adduct with high 
diastereoselectivity (Scheme 26) [82]. This result can be explained by 
assuming the presence of a hydrogen bond between the lactan moieties, thus 
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inducing the attack of the carbonyl compound on only one diastereotopic face 
of the alkene. 

U + N 0 H 
37 

• h v  � 
Scheme 26 

(56%) 
dr 95 5 

Furan reacts with glyoxylate derivatives bearing chiral auxiliary groups 
in the alcoholic part of the molecule, giving the corresponding adducts [83]. 
However, only low selectivities are obtained. Chiral alkyl esters of 
phenyl glyoxylic acid give the corresponding adducts with a low 
diastereoisomeric excess [84 J. Better results are obtained when furan reacts 
with a phenylglyoxylate derivative esterified with a carbohydrate derivative 
(Scheme 27) [85] and 8-phenylmenthol (Scheme 28) [84]. 

hv 
no solvent, rt 

Scheme 27 

• 

(80%) 
dr 90:10 
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PhCOCO, 
Q + � hv 

no solvent, rt, 7 h 
(excess) Ph 

Scheme 28 

del �hO 
'1 . 0 o H 0--t6-

Ph 
(88%) 
dr 97.5:2.5 

27 

Chiral phenylglyoxylates also react with 2-furylmethanol derivatives, 
giving !he corresponding adducts with high diastereoselectivity [84]. 

Ph�t� 
° 0 

38 

hv 
solid state, -78°, 2.5 h

' 

Scheme 29 

syn/anti 6.7 
(89%) 
er 99.5:0.5 

Stereochemical Behavior in Organized Media. High diastereoselectivity 
can be obtained in intramolecular Paterno----Buchi reactions perfOlmed in the 
solid state. For example, the reaction of substrate 38 at _780 gives the 
corresponding product with a high enantiomeric excess (Scheme 29). The 
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observed enantioselectivity is due to the fact that 38 crystallizes in a chiral 
space group [86]. 

The irradiation of crystalline ketone 39, furnishes oxetane 40 with high 
diastereoselectivity (Scheme 30) [87]. In this case, the reaction requires an 
initial a-cleavage of the carbonyl group with the formation of an aldehyde and 
an alkene. 

[) [ 0 ,Ph [) .. 
QCPh hv HAph H"5"Ph (92%) • -

Ph crystal, -30°C �Ph 2 h 
39 40 

Scheme 30 

The reaction of 2,3-dihydrofinan with benzaldehyde can be performed in 
NaY zeolite. The dr increases from 88: 12, when the reaction is performed in 
benzene, to 95:5 when carried out in hexane (Scheme 31) [68g]. The reaction 
presumably occurs in the cavity of the zeolite where 2,3-dihydrofinan is 
adsorbed, and the dimension of the cavity allows the fOlmation of the product 
with the smallest volume (the exo isomer occupies a larger volume in the cavity 
than the endo isomer). 

H 
O PhCHO (0.1 equiv) d3 

����--��.� .,  
o hv, NaY, hexane, 0 'Ph 

rt, 7 h  H 

Scheme 31 

(74%) 
dr 95:5 

Furan reacts with phenylglyoxylates bearing chiral auxiliary in the 
alcoholic part of the molecule in Y zeolites, showing that, when 
phenylglyoxylate ester is adsorbed on NaY, the dr increases from 57.5:42.5, 
when the reaction is performed in solution, to 68.5:31.5 (Scheme 32) [84, 88]. 
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0 + o 
hv 

J o )l Ph I l  ° 'i:b T-f 0 
• 

NaY, rl, 20 h 

(solvcot) 

(30%) 
dr 68.5:31.5 

Scheme 32 

Hydroxyl Group Directing Effects. Reactions of benzaldehyde with 
homoallylic alcohols are not diastereoselective [16z]. However, allylic 
alcohols react with benzophenone to give the corresponding adducts with high 
regio· and diastereoselectivity (Scheme 33) [89]. 

QH QH 
• -tt='t.BU + hv, benzene, rI, 3 h Ph 

Ph 

Ph2CO ( I  equiv) fr".. t-Bu 
Ph 

Ph 

Scheme 33 

(92%) 
dr >95:5 

In the presence of methanol, the diastereoselectivity in this cyc1oaddition 
drops drastically, and disappears completely when using the corresponding 
silyl ethers. These data are in agreement with the presence of a hydroxyl 
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directing effect. Thus, the formation of a hydrogen bond between triplet 
excited benzophenone and the substrate in the exciplex favors the fOlmation of 
the anticlinal isomer. In contrast, the fOlmation of the synplanar stereoisomer 
is disfavored because ofallylic strain (Scheme 34). 

anticlinal 

" " "  , .. ,,\ II �OH --

Scheme 34 

Ph, 
Ph '. 0 ,J=("'''OH ., �t-BU 

(major) 

r 
. 
CHPhj-J , 

I",.,. . .. ,,\ 0 

�t-Bu 

... ," H """'----1>" t-Bu 
I Ph,C-O HH 
1 

(minor) 
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Hydrogen bond-directed diastereoselective cyc1oadditions occur using a 
chiral enamide [82, 90] and in the reactions of cyclic allylic alcohols with 
benzophenone [91] .  When unsymmetrical carbonyl partners such as 
acetophenone or benzaldehyde are used, the obtained oxetanes show the 
phenyl group and the alcoholic side chain in cis relationship and are obtained 
with high diastereoselectivity (Scheme 35). The regioselectivity is high with 
acetophenone (>95:5) but lower with benzaldehyde (59:41) [92]. 

H� 

o 'Ph 
PhCOMe (0.5 equiv) HO�� 
hv, benzene, rt, 72 h .. �BU H ---------

Hq 
"" . (,l---{t-Bu PItT 

Ph,CO (0.68 equiv) 
• hv, rt, 3-4 h 

Scheme 35 

trans 
Solvent 
methanol 
benzene 

Scheme 36 

HO H 

(49%) 
dr>95:5 

>t\:�\--Ph 
o H Ph cis 

trans/cis Yield (%) 
87113 25 
24176 18 

cis-Diastereoselectivity can be explained considering the conformation 
of the postulated triplet biradicals formed in the reaction [93]. Steric 
interactions are minimized when the biradical assumes the optimal 
confOlmation showed in the Scheme 35, and this confOlmation accounts for 
the formation of the observed stereoisomer [93]. 
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The reaction of 2,3-dihydrofuran-3-ol derivatives (a type of allylic 
alcohol) with benzophenone gives tbe corresponding adducts. In methanol, a 
trans relationship between tbe oxetane ring and the hydroxyl group is 
observed, while in benzene, the cis isomer prevails (Scheme 36). An Eyring 
plot shows that the trans isomer proportion increases with a non-linear 
behavior upon decreasing tbe temperature [91]. 

The directing effect of alcohols was also tested on 2-furylmethanol 
derivatives. The furan ring can be considered as a particular case of electron 
rich alkene. In this case, the presence of large substituents on the carbon 
bearing tbe hydroxy group in tbe side chain of tbe furan ring allows high 
regioselectivity and stereoselectivity (Scheme 37) [94]. 

OyPh 
OR 

J)yPh 
OR 

�Ph 
Ph,CO (1.5 equiv) (.XO -h-Y-', b-e-n-ze

--n-e-, -rt--, 3-6
--
h-· 0 ···-;..,Ph 

Scheme 37 

Ph2CO (1.5 equiv) 
• 

hv, benzene, rl, 36 h 

OR 

(58%) 
dr 99:1 

(30%) 
dr> 99:1 

Ph� 
+ °1-0� Ph 

OH 

Scheme 38 

(33%) 
mixture of 
diastereoisomers 
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5-Methyl-2-furyl derivatives have been used as substrates to reveal 
features of the regioselectivity of the cyc1oaddition. 1-(5-Methyl-2-
furyl)benzyl alcohol gives approximately a 1 : 1  mixture of constitutional 
isomers when irradiated in the presence ofbenzophenone (Scheme 38), and a 
single constitutional isomer (that obtained through the cyc1oaddition of the 
carbonyl compound on the furan double bond bearing the methyl group) in the 
presence of benzaldehyde [95]. In agreement with the results obtained with 2-
furyl derivatives, the products deriving from the attack on the side bearing the 
hydroxy group are obtained as a single diastereomer, while those deriving from 
the attack on the side bearing the methyl group are obtained as a mixture of 
diastereomers. 

I I Ph2CO �O[[ hv, toluene 

Temp 
-75 
-40 

2 

Scheme 39 

Ph Ph I"" . �·')(o + �OH 
41 

Ph Ph 
�OH 

42 
41 Yield (%) 42 Yield (%) 

13 44 
14 38 
16 26 

The reactions described above with finans show that although two possible 
constitutional isomers can possibly be obtained, in some cases the reactions 
occur mainly on the side of a hydroxyl-bearing substituent group. The reason 
for this behavior is due to kinetic factors that depend on the differences in 
stability of the biradical intennediates. For example, in the substrate in Scheme 
39, two different double bonds are present which can both give a tertiary 
radical intennediate. At _75°, oxetane 41 is obtained in 13% yield, while 
product 42 is obtained in 44% yield. Furthermore, at 200, the yields are 15% 
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and 29%, respectively. In this case, then, the attack on the telTIlinal double bond 
is favored [96]. These results are explained considering aggregation effects due 
to the temperature used in the reaction. 

The reaction of2-furylmethanol derivatives with aliphatic aldehydes and 
ketones gives tlie corresponding adducts with high regioselectivity: the 
reaction occurs on the most substituted side of the furan ring. However, no 
diastereoselectivity is observed [97]. The relative stability of the biradical 
intermediates rationalizes the regioselectivity ofthe reaction. A computational 
study (DFT) shows tliat the biradical obtained on the most substituted side of 
tlie furan ring is the more stable of the two. 

The photochemical behavior of tertiary 2-fury1carbinols has been studied 
to help explain tlie observed stereoselectivity [98]. Irradiation of I-metliyl-l 
phenyl-l-(2-furyl)methanol with benzaldehyde gives a mixture of two 
constitutionally isomeric products. The product of cyc1oaddition on the more 
substituted double bond is obtained in low yield, but shows complete 
diastereoselectivity. In contrast, the main adduct is a mixture of four 
diastereoisomeric products (Scheme 40). 

O:x: o Ph OH 
PhCHO (1.5 equiv) 

• hv, benzene, It, 20 h 

(f;H Ph 
� 0 

o , Pli' OH 
(24%) 
dr > 99:1 

Scheme 40 

+
Ph� 

o Ph OH 
(54%) 
dr I :  I :  I :  I 

The cyc1oaddition reaction of the same compound with benzophenone 
gives only the product deriving from attack on the more substituted double 
bond. This compound is obtained with 74:26 diastereoisomeric selectivity 
(Scheme 41). 
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Ph Ph 

� Ph,CO (1.5 equiv) &� Ph �H Ph 
. � 0 + r 0 o Ph OH hv, benzene, rt, 20 h 0 .'.'�(' o . Ph' OH PI{ OH 

� 
o • 

PhCHO Ph OH 

A 

I 
efPh 
'" 0 

1 

~ O ·  Ph 

PhCHO HO 

B 

Scheme 41 

. 
PhC� 

• 0 Ph 

C 

I 
OH 

5" >--. 0 

1 
• 

PhC�OH 

• 0 

D 

Scheme 42 

(52%) 
dr 74:26 

~ O ·  h 

PhCHO HO • 
B 

I dOH 
>--. 0 

1 
. 

PhC�OH 

• 0 

D 

35 
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The regioselectivity of the reaction reported in Scheme 41 is explained 
considering the relative stability of the biradical intennediates. In the reaction 
of 1-methyl-1-phenyl-1-(2-furyl)methanol with benzaldehyde (Scheme 40), 
the biradical obtained on the less substituted side of the substrate is calculated 
to be more stable than the other one by 18.03 kJ motl No relevant 
stereoselectivity is observed using 4,5,6,7-tetrahydrobenzofuran-7-o1 derivatives, 
cyclic 2-furylcarbinol derivatives [99]. 

On the basis of these results, a rationale for the stereochemical behavior 
is proposed (Scheme 42) [84]. 

1-Methyl-1-phenyl-1-(2-furyl)methanol exists III three limiting 
confOlmations. The energies of all three confOlmers are in a range of 1.97 kJ 
mol-1, and thus there is little confOlmational preference. The directing effect 
exerted by the hydroxyl group is attributed to the formation of a hydrogen bond 
between the hydroxyl group and the oxygen ofthe excited carbonyl compound, 
or to the formation of an exciplex. This type of interaction could favor the 
fOlmation of a preferred conformation in the biradical intermediate in which 
the hydroxyl group and the oxygen of the carbonyl compound are in close 
proximity. These confOlmations could have different energies for different 
diastereoisomeric biradicals, providing an explanation of the observed 
behavior. In the case of 1-methyl-1-phenyl- 1-(2-furyl)methanol, if the 
hydroxyl group directs the attack of the oxygen of the carbonyl group, the 
confOlmations of the biradical intelTIlediate represented in Scheme 41 are 
obtained. When the hydroxyl group is perpendicular to the furan ring, only the 
conformers of the biradical intermediates derived by the attack of the carbonyl 
compound on the same side on the furan ring can be obtained. \\!hen the 
hydroxyl group is gauche to the furan ring, the attack of the carbonyl group 
can occur on both sides ofthe furan ring. ConfolTIlations B and D are preferred: 
calculations on these confolTIlations show that there is an energy difference of 
13.26 kJ mol-1 between these two confolTIlations. This difference accounts for 
the observed diastereoselectivity of the reaction. In the reaction of the same 
substrate with benzophenone, the corresponding confolTIlers B and D show a 
difference energy of 7.79 kJ mol-I: this difference is in agreement with the 
observed diastereoselectivity. 

The same analysis can be used to rationalize the stereochemical behavior 
of the reaction of other furyl alcohols with benzophenone [100]. Thus, 
irradiation of (R)-43 in the presence of benzophenone gives the (lS,5S,1 'R)
isomer 44 as the major product (Scheme 43) [101] .  
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Ph,CO (1.5 equiv) 
• hv, benzene, rt, 18 h 

Ph HO'· .. _C611" 
PhtiJ + 

o ° H 
(IS,5S, I 'R)-44 

(56%) 
dr 61.5:38.5 

Scheme 43 
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Effects of Viscosity and Temperature. The endo-exo stereoselectivity 
in the Patemo-Biichi reaction between 2,3-dihydrofuran and some aldehydes 
has been studied in order to elucidate the effect of the change of both solvent 
viscosity and temperature [70]. An increase of viscosity induces a weak, but 
significant, increase in the endo selectivity. This result has been interpreted to 
be a consequence of the reduction in the diffusion rate in the triplet state. A 
study of the effect of the temperature on the endolexo ratio plotted against 1fT 
gives curves showing inversion points. These results can justify that the 
cyc10adduct is formed with low exo selectivity, assuming that the reaction 
occurs at room temperature under high concentration conditions. The exo 
selectivity increases when the temperature is decreased. After the inversion 
point, triplet reactivity induces an increased endo selectivity. 

2,3-Dimethyl-2-butene reacts with chiral phenylglyoxylate esters to give 
the corresponding adduct with a dr of 83: 17 when the reaction is performed at 
_66°, and a 60:40 ratio when the reaction is performed at 200 (Scheme 23) 
[78]. 

The effect of temperature on the stereoselectivity in the reaction of 
phenylglyoxylates with alkenes and furan has been studied [102]. The slope of 
the regression line obtained in this type of study is defined as the isoinversion 
temperature (Ti) and allows a description of the stereoselectivity of this 
reaction. In the high-temperature region (T> Tinv), mostly enthalpy-determined 
selection is observed. By contrast, in the low-temperature region (T < Tinv), 
entropy-detelTIlined selection is observed for the formation of the 1,4-biradical 
intermediate [102a]. This rule is important in explaining the observed 
stereochemical behavior at different temperatures. 
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More targeted studies can be found regarding temperature effects on tbe 
stereochemical course ofbenzophenone additions to alkenes. Among the four 
observed Patemo-Btichi products 46-49 in Scheme 44 using benzophenone 
and 2-hydroxycyc1ohexylfuran (45) [99a], isomers 46 and 48 are expected 
products resulting from the directing effects due to a benzophenone-OH 
hydrogen bond. Such hydrogen bonding is expected to be somewhat weak, 
having been evaluated by computational studies to be in the 2.1-3.2 kcal moI
l range between tbe n-->1t* excited state ofbenzophenone and water [99b] and 
4.5-6.0 kcal mol-l for the ground state. Because of the non-polar character of 
the solvent toluene, at low temperature extensive aggregation of the substrate 
45 through OH---OH hydrogen bonds occurs. As a consequence, the yield of 
oxetane 48 is relatively low because of the "protection" of the OR group, and 
a higher yield of oxetane 47 results from benzophenone attack on the less
substituted side of the furan ring. At higher temperatures, aggregate formation 
is disfavored, and oxetane 47 becomes the predominant product. 

hv, toluene, 6 h rP 
Ph2CO (0.5 equiv) 

• 

OR 

45 

Ph 
Phj-J-(\ 

O}-o'J--{ 
Ph 

+ 
Ph

ifD = 0 ' 

+ 

R OR 

46 (3-7%) 

~ o 
+ 

OR 
R 

48 (13-37%) 

Scheme 44 

R cm 
47 (7-31%) 

�R 
OR 

49 (28-39%) 

The almost identical combined yield of the constitutional isomers 46 and 
47 in comparison to 48 and 49 at _750 can be explained in the same way. 
Constitutional isomers 46 and 47 are derived from reactions of the furan ring 
not involved in aggregate formation. At higher temperature, in the absence of 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Mechanism and stereochemistry 39 

strong aggregation, the nOlmal preference on the more substituted furan double 
bond is again observed, so that 48 and 49 are preferred. 

The same interpretation can be extended to the results obtained with 4-
hydroxycyc1ohexylfuran (Scheme 45) [99a]. In this case, oxetane 50 is the 
result of the hydrogen bond-directed benzophenone cyc1oaddition, which is 
only possible when substrate aggregation is low (i.e. at higher temperature). 

HO 

zb o 

Ph,CO (0.5 cquiv). hv, toluene, 6 h 

Ph HO Phifb 

11 0 
(6-23%) 

+ 

;;;ffj)

Ph Ph 
o OH 

o . H 
50 (9-3 1%) 

Scheme 45 

�

Ph Ph 
O H  

+ 0 I 
OH 

(22-29%) 

Additional studies further support the aggregation effect discussed above 
(Scheme 39) [96]. In this case, results at different substrate concentrations are 
compared with results at different temperatures. At higher concentrations, the 
substrate is expected to show a greater tendency towards aggregation. Thus, at 
_75° and 340 mM, the yield of the product 42 is more three-times that of the 
oxetane 41. This result is probably due to the reaction on the double bond not 
involved in the aggregation. At 20°, the 41142 ratio is significantly more 
favorable for 41. At a concentration of 6.8 nM, aggregation is negligible, and 
similar yields of 41 and 42 are obtained, irrespective oflhe temperature. 

When the substrate OR group is protected, as displayed in Scheme 46, 
the 51152 ratio is constantly around 118 both at 340 inM and at 6.8 nM, a fact 
that confirms the origin of the temperature dependence of the reaction 
regiochemistry [96]. 
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Chapter Two 

Ph,cO � "'hv-=-,'::toLI:":lIe'-n-e"� � OAc 
-75"C, 6 h, PI�fi 0 

51 (5-7%) 

+ �OA" 
Ph PhO 

52 (39--56%) 
Scheme 46 

H 
'
J 

Ph-qF
:k Ph H '" 
53 54 

++ ISC ++ ISC 

�)h Ph� 
Ph H 

H 

Ph-tD Ph H cis Irans 
Scheme 47 
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Mechanism and stereochemistry 41 

Extensive studies have been carried out concerning the temperature 
dependence of the benzophenone photochemical cyc1oaddition to (Z)
cyclooctene [89b,103]. The diastereoisomeric ratio between cis- and trans
oxetanes shows a clear change going from low to high temperatme. At low 
temperatme, the cis-oxetane is observed almost exclusively. By increasing the 
temperatme, an increase in the trans-oxetane fraction is observed. 

In contrast, the reaction of (E)-cyclooctene with benzophenone shows 
little variation in stereochemical outcome versus temperatme in analogous 
studies. The trans-oxetane is the only major stereoisomer produced in this case 
despite its lower stability compared to the cis-oxetane. These observations are 
explained on the basis of multiple reaction paths that can lead to interconversion 
of the biradical intermediates only at high temperature (Scheme 47) [103]. 

Starting from (Z)-cyc1ooctene and n---+1t*-excited benzophenone (top-left 
ofthe scheme), two triplet-state biradical intermediates can be postulated using 
the correct orientation for a fast ISC (intersystem crossing) toward the oxetane 
ring as a guideline. Intermediate 53 is the first biradical produced. From 53, an 
intersystem crossing process leads to the cis-oxetane isomer. The more stable 
triplet-state species 54 can be produced through internal rearrangement of 53, 
but this process is kinetically disfavored at low temperature. At high 
temperatme, 54 can be populated. Consequently, some trans-oxetane is 
formed. Starting from (E)-cyc1ooctene, the first-formed triplet-biradical 
intermediate is 54 and consequently the primary product is the trans-oxetane. 

A very similar (although more detailed) explanation is proposed for the 
interpretation of related results obtained using (E)- and (Z)-I-methy1cyc1ooctene 
[89b]. In this case, conformational equilibria in the biradical intermediates due 
to the presence of the methyl group at different temperatures explains the 
reported results. 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



CHAPTER THREE 

SCOPE AND LIMITATIONS 

Intermolecular Reactions 

Reactions with Electron-Poor Unsaturated Compounds. Although 
most of the work on the kinetic behavior of the alkenes when irradiated in the 
presence of carbonyl compounds have been perfOlmed on electron-poor 
alkenes, there is little data from a preparative point of view. Alkenes can be 
substituted with halogen atoms [104], cyano groups [23, 26a, 27, 32, 105], and 
carbonyl and carboxylic acid groups [23, 26a, 7Sc, 105k, 106]. In most of the 
cases, these compounds react only with aliphatic carbonyl compounds (Table 
1). The reason for this behavior can be found in the interaction of the frontier 
orbitals: the HOMO of an electron·poor alkene shows a lower energy than an 
unsubstituted alkene, and it interacts better with the LSOMO of the excited 
state of the carbonyl compound of an aliphatic carbonyl compound, which 
shows a lower energy than that of an aromatic carbonyl compound. 

The observed yields in such Patemo-Buchi reactions are not very high. 
The reaction of tetrafluoroethene with acetaldehyde gives the corresponding 
oxetane in only 2.S% yield [104c]. However, (E)·1,2·difluoroethene reacts 
with hexafluoroacetone in good yields (Scheme 50) [104a]. The presence of 
halogen atoms on the alkene decreases the energy of the LSOMO of the 
carbonyl compounds, allowing a better interaction. An oxetane is also obtained 
in the quenching ofhexafluoroacetone by perfluoropropene [ lOS]. 

CF3 
CF1COCF3 ( I  equiv) F,Cjj 

�----�----�77�· � 
+ 

hv, no solvent, rt, 1 44 h f' " 'F 
(69%) 

Scheme 50 
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Table 1. IntelTIlolecular reactions with electron-ooor unsaturated comoounds. 
Alkene Carbonyl Product (yield %) 

F� F 

F� F 

comoound 

CF3CHO 
(1 equiv) 

CF3COMe 
(0.99 equiv) 

cr, H 
H""
.
tz - C F1""l--9 

F'" F F"

"

�F 
(21 ) (36) 

C1'] 
H""L-.:O + U (25) 

F"·· 
"
" F 

E� +CF1:-O 

F' F F,J---\F 
(2) (4) 

+ --b 
I :,

' 
" 

'I 

(4) 

l04a 

l04a 
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Alkene 

F� 
f 

P� 
F 

Scope and limitations 

CF3CFzCHO 
(l.01 equiv) 

CF3COCF3 
(0.95 eqiv) 

CF')CF3 H"��9 I I  

+ 
CF3CF'' ' '

,
'
.
�9 

r,L\r F' ·L\F (32
) (21) Cb'F2CF3 

HI' " 0 
+ . . 

(
28) 

F'" "'F 
CF1 

(37) 
CF3 

CF3+9
, 

F)-J 'F 
+ CF3� 

F
'" ""F 

45 

l04a 

(38) l04a 
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Alkene 

F� 
F 

F� 
f 

F� 
f 

Chapter Three 

Table 1. 
Carbonyl I compound 

CCIFzCOCF3 
(1.04 equiv) 

CCIF zCOCClF 2 
(1 equiv) 

CClzFCOCClF 2 
(1.06 equiv) 

CCIF, 
Cflt:( -

r' f 
I 

eF) 
CCIF2� ' 

f' f II 
l + 1l(38),Ull - I : 1  

CelF2 CF, Cll-D + CClf'-D 
F"

- -" F F"
- -" F III IV 

III + IV (38), IlilIV = 1 : 1 
CClF2 CCIF, 

CCli2t:( 
+ 

CCll ,tJ:
, 

F

" 

F F

' '

F 
(25) ( 1 9) 

CC1�r CC12F 
CCIF'� CCIF2t -

(7) I 
F"

-
F F" - " �F 

l : l l : l 

lO4a 

lO4a 

lO4a 
(7) 
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Alkene 

F� 
f 

F� 
F 

Scope and limitations 

CF3COCOCF3 
(0.99 equiv) 

CF3CFzCFzCHO 
(0.93 equiv) 

CF)CXI CF3 0 I' 

CF�OXI' CF3 0 F 

(53 ) 
COCl , 

CF,, , , ,l-9
' 

I -' k F F 
(7) 

( 1 2) 

CDC!, CDC!< , 

CF'' 'p' 0
' 

CF1" "q) ' .' I '  

F 
"" F F"

" 
F 

CP�CF1CF� H ":.l-9 . (1:) p' ·L\.F 

I :  I (13) 
II 

CF3CF'CF' ' ' ' '� + . .  (3 1 ) 
F

"
" 

F 

CF�CI"2C"':; H""L..:O + U (28) 
I;"" 

" " F 

47 

l04b 

l04a 
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Alkene 

r�r 

F�F 

CF3CHO 
(l.01 equiv) 

CF3COMe 
(l.01 equiv) 

Chapter Three 

CF3 H H'��� + CF3"�,:� F F F� F (26) (36) CF3 
+ H""b (29) F'" " 'F --+q CF ---l-o j'� ( \ 3) I 

3 _"J---\. (25) 

r' r F' F Cfl 
+ ---tJ (25) 

r"" ""r 

l04a 

l04a 
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Alkene 

r�r 

r�r 

F�F 

r�r 

Scope and limitations 

CF3CFzCHO 
(1.06 equiv) 

CF3COCF3 
(1.0 equiv) 

CCICFzCOCF3 
(1.0 equiv) 

CClF zCOCClF 2 
(1.0 equiv) 

CF..,CJ-·, H 
[ [ I"'q�

O ·' . CF;CF211 "�) . (23) + ' 
. (41) 

r"" 
r F

"
" 

F 
CF�CF3 

+ 1 1 ""b (30) 
F

"
" 

" '�F 
CFJ CF� 

CF3+9. (69) + Cf3U .. p)---J 'p F' �F 
ce1F2 Cell', 

(26) 

CF1+9

' 

. CF3"."Ld 
" 
.. L\ (62) + U (22) )"

,
" )

' 

,,' " /  f f 
1 , 1  U 
CClF, Cell', 

CClr,tz CC1F,-1-0

' 

(7) 
(22
) 
+ . U 

r"
" 

f F"" ····f 

l04a 

l04a 
108 

l04a 

l04a 

49 
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Alkene 

r

�
r 

F

�
F 

CF3COCOCF3 
(0.99 equiv) 

CF3CFzCFzCHO 
(1.06 equiv) 

Chapter Three 

Cf3 0 I,' (T3 0 F 

crJoX,,' 
(57) +

C
" iX

OX�12) 

COCF, f.o "l-y ' - . k(8) + 

F F 
COO-3 

CF3�;b
" F 

COCF3 
CF<I' ' 'q) 
+ ' 

F

" 

F 
55:45 (15) 

('f,Cf.Cf1 H H""f-.=9 · ' CF3CF,CF2" . . f-9 � (20) + � (39) 
F"

-
F F" - F 

O.CF,O', 
+ H" .. Lo ' 1 U (27) 

r'
- '''r 

l04b 

l04a 
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Alkene 

F 

f� F 

F 

F JyF 
r "" CI 
F 

rJyF 
CI 

F 
FJyr 

CI 
F 

FJyr 
CI 

Scope and limitations 

Table 1. Continued 
Carbonyl Product (yield %) 

nd 

MeCHO 
+ F-t+F (l.0 equiv) MeCOCf,Cf,H (7.2) (2.8) 

F F 

MeCHO 
+ F-t+C1 (4.1 ) (l.0 equiv) MeCOCF2CFCIH ( 1 0) 

CF3CHO 
(0.07 equiv) 

ClCF zCOCF zCl 

CHFz(CFz)3CHO 
(0.47 equiv) 

F F 

Cf 
r-#-c: 

(14) F F 

CF2CI 
#CF2CI 
F CI ( 1 1  ) 

F F 
�CF2)4II 
0 

f Cl (15) 

r f 

51 

lO4c 

lO4c 

lO4d 

lO4d 

lO4d 
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Table 1. 

Alkene 

CI I I  I I  lO4e 

CIA u (31 ) , CI U 6---.J 

(0.37 equiv) 

CI �CI 
PhzCO (-) 23 

CI�l:J U.--.O ClhO � lO4e 
� Ot(C[ (121 

'0 Q1J I 0 .& -"CI .& 0 
CI 

(0.008 equiv) 1 .6, [ 
CI�CI MeCOCOMe (-) 105d 

(1 equiv) CN CI CI� PhCN 

Ct([ 
104j ,;:? CI (0.1 equiv) (27) 
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Alkene 

F 

F�CI 

CI 

CI 

C I�CI 

F 

F�
f 

Br 

'>$"" o 
\ . 

�B-O " H  

Scope and limitations 

MoCHO 
(1 equiv) 

o 

o 

(0.009 equiv) 

McCOCF ,CCl2II 
(,l-i 

(5.5) - F-t+CI 
F CI 

(30) 

.A-t-CI 

('J 

MoCHO 
(1 equiv) MeCOCF2CFBrII (20.3) 

PhzCO 
(3.7 equiv) 

(-) 

53 

l04c 
(2.1) 

l04e 

l04c 

107 
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Table1. , 
Alkene Carbonyl I com�ound 

0 
0 PhzCO <0+/ 107 

,0+/ 
(3.7 equiv) 'u�� (45) 

, _ , N  

�\ ��'-{ Ph OH 
0 

0 0 
0 Ph 

�CN MeleO ;d- (-) 27 
(0.9 equiv) 105h 

lO5e NC 

�CN MeCOEt 
-+feN 

( 15) 105h 
(0.9 equiv) 

Et 

�CN MeCOCOMe (-) 105d 
(1 equiv) 

�C02Mc PhzCO (-) 23 
F CF· 

F�F CF3CHO F-H-C:' 104d 
(0.83 equiv) (32) CF, F F 1 :  1 cis-trans 
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Alkene 

F �F 
F 
"" 

el 3 

I 

F� I 

CF1 

F 

F�F 

CF3 

r 

F�F 

CFJ 

F 

F� F 

CF3 

Scope and limitations 

Tabl 
Carbonyl 
com�ound 

CF3COF 
(0.76 equiv) 

CF3COCF3 
(0.82 equiv) 

C1CFzCOCFzCl 
(1.36 equiv) 

;i(F F F 
(0.57 equiv) 

C3F7CHO 
(0.73 equiv) 

F 
#CF3 
F CF3 
F F 

CI , #C[3 
F CF, 
F F 

CF,CI 
#crp 
F CFl 
F F 

F 

(38) 
65:35 cis:truns 

(50) 

Irr. Lime 
7 days (39) 
12 days ( 1 2) 

~ o F (33 ) 

F CF3 
F F 

C]F7 

F*CF1 
F F 

(37) 

55 

lO4d 

lO4d 

lO4d 

lO4d 

lO4d 
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Alkene 

r 

F�r 
CF3 

I 

F� l 

CF1 
F 
�r F "" 
CF3 

F 
r� F 

CF3 

Chapter Three 

Table 1. 
Carbonyl I com�ound 

H(CFz)4CHO 
(0.46 equiv) 

CzFsCOCzFs 
(0.70 equiv) 

FCO(CFz)3COF 
(0.7 equiv) 

H(CFz)4COF 
(0.51 equiv) 

�-C4F8 
0 

F CF 3 

F F 
I cis-trans 

C\L; 
-++C2F5 

F CF3 
r r 

r 
,--t+:(CF2)JCOF 
' CF3 (34) 

(59) 

(46) 

F 

'-t61+ + 0 0 
F 

Cl � �' C  F
(3l ) 

F F ·1 J P F  F 
-t+(CFJ)4H 
f Cf-" 

r r 

(48) 

lO4d 

lO4d 

lO4d 

lO4d 
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Tabl 
Alkene Carbonyl 

com�ound 
C3F
7 F �F7CO�F7 

#q
7 

lO4d JyF (0.49 equiv) (62
) 

F 
"" 

F CF 3 
CF3 F F 

F 
F �F15COF lO4d IJyF (0.29 equiv) --++C7F15 

F CIl, (9 1 ) 
CF3 F F 

�CN MelCO --P- (42) 27 
(0.38 equiv) lO5h 

lO5e 
CN 
CN 

�CN MeCOEt 

--P-
(35) lO5h 

(0.35 equiv) 

Et 
0 

~ �CN 

6 
27 

(34) 
lO5h 

eN 
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Table 1. 
Alkene Carbonyl I com�ound 

Et 
�CN EtCOEt -VEt 27 

(0.35 equiv) 
(
26) lO5h 

CN (f0 CN 
�CN 

er-
27 

(55) lO5h 

0 NC
X 

NC 
�CN �" Y lO5e 

0 + 

(0.05 equiv) 
f 

54:46 
F 
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Alkene 

�CN 

�CN 

Scope and limitations 

(0.05 equiv) 

a 
6 Br 
(0.04 equiv) 

NC / NC 

0' + 
'
CI 

'0 

'
CI 

54:46 (7{}-90) NCX NC a. + ;<-'0' 
·Br Br 
56:44 (70-90) 

59 

l05e 

lO5e 
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Alkene 

�CN l05e 
o 

SiMe3 '
SiMe3 

52:48 

(7{}-90) 
0 

�CN 6" 
N>< NC ?'-o lO5e 

+ 

� �, '-./ "-Ph Ph 
59:41 

(70-90) 
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Tabl 
Alkene Carbonyl 

com�ound ('CN MeleO 
NC� 

lOSe 
(-) 

>98:2 

�CN MeleO 
NC� 

(-) lOSe 

>98:2 

r'CN MeleO 
NC�N 

lO5e 
(-) 

CN 

>99:1 

NC �CN MeleO ;t (-) 26a NC \'cN 
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Alkene 

NC

�
CN 

NC

�
CN 

NC

�
CN 

MeleO 

MeleO 
(10 equiv) 

MeleO 

Chapter Three 

NC"�N 
+

NcJ=\N 
(64) (22.5) 

NC)=t-
+

NC:d-

NC NC 
NC "CN � (-) 

>99: 1  

(53.7) 

26a 
lOS! 

105k 

l05e 
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Alkene 

NC
�CN 

NC 
�CN 

�CN NC """ 

NC 
�CN 

Scope and limitations 

Tabl 
Carbonyl 
com�ound 

[>--CHO 

° 

6 
(10 equiv) 

° 

6 
(10 equiv) ao 
(10 equiv) 

CN 
+A �CN NC'" eN 

(84) (8) 

+ --P NC ""CN 
(8) NC

W 

NC
W + NC NC 

£ NC 'CN 
(-) 

NCW NCW + NC NC 

63 

lO5h 

lO5k 
(70.2

) 

26a 

lO5k 

(53) 
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Alkene 

NC

�
CN 

NC 

�
CN 

NC

�
CN 

NC

�
CN 

NC

�
CN 

Chapter Three 

Table 1. 
Carbonyl I com�ound 

er
O 

(10 equiv) 

MeCOPr 
(10 equiv) 

MeCOBu 
(10 euiv) 

~ 
~ 

):f,? (-) 

NC* + Pr 0 
NC 

NC* " Pr 0 
NC 

(40) 

NC* 
BLL 

NC* 
. BLL + (28.7) 0 0 

NC NC �CN 
(-) 

o 

"

"CN 

4� (-) 

o " "
eN 

26a 

lO5k 

lO5k 

32 

32 
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Tabl 
Alkene Carbonyl 

compound 

NC�CN � 1tr" 32 

(-) o ''''c:N 
0 

O�O MeleO +Go lO6a 
(-) 26a 

lO5k 

() 0 () o�o 
6 �' 26a 

(-) 

(f0 0 o�o 26a 
~ (-) 0 0 
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Alkene 

(C02Me 

C02Me (C02Me 

C02Me (C02Me 

C02Me 

Chapter Three 

Table 1. Continued 
Product (yield %) 

MeleO 
Me02C""d- Me02C� 

. ° + CX- (-) 
MeleO 

N°li'! � S 
(0.02 equiv) 

MC02C" Me02C" 

MeC,Cct-
. 0 

Me02C"-

� Me02: vS ( 1 4) 

C02Me 

+ 

(-) 

's 
f 
C02Me 

(84) 

l06b 

lO6b 

lO6c 
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Alkene 

(C02 Me 

C02Me 

Me02C�C02Me 

Me02c�C02Me 

Scope and limitations 

Table 1. Continued 

(4-MeOC6�)2CS 
(0.12 equiv) 

(4-MeOC6H4)2CS 
(0.25 equiv) 

(Y01('1 
� 

S 
(0.2 equiv) 

Product (yield %) 

C02Me , �-f' + 4-MeOC6H4�c02Me 4-MeOC6H4 
C02Me (6

) 

�-( 4-MeOC6H4Dc02Me 4-McOC6TT4 (90) 
CO-)Me 

-t\' " " -

4-MeOC6H4 
C02Me 4-MeOC6� 

° 

C02Me 

(85) 

(97) 

67 

l06c 

l06c 

l06c 
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Alkene 

r �F F "" 
CF2CF2" 

F 
F�F CF2CF:zH 
F �r F "" 
CF2CF2H 
'1? 0 

I '" 

�B-O I I  

()� �A_() 

Chapter Three 

Table 1. 
Carbonyl I com�ound 

CF3CHO 

C3H7COF 
(0.84 equiv) 

H(CFz)4COF 
(0.51 equiv) 

PhzCO 
(3.7 equiv) 

PhzCO 
(3.7 equiv) 

#
f3 

F 0 CF2CF2H 
F F F 

--++C3
F
7 F 

CF2CF'2H F F F 
--t+(CF2)4H F CF2CF2H 
F F 

(-) 

I I O� �I 
o 

B-O 
Pll Ph 

104d 

(66) 

104d 
(35) 

104d 
(61) 

107 

107 
(30) 
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Alkene 

0 )1+/ , - N 
�B�-{ 

0 

�CN 

YCN 

0 :r;o 
0 

Scope and limitations 

com�ound 

PhzCO 
(3.7 equiv) 

MezCO 
(10 equiv) 

MezCO 
(10 equiv) 

�COMe 
(1 equiv) 

0 :h+/ 
� y� ro 

Ph OH 0 
Ph 

eN 

-ft (-) 

(-) 

0 

� "" , Se COMe 
0 0 Q-ffio 

0 

69 

107 

(66) 

105h 

105h 

106d 

(28
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Alkene 

F 

F�f 

CSFll 

0 

� 
0 

0 

V 
0 

Chapter Three 

Table 1. 
Carbonyl I com�ound 

�F7CO�F7 
(1 equiv) 

0 

� 
0 

0 

V 
0 

C3F7 
-H=C,F7 

F CsF 1 l  

F F 
0 
II 

y '- () 

0 
0 
II 

n� /P 

lO4d 
(32) 

lO6e 

(-) 

lO6e 

(-) 
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4 � 

Scope and limitations 

Table 1. Continued 

(y0'rl � 
S 

(0.2 equiv) 

(4-MeOC6IL)zCS 
(0.2 equiv) 

-B 
" 

Product (yield %) 

"0 
S lIT. wavelengLh rnml 

589 
400 

(ea. 1(0
) 4-MeOC' H4-ttMC-4 

' :i  �-,,'l ( ) 

In. \ .... avelength [run] dr 

589 59:41 400 53:47 

d,-

59:41 
53:47 

71 

106/ 

106/ 
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In some cases, the Patemo-Buchi reaction fails: for example, the reaction 
of (E)-1,2-dich1oroethene with 2,3-butanedione does not give the oxetane 
[1  05d], and the same result is obtained in the reaction of(2)-l ,2-dichloroethene 
with benzophenone [23]. Acrylonitrile does not react with 2,3-butanedione 
[105d], and the reaction fails also in the reaction of 1-cyano-2,2-
dimethylethene with acetone [1  05b]. 

As described above, in the reaction of electron-poor alkenes with 
aliphatic carbonyl compounds the reaction occurs through the first excited 
singlet state, and high stereoselectivity (see Scheme 50) is observed, in 
agreement with a concerted or quasi-concerted reaction. The presence of a 
methyl group, with its electron-donating properties, on electron-poor alkenes 
increases reactivity, allowing access to the corresponding oxetanes in very 
good yields (Scheme 51) [ lOSe]. 

0 NC 

CN 6, hv A + • 
MeCN, rt, 4 8  h 

54:46 
(0.05 equiv) F (70-90%) 

NC 

+ 0 

F 

Scheme 51 

Attempts to effect diastereoselective reactions using chiral, substituted 
acrylic esters in a Patemo-Buchi reaction with aromatic thioketones, such as 
4,4'-dimethoxythiobenzophenone or xanthione, are not particularly successful 
(Scheme 52) [106[, 78c]. 
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(-) 
hv (589 nm), benzene, rt dr 59:41 

Scheme 52 

Reactions with Electron-Rich Unsaturated Compounds. In this 
section we can find the interaction of carbonyl compounds with several types 
of double bond. 

Reactions of Carbonyl Compounds with Alkenes, Dienes, and Alkynes. 
Alkyl- and aryl-substituted alkenes react well with aliphatic and aromatic 
carbonyl compounds. However, using acetone as the carbonyl substrate, very 
low yields of oxetanes are observed [109]. The regiochemistry of these 
reactions is in agreement with the fOlmation of the most stable biradical 
intermediates [23, 1 10]. Sometimes the most hindered product is obtained 
[ 1 1 1], but this behavior is not general [1 12]. In some cases, a metathesis 
reaction product of the oxetane is prevalent [1 13]. Thus, the use of 2,3-
dimethyl-2-butene as the alkene in the presence of acetone, 2,3-butanedione, 
or methyl glyoxylate furnishes products derived from the ring opening of the 
resulting oxetanes [105d, 1 14]. When acenaphthene is the alkene, ring 
enlargement products are obtained [1 15]. The Patemo-Biichi reaction can 
compete with a [2+2] alkene cycloaddition when the carbonyl compound 
contains an alkene (Table 2) [1 16]. 

The reaction of cyclopentadiene with acetaldehyde allows the stereoselective 
synthesis of the exo oxetane when acetaldehyde is the carbonyl compound and 
the endo oxetane when benzaldehyde is used (Scheme 53) [68d, 1 17]. The 
reaction of (E)-�-methylstyrene with acetaldehyde affords the corresponding 
oxetane with high stereoselectivity, probably via the singlet excited state 
(Scheme 54) [78c]. 
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Table 2. Intermolecular reactions with electron-rich unsaturated com ounds. A. Alkenes and dienes. 
Alkene Product Ref. 

° 
I I  

er
o 

en (90) 
+ cP 

118 

(-) 

0 

I I  ¢ No reaction 119 

0 

� PhzCO Ph� (5) 23 

Ph 

D MeleO �CHO ( 1 0) lO9a 

� MeleO 

� ~ lOge 

+ 
(2) 

120 

(
8
) 

� ;10 

~ (17) 
121 

(0.1 equiv) 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� 
� 
� 

A 
A 
A 

MeCOPr 

PhzCO 
(0.36 equiv) 

* � 
o 

MeleO 

==<-. .  

MeCOCCH 

+ + 
(l )  �. "" -Pv 0 

Pr Pr " 0 
p
r�.,. # -= � ,�::?" 

'il Ph� (-) 
Ph 
No reaction 

* +

# 
(-) 

4.5 : 1 

4 + � (-) 
1 0:3.4 -+9 ++ (461 i--== 14:86 

l0ge 

122 

123 

124 

llOa 

llOa 
110b 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



76 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

I M,COCOM, I ..... Jl ---t, 105d 

� �o T , (16) + Meoc-t6 (10) 
I 0 --Lr --r:f:""'" � 125 � A. (J .. -. - 0 + 0 _ 

- ,  0 

A 
A 
A 

°VO 

n �oACOMe 
(0.06 equiv) 

o�o 

( I I) ( 12) (40) 

o� + 
o� (-) 

f\\-- + �+ Qy\� 0 'o� Co)! '  0 
COMe COMe ( 1 8) (1 1 )  (1 0) 

o Y..X: 0- X A. / \Y/ \Yo)\, 
(-) 

126 

127 

126 
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Table 2. Continued 

A 
"""' C""c;r:""' 7t::' I M I 

o O� 128 

A 
A 
A 
A 
A 

(0.2 equiv) 

n �sAcOMe 
(0.06 equiv) 

PhCN 
(0.1 equiv) 

4-MeC6�CHO 
(0.24 equiv) 

4-MeOC6�CHO 
(0.24 equiv) 

MeCOCCBu 

A�/ + # + f1:2::x 
Me::d\ MeOC 's'" T \ (18) (23) (6) 

eN 

cB- (42) 

4-MeC6� HII"U 
o 

4-MeOC6tL 
H " ' ·.U o 

(-) 

(-) 

--+-9 + n - 13u (50) �- 13u 

127 

105! 

129 

129 

110b 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
A 
A 
A 
A 
A 
A 

Ph CHO 

y

CHO 

CI 
(0.24 equiv) (yCIIO 

Cl� 
(0.24 equiv) �COPh 
OyPh 

o 
(0.01 equiv) do Ph 
r � s 

Ph I ()1 + Ph 
10:4 

3.C1C6tL 
H I I I '
U o 

4.C1C"'LL HIO " oU D 

ft-4-McCr,II4 Ph 

d-
(-) 

(-I 

(X I) 

Oxh (25lia %< 1 
��,[  "·�l  

llOa 

129 

129 

23 

ina 

ina 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) 1 Ref. 1 
A 0y9 rs�  1 : 1 [via�l o (7.2) 

o A �rh 

o A 
if 

Ph 

A n (l(R 
�s� o 

ct [ l.{0 1 Ph . Ph r � Via Y � 
S ( 1 1 .5) s 

'y �'r:h [ . 'Y��h
] t§ (l�:) Via I[) , 

S S 

S 
"" 1 op� .p R 1 R 

eN 
OMe 

Temp 
rl (77) 
1 0  (5) 

130 

113b 

113b 

ina 
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Table 2. Continued 

A 
Alkene caJb-rbonY� 

,
compound �prOduct (yield %) I Ref. I 

I " R' R' o _ 
� � H � 

� !J I � I OM, I I 
1 � s 0 Rl H Oi\.\e 

S 

Temp 
1 0 (9{J) ina 

113b rt (12) 
III (4.5) 

A PhzCO 

A 4-H2NC6�COPh 

A (4-MezNC614)zCO 

A (4·M,C,ILj,CO 

A ( 4-M,OC,ILj,CO 0 A �Ph 
S 

Ph-R- (93) Ph 
No reaction 

No reaction 

4-MCC6I14i1- (74) 4-McC6II4 
:R-4-M,OPh . (HO) 4McOPh �h [,X�hl s (9) s 

23 

23 

23 

23 

23 

113b 
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Table 2. Continued 

OX"" , h' h' 

o 

.A:::-.. I o 

o 
6'-

("11 �Ph o 
6'-

No reaction 

0:( 

+ o 

(75) 

No reaction 

6'-

MeCHO 

;=( )�=l::::+;=( +;=( 
I II III IV 

(-) I:(II+III):IV 48.1 :40.6:1 1 .3 

81 

23 

131 

23 

111 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
lv N

CRO 

oy \....0 

lv N
CRO 

oy \....0 (0.02 equiv) 

o:f ' z-s:t:, 
o 0 

O�O ." ,., 

" � # III 
o 

Ji 
+ tS) IV

" '" 

o (42) I:II:III:IV 41 :22.8:1 0.7:25.5 

� z-s!.: 
" -s:f o .-" 0 

-.;: 
.
" "'" 0 -"';:: 0 ,,--C- - " � # TV o 0 (SO) I:lI:lIl:IV 36.6:24. 1 :7.9:31.4 

111 

111 
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Table 2. Continued 
Alkene Carbonyl compound ��)rOduct 

(yi
eld %) 0 

....•• 
I Ref. I 

� + � 
,
+ o () '0 ' '' , d � W"" CHO � I  o (0.02 equiv) 

111 

� W"" CHO � I  o 

o ....••
. 

Jf 
c� + cO IV

" '" 

o 0 

T:TT:m:TV 36.6:24.1 :7.9: 3 1 .4 (50) 

_ ;:( 0
···· 

OJ : d"'" o /" cP'11I 
I:II:III:IV 42.3:36.6:2.9:18.2 (57) 

111 
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Table 2. Continued 
A"'"' c"""";r;�""' �"�"�::oo- I M I 

Y (-) � 112 

� 

� 

o 
PhCHO 
(OA equiv) 

3-MeOC6�CHO 

?-f 

Ph)--\ + 0 . ..-" 
Ph)] '" 

11 • 
+ ?i/ +A' N� . 

m � , 
w '  

T: TI: Ill: IV 32.5 :5: 18.5:44 (64-68) 9--( 0 "'" 
3-MCOC61I0 +3-MeOC6H4)J·····. + 

I II 

?i" '" q--( 
3-MCOC6H� +3-Me(X'6H( " "�� 

III IV 

I:II:III:IV 30:3.6:19. 1 :47.3 (59-63) 

111 

111 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

� 

4-MeOC6�CHO 

MeCHO (0. 1 2 equiv) 

9--( 0 " '" 

4.MeOC6H0 + 4.MeOC6HP·····. + 
I II 

o .. 
-", 

4-MeOC6HA 
III 

+ 9--1 
4-MeOC Hr··· ... 6 4 

" 

IV 

l :ll : lll:IV 28.2:4.9 :17.2:49.7 (43-53) 

o + ?i '" + ?i'" + 0 
;=( " " ;=( r···"" � """ 
I II III IV 

I:(II+III):IV 4.6:42.2:53.4 (-) 

111 

111 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� 

� 

(yCHO 
oy 
'-0 (0.02 equiv) 

(X)"'" CRO "" I  ..Q (0.03 equiv) 

cs:f: o 
+
y : .... 

(}J II

····· + 

o .... " 

cd\1J o 
+ Jf 

(-;0 IV

····· 

I:II:III:IV 1 5. 1 :5.5:28.2: 5 1 .2 (55) 
� " o-roto ::::. + � . 

I :7 � b II � 
o ... " , 

~ 
+ o 

" " "  

IV 

I:II:ill:IV 3.2:3.2:36.2:57.4 (39) 

111 

111 
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� ocr"" CHO 
:,... 1 "" . +y :

" "

+ 

O-J 
I I

"" 
111 

I:II:III:IV 3 . 1 :3.2:35.3:58.4 (64) 
V

COPh Ph 
� N

J-f( 
(-

) 
132 

N "" 

� PhzCO 
Ph+( (7

9) 

23 
132 

Ph 4·MeOC6H4 
� ( 4·MeOC,IL)'CO 4.MCOC6H4

i=( 
(-) 132 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� (4F3CC6�hCO 

� o 
'0 

� 

� 
D 

(yCOPh 
NJ 

� PhzCO 

D 

4-CF3Cte6H4 

4-CF3C(iH4 0 

0X + II o 
(81-85) 

(-) 

J-fth Jith 
N

Y � N
Y � ]) + (-) 

- 0 0 - 0 Ph + Ph D it
h ith o D () (-) 

132 

131 

132 

132 
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Table 2. Continued 
Alkene Carbonyl compound . .  

L
"<" 

"
Product (yield %) I Ref. I ,.mCVLit6IT4 4.MCOtt:6H4 � ( 4·M,OC,ILJ,CO 

D 

� (4-F3CC6IL)zCO 

D 

Jy 

(yCOPh 
N� 

D 

Jy 
PhzCO 

D 

Jy 
( 4·M,OC,ILJ,CO 

D 

Jy 
(4-F3CC6IL)zCO 

D 

4-MeOCtiH4 4-MeOCtiH4 D + (-) o [) 0 

4-CF]C/i1 [4 4-CF,C(j[ 14 D 
4.CFJit'6H4 4.CFJCit6H4 

o D + 0 
(-) 8-ft=h 

N
7 � D 

- 0 D ( )  

Ph D (_) ith o D 

4·MeOC6H4 D (_) 
4.MeOCitH4 

o D 

4.CF3Cit6H4 4-cr3c6H4 
_ 

D (_) () D 

132 

132 

132 

132 

132 

132 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) Ref. 

OMe OMe 
M,COCOM, OMe * =p Il4d � J 0 COMc + _ � y McOC 0 0 

OMe I COMe (27) 
�I PhCHO 

(0.5 equiv) 
�I 2-C1C6ILCHO 

(0.5 equiv) 
�1 3-C1C6ILCHO 

(0.5 equiv) 
�I 4-C1CdLCHO 

(0.5 equiv) 

(36) (21) 
I'h��,��

1 Phej 
+ " I ICH2Cl 

() 
l o L l 

( 1 8) 

CH"CI 2.CIC(,H4':t:l "� ' 
2-C1CiiH4�" " CH2Cl I cO o 

l o L l 

,----, . "", + ' ' ' 'CH2Cl 
3-C1C6114 Cll2CI 3-CICr,H4ej 

(�� 0 

CH,ct 4.ClC(,H4)]""" 
o 

LLl 

U.l 

4'CICOH4)j" " CH,CI 

(38) 

(30) 

( I R) 

133 

133 

133 

133 
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Table 2. Continued 
Alkene Carbonyl compound yduct (::;:�) I Ref. I 

VO + VO (5·10) 
4: 1 

o MeCHO 
(l .75 equiv) 

117 

o 
o 
0 
� 

� 

MeleO 
(0.1 equiv) 

;i0 

PhzCO 

�) II 
PhzCO 
(l .08 equiv) 

Oi-
(-) 

� (40) 
No reaction 

]\ 
+ 

Ph = 
Ph 

(-) 

(58) 

134 

121 

134 

llOa 

135 
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Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

� 

� 

� 

[>-CHO 

PhCHO 
(1 equiv) 

PhzCO 
(1 equiv) 

MeCHO 

� (-) 

'(j"" 
c(+�h Ph 
(17.3

) (0.7 ) 

�
Ph 

Ph 
(35) 

[ via J] 
8-Ph 
Ph 

A' '-0 j=z + U + + 
"""" , .. , """'.... ..•• ""-

(6) , (54) " ( lJ) 

lP 
(24) I lP (4) 

l05h 

136 

136 

l05h 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

� 

MeCHO 
(l.8 equiv) 

[>---CIIO 

�" .. ,--{ +� +)={ )-6
J 

" II III 

'-.:7" '  .. J 
+
� (" 'D Lb Lb + 0 

IV v VI 

+ N 
VII 

I:IT:JJJ:IV:V:VJ:VJI � 0.00:0.48:0. 1 5 :0.00:0.00:0.29:0.08 

�O � �O 
�" .. L\ + �"" ..•• � � (

8
) (5

3
) , (1

9) 

. � ""
. �(" 

137 

l05h 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� 
� 
� 

;10 

� 
o 

V-CHO 

\' ) + � J W � (-) 

��·;C·cC ( 1 5 ) (30) (50) 

I",��:�\! , .� 
(6) (54) ( 1 3 )  , Il\y (nl ' � PI 

121 

l05h 

l05h 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

{-Du t-Bu t-Ru � ,·EuCHO 
�,� + �,:u.'" +� 

(5) (53) , (14) 

� 
� 

� � a 

MeCHO 
(l.8 equiv) 

B I-BlI 
+ 'l- u'-o (23) I - -'l-? U + � (5) 

�"., 

0' 

o NIT, 

� 
(-) 

-?')i"" �
+
J={-o + ' .L6 0 J "." n I I I  

�"" c(�(""c{ 
lV v VI 

� HHIHV,V,Vl,VIl� I L6 0.5\ :0.1 6:0.00:0.25:0.08:0.00:0.00 
VlI 

l05h 

138 

137 
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Table 2. Continued 

Alkene Carbonyl compound �p�ct (�eld�%) 0 I Ref. I 
- b + + 

"""""., """" "., ....•• "" ...••• 
(58) (0.5) ( 1 8) 

� [>---CHO l05h 

� 
;f0 

� V-CHO 

�)(24) + N(05) �"" OH 

v.�(-. 
" ,  

��. (56) ( 1 3) �,oY �""(24) (6) 

121 

l05h 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� 

� 
� 
� 
0= 
o 

� 

0 , n  

vyv 
o 0 � 

(-) 

MezCO -ft-! + --Py(20) 

EtOzCCOCOzEt 
(0.5 equiv) 

PhzCO 
(1 equiv) 

MezCO 

MezCO 

,rftC02Et C02E! 
Ph-¥-< 

Ph 

~ 
Oi- Temp 

-78 

,1 

(90) 

(-) 

(14) 

(28) 

( 16) 

138 

l0ge 

139 

122 

140 

134 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



100 Chapter Three 

Table 2. Continued 

"""' C""j1t'"'" �'" %) I OM I 
o (-) 121 

o 

o 

o 

o 

ci, � + J:R-) 
u � �G( (0.03 equiv) CI 

� � 
(0.1 equiv) 

0 o=c}f i' 
(0.1 equiv) eN 

(to 
PhCN 
(0.1 equiv) 

(
-) 

(-) 

(3) 

141 

116d 

116d 

104j 
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Scope and limitations 101 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) Ref. 

O PhCHO ,+� - '+'\ -I (0.03 equiv) � Ph + �H (55) 

H [ [  39:61 I I  I h  

o 
o 

� 
Jv
Jv-

PhCOCOzEt 

o 

o 

(0.3 equiv) 

0=0=0 

(0.05 equiv) 

(COz
H
h 

MeleO 

Etop"iD (65) Ph 
o j=\ xEt+ o� (_) �- i 0 

1 : 1  �- () OAf Et 
No reaction 

---+-+- +
. 
'r--t-- (_) }-(I) TO 

1 .6: 1 

68a 
6& 

142 

143 

112 

144 

124 
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102 Chapter Three 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

� 
� 
� 
� 

MeCOCOzMe 
(1 equiv) 

MeCOCN 
(1 equiv) 

MeCOCCH 

PR:HO 
(l . l equiv) 

MeCOCOMe 
(1 equiv) 

.1 ,OyC02Mc +'l--t--"7 

I' I . °iC02Me 

(24).1 'x0H ( 15) +
"7 

I' 'C02Me (25) 
---t--f(28) + \--t-(IO) 

NciO NciO 

J=t--== �. 
+ 

(-) -
30:70 

-
~ 

.1 -ljyCOMc "7 

I' I (50) 

(6.5) 

+Ji (2
5
) 

COMe 

114b 

145 

110b 

21 

105d 
ll4d 
146 
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Scope and limitations 103 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� 
� 

� 
� 
� 
� 

BuCHO 

y: 0 
(0.2 equiv) 

PhCN 
(0.1 equiv) 

PhCHO 
( l . l equiv) 

2-HOC6�CHO 

PhCOzMe 
(0.18 equiv) 

Decomposition ? �'�ce 
cft+ * 

(70) 
Ph 

(
4) 

;+(90) +;t. (10)  

No reaction 

fr Ph (33-36) 

MeO 

18 

128 

147 

18 
21 
24 
lO6a 

144 

148 
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104 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� 
� 
� 
� 
� 
� 

PhCOMe 
(0.8 equiv) 

4-MeC6�CHO 

4-MeOC6ILCHO 

PhCOCOzEt 

C13'j:J=-o 

(Yl v-c0 
o 

Phi+ (>90) 

4-M'C"� (_) 

decomposition 

"'0,0,,9--1 tI (70) 

XJs(- (-) 
CI3C 

I "" "" 
0 H o:{X0 ° "" 0 + I "" '" 

"" OH + I "" (35) 

o 

18 
21 
24 

144 

18 

142 

149 

150 
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Scope and limitations 105 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) 1 Ref. 1 
� 
� 
� 

� 
� 

� � �CHO 

VV 

M o 
N-J= 

(0.04 equiv) �Me 

� �coMe 

VV 

(j t(  � 1 3+2 1
1 

,r 1 � tL. r:?" ro I � "" 
.& 

o 
o 

(70) 

(70) 
3:2 

it' I "" 
0 � 
�o 
+ 
1 ",,

# 
� 0 

(69) 
No reaction 

No reaction 

24 

24 

152 

24 

24 
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106 Chapter Three 
Table 2. Continued 

Alkene Carbonyl compound P-tr-:�duct (yield %) I Ref. I 
Ph 
Ph � PhzCO (50-90) 18 

23 
24 

� PhzCO 
(0.5 equiv) 

� �O 
0 

CRO � ceo .& .& .& 

� roCOPh 
I ...,;:; ...,;:; 

Ph 
+ (55) 

* Ph� 
Ph 0 
Ph 84:16 �,QyI 

")'''0 l 1 0  
.& .& 

(\ J+-

� -:? "" 

1-) 

(62) 

92 

131 

(78) 

24 

24 
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Scope and limitations 107 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

�OH 

HO� 
HO� 
HO� 
HO� 

PhCHO (0.24 equiv) 

¢ o 
MeCHO 

EtCHO 

t-BuCHO 

PhCHO (0.5 equiv) 

H"y L (W - (69) 

HOO

°

l) 

IIO� 
(-I 

dr 8 1 : 19  HO�9 
I'Et 

I-I 
dr 86:14 

° (-) 
HO+Z 

dr R3: 1 7  t-l3u ,(-T0H H+TOH HI",tI + ()i 
cis:trans >95:5 

(20) 

(72) 
6535 

129 

152 

93 

93 

93 

92 
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108 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

HO� 
HO� 

HO� 
HO� 
IIO� 

PhCHO 

PhCOMe 
(1 equiv) 

PhzCO 
(0.5 equiv) 

PhzCO 
(0.5 equiv, flux) 

PhCOCOzMe 

II°t-9 --t-'Ph 
(-) 
dr >97:3 

Ph 
+
tr

oH 
, , , , ,

?--T0H 

tI (91) 

ds:trans >95:5 
>95:5 

Ph 
-troH PhtroII 

Ph + ° (57) 

Ph >95:5 

-troH 
Ph 

Ph IIOTT2er? 
itPh 

C02Me 

(91 ) 

(62) 
dr 79:21 

93 

92 

92 

153 

154 
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Scope and limitations 109 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

HO
� 

IIO
� 

IIO
� 

ACO
� 

ACO
� 

ACO
� 

PhCOCOzEt 
(1 equiv) 

PhCOCOzi-Pr 
(1 equiv) 

PhCOCOzt-Bu 
(1 equiv) 

MeCHO 

EtCHO 

t-BuCHO 

HOH,Cr? ---r-tPh 
C02Et 

HOH2Cr? 
1t2�.�r HOH,

*

(' 
0 

Ph 
EO�t-I3u 

ACO
)-?" 1 " 

ACO
)-?, l 'Et 

ACO
)-?" 1 "t-Bn 

154 

(58) 

dr 77:23 

154 

(55) 

dr 7 1 :29 

(67) 154 
dr 67:33 

93 
(-) 
df 77:23 

(-) 93 

dr 81 : 19  

(-) 93 

dr 80:20 
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1 1 0 Chapter Three 
Table 2. Continued 

Alkene Carbonyl compound 
ACO�� 

(yield %) I Ref. I 
�"Ph dr 93:7 

AC01 PhCHO 93 
(-) 

�C02H 0=0=0 

0=0=0 

(YOU (31) 
HO� 0 ° 

152 

o 

� (0.5 equiv) 

155 

+ j( o 
(
53 ) 

0 0 
� 4 

\7 II 155 

0: 
0 I I  I I  + 

(0.5 equiv) I I I I  
° (53) ° (36) 
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Scope and limitations I I I 
Table 2.  Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 

� 

� 

� 

� 

* o 
(0.5 equiv) 

CI�CI 

cIYel 
o 

(0.5 equiv) 

�OM' 
vy 

o (0.5 equiv) �OEt 
vy o 

(0.5 equiv) 

No reaction 

CI 
+ 

Cl o 
(57) 

� 
� 

o 

155 

o 
155 

(85) 155 

155 
(RR) 
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1 1 2  Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

° «roi.Pf 
� 

155 
(54) o 

(0.5 equiv) o 

� � 
155 

� 
o 

(0.5 equiv) 6 (55) 0' (41) 

A MeCOCOMe 156 
(19) 

o 

A ¢ 
o 

156 

o 
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Scope and limitations 1 13 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
A 
A 
A 

0 

PhCOCOzMe 

PhCOCOPh 

0 

":¢( Cl Cl 

0 

EtCHO 
(1 equiv) 

� ''') Ph C02Me 

(22) 

Ph 

H 

o 

cr '0 
n-? �" 'Et +  if 

(70) 

(5 1) 

Cl 

H 

n-? �Et H 
(10) 

156 

156 

156 

157 
158 
159 
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1 14 Chapter Three 

Table 2. Continued 

MeleO 
(7.2 equiv) 

"""' C,,"""" rom","'" -h)'''' %) I OM I 
31) o 

o 
o 

(-) 

PhCOCOzEt 

� � 
o 

o 
�Me 

� o 

Eto,e," t=O 
Ph 

0' 

o NH2 

o NTTMc 

142 
(81  ) 

138 
(91.8) 

138 
(
1
7.
9) 
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Scope and limitations 1 15 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
o 

o 

o 
� 

�c 

� o 
0 0  

� � o 

+ �NH. 
() 
PhCHO 
(1 equiv) 

0: 

o -"lTl A" 

� 
No reaction 

No reaction 

(63.5) 

y n (2.3 � + )--.OA ph) Ph 
(49.6) 

138 

138 

138 

160 
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1 1 6  Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� 

0( 

0( 
0= 
� 

PhzCO 
(1 equiv) 

PhCHO 

PhzCO 
(l.25 equiv) 

MeleO 

PhCHO 
(2 equiv) 

�'h V
Ph (3) 

Ph Ph 
(Ro.5) 

'+'?" H (4R) 
�Ph 

9+, Ph 
(48) Ph o � (12) �H 0 �' �r Ph ._,H �". _" Ph Ph + H I :. i 0 + 0 H ll4:16 H Ph 

(47) 
49:51 

II 1:11 49:51 

160 

68a 

161 

140 

6& 
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Scope and limitations 1 17 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
o 
o 
o 
o 
o 

MeleO 

6 
¢ o 

¢ o 
PhCHO 

(0.09 equiv) 

--to 
(8) 

cfO (-) 
~ o 

(>90) 

� ('"1 
o H H r-1-? + r-1-'? (34·38) � Ph � H 26:74 H H H Ph 

162 
163 

164 

165 

119 

68a 
6& 
158 
162 
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1 1 8  Chapter Three 

Table 2. Continued 
"""' C,,"""" rom","'" '"-h3'" %) I OM I 
o 

PhCOMe 162 
(15) 

0 
PhCOCOzEt 1=0 142 

EtO�C" "  
(76) 

Ph 

0 �. rf? (r::c 166 + + 
0 

~ (6) 
0 o}o �o + �o 166 

0 (22) 0----;' \ ( 1 5) HO 
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Scope and limitations 1 19 

0 £6=0 oAJ 151 
I (-) 

(0.7 equiv) Ph 
0 

PhzCO Pht() 162 

0 
(
1 3) 

0 
�o "" 

143 

+ 
:D 0 � (59) (29) 

(0.3 equiv) 

Jy 
MezCO -fK -f\ 

109 

(-) 

* Jy 
EtOzCCOCOzEt 

CO,Et (42) 
139 

COoEt 
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120 Chapter Three 

Table 2. Continued 

Ar 

Alkene Carbonyl compound �di:eld %) I Ref. I 

�o 00° (33) 167 

Ar 

Ar 

Ar 

Ar 

c¢ 
o 

PhzCO (2 equiv) 

PhzCO 

r'l(0� 
� 

S 
(0.35 equiv) 

168 
(1 .5) 

o 
� -1): 

'l' 
T - Ph (28) 

161 

�,: '"-fK (40) 

122 

o 
l06c 

+ 

(1 I ) 
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Scope and limitations 121  

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Ar 

� 
� 

� 

� 

� l0lyV o 
PhzCS 

(0.32 equiv) 

cx;o 
� 0 

s 
(0.48 equiv) 

PhCHO 

PhzCO 

II 

No reaction 

r
i

r 
y (69) 

�T Ii 

r
s 

I (74) 

�l n 'T 

I 

Ph� 
() 
--tJC4H9 

(20) 

() 

123 

l06c 

TI '1 lO6c 

Y (1 0) 

(
3
0
) 162 

18 
162 
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122 Chapter Three 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
� PhCHO �h ,j( I """ (l ,quiv) H' ' 'W - (43) 
� (yCOPh 

N� N7_� + N7_� c, (_) 
D-fi-h D-fth o Et 0 Et 

� PhzCO 

El 

� ( 4-M,OC,ILJ,CO 

Et 

� (4-F3CC6IL)zCO 

Et 

~ 
CD3CDO 

ith Ph + o Et Ph , Et (_) ith [) 

4-MeOCr;H4+{
. 1

4-MeOCJi. Et 
4-McOC6H, 4-MeOClt'6114 

0ir.t 0 
4-CF1Cit"H4 

, ' 
,-crlett'6114 

4-CF,C H, 4-CF]C6114 I::t -, " + '  o El 0 
D c-ti= 3 

D 
(-) 

(-) 

( ) 

128 

132 

132 

132 

132 

169 
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Table 2. Continued 123 
I Ref. Alkene Carbonyl compound Product (yield %) 

Jy 

Jy 

Jy 

Me,CO �oy +Jx0y (8) 
+ 114a 

CD3COCD3 

MeOCOzMe 
(1 equiv) 

(8) 

--Y- +�OH
+
¥

g� -t(�,) (5) 
+
�

� 1 / +!x0 I Y / T (;1 (5) �'o 

-8=) 
Dle (-) 

CD] 

Jx0yC02M
: M
C;L

oXr + 
I I I  1 'yP
H 1, >l" �x ........ C02Me 

+
........-I" -COzMe lIT IV 

1/11/111/IV-22:15 :26:37 (-) 

169 

114b 
114c 
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124 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

Jy 

Jy 

Jy 

� 

MeCOCOMe 

MeCOCOMe 

[>--CHO 
�CN 
(0.04 equiv) 

1 , ° -:::VXor (70) 

JXo� ,�o� + 

W 11\ 
Solvent 

MeCN (56) 
benzene (41)  

hexane (33) 

f+- + 

(99) 

" 

�) 
- '>-. 

OH IV 
" 11\ IV 

(3S) (0) (0) 
(22) ( 15 )  (22) 

(3) (23) (4l) 

A 
(I) 

~ 124) 

l05d 
ll4d 

114e 

105h 

lOS! 
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Scope and limitations 125 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

Jy 

�"-
a 

(0.2 equiv) 
0 

0 
(0.1 equiv) 

� a eHa 
(0.05 equiv) 

eHa d a 
(0.05 equiv) �C02Me 
(0.07 equiv) 

'-J0� � I 0 (
7
1 ) 

" Solvent " 8:, =fr5 cyclohexane (0) (l00) 
MeCN 

~ (-) 

J+ '"  0 

� (ij=  0 
o 

+ � � 1 0M, 
(20) (ll) 

(0) (100) 

128 

116d 

116b 

116b 

116a 
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126 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

�C02Me 
(0.04 equiv) 

/[)..,. S CHO 
dCHO 

S 
(0.05 equiv) 

ova 

& + (o1:MC o t:O,Mc � 
(27) - (35) 

� (-) 
d� s 2A-
(46
) (

9) 

0- /'... Y / \Jo� (-) 

170 

116b 

116b 

126 
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Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 00--) 

° 

Jy � 
(0.5 equiv) 

Jy y: 0 
(0.2 equiv) 

0 

Jy 6 
(1 equiv) 

�)���-) I *"  
Solvent Ifll 
110 501vent 1 : 1  

eydohex,me 76:34 
ehlorofonn 63:37 
MeCK 62:3R 

:tf: ,� (29) (8) 

~ 
8'- '  I -+¢ 

, 11 

(65) 

Solvent 

lsooctane (0) 
l"vfeCN (0) 

II 
( 1 00 
(1 00) 

116g 

125 
171 

128 

116c 
116d 
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128 Chapter Three 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

Qs:; � Jy 
0 COMe r (33) + r � () (8) 
(0.1 eqUlv) 0 0 COl'vlc 

'OACOCO Me 0 . (90) 

Jy 
n �� (,O,Me 

� 
2 0 

Jy 
� #s � �� S COMe r " + r + 0 

� (1 equiv) S 
MeeO S COMe 

Jy 

Jy 

Jy 

dCOMe 
S 

fJ--.. S COCO,Me 
0-. Se COMe 

(1 equiv) 

(38) (1 0) (1 1 )  )CX +JXH 
(16) 

S (90) �� CO,'" 
° 

(17) 

�+o-t+ (32) CO\fe (22) 

127 

172 

127 

116b 

172 

106d 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

PhCN 
(0.17 equiv) 

PhCHO 
(1 equiv) 

PhCOzMe 

� 

N� ;+ 
"'-

�
+ I 

Ph Ph 
(66-71) (8 ) 

PhR= (90) 

# Ph 

MeO 

(43-52) 

.�  
Solvent I II  
cyc10hexane 56 47 
MeeN 47 71 

147 
173 

174 

148 
170 

116d 
116g 
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130 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

o�o 0& (-) �c 
�'" 
(0.1 equiv) 

2-MeC6�CHO 
(1 equiv) 

o($( 0 
. Solvent 1:11 �." w-I " ' IF  + F cyclohcxanc 100:0 

I II 
( ) 

�
1 +-hZCl � I  � (-) 

o 

"""" 

� // 

MeCN 75::25 

Solvent 

cydohex<lne 
MeCN 

(94) 

I,n 9604 
0 : 100 

126 

116d 
116f 

116f 

174 
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Table 2. Continued 1 3 1 

I . Id %) Ref. ene Carbonvl compound Product (vield %) I Ref. I 

� 6 ¢9= " M  ,,. 

Ar 

Ar 

(0. 17  ,quiv) (42) 

Q .6+ (-) (0.1 equiv) �t 
(0.1 equiv) 

52:48 o\:'. 0 

" Q"+¢r' 
I II 

) 

Solvent I:II 
isooctane 90: 10 
MeCN 15:85 

116c 
116d 

116c 
116d 
116f 
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132 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

CI 0 0 116f 
o 

Ck o Cl " •. ;) _---t--,JLyCI Solvent 1,/1 X X --tX MeCN O IOD 
(0.08 equiv) 

0 
t-llU� 

0 � I-Hu 
(0.5 equiv) 

PhCOCN 

H �  

:J:f:" · �, ,",= ( 1 0) 

II 

171 

�t_BU (47) 125 

� � 175 + + Ph � 
(20) (29) 

Ph 9-+-- + XX (48) tI 
(22) 
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Scope and limitations 133 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

4·M,OC,ILCO,M, y-t- JJy 148 
� 4-MeOC6H4J1 4-MeOC6H4 � 

MeO 

Jy 

Jy 

PhCOCOzEt 

PhCOCOzEt 
(0.5 equiv; flux) 

(R) 0 (27) li II (16) 
4-MeOC6TT4

/ 

X ........... 

EtO,C 9+- (92) tI ++-mO,e 6t- (60) 

142 

176 
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134 Chapter Three 

Table 2. Continued I Ref. I Product (yield %) nd 
Temp 

Alkene carbO�YI� compou =tH. o� =�! 
Jy 

Jy 

Jy 

dr 
)(0 ' 0 -57 

PhOC 

Ph

. 

i·Pr 

-)0 (0.42 ,quiv) 

i.Pr 

80:20 83:17 82.5:17.5 

o A. PhOC CL i-Pr� 
() )( Ph()i(�'� 

(0.42 equiv) 

o 

81 .5 : 18.5 -46 80:20 -28 73.5:26.5 -15 69:3 1 -3 65.5:34:5 +20 60:40 +35 56.5:43.5 +55 52.5:47.5 
(43) 
dr 57.5:42.5 M� 

1 C02Menthyl-(-) 
P1=H- (90) 

23.7:76.3 dr 

78a 
78b 

78a 

7& 
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Scope and limitations 135 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

Jy 

'"fo� �o� (59) 
dr 5X:42 

�;'COCOPh 

I-Bu 0 
I'hOCy 

Ph 

�
;
'COCOPh 

Ph 

JXHO 1 .&  
(
l equiv) 

No reaction 

� _, �O (42) �h """ 

� 

Ph:��)
-I--

dr >98 2 

o�Y7--- (25) 

I 0 dr 65:35 
Ph 

2.4.MC2C6[[4;f= 

78a 

78a 

78a 
78a 

174 
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136 Chapter Three 

Table 2. Continued """' C,,""?;�mro ��� 
H 

1 M  I 

30:70 
Jy 

116c 

Jy ~ ° 
(0.23 equiv) 

0 

Jy 
¢rCN 

Jy 
1 .&  I O? 

0 
(0.1 equiv) 

oW CX4) 
No reaction 

(Y0r+- �o � + I "" 
o 0 r(YO� + �  II (_) 
o 

177 

116c 

178 
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Scope and limitations 137 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Jy 

Jy 

Jy 

Jy 

Jy 

PhCOCOMe 
(0.7 equiv) 

~ 
o 

0rr0 o 
(0.01 equiv) 

Jx:HO 

(1 equiv) 

4-MeC6�COCOMe 
(0.7 equiv) 

Pi±-
(75) 

COMe o 

� (29.4) 

o 

(-) 

2.4.6-MC,COII4* 
4-MeC6Hit- (89) 

COMe 

179 

180 

116b 
127 

174 

179 
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138 Chapter Three 

Table 2. Continued 
Alkene c(YY��nd �prOduct (yield %) I Ref. I 

� -7 "" (0.05 ,quiv) � I .0 CN + f 
(52) II 0-� 

N I 147 

(20) 

� 

� 

� 

� 

�Me 

� 
(0.006 equiv) 

0.. o COPh 
(0.02 equiv) 

�COPh 
(0.04 equiv) dCOPh � � 
S 
(0.03 equiv) 

o 0-1- (-) U±t-- MeO 
170 

~ 127 
(27) Ph 

~ 127 
(76) Ph 

ri* � � 
S 

127 
(28) 
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Scope and limitations 1 39 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
� 

� 

� 

� 

� 

PhzCO o t-BU� 
(0.14 equiv) 

4-PhC6�COzMe 

"" 
.0 

.0 

�o 
vyo 

Ph 
(0.2 equiv) 

-8=, 
(70) 

Ph 

Ph 

� --AO�I "U I 1 1  � 
(27) I-Bu (9) 

o--o:R= (56) 

~ 
I """ 0'f-- + 
I "" o---r-A «(3) �"" Ph 

0 
""" 0 

(7) Ph 

(2) 

� 
lA(� \ (11) Ph 

23 

171 

170 

131 

181 
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140 Chapter Three 

Table 2. Continued 
HOI'( Alkene Carbonyl compound 

HO:c:
:t (yield %) I Ref. I 

--f--\Et 

EtCHO 
(-) 

93 

HOI'( 

HOI'( 

HOI'( 

PhCHO 
(1 equiv) 

PhCOMe 
(1 equiv) 

PhCOCOzMe 
(1 equiv) 

111 1 " 0
·' H 

dr >95:5 
V FP- OH Ph 

threo:erythro 72:28 

+11 b+ OH 
67:33 

0 <' W1 011 
""'�h H 

-t?h 
+ 011 

o 

threo:erythro 82:18 

>95:5 �OH 
a Ph t02Me 

(64) 
dr >95:5 

92 
(72) 

92 
(85) 

154 
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Scope and limitations 141 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I HOI'( 

HOI'( 

ITOI'( 

ITOI'( 

PhCOCOzEt 
(1 equiv) 

PhCOCOzi-Pr 
(1 equiv) 

PhCOCOzt-Bu 
(1 equiv) 

PhzCO 
(1 equiv) 

�OH 
a 

. Ph 

(�02Et 
all 

)10:::, OH )L:�, 

(57) 
dr >95:5 

(48) 
dr >95:5 
(65) 
dr >95:5 

o ·  H 
#, mT V Ph 6+ OH 

� + 
Ph 

threo:erythro 90:10 >95:5 
(90) 

154 

154 

154 

89a 92 
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142 Chapter Three 

Table 2. Continued 
HOyy Alkene Carbonyl compound ��oduct (Y'-t{.eld %) I Ref. I 

H Ph -W'" 
H 

+ 
Ph DH (85) 

Ph D 
Ph 

PhzCO 
(1 equiv; C6D6-CD30D) 

92 

ACOIl 

ACO� 

EtCHO 

PhzCO 
(1 equiv) 

threo:erythro 69:31 
95,5 

ACO--'--
O �Et (-) #- OAc + Phith 

OAc 

Ph ° 
55:45 Ph 

93 

(

55

) 92 

TBSOIl PhzCO 
(1 equiv) fP,. 0

1
,,, 

0 '  I I  

Ph 
V + Ph 6+ OTllS (84) 

89a 
92 

Ph 
threo:erythro 52:48 

83: 17 
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Scope and limitations 143 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) 1 Ref. 1 
O 

N¢:Iro I'PY'-ibo 
+ 
+oH � 182 / \ 1 � 

� 
l-Py' -I I  � :: --- "" "" (44)

-

1 I I  

o 

2 

OYc:Y eHO 

"" "" I 
1 .0 .0 

PhCHO 
(0.1 equiv) 

+O
� 

+ + 1-ryr,y ,,----I-Pyr .:. __ 
H H OR 
(16) (18) 

2-PYC'fb' +0) H 

, � + 2-Py'- _ 

� 
H � .:. -- + 

(25) 
H H 

+DH � o 
+ 2-pyr .:. __ ii H 

(21 ) 

g!o" 
(25) 

2 PY'yO 
OH (21) 

« 20) 

dr 3.5:1 

182 

6&1 
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144 Chapter Three 

Table2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

2 

J? 

L:b 

PhCOCOzMe 
(0.1 equiv) 

0 ¢ 
0 

(0.06 equiv) 

0 ¢ 
0 

(0.06 equiv) 

Ph 
I.! , CO.Me 2:' . '0 " (50) 

:. dr > 19 : 1  H 

�
d?C 

� + � '<::, � 
+ 

I � II 

� '  (-) 
0 

\ � IV h 
0 1:11:1II:IV=48: 16:2 1 : 1 5 JPO 

�' 
� ° ...-0 (>90) 

° 56:44 

6&1 

119 
183 

165 
183 
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Scope and limitations 145 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
£b 
£b 
L:b 

£b 
L:b 

PhCN 
(0.1 equiv) 

PhCOMe 
(0.3 equiv) 

PhCOMe 
(0.3 equiv) 

PhzCO 
(0.6 equiv) 

PhzCO 
(0.6 equiv) 

� 
(41) 

f�P �Ph + Uh 

(61) ( 18) 
r.-�P fC°;<h �Ph+£IJ (57) (21 ) Jr(Ph + Jf:� rh (32-61) Ph (15-26) �+Ph Ph 
��p fC°;<Pp: /0-J.f-Ph + £IJ (55-57) Ph (26) 

(3 ) 

147 

184 

184 

184 
185 
186 

184 
186 
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146 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
£b 

Lb 
Lb 
Lb 

� � o 
o 

::? 
(0.3 equiv) 

¢ o 
(0.67 equiv) 

PhCOCOzMe 
(0.67 equiv) 

¢o () 
(0.67 equiv) 

� � �o + 
3,1 

(60) 

�C02Me 
(70) 

Ph 

(21  ) 

143 

187 

(22) 

() 

187 

187 
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Scope and limitations 147 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

LO 

LO 
b b 

PhzCO 
(0.67 equiv) 

PhCOCOPh 
(0.67 equiv) 

MeCOCN 
(1 equiv) 

MezCO 

�" ' w'" H Y:;f:!' H 

o _ '. 
Ph 

� H Ph � 0 Ph
-

Ph 
H H 

17:6:1 

� (') �Ph � (3 1 ) + � (6) o � 
Ph COP�

N 
r"� COPh 

if +�J--CN 
(40) (37) 0 

�CIl2COMe (40) 

187 
(14) 

187 

145 

188 
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148 Chapter Three 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I b b 
b 
b 

EtOzCCOCOzEt 
(0.5 equiv) 

MeCOCOMe 
(0.13 equiv) 

�c o 
(0.33 equiv) 

PhzCO 
(1 equiv) 

COoEt �C02Et (97) 
t\ .LcoMe + �k 

� ;38) �COMe o COMe � IH (58) + £J-Irf -- exo/endo 24:1 

(35) (25) 

J:qPh (50·-80) Ph 

139 

189 

190 

23 
184 
191 
192 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I b 
b b 

� � � 

.c;::::-
(0.3 equiv) 
( 4·M,C,ILJ,CO c¢"'" 

Ph 

0 
.& 0 

Ph 
(0.2 equiv) 

o 

L �H4Me-4 

�J -C6114Me-4 ( 1 6) 

Ph 

(-) 

Ph 

+ 

143 
193 
194 

23 

181 
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150 Chapter Three 

Table 2. Continued 
� 

Alkene Carbonyl compound '1-( -f\P:Oduct (�yi:d %) _ -fj' I Ref. I 
1""11 + + (-) � I I I 

MeleO 195 

� 
Et 

~ 
Q 

PhzCO 
(1 equiv) 

PhCHO 
(0.9 equiv) 

PhCHO 
(0.5 equiv) 

Et" P n 
�Ph + nJ---o-t

Ph +
�Ph 

Ph 
Ph 

(18.5) (31.8) 

,.\-\ -Ph + ,.\-\ - II � � 80:20 

(3.3) 

(48
) 

ci+Ph + cttII + 

H 33:67 Ph (73) 
({f

Ph 
+ 
ri-fH II �6 34:66�6 

1: 1I=52:48 

160 

6& 

6& 
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Scope and limitations 15 1  

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
() 

o 

o 

o 

MelCO 

BuCHO 

o {) 
7-
(0.3 equiv) 

&9;:
H
10 

'" :,... 1 0 0 

� (60) 

BU···cO 
+
Bubb :U"'i) 

o 0 0 
H H H 

II III 
Solvent 1:11 :111 
MeCN 0:26:27 (30) 
no solvent 0:42.5:52.9 (41) � � 

+ 
�D 

(34) V (42) 

H 

+0 l-Pyr � (-) 
H H 

140 

196 

143 

182 
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152 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 8Y� CliO � oS 

O 
� � I �-H 4.i I /./ /./ 

(-) 

� 
JJO 
H� 

O:}=O 

o 
"" 

o 

'0 

(0.3 equiv) 

MeCOCOMe 
(0.13 equiv) 

° 

o:f:4 ( ) 

o 
"" 

(83) 
L-I�O 

�''' ' i-COMC
+ + 

01 1  40H 

tt::J::6 ' _ COMe o d '0'1 (74) e.-m/en O .J . 

£Fe 
( 14) 

182 

150 

143 

189 
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Scope and limitations 1 53 
Table 2. Continued 

Alkene Carbonyl compound Product (yield %) I Ref. I 
HOrr TIt 

HOrr Et 

~ 
:f 

PhCHO 
(1 equiv) 

PhCOMe 
(1 equiv) 

PhzCO 
(1 equiv) 

PhzCO 

o ". H (70) 

�O[[ t?h Et 

Et + H OH 
HI' " 0 
Ph 

fhreo:elJ'lhro 8 1 :  1 9  

65:35 

0 '- " 
O
H 

FPc OH if"h Et 

Et -I" '" 0 

Ph 
thrco:erythro 88:12 

>95:5 

QII QH 

(34) 

?-('Et + ?" ' [ Et 

Ph---rl Ph---rl (95) 

Ph 93:7 Ph 

= 
?II 

= �H 

Ph 7--(' +l'h 
? '"(''' --n- --n-

Temp 

hI) 

20 

25 

-75 

thyeo ervtllro 

54 4 

67 7 

70 14 

1'2 3 

92 

92 

89a 
92 

99b 
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154 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� 
C02Et 

J:z 
C02Et 

f� �02Et 

�02Et 

PhCOMe 
(6 equiv) 

PhCOMe 
(17 equiv) 

PhzCO 
(0.5 equuiv) 

PhzCO 
(0.5 equiv) 

Et02C
'r.-

�P �Ph 
+ f�P El02C�I)h 

Et02C
y.

�J) �Ph 
+ f�P 
Et02C�Ph 

ElO,C,-�jJ (35) /!J-.L-fPh Ph _ Ph 
�

�
D 

�Yrh �Ph I 
ft-J 

�t02C Ph EtOlC 
I :  I ( 1 5) 

Et02C'-�0 (35) /!J-.L-fPh 
��jJ + 

Ph �yr;;, �Ph ft--l Et02C Ph EtO�C 
1 :  1 (15) 

184 
(-) 

184 
(-) 

184 

184 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

( )  � § °0° 
(0.25 equiv) 

( )  � § °0° 
Ph� MeCHO 

(1 equiv) 

Ph� NCCOzEt 
(5 equiv) 

EtCHO 
(1 equiv) Ph� 

Ph� [:>--CHO 

h 
o 

0bo - � 
� 

o 

(77
) 

( 1 0·30) 

pp pp 
(49) 

Ph NC� 
OEt 

3.6:1 

Ph 

( 1 7. 1 )  + q.-
° OEt 

Et L( Ph 

eN 

(38.5) 

Ph Ph 

(8.5) 

�Ph 
(50) + 0 (50) 

197 

119 
165 

198 

199 

198 

105h 
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156 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
Ph� 000 No "action 119 

Ph� 

Ph� 

Ph� 

Ph� 

Jf 

PhCHO 
(0.1 equiv) 

Cl:¢<: 0 

I h N-
Cl 

0 Cl 
° 

� o �N;= 
\ 
COMe 

(0.1 equiv) 

PhzCO 

PhzCO 
(0.5 equiv) 

)J' ?i + � (31) 
� � �  � 

3:1 [0 1 : 1  
C l  o.�Ph Cl O,�H 

Cl�. ",,\"" '1 1  CI�''''\''''''Ph 
I N-

+ 
I N-

Cl h h 
(46) CI (45) 

o 0 0 0 
11 Pll 

Phl l '� " '\\\ H I" ;" " " \ '\ 0 '\ 0 �" 0 
+ �" 0 (96) �;= �NF 

\ \ 
COMe COMe 

1 .42: I 

No reaction 

jJ:J'h Ph

L i? o �� +�Ph (15) 'I (:n) 
Ph 

200 

201 

202 

18 
23 

191 
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Scope and limitations 1 57 
Table 2. Continued 

o 

Alkene Carbonyl compound �d�C� (
_

) I Ref. I 
�6 �6 MezCO 

( l .2 equiv) 
203 

o 

o 

o 

PhzCS 
(0.8 equiv) 

PhzCS 

* � 
o 

H 4: 1 I I  

Q=t-Ph 
Ph 

S 

0+ Ph 

Ph 

(41 ) 

(-) 

(ca. 
1 00) 

204 

205 

123 
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o 

o 

� 
� 

Chapter Three 

Table 2. Contiued 
BuCHO 

0==0=0 
(0.7 equiv) 

[>--CHO 

PhCHO 
(1 equiv) 

� •.. � " l--kJ H 

II 
Solvent 1:11:111 

MeCN 63.4:1 1 .2:25.4 (59) 
no solvent 1 5.6:28.7:55.7 (52) 

� o __ U � 

(83->90) 

~ 
~ Ph 

(-) 

(65) 

III 

165 

l05h 

160 
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Table 2. Continued 
"""' C,,"""" rom","'" J;'''' %) I OM I 

~ 
� 
� 
� 

PhzCO 
(1 equiv) 

160 
(86) 

PhCN 
(0.17 equiv) 

PhzCO 
(1 equiv) 

�) Q--{:-

Ph I Ph �NAvy 
-P1-Ph 

� Ph 

(54) 

(-) 

�rYa t: 

["'�l tH:-

147 

122 

113c 
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160 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

(( PhCN 
(0.15 equiv) 

(( PhCHO 
(0.15 equiv) 

(( PhCOzMe 
(0.25 equiv) 

� 
PhzCO 
(0.14 equiv 

b 
MeCOCOMe 
(0.13 equiv) 

�h (17) + 11� (26) 
PhrjV PhY 

d+
II () 

d+
II () 

+ (60) 
. Ph . II . . - -

H if H Ph 
56:44 

W Ph (48) 
MeO Ph 

jj:J o (57) + 0Ph (10) 

Ph 

H � g O . CO':' . COM: 0 ' (54) eXOIendo 2.6:1 0 - (2 1 )  

147 

6& 

170 

191 

189 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 161 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
JJ 

U) 

o 

o 

� 

(0.3 equiv) 
""" 

(0.3 equiv) 

MelCO 
(1 equiv) 

EtCHO 

.a 

o 

.0 

o 

No reaction 

(21 ) 

0-

r-i-+- _ � �b �b 
H 1 : 1  i"r 

( ) 

�9 {'{-? {'{-? �+ �., + � (-) I I  D H '1::t H Et 

143 

143 

203 

206 
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162 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

o 

PR:HO 

0 
0==0=0 

0 

0==0=0 

(0.3 equiv) 

P" "LD P'bt) + 
H Il 

II I 
Il pr�,··sD Solvent 1:11:111 

MeCl\ 65:17:18 (34) o . 
no solvent 2.R:47.5:49.7 (43) H III 

OOP (88) 

o� Temp rue 
-80 92:8 

-60 81:19 

-40 70:30 
H 

o� -20 51 :48 

0 42:58 

29 35:65 

40 28:71 

H 60 28:72 

80 24:76 

100 22:78 

1 1 0  21:79 

196 

112 
119 

89b 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

o 

o 

o 

Cl�C1 � 

C1�C1 
o 

0=<:(=0 

¢o o 

CI 

CI 
o 

( 16·>90) o 
0' 

165 
207 

+ 
(10) 

(>90) 165 

165 

(>90) 
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164 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

o 

o 

" I . MCO�? I I (16) 208 
Meoocxxco2Me � 

o Me02C 
Me02C C02Me 

(0.3 equiv) 

PhzCO 
(0.3 equiv) 

MC02C .-? C02Mc 

Ph� b� 
H 

Ph H 
Ph

tO 
89b 

+ O . 103 
II 

Temp time (min.) eonv. dr 
-95 10 1 1  98:2 
-gO 1 0 1

9 
g8:12 

-60 1 0 28 76:24 
-40 10 30 59:41 
-20 10 33 45:55 
0 10 37 36:64 
20 10 45 27:73 
40 10 46 25:75 
60 10 48 23:77 
80 5 28 21:79 
100 5 33 20:g0 
1 10 5 32 20:80 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

o 

� 

o 
o o 

:;::::-
(0.5 equiv) 

(2) 

+ 

(1 S·20) 

143 
193 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

o 

o 

00 
cis/trans 1 5 :85 

� �  � o· 

o 

C¢PhO 
1 0 0 

Ph 
(0.2 equiv) 

EtCHO 

I 
o 

II 
(40) (10) 
(0) (90) 

II 

Ph 

a-ri-? -�(  I I  Et � '�Et H n 
36:30:34 

123 

181 

206 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
()O 

()O 

H 

o �  l:tb ¢ c� 

o 
(0.2 equiv) 

II 

Temp 
80 
60 
40 
20 
o 
20 
40 
60 
80 
100 
1 10 

Ph II Temp time (min.) PhzCO I'hiD (0.3 equiv) -80 1 0  
-60 10 

II -40 1 0  + 
Ph H -�O 10 

PhtO 0 1 0  
o .:. 20 1 0  

H 40 5 
60 5 
80 3 
100 3 
110 3 

d,· 89b <5:95 
<5:95 
<5:95 
<5:95 
<5:95 
<5:95 
<5:95 
<5:95 
<5:95 
<5:95 
<5:95 

con\'. rue 89b 
22 4:96 103 
3� 3:97 
43 1 :99 
44 �:98 
J7 2:98 
39 �:98 
39 2:98 
39 4:96 
35 6:94 
48 )(92 
58 10:90 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

� 

� 

� 

� 

� 

cY' 
cY' 

0==0=0 

0==0=0 

PhCHO 

PhzCO 

0==0=0 

MeleO 

(CD3)zCO 

0O? (>90) C61113 C6HJ)�, 0 
� c

+
" ,fQ (15) � " J.,  � o 0 

Adduct (-) 

Adduct (-) 

f'y0>--° "=I Y (>90
) esTTIl � -cJ=t7) 

# d=t  
CD, - CD, 

D D CD3 (1') 
(5) . -

165 

119 

18 

18 

165 

140 

140 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

�t-HU PhCHO 

�t-BU 2-Fl',H.,CHO 

�t-BU 4-C1C6ILCHO 

�'-BU 2-MeC6ILCHO 

�t-HU 4-MeC6ILCHO 

�t-HU 4-CNC6ILCHO 

I�'h 
0 

Ph)=+- I�'h 
0 

+ + (-) 
I-Bu I-Bu 

" ""'I-Bu 
2-rC6Tl,'r? 2-rC6Tl''r

,
tH'!Tl,'r? 

(-) 

�t-I3l� t-I311;---r- i"""'t-I3Ll 
4-C1C6H4 

. 
4_C1C6H4H-4_C1C6H�' =i=Z) 0 0 

+ - '. 
(
-) 

t-TIll t-illl ""'t-I3Ll 2_Y"C"H�, 0 2_M'C6H'H-�M'C6H.,� 
+ + (-) 

t-Bu t-Bu ""'t-Bu 
4->I'C6H�4 0 4->I'C6H4H-�M'C6H.,�' 0 

- + . (-) 
I-Bu f-Bll ""f-Bll 

4-CNC6J�J' 
() 

4-C"C6Tl'H-�;C"C6J�J' 
() 

+ - '. ( )  
t-I3u t-ilu "'t-ilu 

209 

209 

209 

209 

209 

209 
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Table 2. Continued 
Alkene Carbonyl compound 

. " .N' . .  
Product (yield %) I Ref. I " '''CUC6''''r? " "�"'C6114�?,O�Jf''r\) (_) �t-HU 4-MeOC6�CHO 

�t-BU op=o 

(0.23 equiv) 

�t-I3U 2,3-(MeO)ZC6H3CHO 

�t-HU � � 
�t-I3U �CHO 

VV 

�i-BU i-BU� I""�t-BU =Ps«BU.' 
o (63) - H 

2,3-(MeOhC6Hl 2,3-(MeOl:,C6H3 2'3-.(MCOhC6r�r�� �) )=t-' 0 
I I (-) 

{-Bu t-ilu -""f-Bu 
I 'Nap�h I 'NaPh)+I 'Nap�h o + 0 + 0 (_) 

,-Hu {-Bu ""'t-Bu 

2.NaP=i=Zh 2'NaPh)+2'Nap�h 
o + 0 + 0 (_) 

[-Bu f-BLI 
-
" ",-Bu 

209 

177 

209 

209 

209 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

�t-HU HxY 
HxY 
HxY 

4-PhCJI,CHO 

PhCHO 
(1 equiv) 

PhCOMe 
(1 equiv) 

PhzCO 
(1 equiv) 

'+-rllL(,n4 't-PhC61 14 4-PhC6H4 �"B� " B"H--+ �""I B�) ?p, OH 0

" 

II 
Pr-i + H OH iFh Pr-i 

TIl l " o 
Ph 

Ihreo:erYlhro 91:9 
60:40 FP' OH -t{h i-Pr 

o '. . H OH i-Pr + I l l ' " 0 
Ph 

threo:er:ythro 92:8 
>95:5 

W
OI1 iFh i-Pc 

o �, . II Ph OH 
/-Pr + Ph 0 

Ph 
threo:el:'>"rhro 95:5 

>95:5 

(58) 

(62) 

(89-9 1) 

209 

92 

92 

89a 
92 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) 1 Ref. 1 

� V-J 
� V-J 

� V-J 

� V-J 

MeCOCOMe 
(1 equiv) 

�c 
o 

Cl�N_ Cl� Cl 
(0.17 equiv) 
""" 

o 

() 

(0.1 equiv) 

� / . 0\- ,  �n"f-{ + v--<y .. ,{ 
o 0 0 0 

2J (60) o \ r 0 '" � 
1
+'" 0 (-) 

o �o 
05'0 h 

8:2 

0J) CI�:'� .. " , ' h C.l�:��\� 1 N- + 1 '�N-U Cl h ('1 .0 
CI 0 (77) Cl n (8) 

° 
+ gx: l °

rY "" () I h ( 13) 
o. 

(26) 

105d 
146 

210 

201 

211 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I J-

l'h 

J-

Ph 
J-

Ph J-

Ph J-

Ph 

J-

Ph 

MeCHO 
(4 equiv) 

MeCOCN 
(1 equiv) 

EtOzCCOzEt 
(0.5 equiv) 

EtOzCCOCOzEt 
(0.5 quiv) 

MeCOCOMe 
(1 equiv) 

MeCOCOzMe 
(0.5 equiv) 

X + 
Phn P

h 
1 .9 , 1  
Ph 

NC* (18) 

Ph II CO�Et Il: 
Ph

n

C02E1 

!To

2Et 

(36) 

(76) 

(67) 200 

145 

139 

139 

j 0 COMe + + 146 
Ph *Ph =pPh 

ll4d � MeOC 0 0 '( (27) (41) COMe (7) 

. Ph 
(�C02Me 

,.t-

Ph 
(27) (50) + (')

T

C02Me 
114b 
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J-l'h 

J-Ph 

J-l'h 

J-l'h 

Chapter Three 

Table 2. Continued 

PhCRO 
(4 equiv) 

PhCOCOMe 
(0.7 equiv) 

CI*: 0 

I '1-
..,; CI 
C\ 0 

(0.18 equiv) 

4-MeC6aCOCOMe 
(0.07 equiv) 

r� 
l'h""� 

1 I", ,�(j 
COPh 

(24) 

Ph 1 :  1 .5 
l'h""� 
Ph l " .�(j + 

COMe 
(40) 

Ph" "� 
MCOCI " '�6 

Ph 
(36) 

CI 0Q><Ph CI 0Q< 
Cl -'" Cl " If *"". " *" ... Ph 

I N- + I N -

CI
"'; 

CI "'; 

CI 0 (381 CI 0 (41) 

Ph""� Ph""� Ph""� 
"""�6 4-MeC6H4" ,}-6 -

MCUO".�6 
COC(;H4Mc-4 COMe C6H4Mc-4 
(55.3) (33.4) 

(l l . l )  

200 

179 

201 

179 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
J-l'h 

J-Ph 
/yPh 

/yPh 

/yPh 

� o  �/= \ COMI,; 
(0.1 equiv) 

PhzCS 
MeCHO 

PhCHO 

PhzCS 

� Ph Phl " �;" "\ "" .� .. " '\ -:.. 0 \ 0 0X" 0 + 0X� 0 (96) �r �NF 
\ \ 
COMe 1 : 1 .64 CO\1e S --t=t-Ph (90) Ph Ph 

pA+pA\P,·", 
11 III 

I:II:III�O. 78:0.20:0.02 

(60) 

0 " '" 0
····· � 

Ph)]" 'Ph+ phkph + Ph " 'Ph 
(25) 5:1 

(3) ".... S )=t-Ph (63) I'li Ph 

202 

205 

7& 

212 

205 
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176 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
i.vPh 

i.vPh 

� 

�o o 

MeCHO 

PhzCS 

CI
�: 0 

I 'l-
ob CI 0 

Cl gx(o: ,qUiV:) 
"" 0 l ob 

A A P + + (60) 

Ph"
'" 

Ph Ph " "" 
n '" 

I:n:Ill�o,05 :0.57:0.38 ':ct-Ph + )+Ph 
Ph Ph Ph Ph 

79:21 

(63) 

CI o,�PhMe-4 CI O,�H 
CI�'''''-( " 'H CI�" "'-( " " PhMeo-4 

I N- + I N-0 .&  .& Cl (34) CI (33) 
Cl 0 CI 0 

(XI) 
() 

7& 

205 

201 

143 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
D 

c(> 

PhzCO 
(0.83 equiv) 

PhzCO 
(0.83 equiv) 

-to 
Ph 

0 
I I  Ph H "hiD " 

-to 
Ph 

0 
H Ph H +Ph

tO 0 

II  

Temp 
-95 

80 

-60 

40 

20 

0 

"0 

40 

60 

go 

IQ{I 

1 10 

Temp 
-9, 

80 

-60 

-40 

-20 

0 

20 

40 

60 

80 

100 

1 1 0  

ci.\,/'Iralls I cis/lrans II 
>98:2 "95:5 89b 
�98:2 ·95:5 

·98:2 ·95:5 

>98:2 >95:5 

>98:2 >95:5 

88: 12 95:5 

77.23 90:10 

64:36 87:13 

57:43 113: 17 

50:50 80:20 

45:55 77:23 

44:56 76:24 

cis/trans 1 cis/trans 11 
35:6) 54:46 

89b 
16.:84 25:75 

9:91 1 1  :89 

<2:98 4:96 

<2:98 8:92 

<2:98 13:87 

<2:98 20:80 

<2:98 20:80 
<2:98 27:73 

<2:98 42:58 

5:95 5 1 :49 

6:94 51 :49 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

o 

Ph�O IMS 

H0'(Y 
I-Bu 

H0'(Y 
'-Bu 

� �'" C'" 
.0. 

b I OO
_ -7 

9" 1 () rV '0 :::::,... 
(54) � 

(0.5 equiv) 

PhCHO 

PhCHO 
(1 equiv) 

PhCOMe 
(1 equiv) 

� 1 -7 (3) 

o ... -'-on.1S )J .. , (20) 
PH Ph 

(8) 

F
P' 

OH -Er'h '-B" 

o 
-, H OR ,.tlu (52) HII "  0 Ph 

Ihreo:erythro >95:5 
59:41 

FP, 011 -f?
h 

'-Bu 

o 
-, H 011 

I I I '" t-I3u + 0 (76) Ph 
threo:clJ'fhro >95:5 

>95:5 

193 

212 

92 

92 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) 1 Ref. 1 

H0'(Y 
I-Bu 

Phl 
�OMe 

"" I 
"'" 

�OMC 

"" I 
"'" 

9 

PhzCO 
(1 equiv) 

PhCHO 
(4 equiv) 

Ph CHO 
(1 equiv) 

PhzCO 
(1 equiv) 

PhzCS 
(1 equiv) 

Ph 

#
, OH 

o 
'. 1 1  

t-l1u 

Ph 

�h '� 
� 01 1 + 

0 � 

threo:erythro >95:5 

>95:5 I'+h () Ph)+l'hH-' + + (43) 
Ph Ph Ph"

'·· 

I I I  III 
1 : 1 1 : 1 11=2: 1 .2 ; 1  

;=( 
(23) 

Ph C6114OMc-4 

Ph--

t=\ 

(21 ) 
Ph C6H4OMe-4 

-A:" S Ph �Ph A-t 
I + Ph 

S Ph 

(1.5) 
( 1 . I  ) 

89a 
92 

200 

213 

213 

214 
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Table 2. Continued 
"""' C,,"""" rom","'" �'" %) I OM I 

~ 
[>--CHO 105h ( ) 

� MeleO 

� PhCHO 

� PhzCO 

# 
o 

(20) 

� o 
(-) 

Ph 

Ph
O

� 

tt- (80) 

215 

215 

215 
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Table 2.  Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
o 

�OH 

� � � 

::? 
(0.5 equiv) 

PhzCO 

:0 + 
(66) + 

�� 1 �()H � � Ph�;r 
� Ph 

Sol" re1l1p COIl� llllMJ 

Toluene -75 340 

foluene -4(1 34(1 

foluCIlC 140 

B;;:n"""n� 20 340 

(20) 

�OH Ph 0 U Ph 
II Cone lll\IJ I 

(13) (44) 6.8 (27) 

(14) (38) 6.8 (18) 

(16) (26) 6.8 (10) 

(15) (29) 6.8 (20) 

193 

96 

II 
(2H) 

(20) 

(1:'1 

(26) 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

96 �OAC �� 1. �OA' /" """ 
l'h�(r � 

Ph 
PhzCO 

� l)J 

J:o 

� o  Vl-t\)= \ COMe 
(0.33 equiv) 

o 

·0 

(0.33 equiv) 

Solv i'cmp Cone [llL\11 

Toluene 75 340 

CJI�'F 
�

oo �NF \ 

1. � ��OAc I'h+J 'V' � � 

Ph TI 
11 Cone [IlMl 

(7) (�6) Ii.R (5) 

H II
� 

-......L 
_ �O�-: 

�NFO (90) \ CO�le 6 : 1  COMe 

11 
(39) 

202 

143 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 1 83 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� � 
� � 

~ 
I "� 

:(0 

o 

�o o 
PhzCO 
(1 equiv) 

MeCOCOMe 
(8 equiv) 

No reaction 

0. o 

() ( ) 

1 :1  

~ 
(2&) 

Ph 
I-Bu r\ �"LCOMC ,ce::pr . 
(74) 

exo/endo 1 ;30 

J:U 
�COMC o 
(40) 

210 

210 

216 

189 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

fy 
o 

MeleO 

(0.5 equiv) 

o 

o 

f/:: lY,,, gx: I OO + 9' I ° 

'>-. 
(59) + 

140 

193 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

rTI1 � 
OMc 

Ph�CONIl2 

Ph�C02H 

'� 

' �F N, J oAK I 
(1 equiv) 

¢ 
o 

0=0=0 

PhzCO 
(1 equiv) 

"'''')2C 

'N� .F 

oA, I I 
via 0: 

'�' 
oA, I I 

�0'f"'l 
HoN PhAoAo 

Solvent 

cyc10hexane (3);-43) 

ocnzene 
toluene 

MeCN 

MeDII 

(39) 

(62) 
(45) 

(0) 
(0) 

HoM�Mo 

(52) 

HO:( 
(4) 

� Ph 

113d 

152 

152 

216 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

�OMe 
PhzCO 

-L

� 1 �OM' � � Ph�T -I Ph 

96 

J:0 Ul) Q 
o 

(0.7 equiv) 

J:0 Ul) Q 
o 

(1 equiv, 420 nm) 

Ph�O\1' 
Ph 0 n 

Sol v Temp Cone [111M] " Cone [nM] II 
Toluene -75 340 (6) (33) 6.); (5) (29) 

No reaction 

OH 
(19) 

119 

115 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
J:0 Ul) 

J:0 Ul) 

J:0 Ul) 

¢ � 

o 
(1 equiv, 500 nm) 

F� F 

l V l 
o 

(1 equiv, 420 nm) 

F 

uH 

F 

F)yF 

ryr 

No reaction 

o 
(1 equiv, 500 nm) 

115 

(32) 

115 
( I I ) 

115 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



188 Chapter Three 

Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

00 

CI
'¢O 4(CI 0 «.CI

. 115 

9" "" 1 I � "'" Oi l 

",, 1 # 0 # O �  
o H H - [ [  [ [  

( 1  'quiv, 420 run) (9) (26) 

� lJl) ,,'¢ (I C[ 
OH 115 

o 
(1 equiv, 500 nm) 

� lJl) "�, 
o 

(1 equiv, 420 nm) 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

00 Vo �CI .0 
CI 

9" I "'" I I r' 
"" # Cl H 0 : CI 

� Ul) 

� Ul) 

o (1 equiv, 500 run) 

"�' 
o 

(1 equiv) 

CI�CI 

CI�CI 

o 
(1 equiv) 

No reaction 

No reaction 

115 

(24) 

115 

115 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
J:0 Ul) 

00 '" # 

00 '" # 

"'1) . ur 

-::? 

0' "'" 
011 

o 
(1 equiv, 420 nm) 

0 

"'¢ 
0 

(1 equiv, 500 nm) 

0 
nr*nf 

Br Br 

0 
(1 equiv, 420 nm) 

Br 

troH 
o � 

(x) 

(9) ,;?" I "" 
"'- .0 

Rr L//O 
Re 

"'� 7 OIl 

115 

115 

115 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
J:0 Ul) 

J:0 Ul) 

J:0 Ul) 

Br�Br 

' 

R'�R' 

"r" u," 
Bf 

Dr 

B, 
o 

o -f--\-H 

(1 equiv, 500 run) 

OH 

Br" 

(50) � II "I (20) 

~ 
o 

(1 equiv) 

() 
NCYYCI 

NCYCl 
o 

(1 equiv) 

P �) o-L # (38) 

No reaction 

115 

115 

115 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
J:0 Ul) 

~ 
� 

� 

� 

:¢c 
o 

(1 equiv) 

PhzCO 

PheRO 

4-MeC6�CHO 

4-MeOCdLCHO 

No reaction 

y� (26) 

� 
Ph �h 

R' (29
) 

�ii'jj4MC-4 (29) ;q: �' H OMe-4 � Ii 4 
o 

. (20) 
H 

115 

216 

217 

217 

217 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
o 

� � O\1c 

� � 

.0 + 
'0 

(0.5 equiv) (32-39) 

°0 () 
(42·46) 

o 
!\leO�C (}�F MeO 

-:? "" J (59) via MeO 

I (1 equiv) ..... N,-l .F oAN I I 

0: ..... N oAN I I 

OMe 

143 
193 

113d 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
� yv 

Me02C '-N�f � 

OAN I OMc 

l13d 
OMe 113e 

OMc (1 equiv) 

0 
Meo'CQ 

'- �F '" I fi N I 
mvk OAN I 

(1 equiv) 

H 

, j  N I 
O�N 

F (73-75) 

I 
Me02C 

. MeO Vla 
'N 

O�N I I 
1(' � ..... OMe 

'-
)loF N I 

O�N I 
Ph 

(48) 

MeO 

'N 

O�N I I 

F 

OMe 
l13d 

dY-(X PheRO 
(0.3 equiv) i�dL<:)< 

218 

(47) 

fT fl 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

3 AcOC6� 

qJ-(X 3-AcOC6�CHO 
(0.3 equiv) i�"·. V v OJ< " "  : 

, ° 
H 

218 

(33) 

fT 

0 
0 XxD 193 

(35) 

7 I 0 

'-
(0.5 equiv) 

(1 equiv) 

219 

qy 
MeO,C�C02Mc 

� ........ CO:Me (-) 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) Ref. Ph Ph'/� 
Ph 

PI{/� 
Ph 

PhA Ph 
PhA 
Ph 

PhA 
Ph 

PhA 

I,'h =pNHPh H.-N'C02ht litO 0 
(0.5 equiv) Ph 

NCCOzEt 
(5 equiv) 

EtOzCCOzEt 
(3 equiv) 

MeCOCN 
(1 equiv) 

EtOzCCOCOzEt 
(0.5 equiv) 

0 0)=

0 o N \ 
C
O
Me 

(0.1 equiv) 

Ph 
Ph

-+, 

NC+O 
on 

Ph 

#

C02 Et 
Ph o.Ct 

Ph 
Ph

=

P 
NC 0 

Ph

-ft-

C02Ft 
Ph co�rt 
p� Ph' l ' � " " '\ 0:;:

0 o N 
\ 
COMe 

220 

(52) 

199 
(24.1 ) 

221 
(1 5.7) 

145 
(52) 

139 (04) 

202 

(98) 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I O S:t 0 1  0 1  � , A . � m 

I 4-('NC61{,)lO� Ph-R . . "o Et Ph-f.'f-O Et Ph� Ph C614CN-4 Ph C"I4CN-4 

Solvent wavelength time (h) Tel11p de 
TIIF 290 -, 50 

(9
) 78.5:21.5 

25 
(
18) 77:23 

-50 
(
4) 66:34 

330 5 50 
(
4) 44:56 

25 
(
5) 46:54 

-50 (4) 56:44 McCN 290 -, 50 
(
4) 43.5:56.5 

25 
(
4) 44:56 

-20 
(
5) 44.5:55.5 

-40 
(6) 44.5:55.5 

330 7 50 
(
I I ) 48S51.5 

25 
(
1 5) 46:54 

20 
(
15) 45:55 

40 
(
14) 44.5:55.5 
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Solvent wavelength time (h) Temp d," 

methylcyclohexane 290 3 50 ( 1 2) gX.5 : 1 1.5 
25 ( 12) 82:18 
0 ( I I )  R I . 5 : l lU 

-25 ( I I )  71.5:28.5 
-50 (9) 67:33 

330 1 0  50 (5) 51.5:48.5 
25 (4) 52:48 
0 (4) 5 1 .5 :48.5 

-25 (4) 62:38 
-50 (6) 63:37 

toluene 290 3 50 ( 12) 87: 13 
25 ( 1 3) 82:18 
0 (9) 84:16 
25 ( 10) 77:23 

-50 (10) 68.5:31.5 
330 6 50 (4) 44.5:55.5 

25 (4) 48:52 
0 (5) 48:52 

-25 (4) 53.47 
-50 (5) 61  :39 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I Ph Ph'/� 

Ph 
PhA 
Ph� Ph 

() , 
4-CNC6H

{
,JlO� 
(0.3 equiv) 

PhzCO 

0 

CO=o A N \ COMe 
(0.5 equiv) 

l'h--t=t." oJ--J 
Ph C()Ur\-4 

+ l'h-R-,/J 
Ph l:()ijN-4 

79a 

wa,d�nglh lilll� (h) '" T�lllP \ .. a .. d�nglh d, 

�54 5 (12) S2.5:17.5 50 �<jO SS.5: 1 1.5 

290 (13) 112.5:17.5 .130 5 1 .5:411.5 

300 (9) 711:22 25 290 112:111 

310 ("J 71.5:2S.5 330 5:!:4S 

320 (3) 73:�7 �<jO S1.5:IS.5 

330 (, (4) 411:52 .130 5 1 .5:411.5 
-�5 290 71 .5:211.5 

330 62.5:37.5 

-50 �<jO 67:33 
.130 63:.<7 

No reaction 23 

H H Ph Ph 1 HPh�H Pl\ .. ,�l 202 , �  
HII" � 0 -:. " , 

C2J:o+ C2J:
o + CC:S:6-) A N A N A N \ t:OMc CO\k \ COMe 
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Table 2. Continued 
Alkene carEHbonYI co':'tound H Product (yield %) 

P
h I Ref. I 

Ph� f � _ i? Ph - i? H 113c 

Ph "
-i? N-

0--{=. (44) + 0--{=. (22) () tH:- o-{-

Ph�Ph 

Ph�Ph 
¢ 

o 

C1�Cl 

CI�Cl 

o 
(0.5 equiv) 

Ph 

�. - Ph . ,, � N-Via 

,, � 0 
No reaction 

0 
C1...... Jl Xl 

CI� ...... Cl 
(99) Ph 

Ph 

119 

222 
223 
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Product (yield %) d Ph Carbonyl compoun fh H H\,Ph PI}. \,..--H 202 

Alkene 
0 I \, 1 1 -: , � .,"\ �Ph 

00='" 0 co:I:"'-': 0 - co::".\ 0 0 _ �� () (SO) 

Table 2. Continued I Ref. I 
":: " . •• ' II I � 0 Ph I 0 I �,;= 

Ph�Ph 

Ph�Ph 

"" N 
"" N 

\ \ A � \ COMe 
COr-.k 

to.\1e COMe (0.5 equiv) 

o}o o 
�� 0 

N-� /; o 

2.9: 1 :8.2 �o 
�Ph (7) Ph 

H �Ph 
� II N- ' 

� II 0 
Ph 

8f" � II N-
� II 0 (43) (:�5) ['i" �Ph l tK�-

166 

113c 
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Table 2. Continued 
Product (yield %) 

Ph 
Alkene car,*bonYI comP:und c9coXPh �o " " Ph ,y "" 1 + 1 I 1 

'" 0 ° 
'" 0 0 ° 'Ph 

(25) (24) 

I'h�Ph 

10 � () Vl--r 
\ COMe 

(0.5 equiv) 

� Ph\\Ph I .b � -..:; ., + Ph 
" , rJ---L § 0 .. 

:;;.-- ":': r. + / �  
6� � (J� N'COMe 'C" C)Me 

__ 
- .  

(6) 

~ ,, �  � 
Ph " 

Phi ' :" " "  

cO=
o+ 

\ CO:\'k 
2: 1  

(1)  

Ph xo,.. 
� 

< Ph " .:')" " 
-:.. 0 �() (30) 

"J-{ \ COMe 

I Ref. I 
166 

202 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 

Ph�C6H4CI-4 

Ph�C6H)C12"3,4 

4.CIC6H4�C6114CI-4 

3,4_CI2C6II{/�C6H3CI2-3,4 

CI�C1 

Cl�Cl 
o 

(0.5 equiv) 

CI�C1 

CI�C1 
o 

(0.5 equiv) 

C1�C1 

CI�C1 
o 

(0.5 equiv) 
o 

ClnC! 

Cl�Cl 
o 

(0.5 equiv) 

CI¥') CI 
I I CI C1 4-('1('6114 0 

Ph 

(44) 
CI¥" CI 

+ CI I I CI (55) 
Ph 0 

CI¥O CI 
I I 

Cl Cl 
3A-Cl/:6H) 0 

(45) 

C6H4CI-4 o 

+ 
C:I¥

I 
C:I (55) 

Cl Cl 
.Ph 0 

C/i11;CI2-3.4 Ph 

I I ('I Cl 
CI¥O CI 

4-CIC6H4 0 (100) 
C6114CI-4 

CI¥O 

CI 

I I 
CI CI 

3,4-C12C6H:; 0 (98) 

C/iH1Ch-3,4 

222 
222 
222 
222 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %) I Ref. I 
0ct(I\O 

. .6 
Ii [ct(\O 
. .6 

Ii 

PhCOMe 
(1.04 equiv) 

PhzCO 
(l.l4 equiv) 

"'" 
.0 

'0 

(0.5 equiv) 

1\ �b '" 
Ph 

1\ � ""' Ph Ph 

gxo I "" ° 1 . (42) + "" 1 0 

"" 

224 

224 

193 

(40) 
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Table 2. Continued 
Alkene Carbonyl compound Product (yield %t I Ref. I 

CI�C1 CIV
O 

CI CIV
O 

CI Ph�C61 l4Mc-4 

4_C1CriH//�C(iH4Me-4 

3,4_C12C6H-,�C6II4Mc-4 

Cl�Cl 
o 

(0.5 equiv) 

CI�CI 

cl�el 

o 
(0.5 equiv) 

o 
ClnC! 

Cl�Cl 
o 

(0.5 equiv) 

I I + I I 
Cl CI Cl Cl 

4-McCr,1 '4 0 Ph 0 

Ph e6, 14Mc-4 

CIV
O 

CI elV
O 

CI 
I I + I I 

U CI CI a 
4-MeC6H4 0 4-C1C(iH4 0 

C6H4Cl-4 C6H4Me-4 

(-) 

(-) 

I I (60) + I I (40) 
elVO 

CI (IVO 
CI 

Cl C1 Cl C1 
4-McC6II4 0 3,4-CI2C6H3 0 

C(,H]Clr3,4 Cr,H4Mc-4 

222 

222 

222 
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Table 2. Continued 

�I "" "" � 

Alkene carX�und (��:uct (yield %) I Ref. I 
y i 

Nc-o""B�" '8j ( 13) 
dr 57:43 

225 
+ 

Ph CN � j (2.4 equiv) 

NC -o� "'" -
0 

(0.9) 
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Different stereoselectivity is obtained when benzaldehyde is the carbonyl 
compound (Scheme 55) [212]. The variable stereoselectivities observed may 
be due to the different excited states involved in the reaction. 

o MeCHO ( 1 .75 equiv) , 
hv, CH1Cl1, 10°,  7 h 

Scheme 53 

MoCHO 

A Ph� , 
hv, benzene, rt . 

Ph� 

Ph'" 

Scheme 54 

PhCI IO ',.... 0 -,-----,-----'----,-----, 1'( hv, benzene, rt .� 
Ph'" Ph 

Scheme 55 

(5-10%) 
dr 5 : 1  

(60%) 

(25%) 

Allylic alcohols gIve the corresponding oxetanes with high 
stereoselectivity as described above (see Scheme 33). Chiral benzoates and 
phenylglyoxylates yield the corresponding diastereoisomeric oxetanes with 
good selectivity (Scheme 56) [79]. Further studies shows that an ester can also 
participate in a Patemo-Buchi reaction. The observed stereoselectivity in the 
reaction of allylic alcohols with phenylglyoxylates has been explained by 
considering a confOlmational memory effect during the ISC process of the 
triplet biradical [154]. 
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doo� + I 
NC 6' 

hv (290 nm) • Ph-H"')-c, 
methylcyclohexane, 50°, 3 h 

Ph C6H4CN-4 

( 12%) dr 88.5: 1 1 .5 

Scheme 56 

PhCl lO [A' ] �
O 

-------. 0- -- I (43%) 
hv, CI I,Clo, 4 h Ph Ph 

Scheme 57 

�: + � �h'--
v-(->

-'-
40'--O-n-m-)-, -M-e-'C-N-,' V'n)" 

1 2h, O, o 
--o o 

Scheme 58 

(59%) 
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Alkynes react with carbonyl compounds in Patemo-Buchi reactions 
(Table 3). However, the resulting oxetenes are not stable, and give the 
corresponding ring-opened products (Scheme 57) [226]. Good results are 
obtained when the ring opening products rearrange to provide aromatic 
products (Scheme 58) [227]. 

The reaction can be perfOlmed also on allenes and other cumulated 
double bonds. The reported data on this type of compounds are collected in 
Table 4. In this case, often ring opening products or transposition products 
deriving from the original oxetanes are recovered. 

Reaction of Carbonyl Compounds with Enol Ethers and Enol Thioethers. 
All the the available data are collected in Tables 5 and 6. 2,3-Dihydrofinan is 
the most studied enol ether used in the Paterno-Buchi reaction. Thus, 2,3-
dihydrofuran reacts with acetone to give the corresponding adduct in 52% yield 
(Scheme 59) [69]. 

o o 
Me,eO (solv) • c\;-O H 

(52%) 
hv, rt 
Scheme 59 

The regiochemistry of the reaction can be explained considering the 
relative stability of the biradical intermediate. When 2,3-dihydrofinan reacts 
with aromatic aldehydes, endo selectivity is observed (cf. Scheme 18) [68,72]. 

If the enol ether bears an allylic alcohol group, good stereoselectivity 
is observed, governed by a hydroxyl directing effect (Scheme 60) [91]. 

HO 
h o 

Ph,CO (0.68 equiv) 
• 

hv, benzene, rt, 3--4 h 
HO H HO I I  �Ph + \--\-({ -Ph 

o 0 Ph AoJr1;, H H 
24:76 

Scheme 60 

(70%) 
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Table 3. Intermolecular reactions with electron-rich insaturated comoounds. B. Alkvnes 
Alkyne Carbonyl Product (Yields %) 

(0.025 equiv) 

W o 
(0.025 equiv) c¢o'" 0 I '" # # 

o 
(0.025 equiv) 

PhCHO 
(OA equiv) 

o ojl (-) 1 # I 
eHO 

o 

�( �HO �'" 0 I '" # # I CHO (40-90) 

Via � � 
via

dY 

� 

[" �l 
o 0 [ ] 
�+ Viat( 

Ph I 2:1

�

h 
0 

Ph 
(43) 

228 

228 

228 

226 
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Table 3 .  Continued 
Alkyne Product (Yields %) 

0 PhCHO �h (-) 
226 

(OA equiv) 

0 0 0 

c¢ �H 228 ".� � 0 
0 

(0.025 equiv) 0 

0 0 0 

1 ~ �H 228 [ . , � 0 0 
(0.025 equiv) 

0 
0 0 0 

� [,. 1 228 

* .& .& 
0 � 0 

(0.025 equiv) o (40-90) 
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Alkyne 

ilu -

Ph -

Ph -

Chapter Three 

Table 3. Continued 

PhCHO 
(0.5 equiv) 

~ 
o 

(0.25 equiv) 

o:!Y 
o 

(0.25 equiv) 

Product (Yields %) 

o JL .Ph + Ph'. 1 
I 011 

Oil Ph...l �Ph '" I 

(> 

I Ph�Ph 
III 

o 

+Ph�Ph 
IV Oil () 0 0 13\1 + � + �P' - �Ph Ph -P" I'll! Ph " "'<:::::: I'h 

V "1 \,11 
o 

Irradiation time (hI 1[')-",1 H['"ol lIW·{'l 1\-'[')-",1 \'[%1 \,1[')-",1 Vll['"01 
l.� 1.1 10 4. 
75 0.5 57 

o o 

(-) via �I I �  
Ph I CHO Ph � :o  

(-) aL° 1 I �  
Ph I CliO 

o 
via Ph � :o  

229 

228 

228 
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Alkyne 

Ph _ 

Ph 

Ph 

Scope and limitations 

Table 3. Continued 
Carbonyl 
compound 

� 

Product (Yields %) 

0 
"" "" 1 .0 1 .0 via 

II � '  Ph 1 
CHO (40·90) l Ph� '0 

� 

~ ..0 
1 

(-) I via 

Ph 0 0 0 I 0 

cq 
li 

~ (-) I via 

0 
(0.25 equiv) Ph 

() 

213 

228 

0 
U 228 

• I 228 
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Alkyne 

Ph 

_N � " 

� " 

o 

Chapter Three 

Table 3. Continued 

�o 

Vyh, 
o 

(0.5 equiv) 

�o 
Vy" o 
(0.5 equiv) 

Product (Yields %) 

o 
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Table 3. Continued 
Alkyne Product (Yields %) 

0 

ilu == I3u PhCHO 230 
(3 equiv) 

vt
BU ( 13) .6 Bu 

Btl == Bu PhCOMe �nu 230 
(1 equiv) (-) .6 Hu 
0 

� o¢t0 (�.l� r(- "" Y J 227 

1 .6 N, 
+ 

0 T Y T r � )l.. .... D 
(0.5 equiv) 

" II 
(38) 0 (31) 
�N I Y NA::, 

/\ Y + 

o o 
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Alkyne 

� , 

<�� ��!( 

Chapter Three 

Table 3. Continued 
Product (Yields %) 

�o 
VyN, 

o 
(0.5 equiv) 

+ 

0 

�( (33) 0 
N""'-::::::'N I h'  

}):O 
h' N, 
(30) 0 0 

N("1 -<oN 227 

,-o� # 

227 
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Alkyne 

Ph LC02H 
� 

Scope and limitations 

Table 3. Continued 

�o 
VyN, 

o 
(0.5 equiv) 

Product (Yields %) 

rYY()� [ CO,H Ph 

] HoN 6y vi, C<o=o 
(96) 0 

0 -

(61) 0 

o 

2 1 7  

152 

227 
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Alkyne 

� , � 

o Ph 

Chapter Three 

Table 3. Continued 

oX o 
(0.5 equiv) 

0 c<:( 
0 

(0.5 equiv) 

Product (Yields %) 

K'� I d 
_N ,�o� II 

0 
(30) 

N "1 I N� I N I N (">N Ph (J Y L 6$° M� I ,� v=' 
� 0 :::::::.... 0 .....-:-.... ..... D I ", N, I o . 0 0 (14) (60) 

227 

227 
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() Ph 

� � b = Ph 

Scope and limitations 

Table 3. Continued 

.n 

0 
C¢:0 1 -& N, 

0 
(0.5 equiv) 

(41) 

Product (Yields %) 
"�N I " , 

C
C¢t: .0 � 0 T I rrN......... ..-:::; N ......... 

o (47) 0 

"II ., 

cg
Ph 

'" () 1 -& N , 

0 

�:GC· W "" I 0 + "" I 0+ � /�o �  ..... .o 

(34) g� (6) " 
0 ,-, ,, "'N , 

via f 
Ph 

I , c .......... y 'V.O �N ......... 

0 
0 

219 

227 

227 
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Alkyne 

Ph Ph 

Ph Ph 

Ph Ph 

Ph Ph 

Chapter Three 

Table 3. Continued 
Product (Yields %) 

o OEt ¥ . (25) A CO�Et 
(COzEt)z 

Ph _ � (3 equiv) 

0 " [ , 0=0=0 

Ph 9' 0 'Y", ,., 0 " � (0.7 equiv) 

I I 
0=0=0 

(1 equiv) 

OCOOMe 
NC . ) (3 eqmv 

0 

0 

� 0 
Ph 

Ph�Ph (41 ) I via "-$ 
0 L 0 

o OMe 

� (86) Ph :? I Ph 0 eN 

231 

232 

232 

231 
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Alkyne 

Ph Ph 

Ph Ph 

Ph Ph 

Scope and limitations 

Table 3. Continued 
Carbonyl 

ound com r(Yco,Me 

MC02('� 
(3 equiv) 

� vy o 
(0.25 equiv) 

~ 
o 

(0.2 equiv) 

Product (Yields %) 

o OMe 

Ph�1 "" (64) 

Ph .0 
C02Mc 

o o 

(-) via 
Ph Ph 

o Ph 
$0 

I Ph + 1 a 
Ph 

(5) ° cQPh 1 COPh "" 1 1 .0  

� O&-Ph 

ViaGy 
° 

(25) 0 

221 

231 

228 

233 
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222 Chapter Three 

Table 3. Continued 
Alkyne Carbonyl Product (Yields %) 

Ph Ph 

Ph Ph 

� N 

0 

c¢o h h 0 
(0.25 equiv) 

0 
C¢:0 I A N, 

0 
(0.5 equiv) 

° [��l � '-I Ph Ph � 0 
Ph 

0 Ph 

0 r �  via 
Ph�:O Ph 

0 
(40 90) - Ph 

� _N� \/ 1 Y = 1  

� xr�'� 
�N, If 

0 
(59) 0 

228 

123 
228 

227 
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Alkyne 

�Ph 
� 

- - /; 
� 1. - � 1. N N 

Scope and limitations 

Table 3. Continued 
Product (Yields %) 

(1 equiv) 

Ph 3,5-'\1e2C()13 
3 ' 5_M" C"H'

I

�O + . Ph l�O (RR) 
ClYel ClYel 

�o 
Vyh, 

o 
(0.5 equiv) 

-:? 
"'-

(85) 0 

o 0 
10:1 

o 

223 

40 

227 
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224 

Alkyne 

f ) = ( j 

�Ph 

Chapter Three 

Table 3. Continued 

�o 
VyN, o 
(0.5 equiv) 

Product (Yields %) 

o (ROl L 0 
4-MeC6H4 3,5-}"fe2C�Hj 'V' o 3 5'M" C'H'

I

�O �M'C'H'

I

�O 

u�u u�u 

o 3:2 0 
Ph 2,4,6-Mc3C61 I: 

(82) 

2'4'6 M " C" H
'

I

�O + Phl��90) 
Cl�CI Cl�Cl 

clvel 

o o 
25:1 

0 

227 

40 

40 
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Alkyne 

� -~ � /; == Ph 

Scope and limitations 

Table 3. Continued 

�o 
CnN, o 
(0.5 equiv) 

225 

Product (Yields %) 

227 

(20) 0 
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226 

Alkyne 

~ 

~ 

~ 

Chapter Three 

Table 3. Continued 

(1 equiv) 

o 

ClVC1 

o 
(1 equiv) 

o 

C1VC1 

o 
(1 equiv) 

Product (Yields %) 

3,5-M�2C6H, 2,5-Mc2C6' 13 

" "'C4" ,f " "" '''7�'' 
Cl�Cl Cl�C1 

o 5A (90) 0 

3,S-Mc2C6113 
3,5-Mc2C6H, ...... �O 

CI 

4-MeC6H4 

2.3A-"';C"H'I�O 

CI�CI 

o 

o 

(92) 

CI 

2.3A-MeJCJI2 : M". 'H'I�O 
CI�CI 

o 

25:1 

40 

40 

40 

(90) 
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Alkyne 

�

Ph 

Scope and limitations 

Table 3. Continued 

( 1 equiv) 

o 

ClVC1 

o 
(1 equiv) 

o 

ClVC1 

o 
(1 equiv) 

Product (Yields %) 

3.5-Me2C(,H, 2.3.4-Me3C6H2 
2'3'4'M'lC"H'I

�
() 3'5

+

M'2C" I I;I�O(
8
0
) 

Cl

�

Cl Cl

�

Cl 
o 1 5 : 1 

() 

J.5-Mc2C(,H, 2,4,6-Me3C6H2 
2'4'6 M'lC6H'I

�
O 3'�'M" CJ13

1
�O 

Cl

�

CI Cl

�

C1 o 0 
25:1 

(85) 

Ph 2,3,4,5.6-Mc5C6 
2'3'4'5'6'M" C"I

�
O 

+ 

P
h

l

�
O 

(RS) 
Cl

�

Cl Cl

�

Cl 
o 25:1 0 

227 

40 

40 

40 
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228 Chapter Three 

Table 4. Intermolecular reaction with electron-rich unsaturated compounds. C. Allenes and other 
cummulated double-bonds. 

Substrate Carbonyl compound Product (Yields %) Ref. <::::-

. 

<::::-

<::::-

. 

<::::-

�

.

<::::-

�
.<::::-

�.<::::-

°0° 
(0.3 equiv) 

PhzCO 
(0.05 equiv) 

EtCHO 
(0.25 equiv) 

i-PrCHO 
(0.25 equiv) 

i-PrCHzCHO 
(0.25 equiv) 

HO� (_) o 
-tft' 
o Ph 

Ph Ph 

Ph 

(1 5-28) 

t ElO, (0' �_ , O�9) 
2:1 

i-P�' 
. 

i_l"� 
o 

(54) -
� 

1 : 1  

'1�:.�" 

234 

235 
236 
237 
238 

239 

239 

239 
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Scope and limitations 229 

Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. �

.

"", 

�
."", 

�
."", 

�

.

"", 

�

.

"", 

t-BuCHO 
(0.25 equiv) 

0=0=0 

030 
(0.3 equiv) 
() 

* o 
(0.67 equiv) 

o¢ 
o 

(0.3 equiv) 

t-nur? t n ur? coo 1'+ �) 
1 : 1  

1I0-Q::±:- (J5) 
o 

l lO� � � (18) 

o 

o :Qt- (87) 

o 

� U( , 
(35) 

OH 

239 

234 

234 

240 

234 
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230 Chapter Three 

Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. (, �

.

"", 

ctu 
�

.

"", Phleo 

�

.

"", Phleo 

QS) <;?<" (48) 

o 
Ph Ph 

Ph�
+

Pl� + 

�Ph $-Ph (_) 
Ph 0 : 0 

o Ph 0 
Ph Ph Ph �b-

if 
(-) + (-) + 

Ph Ph 
Ph Ph #
h 

Ph 0 *
h 

Ph 
() 

o (42) + 0 (20) 

Ph Ph 

Ph Ph 

238 

237 

238 
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Table 40 Continued 
'"� •• " c"'.",, rom,.�' �,��%� "d. 

� =Bt(-J 
),,0] 

MeleO 236 
237 
238 

),,0] 

),,0] 

),,0] 

0=0=0 

(028 quiv) 

C1�C1 

Cl�Cl 

o 
(0.3 equiv) 

PheRO 

o () 
+ 

o () 

~ "" I A 
(45-7R) OH 

via 

o 

� CI I "" (27) 

CI .0 C1 

OH 

-!f-i7 H 
( 5 1 )  

Ph 

234 
241 

234 

237 
238 
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232 Chapter Three 

Table 4. Continued 
Substrate carboonYI compound ::�Od:ct;,',(yieids 0/:8) Ref. 

o 0 - 0 
(0.3 equiv) 

)".] 
234 

)".] 

)".] 

)".] 

PhCOMe 

o¢ 
o 

(0.38 equiv) o 

cPo 

�,� (25) (38) Ph 

*) ,y I "" (40) '" h 011 
:0 ~ o 

(-) 

237 
238 

241 

237 
238 
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Scope and limitations 233 

Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

)".] 

)".] 

)".] 

)".] 

PhzCO 

(Y0� � o 

PhzCS (0.68 equiv) 

(Y0� � 
S (0.63 equiv) 

Ph Ph 
I'I�Ph 0 1'1*0 I'h+ii 

- + 

� 0 0 Ph Ph (51) (22) 
(12) 

Ph Ph 

:0 (60) 
Ph r±J 

+ 

Ph Y 

T)-
PI)'S[ (64) (36) 
+ 

s 
(26) (42) 

236 
237 
238 

237 
238 

106c 

106c 
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234 Chapter Three 

Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

4-MeOC6H4 4-MeOCJ-I4 'Y I (4·M,OCJL),CS 4-M'OC6H'� I 106c A.y (0.52 ,quiv) � + 4-M,OC6H.("S "'-

(25) (68) =O)tl 
o _ _N)( (25) 

NC 

A

·�NXCN 
0==0=0 

242 

(1 .5  h) 

A

·�NXCN 

+CN 
242 

0==0=0 

� 
() () (9) 

-(7 h) 

A

·�NXCN 
"O� '" 

242 
0==0=0 

0 (20 h) 

A

·�NXCN 

" H 
243 NCMc2C'

-
+t

-
Ph (50) 244 

PhCHO 
( 1  equiv) 
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Scope and limitations 235 

Table 4. Continued 
Substrate Carbonyl compound Product 

,
(Yields %) Ref. 

N d 
�

·"'"NXCN 

4·C1CoILCHO 
(1 equiv) 

�
·"'"NXCN 

PhCOMe 
(1 equiv) 

�
·" X 

4-MeOC6�CHO 
(1 equiv) 

-"'::N CN 

�
·" x N° 

Ph 
-"'::N CN (1 equiv) () 

�
·"'"NXCN :¢: 

0 
CHO 

�
·"'"NXCN c6 o 0 

(1 equiv) 

NCMe2C'
+t

-C61 14CI-4 (60) 

--J=i-Ph + NCMC2C'�Ph 

NCM C h 0 0 , e2 -:; 

N H 
NCM'2C'+t-C6H40M'-4 

0 

No reaction 

o _N (ll) � - )< 
No reaction 

(34) 

243 

243 
(43) 244 

243 

243 

240 

243 
244 
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236 Chapter Three 

Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

I I � � No reaction 243 
ccrCOMe 

�." '\./ "" "" 
""" N ....x....CN 

�
·

"'»

>«

CN 

�
·"'>

N

X

CN 

�." , Ph "N 

�." ,Ph " N 

�." ,Ph " N 

(1 equiv) 
o 

eta 
(1 equiv) 

PhzCO 
(1 equiv) 

MeleO 

000 

000 

( � 

-&:: (SO) 

" 0 -
NCMe2C_N Ph N Ph 
*1'h _ N C\1C2C ..... +t-Ph (95) " 0 0 "l"CMl:2C_!\ 

-tt:) \-1'h (4 1 )  

o _N, 
(
5) 

=C!X=) 
- Ph 

Ph 

==<'xi,>= o '=I �  0 ( 1 0) 

243 
244 

243 
244 

245 

242 

242 
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Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

�." ,Ph "N 

�." ,Ph " N 

�." ,Ph "N 

�." Ph "N

' 

:« O�\ "" 
o 

(1 equiv) o 
au 

(1 equiv) 

PhzCO 
(1 equiv) 

(Y0� � 
S 

(0.8 equiv) 

N 
Ph/" � 

Ph-N it-" 0 *l'h + Ph, " 
0 

Ph 

Ph N Ph 
(22) (27) �o N_ 0 
p,( S "'-0 ( I  

240 

246 

247 

248 
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238 Chapter Three 

Table 4. Continued 

�." ,Ph "N 

Substrate caCQO�b::YI �o�p:und pr�Oduct �i:ldS %) Ref. 

h h 
N_ S 

s pl s _ 
(0.8 ,quiv) 

� ,9 

248 
(-) 

�'�N'Ph 

�." ,C6II" "N 

�." ,C6II I I  "N 

�." ,CoH" "N 

(Yl(1 � 
S 

(0.8 equiv) 

MeleO 

o 

eta 
(1 equiv) 

PhzCO 
(1 equiv) 

( ) 

-R + lL Jl ",C"II" � ....- X ..... n �-C6HI I  (29) (2R) /tyN C"H" " � � Ii 

\ �  

(74) 

--ff-". C�Hl l  '\::: 0 (50) 
I'h 

Ph 

248 

245 

246 

247 
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Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. �
.� 

o 

I 
(-' -I I . Mc-4 �o� .... 6 4 "N 

Et 
A. � Ph ":::::-N El 

Et 
PhA·">N�Et 

Ph 

PhAo..:::::-N/ 

MelCO 

°0° 
(1 equiv) 

o 

au 
(1 equiv) 

PhlCO 
(1 equiv) 

(Y0'nl � S 
(0.8 equiv) 

-$- ,m, 

4-MeC(jH4 

=(\/'>= o "=I i<-- 0 

Fty N� I Et� 
l :tyl\�7 Ph Et-tt-

Ph Ph 
o 

I N, 

(10) 

(40) 

249 

242 

246 

247 

248 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



240 Chapter Three 

Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

Ph r' r' I II ""I II ""I 248 
I '" "" 

6)YClIO �s� 

Ph�'� /" I �N � ..,; ..,; P�h S (80-90) 
(0.8 ,quiv) I 

Ph 

PhA·
�N / 

Et 

PhA''''
N

' Ph 

Ph 

PhA·�N� I-:t 

� � 
S 

(0.8 equiv) 

o 

eta 
(1 equiv) 

0=0=0 

(1 equiv) 

N, 

Et --l----I--""" 
(30) 

r'x0,>= o "=I_'!<D�N (5) 

PH PhFt>--

248 

246 

242 
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Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

Ph 
duO Ety�. 0 

. 246 

PhA.
" -l 7' "  1/ � ph 
-..;: N I-:t \ I 

� --- - /� (64) 
(1 equiv) 

Ph 

I'hA." -l 
PhzCO 
(1 equiv) 

-";:N Et 

Ph 
0==0=0 

PhA.� .... Ph N (1 equiv) 
Ph 0 

PhA·�N'
Ph 

Cl4Cl 

0 
(l equiv) 

EtyN +t- (32) 
Ph Ph 
Ph Ph 

o _N 

=QsC 
, - Ph 

Pn Ph 

CI 

o _N ~ , - Ph 
CI Ph Ph 

(47) 

(9) 

247 

242 

242 
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242 Chapter Three 

Table 4. Continued 
Product (Yields %) Carbonyl compound 

N
,Ph 

Ph Ph 

Substrate 
0 :$:1 Ph �Ph 

Ph yY . Ph O 

,�>,-," � ': I - I 
Ph 

hA.� , Ph P " N 

o 0 0 (0.8 'quiv) 

(4) 
o 

cPo 
(1 equiv) 

(43) 
N 

Ph ...... � 

Ph ---l--------I-- (50) 

Ph o _ _� ,  (23-35) 
C6H4Mc-4 

1 (' -H. Me-4 �.:.--... "' -f> 4 Ph 
""" N 

0==0=0 =Q;c Ph Ph 
(1 equiv) 

Ph 

1 C H Mc-4 h�·:'--"' / 6 4  P 
""" N ¢o o 

(1 equiv) 
�� o o _N (48) - 'c�(iH4Me-4 

Pli Ph 

Ref. 

240 

246 

242 

242 
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Table 4. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

Ph 

I .  C -H4Me-4 Ph��N"- h 

Ph 

A C �Me.4 Ph ·�N"- h 

Ph 

I .  C IL,Me-4 Ph��N"- h 

Ph 
A C H Mer3,5 Ph ·�N"- -6 3 

cr;o 
� ,0 

S 
(0.8 equiv) 

NS'rl � S 
(0.8 equiv) 

(Y"rIl � S 
(0.8 equiv) 

N°'rl � S 
(0.8 equiv) 

Ph 
Ph" 

I (80-90) 
N, 

C6114Mc-4 

S 

I 
N, 

C6H4Me-4 

(80-90) I -:\" ...... C6lit11e-4 o 

s (-) I 
N, 

CJ!JMcr3,5 

248 

248 

248 

248 
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244 Chapter Three 

Table 5. IntemlOlecular reactio with electron-rich unsaturated comoounds. D. Enol ethers. 
Substrate I Carbonvl comoound I Product 

(> o 

MeCOCOMe 
(1 equiv) 

(> o 

PhCN 
(1 equiv) 

o o 

MeCHO 

o o 

EtCHO 

o o 

MeleO 

(,)+0 
H=I1 

0 

Meoc-t-+) + MeOC" "  «( (60) = II II II 
�OtO

> 1 .2: 1 .0 : 1 . 1 ;An � n 
H 

[ Via p)=CJ] 
N ""\  I .0 

Ph� (20) 

o 0 

r::Pr 
+ 
CX

H 

4:3 (63 76) r-r-9 /'"'1\) '\O�E + \O.J----J·,� t Et 

82: ) 8  (-) 

eX-
(52) 

39 

250 

6& 
69 
72 

251 

69 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

O EtCDO /"'r-9 .' + /"'r-. 9 0 251 
\ \�Et \)....i-+o o 5 � 

R9, 1 1  (-) (':rello H 
68g 0 I '" dJ··"o 

(80) ..< 
0 N o 

H 1 dr 8:2: 1 8  .& 
(':rCHO H 

68g dJ·",o 0 (76) N o H 1 dr 96:4 0 (Na
Y) 

.& 
H H 

d I:> 
250 0 PhCN 

(20) (1 equiv) 
0 

CNH 
H H ffi 68a 0 PhCRO 

m
Ph o �h

H 6& 
6& 0 o 

11 TT H 
I U8 (98) 
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246 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o o 

PhCHO 
(0.1 equiv) 

0 PhCHO 
(0.3 equiv) 

0 

0 PhCHO 
(Na
Y) 

0 

0 PhCHO 
(NaY, (-)-ephedrine) 

0 

0 4-C1C,ILCHO 

0 

H H 
Ph dJ' � Sol"o( I II " + 0 "

Ph henzene 29 o 
H 0 H 1 1 1  

dr7.3: l dr 5.7:1 
(-) 

H 

McCN 4.8 
ethanol 1 (}O () 

w.H (50
) 
de &&012 

o TT Ph 
H 

dJ"'Ph o j[ 
H 

C\5""Ph o H 
H 

as -" I 
o C6H4Cl-4 
H 

(74) 
dr 95:5 

( ) 
dr 98:2 

(45) 
dt" 98:2 

6&1 
68f 

68b 
6& 

68g 

68g 

68g 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o o 

o o 

o o 

o o 

o o 

4-CICJI,CHO 
(Na
Y) 

2-MeC6�CHO 
(0.08 equiv) 

4-MeOC6�CHO 

4-MeOC6�CHO 
(Na
Y) 

'¢r 
(0.03 equiv) 

I I  

r-\-(, 
(.oK'·" PhCl-4 

H 
(36) 
dr 95:5 

II at

II 
() 

o H b6H4Me-2 dr 94:6 
(94) 

H 

dJ" " C6IJqOMC-4 
1 1  

,+(\ 
(76) 
dr 85:15 

(75) 
(n�-.l·" fC6H40MC-4 dr 88: 12 o II 

H d\l 
H (97) 

o D---< de 98:2 

� 

68g 

68b 

68g 

68g 

68b 
72 
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248 Chapter Three 
Table 5. Continued 

Substrate Carbonyl compound Product (Yields %) Ref. 

o o 

o o 

o o 

o o 

o o 

� � 
�

CHO 

VV 

PhzCO 

PhzCO 
(Na
Y) 

PhzCO 
(NaY. (·)·ephedrine) 

d\

H _ (55) dr98:2 

O H

tp 

H ffi

H (SJ)dr98:2 

O H
� 

'=U o cn--Ph o Ph 
11""(\_ l.....�)--I Ph 

o Ph 
mPh 

o Ph 

(-) 

(65) 

(62) 
cr 55.5:44.5 

72 

72 

252 

68g 

68g 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o o 

-�o-'OM, 

Ol\.le 

t_RUl!:O r-+'\_H I h (.o�kQ 
1-8u H f � 

I-Bll 

(2g) 

(0.016 equiv) 

PhzCO 
(0.31 equiv) 

(4-MeCdL)zCO 
(0.31 equiv) 

t-l1u 
Ph 0 [ Ph 1 
� Ph 0 

PhA-AoM' vI, j:z . T OMe 

( 1 5 )  

Cfrh C02\fe 
+ "" b 

� § (lJ) 

4-\1eC�('H4 0 

::::,... OMe 4-MeC6114 
S
) 

(1. 
[ C,H,",-4 ] 
4-M�C61 14*? 

via 00Me 
C02Mc 4 MM + y (25) 

68b 

253 

253 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

MeO�· � 

�. MeO � 

f0D 
�D 
�OEl 

PhzCS 
(0.25 equiv) 

(",(011'1 � 
S 

(0.5 equiv) 

EtCHO 

EteDO 

EtCHO 

"" S 
�)MC OCLPh 

S Ph + 1 .& "" OM, Ph ( ) (-) 
OMe 
� � 

Ii 
° 

(34) W +CP., J5 r-t J5 Et 93:7 (-) 0=1 El+ 0=1 D 
J5 J5 is El 

90:10 (-) 11 H 
Et-q + Elj=J) 

OEl EtO 
19:81 
(49-85) 

254 

254 

255 

255 

256 
257 
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Table 5. Continued 

9"'OEt MezCO 

Substrate Carbonyl compound �t �ie�� Ref. 

OEt EtO 

256 
258 

9"'OEt 

9"'OEt 

9"'OEt 

9"'OEt 

9"'OEt 

MezCO 
(ultrasOlmd) 

AcOCHzCOCHzOAc 

MeCOCOMe 
(1 equiv) (f0 

PhCHO 

30,70 (60·70
) 

----'0 �OF \ (-) 

AcOCHz OEt 
AcOH,C--l--! (48) /,-.J 

ELO � (60) 

COMe � +C1 
H 

Ph� + 
O�) 

OEt no 
30,70 (50) II 
P
hP 

EtO 

30,70 
(85) 

259 

260 

105d 
146 

256 

256 
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252 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound I Product (Yields %) Ref. 

9"'OEt 

9"'OEt 

9"'OEt 

9"'OEt 

�- d:.i:!C () �� � 

�) )Cu=o 
(0.04 equiv) 

PhzCO 

PhzCO 

(8) 0 (7) ° 

+ 

c9""O OC:t 

.0 N 
\ 

(9) 0 ;»:0 OEt 

I 0 (40) .0 
Ph 

Ph� (_) 

OEt Ph Ph 
Ph-q Ph-P) o ·  . 

_ �".):7) 
(99) ORt DO 

261 

151 

262 

256 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

\1eo� 
[ 10 h o 

() o 

OMe 

Meo� 
OMe 

Meo� 

PhCN 
(0.1 equiv) 

PhzCO 
(0.68 equiv) 

AcOCHzCOCHzOAc 

PhCN 
(0.16 equiv) 

� 
(2 equiv) 

cH-CN 
OMc 

'" 
tjH H <;?TIn 

(43) 

m: � 
0 

m- 0 Solvent temp 1111 
. Ph - _ Ph Toluene 53:47 (78) 

o =. 0 !vlethanol 96:4 (40) II Ph H Ph " toluene -flO 86:14 (0) 
AcOCH2 0 ACOHoCi=( ) (25) o 0 
( OMe Ph� 
OMc 

(28) 

0 0 0 OMc QOMe 

I + ¢9:�)MC + Cq�MC 
(-) 

147 

91 

260 

147 

263 
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254 Chapter Three 

Table 5. Continued 
Substrate CarbonYI�ompOund (0:�' pro:uct (Yields %) 0 Ref. 

M 

H I I  I:l I OM:A�M' +��M' OM, 

M'O� 
263 

OM, 

M'O� 

Meo� 
OMe 

MeO� 
OMc 

�O�Cl 

(2 equiv) 

cy 
o 

(0.05 equiv) 

MeCOCOMe 
(1 equiv) 

PhCOzMe 

PhCOCOzEt 

Solvent 
n-hexane (42) 
benzene ( 1 3 )  

I OM, 0:;0-0 0\1, 

o 

OMe �o . OM, + I 0 Oyk o 
O\{C 

o 

-K' OMc 
0 .

y
M' McOC .', + Meoc-P ... '

OMe 'OMc 
2,1 (-) 
OMc -Pl ..• , 

(J7) Ph ", "OMc MeO 

?i EtOP"'�
O�Cl (64) Ph 

178 (-) 

264 

170 

142 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

Ac 
I (X o 

Ac 
I (X o 

Ac 
I (X o 

---f) o 

--Q 

MelCO 

PhCOMe 

PhlCO 

Ph 

MelCO 

PhCHO 

--p:;>< ,�� 
(8.5) Ac 

OH (36) 

Ph�� (2 1 ) 

�.
"'
OX 

· " N 
Ph \ Ac 
( 10) 

H 

Oil Ac 
+ �

�
X 

Ph . 
+ 

" '0 

� � 
o W (30) 

A°\--Ph "o,,\� 
�H O 

+ 
0 �h 

35:65 

;1:�,o �N'AC 
Ph 

o 

OH (25) 

I I  
(68) 

265 

265 

265 

69 

6& 
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256 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o o 

o �

O
EI 

�

O
EI 

rOMe 
Et 

PhCHO 
(0.17 equiv) 

PhCOCOzEt 

MeCOCOMe 

MeCOCOzMe 
(1 equiv) 

Meleo 

r+'? r+<,> 
�

o

�

;: 

�

O

�

�
Ph 

1 0;90 9---fl (70) 
Et02CI " ·�O.) 

Ph 

(45) 

OEt 0 --h � 
��Y'-

+ 
Meocl

(

�

6

: --t�
c 

Et 

-H""H 
'' ' 'H 
OMe 

If' OEI cl=oEl 
o C02Mc 

+ 

0 C02Mc 
(54) (4.6) 

(21) 

Et OMe OMe 
+
--H''''H +--H" "H +--H""H 

'' ' 'OMe ""H "" Et 
H Et H 

(ea 1 00) 

68a 
6& 

142 

l05d 

114b 

29 
l05k 
266 
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Table 5. Continued 
Substrate Carbonyl compound *�Od*uct (yi���S-tt%) Ref. 

o 0 0 + -
OMe 

Y
OMC MelCO 267 

1 10 

J:) 

ex ° 

° 

ex 

PhlCO 
(0.68 equiv) 

MeCOCOMe 

o )lo PhOC � 
I-Pr 
(0.9 equiv) 

(37) 9HH ---<=R-Ph ' 
H Ph 

1 :  I (29) QH H 
---Q+Ph H Ph II 

Solvent Temp 1111 
Benzene 24:76 (70) 
Toluene 24:76 (57) 
Toluene 56 5)\:42 (0) 
Methanol 87:13 (55) 
I I H �,oc 11�>( + Mco""H=:X 

1:2 ()5) 

() .� ottO (99) d, > 78,22 )< " I IP1, i-Pr 
° 0 

91 

39 

80 
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258 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o 

eX 

TBSO 

1:;) 
Meot> 

Phoc

J

oJ �, 
(0.86 equiv) 

PhzCO 
(0.68 equiv) 

PheN 
(1 equiv) 

:do 0 

X

O ' '' IPh r-;:-Ph 

° ° 
(99) dr> 98:2 

TBS9 H 108SO 
= I I  

---!I-? ---Q+l'h 'O-t-t-l'h + 
H Ph (45) H Ph bMCO [ OMC ] N
'" v;a J:',h 

Ph � }-l-J 
(40-45) 

Pn 

80 

91 

39b 

�O� MeleO � + P 256 

08u BuO 
25:75 (60) 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

-:?'o� 

�O
l 

Et 
EtoJ 

('
O� 

('
o� 

� O 

A 

�;= 
_",'-JBu 08=0 

(95) 

\ 
Ac 

(0.1 equiv) 

I 0 .& N \ A, 
MeleO 

�J- +--C:P 

MeleO 

MeleO 

(f0 

25:75 (46) 

Et OEt OEt Et �Et
+
Et0t
r= 

o 0 OPr -f( 

-f( 
+ or, 

43:57 (-) 

�" cJ( o 0 
+ 

OPr 

3:2 

(>60) 

44:56 
(-) 

52 

256 

258 

267 

267 
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260 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o MeCOCOMe 0 0 0 0 

-ti 

H 
foX McOC � 

H 
0>\ + Meoc", F}oX + 

""Oy 

OEt 

LilOy 

OEt 

Et0y 

OEt 

a

O 

PhCHO 

PhCOzMe 
(0.13 equiv) 

�O 

I � 
�

O 
II 

/ 'oVL�
I1 
+ �) IV 

1 : 1 1 : 11I :IV=21 : 19:25:36 

~ 
OEt 

Ph+9 
DO
T 
OEt 

Ph -t=t-Olil 
MeO OEt 

(24) 

(39.5) 

(29) 

39 

(70) 

256 

256 

170 
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Table 5. Continued 

EtOy 
OEt 

Substrate Carbonyl compound �product (Yields %) Ref. 

OEt MeO . 
I'h OEt 

o 

78b PhCOCOzMe 
(0.13 equiv) 

IIU L I Co 
I Meo,,-

. 

X "'-:.. 
I 2 ()�Et 

If 'Ph 

Et0y 
OEt 

EtOy 
OEt 

PhCOCOzt-Bu 
(0.13 equiv) 

" )l PhOC 0
l 

i-Pr� 
(0.13 equiv) 

(59) 

(C1-I-BUOY�h b OFt 

o 
Ph OEt 

(44) 

" ( 15) [ 
Elll OEt] 

vi, M'
O� 

" 
HQ. CH2C02El 

t-DuO,,- X If ' P h 
o 

(3\)  [ 
EtO 

OEt ,, ""'?- • �Et 0 �O 

EtO . 0 
EtO " " P�10 

I 0 " /P� o EtO 
i-Pr 

i-Pr 

(40-481 

dr 50:50 

("-24) 

dr 55.5:44.5 

78b 

7Sa 

78b 
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262 Chapter Three 

Table 5. Continued 
Substrate Carbogyl compound Product (Yields %) 

0 
� Ref. ElO� . II � OEt 0 7Sa OEt ,.r. EtO 

? Et , J... O� 010 
0 
,�, r PhOC�� EtO . 0 if i-;r EtO/JL'��h i-P 

ctoy OEt o PhOc:)l� i-Pr 
(0.13 equiv) 

Temp 
70 

--45 

30 

-14 

15 

24 

35 

3 7  

65 

Ph 
(46) (20) 
dr 69.5:30.5 m 606 

(61) 

(51) 

(40) 

(44) 

(]g) 
(40) 

(47) 

(50) 

(34) 

(34) 

Ph" 0 
o� ? ETJ'�o + Hy=0 (26l 

EtO (41)  . 
El02CH2 Ph 

IT 
" de 

[ O �l Ph" (2l) 68:31 

ViO

E"

�> (20) 68.5 :3 1 .5 

( 1 6) 7 1 .5:28.5 

(2) 70:30 

(21 ) 69:31 

(25) 69.5:30.5 

(30) 71.5:28.5 

(29) 69:31 

(25) 67.5:32.5 

(25) 67:5:32.5 

78b 
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Tabl
e 

5. Continued 

'"�.,. C�""�'J;" ,�. "  ho�t:?Ji� :'
0 

"( R
e

f. 
If ' EtO ' o/P /P o 0 + 0 (0.13 equiv) btO EtO OEt (18-20) 

EtOy 
OEt 

7Sa 
78b 

Et0y 
OEt 

Et0y 
OFt 

EtOy 
OEt 

"( /0, qJ0i COCOPh 
t-flu 

(0.13 equiv) 

° 

PhOC)lO� 
Phf"' 
(0.13 equiv) 

� j), q--:T0i COCOPh 

Ph 

(38-50) 
dr 54.5:45.5 dr 50:50 � Yl-h O o �

" .  on o 
EtO �-�u (36.5-59) 
dr 98:2 

� Ph,,J'+' � OF' 0; 0 '
. 

(16-18) t-Hu dr >98:2 

� � YEt 

� 

EtO 
EtO : O + : 0  

0 ::  0 :: 
Ph Ph EtO Ph Ph 

(56-79) (18-22) 
dr 95.5:4.5 dr !lS:12 

No reaction 

7Sa 
78b 

7Sa 
78b 

7Sa 
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264 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

EtOy 
OEt 

JyOMe 

OMe 

JyOMC 

OMe JyOMe 

OMc 

OEt FmJ 

PhzCO 

PhCN 
(0.18 equiv) 

PhCOzMe 
(0.25 equiv) 

PhCOzMe 

MeleO 

Ph+ t,l 
HOT (52,t ) 

OEt 
OMe 

N�OMe (45) 
PhAy 
+F Ph OMc 
MeO OMc 

OMe 
#Me 

Ph 

MeO 

(40) 

(65) 

Et
°bfEt 

OEt OEt 

+ 
Et0it= (>60) 

0 0 
3:2 

256 

147 
173 

170 

148 

258 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

d)m PhCHO 
(1.4 equiv, flux) 

1 1 

QAc MeleO 
AcO 

:: 
yy

CIT20AC 

�6 

o;p
H fAc H ?Ac 0 0 . 

o , o
l
ph� 

,; H H 0 I I Ph 
1 :2 (93) 

��: ;\CC')b)(" ):%: + 
Ac

6

�)S 
(27-33) (43) 

268 

269 
270 
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266 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

OAo 
QAr.: MeleO 271 

ACOUCH,OAO 

"" ° b -Q "O AcOI '" " ."'/- + AcO ""I� "0  
272 

AcO AcO I II 
Acetone (ml) Isopropanol (ml) I 

10.000 0.000 (14) 
10.000 0.008 (96) 
10.000 0.038 (97) 
9.500 0.500 (99) 
9.000 1.000 (83) 

8.000 2.000 (67) 
6.500 3.500 (64) 
5.000 5.000 (0) 
3.500 6500 (0) 
2.000 8.000 (0) 
1.000 9.000 (0) 
0.500 9.500 (0) 
0.037 10.000 (0) 
0.007 10.000 (0) 
0.000 10.000 (0) 

II 
(0) 

(0) 

(0) 
tmc, 
tmc, 
(14) 

(32) 

(70) 

(77) 

(99) 

(100) 

(92) 
(99) 

(99) 

(43) 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

,� 5� OAc 
QAr.: MeleO 271 

ACOUCH,OAC b OIl 
",0"" ""'� '" "" ° 

AcO " " 0 AcO 
" 

Solvent " 
methanol (62) (24) 
ethanol (0) (90) 
propanol (0) (98) 
isopropanol (0) (98) 
isobutunoi (0) (50) 
t-butlmol (98) (0) 
hCXlUlOl (0) (4) 

cyclopent.'lnol (0) (15) 
cyclohexanol (0) (23) 
petroleum ether (10) (70) 
THF (0) (6<5) 
tetrahydropyran (0) (28) 
1 A-dioxane ( I ) (16) 
lU:cLonitrik (77) (0) 
lU:cLir.: llcid ( 1 00) (0) 
OM] (3) (20) 
ethyl acetate (2) (18) 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

OAc 
QAr.: MeleO 271 

ACOUCH,OAC 

"" ° � AcO' "'1-
AcO " '0 

+ 
-p Oil 

AcO ""� 
AcO 

I I 

acdone (ml) elhanoi (m1) I O h [[ 25 h IT 
10.00 0.000 (7) (0) (16) (0) 

10.00 0.006 (52) (0) (X I )  (0) 
lO.O() 0.029 (59) (0) (g6) (0) 

9.9()() 0.120 (47) (1 ) (66) trace 
9.00n 1 .000 (1 1 )  ( 1 )  (60) trace 
5.000 5.000 ( l�) (3) (37) ('J) 
�,()()() !U}OO (5) (19) (13) (561 

I ,OO() 9.000 (0) (22) (0) (60) 

0.150 9.900 (0) (8) (0) (27) 

0,037 10.00 (0) (2) (0) ( I l l  

(),()()7 10.00 (0) (0) (0) (0) 

MeO 
MOOD PhCN 

[ "

M
o 1 250 

b via )i) Ph � Ph 
(40-45) 
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Table 5. Continued 

MeoD 

Substrate Carbonyl compound prOvd:� (Yields %) Ref. 

(
46) 

Ph � 
PhCN 

(0.19 equiv) 
147 

y
o� EtCHO 

y
o� MelCO 

y
o� 

(f0 

y
o� PhlCO 

MeO ?-(oPc

+ 
o--!.-

u/l }--\ 
Et UPl 

60:40 
(
-
) 

° ° 0 o 01', -tl: 
--H--(37� --H--

+ 
OPr 

U (29) 

° ° 
OPr cJt dt- + Ol'r 

64:46 
(
-) y-(opr O--!.-

I'h-i-t- + Ph�
n' Ph OPr 

80:20 ( 
) 

273 

267 
273 

273 

273 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

)c:x 
MeCOCOMe 

on 

rOEt 
MeleO 

OEt 

ron 
PhzCO 

I I  �0f-
/(o/::O 

I I  
6 
(0.1 equiv) 

�O Jx1. 0,/ 
/ 'O�oX - 01'--.. 

011 

7:3 (65) 

9+0Et 
+ 9-( 1\ 
!t

0Et 
OEt 

45:53 (-) 9+0E, <,1--( 
Ph--t-\ + 

Ph-t+OEt 

Ph Ph OEt 

45:55 (-) Cf:fj;0 ]:! H � 0'1--. . 0 " 0 : [ ] I I  I I  

(50) 

39 

273 

273 

274 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

Fl�OEt 
Et 

Et�on 
Et 

y
o� 

ACO� 
013n 

MezCO 

cr
o 

MezCO 

AcOCHzCOCHzOAc 
(0.5 equiv) 

+f
o 

+f
oMe 

�
Et 
Et 

+ + Et Et 
Et Et OMe 

(31 .5) (37) nEt rlfEt 
U�t Et

+
l)0EL 

85:15 
( 
) 

ll-(oB: 9-+
II -t-'ORU 

70:30 
(

-) 
CII20Ac CH20Ac 

AcO H: C ---t--=-r-O A c 
+ 
AcO H �C ---t--=-r-0 13n �l--( 6--( OUn OAc (37) (20) 

267 

273 

273 

260 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

AcO�OBn AcOCHzCOCHzOAc 
(0.5 equiv) 

CILOAc CH20Ac 
ACOH2C--t---=.-

. 
- OAc ACOH2c--t---=.- (

.

JRn (I)� + 6� (37) OBn (20) ()Ac 

260 

Y-Q O
�

O
y

o 
PhCHO Y-o Y-o 81 

ROMe MeO 

==<Ph MeCOCOMe 

o 
;.pr-j.) i-Pr 0 MeCOCOzEt 

O�' () 
() 

O�' 
() 0 

MeO OMc MeO OMe 
() + 0 Ph Ph (60) (25) 

===C�) + Cb . rf.�, K "il J)--(27) 0 0 (36) () (21) 

---f. CO,,:' 
iop,-jJ __ b"C02:t ;OPc-j-s3�"

: 

i-Pr 0 i-Pr 0 
&0,20 (-) 

ll4d 

275 
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Table 50 Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

o 
i Pr-j) i-Pr 0 

o i Pr-j) i-Pr 0 

EtO-O EtO 
EtO-O o FlO 
1:(0-0 r.tO 

I-BuCOCOzMe 

1-BuCOCOzEt 

PhCHO 

PhCHzCHzCHO 

C6H13CHO 

T n  .. . .. � CO�.\1e 

o�" 'COzMe o�" II;-Bli i-l'r--1 ,,)-'0 + i-Pr--1 ,,)-0 
i_P/'O i_P/ ........ O 

>98:2 (-) I-Bu COzEt O-,--{" 'CO,Et O-,--{"",oBU 
i-pr-j�)-'o + i-pr-j�)-'o 

i-Pr 0 i-Pr 0 
>982 (-) 

no�cy 1-t<»)C� • 0 - 0 
+ HO '�Ph HO Ph (57) (R) Et02Cy ELO,C�? 

HO ''\:HzC;HzPh HOnCH-,CH-,Ph 
(38) (5) Et02Cy 

.. , 
Et�2C� 

HO C6H13 HO « 5) CJI13 (31) 

275 

275 

276 

276 

276 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



274 Chapter Three 

Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

l fi  0 0;: 

Yo o , �o MeO OBn 
Yo O�O MeO Ol3n 

� � X):0 
, �  0 
(0.25 equiv) 

PhCHO 
( l .2 equiv) 

4·C1C,ILCHO 
(1 .2 equiv) 

�Ovoq 0 II ·1 I � .,.- o 

(25) 

Yo Yo �O �' MeO OBn + MeO OEn 
o 0 (

57) Ph P!i (2R) 

Yo Yo 0

'::ft � MeO o�n - MeO . o�n o 0 
(40) C,,1I4Cl-4 4-C1C"lli (20) 

211 

81 

81 
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Table 5. Continued 
Substrate Carbonyl compound Product (Yields %) Ref. 

Yo 

O�o 

MeO OBn '1-0 
O�o 

MeO OBn 

(

x

Ph 

o Ph 

4-MeOC6�CHO 
( 1 .2 equiv) 

PhzCO 
( 1 .2 equiv) 

rYl �O 

o 

'1-9 i-9 0'::fe' 0 0 
OUn MeO 

o 
C61 Ii:>Me-4 

Y
o o 

_ MeO OUn 

4-MeOC I L  
0 

(42) ' 4 (23) '1-0 '1-0 0'::fF' 0 O

�
' 0 

MeO o�n + MeO o�n 

o Ph Ph 0 
(33) Ph Ph (65) 

() 

81 

81 

150 
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--==--SMe MeleO 277 

0 H 

SMe PhCOCHO �Ph 278 
(1 equiv) (20) 

MeS 0 

SMe cc;o � I ,) I 277 
o 0 0 

o 0 via 
0 "'" "" ("'" (1.43 equiv) I :;;:;. 

McS (
>90) L 

cc;o r';'a SMe 1 "'" 1 "'" 7 1  277 
o 0 "" S 

S 
(0.25 equiv) 

MeS 
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Table 6. Continued 
Substrate Carbonyl compound prOduct[:":�"� • Ref. 

MeS 

--==--SMe PhzCO 
(0.2 equiv) 

Ph 0 

PhY 
(33) SMe 

277 

--==--SMe 

;=\ 
MeO SMe 

rHPo� SMe 

Pr�SMe 

o 
G(j) 

(0.25 equiv) 

PhzCO 
(0.5 equiv) 

PhzCO 
(1 equiv) 

PhzCO 
(1 equiv) 

&f( � ,1 I 
Via

, 
� 

0 

...-- -
MeS 

(65) 
MeS Af Ph 

OHC 

orr 
CH�CH�OTHP 

II' ' 'R-
MeSI ' "  Ph 

H Ph 
�r 

I I  : 0 
MCS
=I=t-

Ph 
H Ph 

(65) 

(24) 

(59) 

277 

279 

280 

280 
281 

277 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



278 Chapter Three 

Table 6. Continued 
Substrate Carbonl:l com�ound I 

. �SMc PhzCO 
i-Pr (1 equiv) 

nSMe PhzCO 
(1 equiv) 

�SMe PhzCO 
(1 equiv) 

QSMC PhzCO 
(1 equiv) 

lSCMC PhzCO I-Bu (1 equiv) 

Ph�SMe PhzCO 
(1 equiv) 

Product (!!e1ds %) 
£-Pr 

H : 0 
MeS*Ph 

H Ph 
Hft-
MeS � Ph 

� Ph 
,t-Bll H=R-

MeS � Ph 
II Ph 

St-MeS � Ph 
H Ph 
t-Au 

1 1 , , ,t+ 
MCSCI ' " Ph 

Ph 
............... 1'11 

"=H-McS � Ph 

[ I  Ph 

(79) 

(60) 

(52) 

( 12) 

(45) 

(36) 

Ref. 

280 
281 

280 
281 

280 
281 

280 
281 

280 

280 
281 
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In contrast, the reaction of 2,3-dihydrofuran with benzonitrile does not 
furnish the corresponding adduct derived from a reaction of the CooN group on 
the alkene, but rather proceeds by a [2+2]-cyc1oaddition reaction involving the 
aromatic ring (Scheme 61) [250]. 

o o hv, cyclohexane, rt 
PhCN (1 equiv) • db (20%) 

NC H 

Scheme 61 

Ethyl vinyl ether reacts with propanal, affording mainly the regioisomer 
derived from the most stable biradical intermediate (Scheme 62) [256, 257]. 
The sarne behavior has been observed with all of the carbonyl compounds 
tested, such as acetone, diacetyl, benzaldehyde, or benzophenone [105d, 146, 
151, 164, 256, 258, 260, 261, 262]. 

"""OEt 

(solvent) 

JyOMe 

OMe 

Et f',tCHO q .. 
Scheme 62 

PhCN (0. 1 8  equiv) 
• 

hv, benzene, rt, 7 h 

Scheme 63 

+ 

Etp EtO (49-85%) 

(45%) 
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280 Chapter Three 
'When 2-methoxypropene is irradiated in the presence of benzonitrile, a 

reaction occurs on the aromatic ring similar to that described in Scheme 61 
[147]. On the other hand, methoxycyc1opentene and 1 , l -dimethoxy-2-
methylpropene, when irradiated in the presence of benz on it rile, afford products 
derived from a ring opening of the Paterno-Buehi aza oxetane reaction product 
(Scheme 63) [147, 173, 250]. 

With a,p-unsaturated carbonyl compounds, competition between the 
Patern&--Biichi reaction and [2+2]-cyc1oaddition between carbon-carbon 
double bonds is observed [178, 263, 274]. The reaction of cyc1opentenone with 
a 2,3-dihydrofuran derivative gives the corresponding cyclobutane derivative 
(Scheme 64) [274]. 

(0. 1 cquiv) 

H C;, O,/ I- hv 
y . 0 -pe-n-:t-an

-'
e
::':

, 
-rt-, 2"'2::7h'" 

o 0 H 
Scheme 64 

�O
JJ 
o HI{ Of--

, . ° 
H H ° � 

(50%) 

When enol ethers are treated with chiral phenylglyoxylate derivatives, 
good diastereoselectivity is observed (Scheme 65) [78a,b]. 

OEt ).-.OEt �OCOCOPh hv + 0" _----'''---__ . I no solvent, r1 
t-8u 

(0.13 equiv) 
Scheme 65 

k _oPh":.li LJLIOifuctd'OEt 
t-Bu 

(36.5-59%) 
dr >98:2 

It is noteworthy that the reaction of enol ethers with carbonyl compounds 
has been effected in a flow reactor, yielding the reaction products in very good 
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overall yields and high diastereoselectivity (Scheme 66) [268]. However, poor 
regioselectivity is observed. 

H 
pAc H pAc H PAc ttj0 
0

' PhCHO ( 1 .4 equiv) C;P' &' 
" • + Ph hv, MeCN, flow reactor 0 : 0 � 0 

H (1 mLlmin), r( H H 0 n H 
Pll 1:2 

Scheme 66 

(93%) 

There is little data available on the photochemical behavior of vinyl 
thioethers (Table 6). Good regio- and stereoselectivities have been observed in 
existing cases, in agreement with the fOlmation of the most stable biradical 
intermediate (Scheme 67) [280, 281].  

;-Pr Ph2CO (1 equiv) " .. 0 
i_Pr

�SMe • II' hv, benzene, 10° r--r-Ph MeS Ph 

Scheme 67 

(79%) 

Reactions of Carbonyl Compounds with Enol Esters, Enol Silyl Ethers, 
and Enamine Derivatives. The reaction of the enol ester 64 with benzaldehyde 
gives the adduct 65 with a clear preference for the exo isomer (Scheme 68) 
(Table 7) [282]. o 

0=\ J o 64 PhCHO (0.33 equiv) 
• 

hv, MeCN, rt, 44 h 

Scheme 68 

(57%) 
dr 9 1 :9 
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Table 7. Intermolecular reactions with electron-rich unsaturated comoounds. F. Enol esters. 
Substrate Carbonyl comnound Product (vields 0/0 

AcO

� 

AcO

� 

AcO

� 

AcO

� 

AcOCHzCOCHzOAc 
(0.5 equiv) 

PhCN 
(0.1 equiv) 

�

o �;= 

Ph 

\ Ac 
(0.1 equiv) 

]0=0 0 

I 0 

Ph 
S 

CH.,OAc Cl I20Ac 
AcOI12C�OAc ACOH2Cii )1� + . 0 o (15) (6) OAc 

eN OAc d=f (60) 

08=. 08=) � OAc � ·"'OAr.: I 0 + I 0 I h N h N �c (55) �c (5) 
OAc 

�. 
OAc 

�.:.O I '" 0 + Cl)=o 
h N \ \ (12) Ac (2,5) Ac . 

AcO 

Ph
�

C 
--" 

' ' ' 10 

" 
0 

AcO" S 
Ph 

( 1 1 
) 

260 

147 

52 

283 
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Table 7. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

()=o 
o 

()=o 
° 

()=o 
o 

AcOCHzCOCHzOAc 
(0.5 equiv) 

MeOCHzCOCHzOMe 
(0.5 equiv) 

BnOCHzCOCHzOBn 
(0.5 equiv) 

CH20Ac 
ACOH2Cii

°
)=o ° ° 

Solvent Irradiation time (h) 

No solvent 26 
aeelOnilri1c 1 5  

pyridine 1 5  

Eethyl m;eiale 15 
dicthyl earlxmate 1 5  

i-butyl alcohol 15 
aeelie acid 1 5  

benzene 15 
OH 

MeOH2C-!......, (1 5) L(I) 

(55) 
(
4
7) 
(55) 
(
4
3) 

(411) 

(59) 
(59) 
(72) 

Ph 0 tr )=0 I CH3COCHpBn 
o 

011 Ph + BllOHoCt;( (_) 

260 

260 

260 
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Table 7. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

e)=o 
° 

° 
[ )=0 
° 

o 
[ )=

0 
o 

° 
[j=

0 

e)=o 
o 

EtOzCCOCOzEt 
(0.5 equiv) 

MeCOCOMe 
(0.33 equiv) 

PhCHO 
(0.33 equiv) 

PhCOCOzEt 
(0.33 equiv) 

Qyo 

�O 
(0. 1 equiv) 

tcLU2Lt 
0 FtO,C )= . 

° o 0 (23) 
Ij �OMe Ij -= 

o=<°rr + o=<°trcoMe 

° , ° ° , ° n fl 
1 1 Ph 11 11 

>97:3 (57) 

o ' = a=< T-t-H 
o+C) 

01 i 'Ph 91 :9 0
=\) , 0 (57) 

A A 
U C;02r:t U rh o=<°ttPh + O=<°ttC02Et B3: 1 3  

o , 0 0 , 0 (23) 
H [-I 

-
0 
(gl ) Sh� 0 � /; )=0 o 0 

260 

282 

282 

282 

284 
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Table 7. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

e>=O 
o 

o 

([=
0 

o 
([=

0 

OAc 

[OAC 

ACO� 

PhzCO 
(0.33 equiv) 

.0 

'0 
(0.25 equiv) 

PhCOCOPh 
(0.2 equiv) 

AcOCHzCOCHzOAc 
(0.5 equiv) 

AcOCHzCOCHzOAc 
(0.2 equiv) 

II Ph 
O-t--+-Ph .:.'.:.o.::h.:.e.:.nt'--__ _ 

o==< -t-6 ben7ene (51-85) o , 0 McCN 
(
89) H 

"'" 

rhCO 
o (80) 
>=0 

o 

Phn°>=o (J7) ° 0 
CHl)Ac 

ACOH2CiiOAC (71) 

OAc 
ACOttII2 

!\cOH2C 0;\(; 

° (55) 

282 
284 

284 

284 

282 

282 
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Table 7. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

ACO� 
rt

o 

rt

o 

�)MC)l 
0'/ '0 
X 

C�5CHO 
(0.44 equiv) 

PhCHO 
(0.1 equiv) 

PhzeD 
(0.08 equiv) 

(CD3)zCO 

I? + ,0). � "C I AcO ' "C f OAc 6 5 = (i _� 
(15) (13) 

Ph 

(�
O 0 Ph 

.� + tf·�' 
(1 1 )  0 (�O 

(rttPh Ph Ph� 
o + HO (,,� o 0 

(26) 0 (9) (OMe). 
p .  

0"'" '0 

f)"1C

n

COMC 
- D]C 

(d
�h -----ct-Ph 

(25) Ph 
(-) 

285 

286 

286 

287 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 287 

Table 7. Continued 

IU lolo 
Substrate Carbonyl co�pound �o . Product (yields o/� 

� 
Ref. c¢ � I "" 

I : I I �  0 do � 0 0 

288 

� �o o 
'.BU� �O;\C 
'.RUy') 

�OAC 

o 

o 
{) 

:::::-
(0.25 quiv) 

PhCHO 
(0.57 equiv) 

C�5CHO 
(0.57 equiv) 

(
35) o (26) 

(
74) o 

o u " B UY'i-�), 
� 'Ph OAe 

( 14) 

l:! 
Irradiation time (h) 

,.BU Y'i-?" , .. � C61 5 OAc 20 

72 

(I I )  

(17) 

211 

285 

285 
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Table 7. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

t'RU� 
�OAC 

t'RU� 
�OAC 

0o" 

R � I 
Ph I 0 o 

3-C1C6�CHO 
(0.57 equiv) 

3-MeO�ILCHO 
(0.57 equiv) 

CoFsCHO 
(0.5 equiv) 

o 

c¢ 
o 

(0.5 equiv) 

l:.f t-BUY't-y (1
4) � " "

C -1l4Cl-3 OAc 6 

1)' t-BU�y 
�··"CJI4

0Me-3 OAc 0: " . (9) � 'C6F< OAc 

(6) 

(65) 

285 

285 

285 

288 
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Table 7. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

� 
211 

R 
&to �xX 1 0 '>--o 9' "" 0 o + 1 Ph 

1 
0

'>--

0 1 -&  
Ph l

'>-- 0 ph O 0 (0.5 equiv) 
(71) 

. (1 6) 
0 
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On the contrary, the same selectivity is not observed when diketene reacts 
with the same aromatic aldehyde (Scheme 69) [286]. 

� o 
PhCHO (0.1 equiv) 

• 
hv, benzene, ft, 12 h 

Scheme 69 

�
h 

. 0 
� o 

( 1 1 %) (10%) 

As described above, when a,p-unsaturated carbonyl compounds are used 
with enol esters, a competition can occur between a Patemo-Buchi reaction 
and a [2+2]-cyc1oaddition reaction with the alkene bonds [288]. 

Enol silyl ethers react with benzeldehyde with interesting regio- and 
stereoselectivity [488]. The reaction of the enol silyl ether 66 with 
benzaldehyde in hexane at _250 shows significant regio- and stereoselectivity 
(Scheme 70) [289] (Table 8). 

TMSO�OMC 

OMe 
66 

PhCHO (0.5 equiv) • 
hv, hexane, -25°, 2 h 

Scheme 70 

J=i."'CH(OMCh 
Pli OTMS 

(69%) 
rr >95:5 
dr >95:5 

\\!hen 67 is the substrate, unusual regiochemistry is observed, wherein 
the oxygen atom of the oxetane ring is adjacent to the OTMS and the methoxy 
group (Scheme 71) [290]. This observed regioselectivity is rationalized by 
invoking an electron transfer mechanism [290a]. 
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�OTMS 

OMe 

PhCHO (0.5 equiv) J r��e • 
hv, MeCN, 0", 2 h 

Ph 

(72%) 

67 

Scheme 71 

The silyl ether 68 reacts with benzaldehyde, but does not show the same 
regioselectivity observed above. Furthermore, this type of reaction usually 
does not show high stereoselectivity (Scheme 72), with some exceptions 
(Scheme 73) [62]. 

�OTIlS 

SMe 68 
PI �OTBS 

SI-Bu 

PhCllO (0.5 equiv) 
• 

hv, MeCN, 0°, 4 h 
;tMe Ph OTBS 

(30%) 

Scheme 72 

Scheme 73 

+ ytTBS 
Ph SMe 

(1 1%) 

(50%) 
dr 96:4 

�CH(OMeh 

OTMS 
PhCHO (0.5 equiv) 
hv, benzene, rt, 5 h 

• ;=CCH(OMeh 
Pli OTMS 

(51%) 
dr 96:4 

69 

Scheme 74 
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The (2) alkenes 69 and 70 furnish the corresponding oxetanes with high 
stereoselectivity (Schemes 74 [57] and 75 [58, 59a]). 

yyt-Bu 

t-8u OTMS 
70 

PhCHO (0.5 equiv) ;=Gt-8u 
• 

' ' ' I t-Bu hv, benzene, rt 
Ph OTMS 

Scheme 75 

(58-64%) 
dr 95:5-92:8 

Seleno-substituted silyl enol ethers also afford the corresponding 
oxetanes with good stereoselectivity [63]. 

Chiral enamine derivatives generally do not give the corresponding 
adduct with high diastereoselectivity (Table 9). The only exception is found 
using the enamine sho\Vll in Scheme 76, affording the corresponding adducts 
with a 81 : 19  dr using benzaldehyde [16r, 67]. 

PhC l l O  (0.67 cquiv) 
• 

hv, McCN, _25", 8 h 

(58%) ( 1 1 %) 

Scheme 76 

Table 10 collects the results obtained by using substrates bearing both 
electron-withdrawing and electron-donating groups. 

Reactions with Heterocyclic Compounds 

Reactions with Five-Membered Heterocycles. Thiophenes, pyrroles, 
furans, isoxazoles, oxazoles, imidazoles, pyrazoles, thiazoles, and isothiazoles 
are common five-membered, aromatic, heterocyclic compounds which upon 
the Patemo-Buchi reaction with carbonyl compounds result in the production 
of products that lack aromaticity (Table 1 1). 
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Table 8. IntemlOlecular reactions with electron-rich unsaturated comoounds. G. Enol sil 
Substrate Carbonyl Product (yields %) 

comnound 

TMSO� AcOCHzCOCHzOAc 
(0.5 equiv) 

==<
OTMS PhCOMe 

(0.5 equiv) 
OMe 

==<
OTMS 4-CNC6�COMe 

(0.5 equiv) 
OMc 
OTMS 4-MeOC6�COMe 

==< (0.5 equiv) 
OMe 

==<
OTMS PhCOPr 

(0.5 equiv) 
OMe 
OTMS PhzCO 

==< (0.5 equiv) 
OMe 

AeOCH2 OTMS ACOH2Ci"j 
° 

(57) it, Solvent Irradiation time (h) 
Ph OTMS MeCN 

OMe benzene 
20 
16 

4-CNC,,1 14 tlOTMS (46) 

OM, 

No reaction 

Ph*OTMS (10) 
I-'r OMc 

Ph#OTMS (68) 

Ph OMe 

293 

291 

290b (46) 
(53) 

290b 

290b 

290b 

290b 
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Substrate 

===<nMS 

,,=<OTMS 

OMe 

,,=<OTMS 

OMc ,,=<OTMS 

OMe ,,=<OTMS 

OMe 

Chapter Three 

Table 8. Continued 

PhCHO 
(0.5 equiv) 

PhCOMe 
(0.5 equiv) 

4-CNC6�COMe 
(0.5 equiv) 

4-MeOC�COMe 
(0.5 equiv) 

Phzeo 
(0.5 equiv) 

Product (yields %) 

J=\. 
A
· +

;J-
) 

OTMS 

' ' ' " 1  + " " OTMS 
Ph OTMS PH 

. 
T 11 Ph TTl 

Solvent Temp time (h) 1111 (T+TT)/C 

benzene rt 

hexane -25 9-+-H 
Ph it 01 MS 

OMe 

4 (5 1) 70,30 
5 (48) 6,24 

Solvent Irf. time 
(
il) 

MeCN 1 2  

ben7ene 1 4  

9-t-H 
4-CNCJ-I.. ttOTMS 

OM, 
(25) 

90:10 
90:10 

(22) 
(55 ) 

Q-t-II Solvent lrf. time (h) 
4-�leOChH,'ttOl'\1S \1eCN 50 (48) 

OMe OcnzL:nc 19 (43) V+I [ . Solvent lIT. time (11) 

Ph++OTMS MeCN 8 (37) 

Ph OMe benzene 7 (36) 

289 

290b 

290b 

290b 

290b 
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===s:
:s 

civJ 

===s::5 civJ 

OTMS 

>-OMe 
MeO 

Scope and limitations 

Table 8. Continued 

PhCHO 
(0.5 equiv) 

2-t-BuCOZC6ILCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

Product (yields %) 

0; 
OIMS A,Lo + D"'OlMS + 9-t-<,) 

PH OTMS Ph".. '}-O Phr ), . 
I II o� III 

lilT >95:5 
(I + I1)/Ill >9505 

(
45) 

2·!·BnC02C6114 
U

J
O 

�MS!Y o 
&' . 0 2-I-BuC01C6H4 'nvls6 oJ 

(70) 
dr 92:8 

+ 

o 0 OTMS 

;.=::\."CH{OMeh + ;.=::\." OIMS I 9+CH(OMCh 
Pli OTMS Pli (,I I(OMe), }--J ill J '  II · � l'h 

Solvent W) t(11) UII (J+Tl}/m 

Benzene rt 4 (72) '>95:5 >95::.-
Hexane -25 2 (69) '>95:5 >95:5 

295 

289 

292 

289 
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Substrate 

OTMS ==S-OMC MeO 

===<OTMS 
Et 

�OTRS 

Chapter Three 

Table 8. Continued 

2-t-BuC02C6�CHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

Product (yields %) 

(63) OMe + 

&-2-f-RuC02C6H4 dr 9 1 :9 TMSO OMe 
2-I-U"CO,C614 � OMe �MsAI OMe 
?i ?i ;toT�� ;------\, "Gl I ;------\, "OTMS + Pli 

1 
OTMS Ph 

11 
Et Ph III 

Solvent Temp time (h) TIlT (1+11)/111 benzene rt 4 (51) 83:1 >95:5 hexane 25 4 (60) OH U �Ph 
(.AO ( 1 9) o 

dr 8 1 : 1 9  

[." 
92:8 >95:5 

I! 

Jh 1 CS;;o 
o 'irms 

292 

289 

293 
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Substrate 

�OTBS 

�()TBS 

�OTBS 

Scope and limitations 

Table 8. Continued 
Carbonvl I 
4·CNC,ILCHO 
(0.5 equiv) 

CHO 
c6 .0 .0 
(0.5 equiv) 

X
CI 10 

1 .0 .0 
(0.5 equiv) 

Product (yields %) 00 [ 
(t{"'" 

[] , Q
l6ILCN-4 

"a o 'tnns o 0 (68) 
dr 78 22 

r Co' dB lj � � 
. "" , 1 .0 v;a [Yo 0 0 ' o bTBS 
(82) dr 93:7 

H QH 
>O::CO 

(39) 

dr 84:16 o 0 

297 

293 

293 

290c 
293 
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298 

Substrate 

�OTBS 

�OTMS f-BuC02 

OI MS YOM, 

OTMS YOMC 

Chapter Three 

Table 8. Continued 

�CHO 
MeO� 

(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv, 0°) 

Product (yields %) 

OMe 01 1  

& 
d1 

� (OAO �Oi\.le l via 
(47) 
dr 92:8 

o tHUS 

R"'/"'-o�CU,t-13U + " " OTMS 

o 

~ Ph OTMS � - Ph 

84:1 6 (45) 02C'.8" 

No reaction 

OTMS -1+ OTMS 
o OMc ix 

- C02Me 
Ph Ph 

" H 
95:5 (72) 

293 

57 

290b 

290a 
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Substrate 

OTMS 

Y
OMe 

OTMS 

Y
OM' 

OTMS 

Y
OM' 

Scope and limitations 

4-CNC,ILCHO 
(0.5 equiv) 

4-MeOC6ILCHO 
(0.5 equiv) 

PhCOMe 
(0.5 equiv, 0°) 

Product (yields %) 

*OT�
)�O 

+F 
4-CNCt;H4 

+ 4-C1'\C II () 4 OT\{S 

H H OMe 

Solvent 
OTMS +x lIoxMo 

C02Mc 
4-Cl\C(}114 EtoO I ( -

III McCN 

DeM 

II 1 :11  1 : 111  
>95:5 85: 15 

>95:5 70:30 

>95:5 

(0) 

(59) 

(6J) 

(88) 

9+'��e 

4-MeCX'Jf4-t! - 4_MeOCoHctiJTMS + 
H OMe 

OTMS 

4-r-.leOC H 
� ..... C02\1c 6 ; J 1\ 

III 

II 
Solvent 1:11 1:111 
hCXilllC 79:21 >95:5 

Et20 77:23 >95:5 
MeCN 95:5 94:6 

o mde 

-t+0™S 
OT\lS 

Ph 
-

Ph
+xco,Me 

>95:5 (64) 

(75) 

(69) 

(59) 

299 

290a 

290a 

290a 
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Substrate 

OTMS 

Y
OM, 

OI MS 

Y
OM, 

OTMS 

Y
OM, 

OI MS 

Y
OM, 

OTMS 

Y
OMe 

Chapter Three 

Table 8. Continued 

PhCOMe 
(0.5 equiv) 

3-CNC6�COMe 
(0.5 equiv) 

4-CNCdLCOMe 
(0.5 equiv, 0°) 

4-CNC6�COMe 
(0.5 equiv) 

4-MeOC6�COMe 
(0.5 equiv) 

Product (yields %) 

OIMS 
9+0M, 

Phil fb) OIMS Ph 

OMI,; 
Solvent Ifr. time (h) rr 
:\'kC� 16 (94) 1 :0.13 

benzene 33 (82) 1:028 
OTMS 01 MS 

?+OM, 1.. /CO"M, 
3-CNC6141i I 3-CNC6H

{ 
I 7\ � 

>95:5 (55) -++OTMS OTMS 
o OMe C02Me 

4-CNC6H4 + 4-CNC614+x 
6B8 (43) 

No reaction 

No reaction 

290b 

290a 

290a 

290b 

290b 
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Substrate 

OTMS 
YOM, 

OIMS 
YOM, 

PhCOPr 
(0.5 equiv) 

Scope and limitations 

Table 8. Continued 
Product (yields %) 

#
O��e Ph + Pr" Ph�TMS PI' OMe Solvent lIT. lime (h) rr MeCN 9 (12) 1 : 1 .4 Benzene 8 (21 ) 1 :1.0 �CIIO 

VV 
OMc 

o OSiMe3 
(-) 

301 

290b 

290c 
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Substrate 

OTMS 
YOM, 

OTMS 
YOMe 

OIMS 
YOM, 

�CHO 

VV 
(0.5 equiv, 0°) 

�COMe 

VV 
(0.5 equiv) 

PhCOBu 
(0.5 equiv) 

Chapter Three 

_ OT\1S OTMS Ch 7+0MC rotx'" CO,Me "----«Jtr + '" I ,,; H 
H " 

SolvL:nL I: II 

hexane >95:5 (76) 

ElP >95:5 (79) 

benzene >95:5 (59) 

lHF >95:5 (84) 

DCM 88:12 (87) 

MeCN 79:21 (8H) 

mvw 75:25 (68) 

HMPA 59:41 (67) 

No reaction 

Ph�TMS Solvenl In. time (h) McCN 5.5 (3) 
benzene 8 (21 ) 

Bu OMe 

290a 

290b 
290b 
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Substrate 

OTMS 
YOM, 

OTMS 
YOM' 

OTMS YOMC 

Scope and limitations 

Table 8. Continued 

PhzCO 
(0.5 equiv, 0°) 

PhzCO 
(0.5 equiv) 

4-CNC6�COPh 
(0.5 equiv, 0°) 

Product (yields %) 

W

O™ S o rMS o OMe CO ... Mc 
Ph + Phfx . Ph 

>95,5 
(
69) 

?
+��

e O-+-Ph--tt-- + Ph++OTMS 
Ph Ph OMc Solvent 

MeCN benzene 
Irf. time (11) 

(, 
4 

IT 
(65) Ul.OO 
(30) 1 ,0 . 1 1  #OIMS OIMS o OMe CO ... Mc 4·CNC,I14 + 4.CNC6Hd'x • Ph 77:23 (35) 

303 

290a 

290b 

290b 
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Substrate 

o rES YOM, 

OTES YOM, 

Chapter Three 

Table 8. Continued 

4·CNC,ILCHO 
(0.5 equiv) 

(yyClIO 
� 

(0.5 equiv) 

Product (yields %) 

OTFS -1+ OTrs o OMe CO,\fe 4·CNC,H4 H + 4.CNC"H,ix . 
I II 
Solvent 1:11 
"EllO (0) 
C1 I2C12 >95:5 (92) MeCN 89: 1 1  (92) 

OIES � 7+�' �M'+ H �CO'M' 

Solvent 1 :11  
hexane 
�tp 
CH2Ci2 
MeCN 

>95:5 
>95:5 
>95:5 
88:12 

II 

(73) 
(60) 
(63) 
(64) 

290a 

290a 
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Substrate 

ODMFOMS YOMe 

ODMEOMS YOMe 

Scope and limitations 

Table 8. Continued 

4-CNC,ILCHO 
(0.5 equiv) 

�CHO 

VV 
(0.5 equiv) 

Product (yields %) 

ODT\.1EOMS -±+ ODMEOMS 
o OMc CO�Mr.: 

4-CNC6H, 
H 

+ 
4-CNC6H4fx -

T 
SolvcnL T:TT IT 
J::t�O 58:42 (94) 
CH2C12 54:46 (94) 
MeCN 32:6 (75) OD} .. 1E01-1S O:MEO\[S Ch 9+0Me �CO'Me 

"----«J-tI � H /\ 
H II 

Solvent I:U 
hexane 71 :29 (83) 

1·:t2O 86:14 (34) 

Clllell 56:44 (89) 

McCN 48:52 (96) 

305 

290a 

290a 
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Substrate 

OIBS 
YOMe 

oms 
YOMC 

TMSO� 
OTI3S 

Chapter Three 

Table 8. Continued 

4-CNC,ILCHO 
(0.5 equiv) 

�CHO 

� 
(0.5 equiv) 

PhCHO 
(0.5 equiv, _25°) 

Product (yields %) 

fr°TBS OIBS o OMe 
4-CNC6H4 + 4-CNC6H4+x R II I 

Solvent 1:11 
Et,O (0) 
CR,Ci, >95:5 (94) 
MeCN >95:5 (75) 

C02Me 

OT13S OIDS 
CO--±+0 OMe rofx"'" CO,Me 

f � _ I H - II � h-

Solvent 1:11 
hcxtlm: >9):5 (72) 
EI20 >95:5 (76) 
CH2Cl2 >95:5 (89) 
t-.1eC'l >95:5 (79) 

H\,R" ,/�OTBS + PhI'" " " OT!vlS 
o 

tt Ph OIMS II OTBS 

" 

(56) 
dr 57:43 

290a 

290a 

59b 
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Substrate 

rMsoJly OTBS 

=1-:5 o'� 

CH(OMe), ('OTMS 
Z! E 90110 CII(OMe), ('UlMS 

Scope and limitations 

Table 8. Continued 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

4-MeOColLCHO 
(0.5 equiv) 

Product (yields %) 

H I OTRS + tt (67) 

H' "  " " IV Ph'' ' - " " OTMS dr55:45 
Ph OTMS H OrBS 

o� 0 OTMS 

)=\"-\0 + Pli D,,,onrs + 9�) 
Ph OTMS ( +0 pr/b. 

I II o� III 

Solvent Temp time (h) 1111 
benzene " 4 (54) >95,5 

hexane -25 4 (54) >95:5 

ACII(OMC)2 
PM OTMS 

4_MCOC6IIAcHIOMe), OTMS -

(HII)./III 
>95:5 

>95:5 

(51)  
dr 98:6 

(45) 
dr 97:7 

307 

59b 

289 

57 

57 
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Substrate 

)=<OTMS 

SMe 

)=<OTMS 

SBlH 

)=<OTES 

SMc 

)=<CHBS 

SMe 

)=<oms 

SMc 

Chapter Three 

Table 8. Continued 

4·CNC,ILCHO (0.5 equiv) 
4·CNC,ILCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

4·CNC,ILCHO (0.5 equiv) 
4-MeOC6ILCHO (0.5 equiv) 

Product (yields %) 

J± o-L 
4-CNC(,H4 : : OLMS +4-CNC6J[4-J.-+-S\1c 

tI S�vk (32) (8) H on1S 

4'CNC"H'�'jMS 
if St-Bu 

(42) 

, 4-CNC6JJ'�t-B" 
H OTMS (4) 

rr + rr Ph . . OTBS Ph . . Stvle 
: : = : 
]-[ SMc 

(30) 

J± 4-CNC61 [4 : : OTl1S + I
I SMe (50) 

. J± +  4-.\1eOCJf4 : : OTBS 
if SMe 

(37) 

I

-

I {nBS ( 1 1 ) 

J± 4-CNC6H4 .: .:. SMe 
( 12) if 6TBS 

4-MeOC"H, ! j SMe 

(20) A <S IBS 

62 

62 

62 

62 

62 
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Substrate 

';=<O'l�S 
SMe 

,;=<oms Sf-fill 
Et OTns 
>=< H Sf-Ell 

Scope and limitations 

Table 8. Continued 

2,4,6-Me3C6HzCHO 
(0.5 equiv) 

4-CNCoILCHO 
(0.5 equiv) 
4-CNCoILCHO 
(0.5 equiv) 

Product (yields %) 

()� 2,4,6-MC]Cr;1 12+-!-0'IHS + 
H SMe 
( 1 8) �� 

2.4,6-Me3c6H2-+----1-sMe 

4-Cl'C6ILtt'lBS 
n Sf-nu 

lJ 

H (YJ'BS 
(5) 

+ 4-CNC6114-%±t-Bn 

(58) (8) ii OTllS 
�L 

?-rEt 'i-rH 
4-C"JC6H4-t-+U1BS + 4-Cl\Cr,H4-t--+-St-Hu 

fI St-I3u (96) (4) (I {nns 

309 

62 

62 

62 
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3 1 0  

Substrate 

" OTBS 
>=< H S/-Bn 

H OTHS 

F< Et Sf-Bu 

>==<OTIPS 

SMe 

Chapter Three 

Table 8. Continued 

4·CNC,ILCHO 
(0.5 equiv) 

4·CNC,ILCHO 
(0.5 equiv) 

4·CNC,ILCHO 
(0.5 equiv) 

Product (yields %) 

!J �1 JI. ' Et 0-rH 
4-C'-/C6114 : : OTBS + 4-CNC614 1 � Sf-Bu + tr Sf-TIll (50) (4) tr oms 

� B JI' 
H JIo Et 

4-CKC(iII.j : : OI13S + 4-CNCJI4 : : Sf-Bn 
H Sf-Bu (20) (26) tr oms 

� � 
lIlc:t 0 ' H 

4-CNC(,Hj , : OTBS + 4-Cl\C61 14�St-illl + H Sf-Bu (72) (6) H ()TRS 
Et Ij 

?+H 9+Et 
4-CNC6114-!----!-OTDS + 4-CNCr,H4-+---+-St-Bu lr §t-ilu ( 1 0) (1 2) H OTRS 
4'CNCJI4�TlPS + 4'CNCJI4�'.l' tr SMc tr OTTPS (38) ( 1 9) 

62 

62 

62 
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Substrate 

)=<0'l135 
SeMe 

)=<OTBS 
SePh 

)=<crms 
ScPh 

)=<crms 
ScPh 

vCS 

Scope and limitations 

Table 8. Continued 
Product (yields %) 

(70) 4·CNC,ILCHO 
(0.5 equiv) 

4.CNC6H4lioTBS 

H SeMe 
cis/trans 86:14 

PhCHO 
(0.5 equiv) 
4·CNC,ILCHO 
(0.5 equiv) 

�CI IO 
VV 

(0.5 equiv) 4·CNC,ILCHO 
(0.67 equiv) 

O� 
Ph40TB5 (81 ) f

T SePh 
cis/trans 68:32 

4.CNC6IL-%±TBS 
Solvent cis/trans 
McCN (941 68:32 
benzene (XSI 62:38 I-I SePh CH2C12 (81) 62:38 

No reaction 

�s 
(
46) 

C(jH4CN-4 

3 1 1  

63 

63 

63 

63 

294 
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3 1 2  

Substrate 

vC
S 

Et ('OTMS 
OTMS 

==<;-pr 

OTMS 
==< I-Pr 

Chapter Three 

Table 8. Continued 

PhzCO 
( l . l7 equiv) 
PhCHO 
(0.5 equiv) 
PhCHO 
(0.5 equiv) 

2-t-BuCOZC6ILCHO 
(0.5 equiv) 

Product (yields %) 

�s 

Ph 

)�=CEt OTMS 

(73) 

[;/7 dr 25:75 (47) 86:14 
8U9 (35) Sn3 

)=\",;_P,' + )=\"tHMS 
PH OTMS Ph i-Pr 

OTMS 
+ 9 +;-P' 

Phr 
" III 

Solvent Temp time (h) 1/11 (l+ll}!C 
benzene rt 
hexane 25 

6 (52) 88,12 >9505 
4 (59) 94,6 >95:5 

2-1-BuCO�C-Tt n ./ +
2-t-HUC02C(,H4� ....-- 6-' 4�IMS(� 'I -TMS61 

(OR) 
dr 70:30 

294 

57 

289 

292 
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Substrate 

rjOTMS 

rjOSiIOM'h 

rjOTBS 

Scope and limitations 

Table 8. Continued 
Product (yields %) 

�CHO 

� 

�CHO 

� 

�CllO 

� 

OJ 
CP o hnvlS 

r9 
6)) o 0 

OSi(OMch 

r9 
OJ) o 

<:>
TRS 

Solvent tlr 

MeL� (28) 85:15 
Cl ll.J2 (73) 91:9 
mWA (0) 

Solvent dr 
MeeN (20) 81 : 19 
Cll,CI, (55) 92:8 

Solvent dr 
MeL N (75) 93:7 
(,H2Cl2 (75) 90: I 0 
ffivfPA (73) 87:13 

3 13 

290c 

290c 

290c 
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314 

Substrate 

O-OTDS 

O-OTMS 
O-OTMS 

t_BuCO,�O'IMi 

(CS 

Chapter Three 

Table 8. Continued 

�CHO 
� 

(0.5 equiv) 
PhCOMe 
(0.5 equiv) 

4-CNC6�COMe 
(0.5 equiv) 
PhCHO 
(0.5 equiv) 
PhzCO 
(l .08 equiv) 

Product (yields %) 

�HI 

� 
z..(/�O � via 

(Xli) 

dr 90:1 0 No reaction 
No reaction 

& 

CX�BS 

� 

o _ I I �. _ Ol_:H:I-Bu " " O['\1S ;----\" '/ -......,..- Pli Pli OT\{S 
) O�Cf-Bl1 89: 1 1  (66 _ 

OT�lS 

;;:p (25) 

Ph 

293 

290b 

290b 

57 

294 
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Substrate 

OTMS 

==< {-Bu 
OTMS 

==< {-Bu 

OTMS 

==< {-liu 
OTMS 

==< {-liu 
OTMS 

==< I-Bu 

Scope and limitations 

Table 8. Continued 

PhCHO 
(0.57 equiv, 0°) 

PhCHO 
(0.5 equiv) 

3-AcHNC6�CHO 
(0.5 equiv) 

2-t-BuC02C6�CHO 
(0.5 equiv) 

2BnOC6�CHO 
(0.5 equiv) 

Product (yields %) 

HI "�R"I I ,t-RU 
(59) dr >9317 

Ph OTMS 

)=\"" -OU 
PH OTMS 

J=\ p-oTMS 
o t-l1u 

+ ' ' ' 'OTMS + 
Ph t-Bu 

I II Pli I I I  

Solvent nO) t(h) 1/11 (1+I1)!III 

I1Cll:fCllC rt 6 (65) 91 :9 >95:5 
Hexane -25 6 (66) >95:5 >95:5 )=\l 

(42) ''''If_Uu 3-AcHNC6H4 OTMS 

1)' 0 

2-t-COl_:t;Hl"""--1 " " r-Hu
+ 

2-t-HuC02C(,H4At_Ull 
TMSO T.\1S0 

(66) dr 80:20 

)=\.U'_HU (56) 
2-llnOC6TI4 OTMS 

3 15 

56b 

289 

57 

292 

57 
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3 16  

Substrate 

oms 

==< 
t-Bu 

i-Pr (OTMS 

i-Pr fOTBS 

TMSO�i-pr 

OBn 

('0 
O� ('OTBS 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

Chapter Three 

?i j=\) r--\,"It-Uu + ' ' ' IOTHS 
rli urus Ph t-13u 

A'i P' �:
9
�5 54 5  

Pli orMS 

PhA'i-P, 
OTBS 

(69) dr 95:5 

(61) 
X5: 1 5 

. + . (35) � � I-Pr PhI" ' : I-Pr Ph - d 67'3-
TMSO � TMSO � r .  .) 

ORn OBn 

o . ... .• 

Ph' ••.. �"'OTBS lY\ (65) 
dr 96.5:3.5 

289 

57 

57 

59b 

57 
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Substrate 

co o-t" �()'rMS 
CO 
of,:s 

4o,"s 

Scope and limitations 

Table 8. Continued 

PhCHO (0.5 equiv) 
4-MeOC6ILCHO (0.5 equiv) 

�CHO 
VV (0.5 equiv) 

Product (yields %) 

o 
..... ' 

Ph"'�S 

l.)' 
(67) 

dr 97:3 

o .... " 

4-MeOC H"" '�"OTMS' (68) 
(, ·1 0 . �

O 
dr>97.5:2.5 

QH 
,� 

\", (\)"�O VV & via 

(44) dr 87:13 + c5)O 
,\ ••.. 

0 ":;..OIBS QH 
� & :;. " 

via 

( 1 9) dr >95:5 

AX�AS 

3 17 

57 

57 

293 
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3 1 8  

Substrate 

S/-Bu AmMs 
TMSO�i-PC 

Cl 

2): 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhzCO 
(l.2 equiv) 

Chapter Three 

R (27) de >95/5 
RIO" " " SI-Bu 

Ph OTMS 
71 0 

Ph� i-Pr +Ph"" �i-pr TMSO = TMSO � CI CI 

Ph 

(28) 

dr 15:85 P�h Ph Ph o OTMS �OTMS 
+ + 

( 1 .5) (2) 

Ph Ph Q5Ph 0 OTMS TMS(£�O Ph 

Ph + 
Ph OH (0.6) (6) 

56b 

59b 

294 
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Substrate 

,;: 
�

OTMS 

�
OTMS 

t-Bu r
O™S 

t-l3u r
orMs 

Scope and limitations 

PhzCO 
(1 equiv) 

PhCHO 
(0.5 equiv) 

2-t-BuC02C6�CHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

3-AcHNC6�CHO 
(0.5 equiv) 

�TMS 

Ph 0 (10) 

Ph 

r-\"� + 
" " OTMS >95:5 ?i � (70) Pli OTMS Pli � 

2-I-BUCO'C6H'� 

�) 
2-t-nuCO�c6TT4 � � TMSO 

(60) 

+ dr82: 1 8  

(,l-f (82) 
j---\',It-Bu _ ,  Ph OTMS dr >97,).2.5 

;=CBU 
�:�

97525 
3-AcNTIC6IT4 OTMS 

3 19 

294 

57 

292 

57 

57 
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320 

Substrate 

y:JOTBS 

o fmle 
�-ro1MS 

OTMS ==< Ph 

OTMS ==< Ph 

Chapter Three 

Table 8. Continued 

�CHO 
VV (0.5 equiv) 

PhCHO (0.29 equiv) 
PhCHO (0.5 equiv) 

2-t-BuC01CdLCHO (0.5 equiv) 

Product (yields %) 

\� I'oAoVv & via 

(69-75) M�ns 
(52) Ph�

.):�C 
TMSO r dr 79:21 

'1'1 '1'1 ,r----\."Ph - r--\,"OTMS PH OTMS Ph Ph 
T II 

Solvent Tt:l1lr time (h) 
Ixnz.;nc " 24 

hexane -25 

IfH 
(46) 'J2:g 

(32) 95:5 

lu:xant: 0 (39) >95:5 

p-0TMS o Ph 

+ 
Ph 
III 

(l-ll)illl 

�95:5 

>95:5 

71 0 2-t-RuCO,C6H,�l'h + 2-t-nuCO,Ct,H'�l'h TMSO TMSO 
(61)dr 95:5 

290c 
293 

59a 

56b 
289 

292 
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Substrate 

�OTMS 
�s 
t-Bll 

rO™S Et l-Bu 
rOiMS Et l-Bu 
rOiMS Et 

Scope and limitations 

Table 8. Continued 
Carbonvl I 
PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

4-MeOC6�CHO (0.5 equiv) 
4·CNC,ILCHO (0.5 equiv) 

Product (yields %) 

J=\",� � PH OT\1S + Ph' . 

90:10 

;=(� Ph OTMS El ;=("1.8U 
Ph OTMS 

;=( " " 'I-Ru 4-MeOC(,H4 OTMS El 
;=('SI-RU 4-NCCr,1l4 oms 

(76) dr>97.5:2.5 
(87) dr >97.5:2.5 
(73) dr >97.5:2.5 
(62) dr 80:20 

321 

57 
(23) 

57 
57 

57 

62 
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322 

Substrate 

TMSO OMc 
t_13uAA 

L)< t.Ru 
I OTMS Ph ('OTMS 
t-fill fOTMS i-PI' 
lOMe 

l-Hu OTMS 

Carbonvl 

PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

Chapter Three 

Table 8. Continued I Product (yields %) 

H ; 
;=COMe 

''''It_Bu PH OTMS 
tC°X o 0 PhI' " � t-Bu TMSO 
APh Ph OTMS i-PI 
;=("t-Bu Pli OTMS 

H , 

(54) dr 85:15 
(70) dr 90:10 

(53 ) dr H2.5: 1? 5 
(84) dr>97.5:2.5 
I I  � 

JtOM\ �OMC (64) " "  PhI" " dr gS:15 Ph '[-Bu =- /-Hu TMSO TMSO 

58 

59a 

57 

57 

59a 
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Substrate 

TMSO�Ph OIMS 
il Ph TMSO/i OTllS 

�/OTBS 
10BU)L0�S 

flO"" 

�>(OT�S 

PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

Scope and limitations 

Table 8. Continued 
Product (yields %) 

PhOTMS _ (58) H , ,YI ,,,,,V - Ph'' ' ' ""OTMS o 

1} 
M 

[ dr 51 :49 Ph OTMS r OTMS I'h 
Ph" ,Q , ,,OT'MS � ,�oms H PhOTBS 111" · " " V + Ph OTMS 

po Solvent Temp d,' 
Hexane -25 (66) 51:49 Benzene 30 (60) 53:47 H :: I I  :: J=t::) � .  OTBS �- OTBS + 0 (59) 

Ph . .  , ,''''It_Eu Phi" ' :. t-Bu dr 5 1 :49 
I MSO TMSO 

Il ' 

PhJ=t:,���C 
'[ MSO 1 \  0 0 (52) dr 95:5 

323 

59b 

59b 

59a 

59a 
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324 Chapter Three 

Table 8. Continued 
Substrate Product (yields %) 

1 

H IT

' 

PhCHO 0 ' • 58 

I Et (0.5 'quiv) ;=c. ' Et o---}AFt (61) 59a ., Ph\"'�" " dr 6 1 :39 t-Bu OTMS Ph " 'I-Bu = t-liu lMSO TMSO 
Et EL �t 

� 
PhCHO H , H , 59a l

OMe (0.5 equiv) 
y�

OM
C 

+ ?---}AoMe (35) 
I-Bu OTMS ')-+"'t-11 PhII ' �l-BU dr 80:20 

Ph TMSO t-r�u TMSO 
OTMS Ph Ph .. ' � Ph,CO 

0: 
294 \7 � (1.2 equiv) Ph 

0 I OTI-.IS 
Ph Ph 0 ( 15) 

Ph 
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Substrate 

I'h40TBS 

�i.pr �OTMS I-Bu 

�t.BU 

t-BLI�OTMS 

Scope and limitations 

Table 8. ConlYtued 
Product (yields %) 

�CHO 

VV .� Ph'" (nAo VV via (9 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

(77) dr91:9 Ph'/:;;;" OTRS 

� PhAOAO VV 
(9) dr >95:5 

(9 
Ph.;:XO 

OTBS 

via 

II ' II . 

�)�i.pr + q�i.pr 
PJ1,..J-i·" " I-nU rh\ " '�t_BU 

TMSO TMSO 

(57) 
dr 70:30 

1;' � IT W Jt:_ : t-ilu °Ltt-BU (58-64) .. + 
Ph " 'f-Bu PhI" ' : dl' 95:5-92:8 TMSO TMSO t-Eu 

293 

59a 

58 
59a 

325 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



326 

Substrate 

f-BU�:: 
fSiMe2Ph 

XOTMS 

U 
£SiMC2Ph 

t-Bu OTMS 
£SiMe2Ph 

t-Bu OTMS 

PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

PhCHO (0.5 equiv) 
PhCHO (0.5 equiv) 

Chapter Three 

Table 8. Continued 
Product (yields %) 

tI 7----Y"Ph Ph,J--] " " II-RU TMSO H 
(72-76) dl' 69:31-71 :29 

J=t::SiMezPh Ph " 'YO (51) TMSOO� drS3:1? 
H ' 

J=t:SiMezPh Ph -" " t_Bu (44) dr95:5 TMSO 
Ij , 

J+:
SiMC2Ph 

Ph " " 't-Bu 
TMSO 

(63) d, 62:38 (30°) dr 68-32 (65') 

59a 

59a 

58 59a 
56a 
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Scope and limitations 

Table 9. Intermolecular reactions with electron-rich unsaturated comoounds. H. Enamine derivatives. 
Substrate Carbonyl Product (yields %) 

IN_CHO 
H 

I I . �N_CHO 
II 

IN_CHO 
H 

I I , �N-CH() 
H 

�N ..... COMC 
H 

comnound HCOCOzMe 
(0.5 equiv) 
HCOCOzBu 
(0.5 equiv) 
HCOCOzt-Bu 
(0.5 equiv) 
PhCHO 
(0.5 equiv) 
PhCHO 
(0.5 equiv) 

J=i""H + J=i" "NHCHO 
Me02C NHCHO Me02C I I 

50:50 (37-45) 

(tl Ctl 
,;---l '"H /"""1" "NHCHO 

HuO:�C NHCHO + Hu02C H 
5 1 :49 (37-46) 

71 71 /"""1" "II + . .  /"""1" "NHCHO 
t-Bu(}�C NHCHO t-BU()2C II 

54:46 (37) 

71 + )J (74) 
Ph�NIICIIO Ph 

"
'NIICIIO 71:29 

J=\ )J PH NHCOMe
+ 

PH 
"
�NHCOMe 

79:21 
(
58) 

327 

295 

295 

295 

64 

64 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



328 

Substrate Carbonvl 

I

N_BOC 
HCOCOzBu (0.5 equiv) H 

(' PhCHO (0.5 equiv) N /'" ....... eRO 
�N ..... C02t-Bu PhCHO I (0.5 equiv) 

I[) PhCHO (0.67 equiv) 
N 
I 

Ts 

Clo 
PhCHO (0.67 equiv) 

H 

Chapter Three 

Table 9. Continued I Product (yields %) 

J=i

""Il + 
J=i

."'NHBOC Buole NHBoc BUOle H 
I :  I (41) J=l + J=l (58) 

Ph N

-

PH N

-
dr 79:21 

I I CHO CHO J=l + }J. 
Ph ,COlt-BU Ph '�ICOJ-BU 9IUO (56) 

No reaction 

;=(l (63) 

N 0 dr 9:2:8 Ph H 

295 

65a 

64 

296 

65b 
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Substrate 

Clo H 
Clo H 

3-t-BuC02C6�CHO (0.5 equiv) 
Olley 

1 -& 
)1)0 

Scope and limitations 

Table 9. Continued 
Product (yields %) 

(?---(""'] 
3-t-HuCO�C'"4�N�O 

• , 11 

(54) 
dr 88:12 

cJ-� , ):;[7\:: H .0 H .0 
))J0 ))J0 

Solvent Temp dr 
MeCN 65 (56) 50:50 

MeCN 30 (-) 50:50 Benzene 30 (50) 89:11 Toluene -10 (56) 95:5 

329 

65b 

82 
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330 

Substrate 

Clo H 

Clo H 

Clo 
Il 

Clo 
H 

OIlC� 
,Y � (0.5 equiv) 

PhCOMe (0.5 equiv) 
PhCOCOzMe (0.5 equiv) 

Chapter Three 

Table 9. Continued 
Product (yields %) � ("" 0 O N "" , 0AN" 0 " "9 H I H I o 0 
I I 

mo o °mO O 
(50) 

th 5050 

o 
Substrate dr cr 

rae 
(+) 

- "¥D O " (56) >95:) . _ >97.5:2.) (-) 
", , ,i=Clo 

Ph H 

(51) 
dr 90: 1 0  

7---(1 (52) H3C020" t---l..-.N �O dr90:10 Ph I I 

82 

65b 

65b 

65b 
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Substrate Carbonvl 

(to 
PhzCO 
(0.5 equiv) 

H 

0 PhCHO 
(0.67 equiv) 

N 
I C02Me 

n PhCHO 
(0.67 equiv) 

N 
I 
C02Et 

0 PhCHO 
(0.67 equiv) 

N 
I 
C021-Bu 

Cl

o 

PhzCO 
(0.5 equiv) 

IT 

Scope and limitations 

Table 9. Continued I Product (yields %) 

Ph
+(:l 

N 0 
Ph H 

0 

Ph� 
I 
CO�Mc H o ? 

Ph).:{';, : N H I 
C02Et 
II o ? 

Ph}::[') ' N H I 

(56) 

(57) 

(52) 

(41 ) 

C02t-Bu 

-ti\ �  o 0 . 
Ph + Ph . 

(39) 
N ° -= N ° dr 55·45 Ph H H Ph H H . 

331 

65b 

65a 
296 

296 

296 

65b 
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332 Chapter Three 

Table 9. Continued 
Substrate Carbonvl I Product (yields %) 

71 \'1 PhCHO � _ � (81) 65a Qo (0.67 equiv) Ph
. 
�I;'\ + Ph 

. 0'1\ N .?-/ .?-/ 
dr t\8: 1 2  � 0 0 

1 1 IT !fI PhCHO 0 ; tb- . 296 
tz. /-.... (0.67 equiv) � + . (:17) N " I Ph 0 N Ph' N 76:24 COzMe 1 1 I TT I C02Me COzMe 

J=\ )J. � ...... COMc PhCHO + . 64 � (0.67 equiv) Ph NCOMe PH " NCOMe 65a 
Pr I I PI' >90:]0 (70-7 1 ) Pr 

O PhCHO ?� 296 N (O.67 equiv) 0N) (17) I Pli � C02Me C02Me H H 
!f\ PhCHO 0 ; tb-) 296 

l( �Et (0.67 equiv) . N Ph0)-Et + Ph'" N Et (-) CI O M  I I I I I  I 2 e C02Me CO"Me 71:29 
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Substrate Carbonvl 

i-Pr PhzCO 

¢La 

(0.5 equiv) 

H 
0 PhCHO 

�N� (0.5 equiv) 

� 
�N .... C02t-Bli MeCHO 

I (0.67 equiv) 
Bn 

�N
/C021-Bu HCOCOzBu 
I (0.5 equiv) 
BI1 

�N/C021-Bu BuOzCCHO 
I (0.67 equiv) 
Bn 

Scope and limitations 

Table 9. Continued I Product (yields %) 

i-Pr i-Pr 

-t=Cl -R\  
o 0 • (31 )  

Ph Ph . dr 60:40 
N 0 = N 0 Ph H H Ph H H 

A O )J 0  

Ph N� + Pli " 'N� � 88: 1 2 (82) � 
)=\ )J NCOJt-13l: ·'�

NCO"t-Bu 1 - I -
Un 65:35 (46

) Bn 

CO (28-35) 

BuOl·" 

'�

N13nBoc 

P. )J. Bu02C NCO"t-Bu + BuO"C 
�

NCO"t-Bu I '  • I '  
Bn Bn 

911:1() (33) 

333 

65b 

64 

64 

297 

64 
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Substrate 

�N ..... CO?t-Bu 
I 
Btl 

�
N ..... C02t-Bu 
I 
Bn 

-:P'N/C
0
2toBu 

I 
Btl 

-:P'N/C
0
2toBu 

I 
Bn 

�N/C02C
H2CH2TMS 

I Dn 

PR:HO 
(0.67 equiv) 

TBSOCHzCHzCHO 
(0.67 equiv) 

PhCHO 
(0.5 equiv) 

2-t-BuC6�CHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

Chapter Three 

Table 9. Continued 
Product (yields %) 

P,.gNCO,toBU

+ 
p
r)J···

NcO.toBU I 0 1 • 

Dn 75:25 (55) Hn 

1BSO��C02tOB

� 

TBso�" '

�C02tOBU 
Bn 69:31 (54) Bn 

PhANC02tOHU

+ 

Ph)J" '

NCO,toBU 
I I • 

Bn Rn 
R7: I J 

(
77) 

2otDUC6H!=lNC02tODU

+

2otBUC6HP"
'
NC02toBU 1 1 Bn Hn 

>90:10 (62) 

?i ;0' P
h,r----\.

NC02C1 1..,Cl l-> TMS

+ 

Ph 

·'�

NCO..,C[ [20 12 TMS I . 0 I 0 >90: 1 0 (7
4
) 

64 

64 

64 
65a 
66 

64 

64 
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Substrate 

�
N
/'...Ph I At: 

(' 
N ( ...... COMe 

Ph 

()....Ph N I 
C(}�Me 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.67 equiv) 

Scope and limitations 

Table 9. Continued 
Product (yields %) 

PhgNAc 

+ 

Ph",·O··'NAC 
�,:) 

Ph)····.. Ph)···· •• 

71 71 
Ph;----\N-Bn 

+ Ph;----\N-13n 
oJ-- oJ--

II H 

(73) 
dr 89,11 

0 ' 
tb-Ph� Ph

+ 
Ph" " N Ph 

H I II I 
CO}Me CO}Mc 

6832 
(
63) 

335 

67 

64 
65a 

296 
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Substrate 

o -P'N.J{ 
Ph�

O 

�N ...... COi-BU 
I 
Bn 

[)....CI l2Ph 

rO�MC 
o -P'N.J{ 

Ph11l_" ,··LJ
O 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.67 equiv) 

PhCHO 
(0.67 equiv) 

Chapter Three 

Table 9. Continued 
Product (yields %) 

0 + 0 A tJ PH N-f Ph"'" " �NJ( 
Ph.....(;O Ph�O 

(28) (18) )J. 71 '.
� 

0 - /� 0 
Pll N-f Ph' NJ( 

71 ,, , , , 
I:'h.....(;O Ph�O 

(6) (6) 

' ' ' IN (70) Phn + N, 

)1- F02t-Bu 

Ph 'Bn dr 29:71 
13n/ C02t-ilu 

H o , 
Ph0).-CH,Ph + 

H I 
C02Mc 

H 

Ph'-"�CH'Ph 
H I 

C02Mc 
>95:5 

?I 0 � II (58) Ph N, 
Phl12C1" '(;O 

00 0 . " , .J{ ( 1 1 )  - Ph'-" Lo 
PhH,C ,-' 

(65) 

67 

66 

296 

67 
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Substrate 

o �NJl.OI_jJU Ft I R" 
o '- 1 �Jl.Ot_Ru 'I ' An 

Z)....C9H19 N I 
CO�Me 

I-Bu 

9"NX) 
I 
COMe 

� ..... C02/-Du Ph N I An 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.5 equiv) 

PhCHO 
(0.67 equiv) 

PhCHO 

PhCHO 
(0.5 equiv) 

Scope and limitations 

Table 9. Continued 
Product (yields %) 

?i ?i CO,I Ru ;--1 " 'Et + ;---a" "N: "- (69) 
P
h 

N P
h

.El Bn dr 34:66 
13n

/ "'''T
OlI-Bu 

?i ?i C
o
,t-Bu n"'"i-Pr + n" "N: (7 1 )  

Pli N..... P
li 

i-Pr Bn dr 54:46 
Bn

/ 
C02t-Bu 

H " 
o , 

Ph�C9H I9 
+ 

H I 
Ph'
" ?+-- c' I I  . (65) '-"N}-. �<) 1<) 

C02Me 

MeeO t-8u 
Ph ... }'6 . . I D .0 

H I CO�Mc 
75:25 

MeeO t-Bu 11'hu�'6 
No reaction 

(63) 
dl' Xl  1 9 

337 

66 

66 

296 
298 

90 

66 
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Substrate 

��f()".RU 

U Rn 

Chapter Three 

Table 9. Continued 
Carbonyl Product (yields %) 
comnound 

PhCHO 
(0.5 equiv) 

Yi 0 � COol·Bu 

;---1"'" + " ' IN: -PH N Pli Rn 
Bn/ 'C02Ru-f 

(46) 66 
dr 57:43 
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Scope and limitations 339 

Table 10. Reactions with substrates bearing both electron-withdrawing and electron-donating groUDS. 
Substrate Carbonvl Product (yields %) I Ref. 

y
CN PhCOCOPh R-(1 equiv) Ph" " � eN 299 

6 

Phoc

6 

(29) 

y
eN PhCOCOPh 

Pho [loCN (1 equiv) 
300 

c) 
PhOC(

) 

(49) 

0 

y
CN PhCOCOPh Ph" 'lloCN 

(1 equiv) (53 ) 
299 

() PhOC

() 
0 0 

yCN (4-MeCdLCO
h R-(1 equiv) 4-MeC6H4, ' " :. eN 299 

() 4.MCC6nlOC

(

�
) 

(44) 

0 
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340 

Substrate Carbonvl 

yCN PhCOCOC6�OMe-
4 

() (1 equiv) 

° yCN (4-MeOC6ILCO)z 
(1 equiv) 

() ° yCN (4·C1C,ILCO), 
(1 equiv) 

c) yCN (4-CF3C6ILCOh 
(1 equiv) 

() ° 

Chapter Three 

Table 10. Continued 
Product (yields %) 

Ph, , ,R' ' ' 'N� + 4.MeoC61 14" ,R""N� 
4.MeOC6H40C eN \.......J PhOC CN \.......J 

66:34 (-) 

R-4-MeOC6H4I ' "  : eN 

4.MeOC6I{,OCCNj (69) 

0 

R-4-C1Cf,H4I ' "  � eN 
(59) 4.C1C6H4OCCNj 

0 

4-cF;C6II4",ll 'CN 

4--CF3C61140CCNj (24) 

0 

299 

299 

299 

299 
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Substrate 

yeN 
() (1 equiv) 

0 yCN (l·NaphthylCO), 
(1 equiv) 

() 0 yeN (2·NaphthylCO), 
(1 equiv) 

c) yeN 
PhCOCOPh 

0 

(1 equiv) 

Scope and limitations 

Table 10. Continued 
Product (yields %) 

No reaction 

No reaction 

\\ 
0 1\ 

co f � ""R"N 0 - eN\.......! 
d 

R-Phi ' "  � eN 
PhOCO (45) 

341 

299 

299 

299 
(49) 

299 
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Substrate 

yeN 

0 
yCN 

0 
yeN 

0 
yCN 

0 

(4-MeC,ILCO), 
(1 equiv) 

(4-MeOC6ILCOh 
(1 equiv) 

(4-CIC,ILCO), 
(1 equiv) 

PhCOCONaphthyl-2 
(1 equiv) 

Chapter Three 

Table 10. Continued 
Product (yields %) 

R-" .  eN 4-MeC6H41 � 
C N 4-MeC(,H40 0 (61) 

4-Meoc6H4" ,Il'CN 
4-MeOC6H40C

O 
(69) 

4-CIC6H4, , ,ll 'CN 
4-CIC6H40C

O 

(63) 

Ph, , ,R ,,,{) +CO""R,,{) C\ PhOC C\ 

58:42 (-) 

299 

299 

299 

299 
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Substrate Carbonvl 

yeN (2·NaphthylCO), 
(1 equiv) 

0 

yCN PhCOCOPh 
(1 equiv) 

0 yCN (4·M,C,ILCO), 
(1 equiv) 

0 yCN 
(4-MeOC6�CO)2 

0 

(1 equiv) 

Scope and limitations 

Table 10. Continued 
Product (yields %) 

CQ""Py{) - eN 
ci 

R-Ph" " � eN 
(63) PhoD 

4.MeC6H4" ,'R-CN 
4.MeC6H40t) (68) 

4.MeOC,H4' " 'R-CN 
4-MeOC6II40t) (90) 

343 

299 

(75) 

299 

299 

299 
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344 Chapter Three 

Table 10. Continued 
Substrate Carbonvl Product (yields %) 

yeN (2·NaphthylCO), 

CO""�"O 
299 

(1 equiv) 
(55) 

0 

�CN PhCOCOPh Ph",Il 'CN 299 

0 

(1 equiv) 
PhOC

O 

(9
) 

y
CN PhCOCOPh �oc+l-p (not isolated) 301 

H3C0l) Ph eN 

OCII, y
eN 

PhCOCOPh Ph"'ll CN 299 

Q 

(1 equiv) 
PhOC

Q 

(46) 

Ph 
Ph 
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Table 11. Intermolecular reactions with five-membered heteroc dic com ounds. 
Substrate Product 

Oi l 

[) MeCHO 

t§� 302 
(64-88) 

N 
H N 

I I 

[) MezCO HO�) 303 
(9.1 ) 

N 
H N 

H 

[) PhzCO 

li
Ph 304 

N . f( . 0 (50) N 
I N " 
COMe I H 

COMe 

[) PhzCO 

li
Ph 304 

(3 equiv) N . 305 N f( ,, 0 (51) o� N 
'

H N
� 

OJ.--N� �N �N 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
[) N I 
COPh 

NO
� 

'0 

N 

/() s 

o N H 

o N H 

PhzCO 
(2 equiv) 

PheHO 
(1 equiv) 

PhzCO MeCHO 
MeleO 

Arh ( �b 
N 11 I 
COPh 
H H 

[P' �'Ph 
N . 

'0 ::. H 
No reaction 

OH 

d' N H 
OH 

0+ N H 

304 
(34-50) 305 

306 

(0 - <5) 

305 

302 
(28) 

302 

(6) 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o 

N H 

o N I 
COPh 

o N I 
COPh 

o N I 
COPh 

PrCHO 

o 

c(Ph 

N 
(2.82 equiv) 

� Ph �� 
(2.82 equiv) 

PhzCO 
(2.82 equiv) 

� N 

011 

~ N 
H 

h 
�j) jth 

Ph 0 ' 
Ph . 0 

Ph 

< 

N H I H 
COPh 

(24) 

(12
) 

(
20) 

(30) 

302 

307 

307 

307 
308 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



348 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
[� N 

I 

[� N 
I 
N [� N 

H 

N� o 

� J�) 

MeCHO 

MeleO 

MeleO 

PhCHO 
(1 equiv) 

PhCHO 
(1 equiv) 

O[ I 

t§� N I 
OH 

t§� 
N I 

HO�� 
N H 
('I 
I I H 

��
'Ph 

J��);-i o ' 

(64-88) 

(64-88) 

H�r � , 
N H OR (\4.5) 

(0-1 5) 

H H 

��

'Ph (0 1 0) 
o 
� H 

302 

302 

303 

306 

306 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

O [(';(011 
I '\ Ph,CO I '\ Ph (33) 305 N.

, (0.5 equiv) N, Ph 
S S 

o o 

MeCHO 

0 Jy 0 0yCHO 0 
0 }y 0yCIIO 0 0 

� 0 0yCHO 0 0 
0 0 

& 0  

OACHO 

./"'-... 

II Me �) (14-72) m 97,3 o H 00� 
Y " 'O� 
H"C, � ')" '0 � o 0 

c\� /"---... 0 0 

(67
) 

(66) 

(7 1 )  

(80) 

72 
73b 

83a 

83a 

83a 

83a 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
O� CCl;CRO u--\ eCl3 (30) 309 

(0.1 equiv) "'0""'" y 
o OH 

o o 

o o 

o o 

o o 

o o 

NCCOzEt 
(0.3 equiv) 

-7"CHO 
EtCHO 
(0.06 equiv) 

EtCHO 
(0.06 equiv, MeS03H) 

MeleO 

, �Ort 

IL. yb + 
() 

( 16.2) 

o �OH 
o eN 
(X , I ) 

or o (1 1  ) 

oi�t 
° 

(69-80) 

r!

oH 

° 

(39) 

� () 
( 1 .7) 

199 

73b 

73a 
73b 
310 

310 

73b 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

o o 

o o 

MeCOCOzBu 

MCOCCO� 
i-Pr 

EtOzCCOCOzEt 

�CHO 

PrCHO 

�C02BU 

().-L 
o 

(77.3) 

_ 08 

&
0 
(80) d,- S l .5 :48.5 

o 'H 
ElO2C �C02El 

(30) 

0 

csi ( 1 1 ) 
0 

p, 

oil 
0 (27) 

73f 

83b 

73f 

73b 

73b 
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Table 11. Continued 
Substrate Carbonl:l com�ound I Product (!!e1ds %) I Ref. I 
0 i-PrCHO 

or 
73b 

0 (1 R) 0 0 EtCOMe c);Et 73b 
0 ( 1 . 1  ) 

0 

0 MeOC MeCOCOMe 
oS 

105d 
0 (1 equiv) (-) 146 

0 

0 t-BuCHO 6/o
.BU 

6&1 
0 (0.1 equiv) (-) 

o " dr >250: 1 H 0 �CHO 1 1 0 73b 
0 �

'''' O 311 
(0.07 equiv) r 0 ( 16) 

o H 0 �Cll0 qs 
311 o b 0 (76) 0 

"" I 312 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

o o 

o o 

CRO H 0° H 312 

o O!�" 
� 

�COoMe 
ClIO \ 

O" "YZI 
--\0 

0 

o OHC-( l'''O r'"oX:: MeO 
o OHC-( l "'O r'"OX:: BnO 

(67) 
H 
H O'�,:,O �) 0 (_) 

o 
H 

H (t-?" H �� A)---( OX �1I 0 
� " H  

H 0 '' ' '0 " 'O� MeG %H
O ,H � ' 0 " "0 I I  

" " O� n"o 

(1 8.6) 

(18.7) 

(23.8) 

311 

313 

313 

313 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

o o 

o o 

� �� [ q H ""OI . S CHO t"""" S via is)o S 

? (24) 0 0 
CliO H 

CHO 

d s 

C5H11CHO 

�CIIO 

�CHO 

I:! H 1/\ iP. , ,"'V 
� 0 
o 

'. 
H 

(50) 

� ( 19) 

(66.4) 

o 
OH 

� ( 1 8) o 

312 

312 

73b 

73
f 

310 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o o 

o o 

o o 

0 0 

0 0 

�I "" I I I I 
0 

l!.."A ,2-\."' " /, N CHO IL..�):-b N (36) 

OHC�J;l V 
OHC� �N 
t-I:3UyCN 

0 

t-BuCOCOzMe 
(0.1 equiv) 

o f J 

�II 

'0 

(13-78) 

o 

~ 
'" I H 

o � 

o 

(27) 

HNC C:)�" t BU re:�p 
(86) 

o 0 -55 (89) H 
H (-B u , , (-1 

dr 
8.9:1 

9.3:1 

&C02MC 

dr >49:1 
o H 

312 

74 
312 

74 

314 

6&1 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

t-I3110CCO� i-Pr 

I-BuOCC02� ---I 
i-pr� 

><� .0' ". '0 }1"o� o 

JT 
t-Bu 0 I-PI 

&0 (90) ill 65 5 34 5 
o II 

;I 
i-ilu O l-Pr 

&
0 (
83) dc 79 21 

o 'H 

(i II  ( 1
4) 

83b 

83b 

313 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

0 0 

0 0 

0 0 

X' X X °}J

"'o 
O

!;

,,, ,o + o

�

o , ,,,o 

o "0)( \j '0)( o

�

"O

� 

(Y ( 1 6) 0 (9. 1 )  

Oyt s � o i-Pr 

PhCHO 
(0.1 equiv) 

aCHO 

O

o

!r 

�0(92) ill 82 , 18 
o II 

Ii _"'ph (9) (
56-88) 

o J 

I dr 212:1 

of (27) 
0 

315 

83b 

68b 
6&1 
73a 
311 
316 

73b 
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Table 11. Continued 
,"" .. ,. C,mooy' romp" " 7'0/0' I Rd. I 

o 

o o 

C6H13CHO 73b 
(19) 

o o 

o o 

o o 

o o 

�N U 
o � llr� 
PhCOzMe 

(0.1 equiv, 44h) 

PhCOzMe 
(0.1 equiv, 72-100h) 

� 
Jb o 

~ � I 
o � 

o 
H OMe 0;; Ph 

H 
j:HO )JI O 

1 I 
MeO � 

(25) 

(72) 

(37-62) 

(90) 

74 

74 

6&1 
311 

311 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

o o 

C5H90CCO� 
i-Pr 

PhCOMe 

2-MeC6�CHO 

PhyCN 

o 

/I �-pr 

�_;'o 0 (65) dr 73 5 26 5 o H 
�Ph t)--'o o 

(
0.4) 

i5!a6H4Me_2 

o -I; (97) 

lINe 

fS5

�'
Ph 

o 0 
H 

Temp 

n (77) 
55 (95) 

d,· 

3.7:1 
5.3: 1 

83b 

73b 

68b 

314 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

o o 

(, � o  �i= 
\ A, 

(0.1 equiv) 

o 
PhAyO'(" 

o -

o 
PhAy°'Y" 

o = 

(NaY zeolite, ephedrine) 
o Jl .o� Ph'" If ' o .= 

(NaY zeolite) 

"'." �o o ' .h 0 I ('>Y"� ,  I '" 0 -lJ-NF & N \ \ (48) Ac (6) Ac 

o 0f:b/\C 
dF) "'" IY 

7 <"'0 \ 
I ° � 

� 1\ (30) 
\ 
Ac 

, 0 �)L.f-L 
d-!...J 

Ii 0 

J
o 

o)l··.f,L d-!...J J:i 0 

J
o l Ph H o) '1--L

. d-...!..J 
Ii 0 

(66) 

dr 57.5 :42.5 

(37) 
df 50:50 

(30) 

dr 68.5:31.5 

52 

84 

84 

84 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

0 0 

0 0 

0 0 

0 0 

o 

PhYy°y'" 
o .: 

0 

PI1Yy°'(" 
0 

(j3-cyclodextrin) 

PhlyO� 

0 

0 

l'h�O� 

0 
(NaY zeolite, ephedrine) 

Phly()� 

0 
(NaY zeolite) 

o 
Jo)l,"!:6

Ph }' zeolite dr 
NaY (30) 68.5:31.5 

o � LiY (35) 65:35 i 0 KY (39) 53:47 " CsY (30) 53:47 
RbY (31) 52:48 o Jo)l..'!:l
. d--!..J -= 0 " 

o 
)l,"

f:b

Ph r �O . . , ° � = 

-= 0 H 
o 
Ph H 

�o)
l
..'!:b" 

, 
0 

� 
= 

.= 0 H 
o 
)l,"

.!:b

Ph V �O � :: ( )  = 

.= 0 
H 

(33) 
dr 54:46 

(66) 

dr 50:50 

( 16) 

dr 50:50 

(58) 

dr 59:41 

88 

88 

84 

84 

84 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 
o o 

o o 

° � ° l Ph zeolite dr l'hYyO �O) " 'f-.L NaY (58) 59041 
o ' 6-.f..�) L,Y (63) 58.5041 .5 

� 0 KY (49) 6U9 

o 

l'hYyO
� 

o 
Cj3-cyclodextrin) 

o 

��Me 
o� X () ""0 'V�-PhCOCO, 

CsY (4 1 ) 60:40 
RbY (40) 59.5:40.5 

JLtbPh r 
�O . ; 0 � = 

.: 0 H 

)(� 

(24) 
dr 50:50 

� ;OOMe 6-:1.,.n (80) ill 7129 H' O Ph O  )<0 &:", <ih 
� . 0 

0 
0-">.---

o . 
\ 

H (79) dr 7
4
:26 

88 

88 

85 

85 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o o 

o o 

o o 

X� "'O )<� ,0, 
PhCOCO�" "oA: t--\':� 

PhOCCO� 
i-Pr 

Phb�_O �)� Phocoe 

� \  (;''0 (�4) d, 7228 
o H 

Ph olr 

(i0, , 
� . 0 
o '> 0 

(90) dr 80:20 
H 

Ph./'\� -0 

� (1=� �b'Ph (80) dr90:10 o i:J 

85 

83b 

85 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o ° 

o ° 

o ° 

o ° 

)(O\---q )(\---0, o� o� PhCOC020Bn A. ;OOBn 6-cZ)n (78) dc 7 1 .5028.5 

I I  0 Ph 0 

O:�COPh 

X 
l'h��� o� 

Ph 

Ph\p 
Ph 

(NaY zeolite) 

o 
o:�� 

X) 
(84) dr 53:47 

�)l Ph n o '�� 
Ph ;�o) 

H 

(88) 

dr 97.5:2.5 

�c)(i Ph H 
Ph� '�'h 

H 

(90) 

dr 99:1  

85 

85 

84 

84 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o ° 

o ° 

o ° 

PI Ph Ph ''!--Ph Ph� 
o 0 Ph 0 ° 

,,��:P:\: &�� 
C6H I I OCCO� 

i-Pr 

4-N02C6114COC0;;Z::::::;-
i-Pr 

o I I  (84) d,· 52A8 

/f 
CJII I O /-Pl 

&0 
(65) dd4 26 

o I I  

4.N02C,H.4 o� 
�o 

° O
( I S ) dr 74:26 

84 

83b 

83b 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
O� 4-FC611\COCO� . f( 83b 

o /-Pr /j 

o o 

o o 
o o 

4-CIC6114COCO� 
i-Pr 

QAc ' eN Ph� 0 
OAc 

Ph �CN 0 

&,:r 
o " 'H (91 )  de 79:21 

�d 

(*,'0 ,,0 o ", (87) de 78.5:21 .5 
1 1  

i¢,." r
c 

y . 0 Ph Teme 

o iT 

NC pAc 
H , 

iSJ';"\h o 
II 

rl 
-55 

dr 
(25) 4.6:1 

(61) 5 .3 : 1  

(71 ) 

de 6.2:1 

83b 

314 

314 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

o o 

o o 

o o 

CSH17CHO 

4-MeC6H4CC)CC;:;Z:::::::;-
i-Pr 

4-l\ilcOC61 [4COC0:;Z;:::::;-
i-l'r 

� 8H17 

Zo)rt (100) [j 

4·McC,1 �4 od 
'�o 
�o).;'o (�6) d," 8 1 0 1 9  

H 

.�;r (X'o () o · ... H (93) dd Q: 1 g 

317 

83b 

83b 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o o 

o o 

o o 

o o 

, s, n �s/'y,'S� (.r ' s ' 'CHO u..o U (36) 

2,4,6-Me3CHzCHO 

�" 
� � 

I eRO [ iSJ� H ",,\\ol 1 ' s 

S 

v;a � :. o ' � ;,  o II H f:! �C6H2Me3'2'4'6 

II 

(ca. 25) 

(90) 
dr 98:2 

(82) 

dr 98:2 

312 

68b 
72 

315 

72 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 369 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o �CHO 

VV 

o o 2,4,6-Me3C6HzCOCN 

o o 
�O O r- �CN 
� I NJ o rh�CHO o o 

o 

o o l'h
� Lh 

� � 

(84) dr 98:2 
H NC H 0 

�C6]]'Mcr2.4.6 l!...o)::O H ��"":roo 
�O);-( 0 f � H ·  _ 

(89) 

dr 16 : 1 

(
30) 

dr 3.5:] 

�\ [ � " .""n 
. � S Ph . "'-cA I ' via i"Po 

S Ph o (50) 0 0 I H eHO 
�' I Nr 

Ph ::,.. l, o � (23) + � 
o 

(39) 

72 

6&1 
314 

314 

312 

74 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
o o 

o o 

o o 

o o 

4-I-BUCJf4COC0::Z;:::::;-
i-PT 

Phleo 

Phzeo 
(1 equiv) 

4-PhC6�C02Me 

08p (&3) 4-&�' o 1 1 
�Ph 

I()--b 
o 

Ph I I I I  Ph Pl'�Ph ()--i-n)r-C) 
H 0 H (26.7-29) 

dr )51 : 19 

(-) 
Ph �H 

Ph o 
Ph 0 o (18.2) Ph H H 

C6H4Ph-4 

MC
O�OCH

O (36) 

83b 

318 

73d 
252 
319 
320 

311 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 371 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o 
�� :_ rJ1�HC: rOCHO 

113e 

o - r; = I�H � A . . ° 

0 4-MeC6�COPh 
(10 equiv) 

0 

0 N-N 

0 Ph�O'>-..Ph 
(0.01 equiv) 

'0 (45) 

° 
via 

° 
Ph PhH HPh �C H Me-4 4'MeC6H4®C H Me· 6 4  : �6 4 

Y 0 + 0 0 

o 0 :-
4:1 (82) 

H H 

Ph @0/rPh (2 1 )  

r N-N 
0 

309 

321 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o o 

o o 

o o 

o o 

o o 

PhCOCHOHPh 

PhCOCHOHPh 
(NaY zeolite, ephedrine) 

PhCOCHMePh 

PhCOCHOMePh 

4-MeOC,;lLCOCHOHCdLOMe-4 

�o Ph 

� .,." Ph (56) 

r 0 d, l OO,O 

o 0 H 
Ph 

l:! " Ph 

� 
, .' 

(20) 
� . 0 dr l 00:0 o � 

(43) & r 
� . 

;;"1'h 
dr >99: 1 o 0 H Ph 

l:! ,Ph 
"i ,.' (54) 

� 'l � 0 drR6: 14  
o It 

�IO C6H40
Me-4 

� 

� .  �'C6Tl40M'-4 

o 
0 Tl 

(72) 

dr 1 00:0 

322 

322 

323 

322 

322 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o o 

o o 

�TMS 

n ((.0))-... TMS 

n ((.0))-... TIPS 

2,4,6-(/-BU)3 C6HzCHO 

,� cJ:5D"" 
EtCHO 

(0.56 equiv) 

PhCHO 
(0.56 equiv) 

PhCHO 
(0.56 equiv) 

H C6" 2(t.8u),.2.4.6 

C;;o (83) 

o ' H 
AcO\
"
'

� 
I 
OH 

H H ��'Et 
TMS 0 II 
Ph 

_ 0. I I  

(25) 

Ph 

0/) o 'TMS £)i) + TMS 0 

1 :1.5 

II H �"'Et 
TlPs�o):b 

II 

(42) 

68b 

315 

(-) 

75 

75 
77 

I-I 

75 
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374 Chapter Three 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 

�TIPS 

�OTBS 

�OTBS 

n . (("oAOTIPS 

PhCHO 
(0.56 equiv) 

PrCHO 
(0.5 equiv) 

PhzCO 
(0.5 equiv) 

MeCHO 
(0.5 equiv) 

Ph 

cjJ + 
o 'TIPS 

�h 
TIPS�O)-'o (-) 

1 :20 

pr" .�H r 
o � 

o 0 OTBS 
II 

90: 1 0  (53) Ph H Ph',.� O--!.·�OTBS o 0 
H (7) 

H H 

+ ��,
pr 

o bTBS 
>95:5 (47) 

H Ph ��
'Ph 

+ I( __ X< o bTBS 
(93) 

H H " , .. �H P � + o i 0 OTiPS 
H 

fS;�'" 
87:13 (6 1 )  

o bTiPS 
>95:5 (39) 

75 
77 

76 

76 

76 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

�(rr[Ps 

�OT[PS 

�snBu3 

�snBu3 

�SnI3U3 

PhCHO 
(0.5 equiv) 

PhCOMe 
(0.5 equiv) 

EtCHO 
(0.56 equiv) 

BuOzCCHO 
(0.56 equiv) 

PhCOzCHzCHO 
(0.56 equiv) 

TT 1 1  1 1  TT Ph '�� 
+ &

�,rh 
H 0 OTTPS 0 lmrs 

>95:5 (50) 

f:h 
Ph" "  r 

o '\ . . (lTI PS - 0 H . 
(5) 

>95:5 (50) 

+ 
&�'Ph 

o �
OTlPS 

78:22 (95) H H 
��'

Et 

BU3snA.-)':-< (30) 
o 0 H 
H II i5), . .. ,CO,B" 

Bu-S 
. 0 (JS) 

.," n o :. H i5/c� CH�02CPh 

Y 
ill ' 

0 
13Sn 0 -'''H 

(50-55) 

76 

76 

75 

75 

316 
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376 Chapter Three 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
H H 

��'Ph (48) �SnBU3 
PhCHO 75 

(0.56 equiv) 

o s 

o s 

o Se 

o 
N 
I 

PhzCO 
(1 equiv) 

PhzCO 
(1 equiv, BF3) 

PhzCO 
(1 equiv) 

MeCHO 
(1 equiv) 

BU1Sn 0 i:I 
No reaction 324 

�Ph 
/{sy'o (10)  

324 

No reaction 325 

OH 

d" N 
302 

(74) 

I 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

o 
N 
I 

o N 
I 
N ![� 

I N ![� N I 

![� 
N I 

MelCO 
(1 equiv) 

PrCHO 
(1 equiv) 

MelCO 

PhCOMe 
(l.23 equiv) 

PhlCO 
(1 .04 equiv) 

all 
�92) N I 
OH 

� 
N 

(50) 

I 
N � I /-.1 (;�O-70) 

N 
I 

P)( 
1 10 [� ( 1.21 

N 
I 

Ph Ph 

1 I0�� 
N 

(9.7) 

I 

302 

302 

303 
305 

303 

303 
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378 

Substrate 

(� N 
I J) N 

I 

---/(J N 
I 

� N, 
0 

� N, 
0 

~ 0 

Chapter Three 

Table 11. Continued 
Carbonl:l com�ound I 

PhzCO 
(0.027 equiv) 

MeleO 

PhzCO 

PhCHO 
(1 equiv) 

3-MeC6�CHO 
(1 equiv) 

4-MeC6�CHO 
(1 equiv) 

Product (!!e1ds %) 
Ph N 

Ph�1 HO N 
I 

><!� HO I 

PhX<� 

110 Ph I 

1 1  I I  

��'
Ph (
40) 

o ' 

H II ��;'C:6H4Me.3 
N, � o ' 

H " )Cp;,C6H4MC-4 
N, � o , 

(4) 

(30) 

(4) 

( 1 8) 

(
18) 

I Ref. I 
305 

304 

304 

306 

306 

306 
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Scope and limitations 379 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
)n ��O� 
)n ��O� 
~ 
)n ��O� 
Nn f�o� 

3-MeOC�CHO 
(1 equiv) 

4-MeOC6ILCHO 
(1 equiv) 

UCOPh 

N 
(0.03 equiv) 

PhzCO 
(0.03 equiv) 

PhzCO 
(0.03 equiv) 

II H 

��
'C61140Me-3 (0) ��--y( o � 

H H �
�
'C6"40Me-

4 
(25) tf�o ); ( 
(24) 

QPh J�o);b (40) 

Ph 
N�Ph (6

5) i�o);b 

306 

306 

305 

305 

305 
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380 Chapter Three 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
N A�OMe 
N A�OMe 
N A�OMe 
N A�OMe 
N A�OMC 

EtCHO 
(1.43 equiv) 

i-PrCHO 
(1.43 equiv) 

t-BuCHO 
(1.43 equiv) 

PheHO 
(1.43 equiv) 

PhCHzCHzCHO 
(1.43 equiv) 

Il  H JJ- ""Et 
N . A , 0 (90) 

dr >98:2 o OMe 
H H JiJ;j;' ' '-l'r 

(86) 
�o :. >9X:2 

OMe 

JJT� TT " ,i_BU 
N . (88) A , 0 dr>98:2 o OMe 
II H 1J, ""Ph 

N . 

A , 0  o OMe 
(87) 
dr >98:1 

["Ph 

V[� H ,,) N . A , 0 o ()Me 
(87) 
dr >9R:2 

255 
326 

255 
326 

255 
326 

255 
326 

255 
326 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
N A�oMe 

IIPS�� 
OH 

�) 

�) 

� o 

�CHO 

VV 
(1.43 equiv) 

PheHO 
(1.5 equiv) 

u-eOPh 

N 
(0.03 equiv) 

PhzCO 
(0.03 equiv) 

CChCHO 
(1 equiv) 

H
H 

� 
�J!�"0v 

o ()Me N�TT H ",Ph A.. 0 
TIPS 0 

HO 

�h """ 
� 

I 
N '  � N 

As :' 0 
, H J;t� P

h Ph 
N . 

As :. 0 
H 

11\ eel. /"-0/1 ' 
OH 

255 

(H5
) 326 

dr>98:1 

327 
(64) 

dr 80:20 

305 

(40) 

305 

(25) 

(30) 309 
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382 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
� o 
� o 

� o 

� o 
� o 

EtCHO 
(0.26 equiv) 

EtCOzCHzCHO 

PhCOzCHzCHO 

f)-CHO 
(0.32 equiv) 

PheHO 

Et 

�) (73) 

o 

II CII20�CI�t 

� (35-40) 
o 'H 
H CH:P2CPh 

� (45-50) 
o ' H 

o?ff � 0 � 0 
r 0 ... 0 + r 

O
� :' 0 (-) 

< Ll H 

�o II
." Ph 

r ' . 0 (86-87) o 0 H 

730 

316 

316 

77 

53 
730 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
� o 
� o 
� o 
� o 

PhCHO 
(0.1 equiv) 

PhCOzMe 
(1.64 equiv) 

4-CNCdLCHO 
(0.32 equiv) 

o PhJY°Y' 
o ' 

H H H 
H Ph" ,�, Ph " 'f:b' . . 

(95) 
o i ° � + 

0 i ° � 45:55-5 1 :49 
H � 

II 

O
Me �Ph Ph /,,)rC) + MeoA� ...-OCHO (-) ° 

H 

� �T 
C6H,CN-4 C(,H,CN-4 

cr/: +� (-) 
1 :2 

o o ' )1 Ph H J )L .. 
Ph r �o �" '!:f:J--� o !:h,' 0 � o 

\ 
+ 

. , (36) 0 0 (19) i 0 
H 

dr 97:3 dr 50:50 

77 
328 

311 

77 

84 
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384 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
� o 

� o 

� o 

o � 0 
l 

P

h 

H 84 
PhJYO �o)''''--L o = O� .. ) (9) j 0 

dr 55:45 o )l 
Ph H �

O "'�' 
- 0 � 

(60) � 0 

PhzCO 

PhzCO 
(0.1 equiv) 

dr 50:50 H 
�Ph 

Ph 
Y 0 
o 

(9X
) 

Ph H Ph I l Ph'�� �'
h
';!:b 

H O i 0 

(>95) 
19:81 

73c 

328 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
� o 

� o 

d o 

d o 

PhzCO 
(1 equiv) 

PhCOCHMePh 

PhCHO 
(0.1 equiv) 

PhzCO 

Ph Ph Ph oXl'h Phif»H Ph 
� () + 0  0 
o ( I X,S) 0 I I  . 

(26,7-29) 

+ Ph Ph �'h H I I X.2) 

� � . ;Wh 

o 0 
H 

p�--( 
��" Ph 

o , 
(40) (25) 
dr>99:1 dr>99:1 

II H ll _ 
Ph'i:fj 

+
PhJiJ 

II 0 H 0 �Ph 

().-O (98) 

o 

(-) 
dr 97:3 

252 
319 

323 

328 

73c 
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386 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
d o 

� o eN 

�CN o 
fJ--CII20II o 

fJ--CII20II o 

PhzCO 
(0.1 equiv) 

CChCHO 

3-FC6ILCHO 
(0.3 equiv) 

PhCHO 
(1.5 equiv) 

o 

Ph�°Y"" 
o ' 
(0.2 equiv) 

Ph H Ph _ 
Ph'�/-.LJ Ph'�� (_) '--!"J + ,--!..�') 17 83 � 0 II 0 

No reaction 

""_-< __ /Jcl41 .3 C6�1'·J 

(:K0 + do (-) 
o �CN NC U 10 1 

oi'
h

+ d

h 

o t�H,oH HOH2C 0 
(50) (26) 

o J 
)l 

Ph H  " '!:b-0 
(46) 

o . 
o � 

CH,OH 0,,0,50 � 0 . 
H 

328 

309 

77 

77 
94 

84 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

()--CH,OH 

O-CII20II o 

O-CH,OH o 

()--CHOOH 
()--CH20H 

o PhYyO,(,,-
o 0 

(0.2 equiv, NaY zeolite) 

Ph�O� 
o 
(0.2 equiv) 

Ph�O� 
o 

. eqmv, NaY zeolite) (0 33 ' 

PhzCO 
PhzCO 
(1 .5 equiv) 

No reaction 

o �o)L.'f..L 
(35) � cL��._.;\-CH:.oH dr 50;50 � 0 H 

No reaction 

Ph �Ph 
(,kiJ o CH20H 

(80) 

niPh &Ph 
� 0 ". 0 + HOH,C Y 0 '� 0 

tH,OH H 
(65) (20) 

84 

84 

84 

73c 

94 
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388 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
CH)OH 

o
· 

o 

O
CH20H 

o 

n o '0'
'[-
> 

OyOAC OAr.; 

PhCHO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

PhzCO 
(1 equiv) 

CChCHO 

No reaction 

, Ph Ho(jS0( Ph 
(42) Y 0 

o 

�

Ph �) H �  Ph 
Ph ' -

Y 0 + 0 
o Ph H 0 � 

o ;-0 
0
0 

( 1 5 )  ci \ 
(29) 

� 
PhH HPh 

Ph�, = , Ph 

+ (j�n);() II 0 � 
;-0 

(15) °0 
No reaction 

101 

101 

309 

309 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I OyOAC 

OAc 

n OAc '0/ "'( 
OAc 

�()"ms 
o 

PhCHO 
(1 equiv) 

PhzCO 
(1 equiv) 

PhCHO 
(0.3 equiv) 

P:h �:h (50) AcO 0 + 
0 1 : 1  

OAc OAc AcO 

�

Ph Ph 
�) H �Ph Ph 
Ph 

Y 0 + . 0 
o Ph II O � 

OAc r-OAc 
AcO AcO 

(2 1 )  (21) 

PhH HPh 
Ph�. � Ph 

+ (k�"n);() 
H 0 � 

r-OAc 
( 1 8) AcO 

d

h 

+ 
d

h 

o "1::TT,OTllS TBSOH2C 0 
I : l.l  (-) 

309 

309 

77 
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390 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
ifOTRS 

ifOTBS 
ifOTRS 

ifOTBS 

zSOll3S o 

MeCHO (0.5 equiv) 
MeleO (0.5 equiv) 
PhCHO (1.5 equiv) 

PhCOMe (1.5 equiv) 
PhzCO (1.5 equiv) 

" " ',f-LI �"'" 6--!...J, + I(Xo � 0 OTBS 0 "'bIDS 
H l : 1 9  (54) >95:5 (46) 

'-I--L; � d��� " , + (.�b Ii 0 O I HS 0 --=CUBS 
(50) (50) 

Ph"W �-iO>---OI HS 
H 

��'Ph + /( __ X( 
I I  o tnBs 

87:13 (40) >95:5 (60) 
Ph'�1:/:{ (7) + &,';'Ph (93) 

II 0 OTBS 0 tHns >95:5 
} Ph Il � Ph 
I h'�!:f{ . + C})�'Ph 

,i 0 orBS 0 bIBS (5) (95) 

76 

76 

76 

76 

76 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
�OTBS 

�oms o ' 

�OTBS 

�OTBS 
�snBU1 

MeCHO 
(1.5 equiv) 

PhCHO 
(1.5 equiv) 

PhCOMe 
(1.5 equiv) 

PhzCO 
(1.5 equiv) 

PhCHO 
(0.56 equiv) 

" ,�H O  �Tl " . ! -: . .  " ,1 

o � � 0 . + . ti 0 oms 0 �)TBS 
90:1 0 (69) >95:5 (3 1 )  

) H _ H H 
j h ';.� . 

I 
to ,; 'Ph 

H 0 O I BS 0 bTns 
>95:5 (56) >95:5 (44) 

I'h',·L 
6�OTHS I I  

&�'l'h 
o UTBS 

95:5 (42) 82:18 (58) ) Ph _ H l'h I h '�� . .  , + l[¢�'Ph 
H 0 O I HS 0 bIBS 

(1 5) 

(
85) H H 

.
��'Ph 

Bu]Sn 0 � 
(41) 

76 

76 

76 

76 

75 
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392 Chapter Three 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
� Se 

tf tI�o� 

)-{ J�o� 

)-{ tI�o� 

)-{ J�o� 

)-{ J�o� 

PhzCO 
(1 equiv) 
PhCHO 
(1 equiv) 

3-MeCdLCHO 
(1 equiv) 

4-MeC6�CHO 
(1 equiv) 

3-MeOC6�CHO 
(1 equiv) 

4-MeOC6ILCHO 
(1 equiv) 

rt:Ph Ph 
Y 0 

(34) 

Se 
H 

).l-\�'l'h �� ___ k{ o � 
(41 -98) 

" 

\-1-\�'C6H4M;�:_92) J� ):--i '0 � 
H '\.l.-\ ... ChIl4McA J� ):--o (35-96) 

'0 � H 
\-1-\�'C61 140Me': 1 9) ��--):--( o " H \---l-\�\C6Hl)Me-4( (5) J�,,):--i o � 

325 

306 

306 

306 

306 

306 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
�� 

�� 

�� 

�� 

�-:(OMC 

�-:(OMe 

EtCHO 

t-BuCHO 

PhCHO 

PhCOCO,Et 

EtCHO 
(0.9 equiv) 

MeCOCOzMe 
(0.9 equiv) 

�� lil i". " . 0 A()", 
�� I-Bu NI' " II " , 0 

./'-0' 

�� Ph 17" ' " 0 
�O' 

(m 100) 

dr >99:1 

(ca. 1(0) 

elf >99: 1 

(ca. 100) 

dr>99: 1 

xr�ll'�h �I"�,. 0 (m. 100) 

0' dr 74:26 

_ H 

�-X;'Et (MO) 
OMe 

ND··" C
02Me 

AJ,\) (74) 

o ;;. >98·' OMe ' .-

329 

329 

329 

329 

255 
326 

326 
330 
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394 Chapter Three 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
.J...>-OMe 

.J...>-OMe 

.J...>-OMC 

.J...>-OMC 

N-{ 
/O>---OMe 

i-PrCHO 
(0.9 equiv) 

i-BuCHO 
(0.9 equiv) 

t-BuCOCOzMe 
(0.9 equiv) 

PhCHO 
(0.9 equiv) 

PhCOCOzMe 
(0.9 equiv) 

H 

.J...�;;' i.pr(9()_93) 
o OMe 

�� H ,, , i.BU 
N . 

/ ,
0 (84) o OMe t-13u 

.J...
��'

CO
'Me(
7
4) 

o OMc '98 2 
H 

�V�
' Ph 

(82-85) 
�

o
:. 

>98:2 OMe _ Ph �' ""CO,Me 
N . 
II . 

0 (79-86) �

o =. 79:21 OMe 

255 
326 

255 
326 

326 

255 
326 

326 
330 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

�-:(OMe 

�-:(OMC 

N-( 
AO�OMC 

�-:(OMC 

�-:(OMC 

PhCOCOzEt 
(0.9 equiv9 

PhCOCOzi-Pr (0.9 equiv) 

PhCOCOzt-Bu 
(0.9 equiv) 

PhCHzCHzCHO 
(0.9 equiv) 

�CHO 

VV 
(0.9 equiv) 

Ph 1J% . . .  ,C02Et 
N . 
II 0 (89) 

/"".0 '- 73:27 OMe 
, Ph ��� 'C02i_pr (85) 
OMe 67:32 

� Ph 

���
'C021-RLL

(
68) 

OMe 69:31 
, H 

�)!�
'CH'CH2rl

�87) 
OMe 

, H � )L��"� . GMe 
(79-92) >98:2 

326 

326 

326 

255 
326 

255 
326 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

H H PhCHO 327 
I 

� Et 
N)\y 

TIPS.J.(o 
(1 .5 equiv) N�'''

Ph (75) .J.( 0 ill 8020 
OH N)\y PhzCO I 

� Et (1 .5 equiv) TIPS.J.(o 
OH 

� 
PhzCO 

0 

� PhCOzMe 
(0.18 equiv) 

0 

� PhzCO 
0 

TIPS 0 
HO 

Et 

No reaction 

Ph Ph �PhffiPh r 0 + r 0 
o 0 
(50) 

(
50) 
Ph Ph 

� O�OAC + MeO "" COMe 
COMe 

Ph-lf:X:Ph (9.9) 
o 0 

j 0 

327 

73c 

311 
(44) 

252 
319 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
� 0. 

o 0. 

o o 

O-{_ Q-{a 

B"O�CHO 

(OA equiv) 

?-t 
OIIC�

O 

(0.5 equiv) 

� ... �oc� 
�
-

/; �- +V 
� /;  0 � 2 

0. IJ 
via 

o 

I! aCOMo 

(74) 
1:1 

OR" � (63) 

I I 
, H P+ � P+ \J.-.\""vo �o 

(yO + � 0. (35) 

o :. 0 
er 77:23 

H H 

inc 

331 

332 
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398 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

n 
'O/--AC 

fJ--AC o 

/[J--AC ° 

Oy 
OH 

Oy 
OH 

4-CNC6�CHO 
(0.32 equiv) 

4-0HCC6�CHO 
(0.32 equiv) 

4-MeOC6�CHO 
(0.32 equiv) 

MeCHO 
( 1 .5 equiv) 

PhCHO 
( 1 .5 equiv) 

C6H4CN-4 
c;1 (

70) 
o �/\c 

77 

t9�GH4l:()£si�GH4C�())
4 

o -�c Ac 0 20:1  

77 

oi6H4�Me-�6[[40�C;4 
o �c Ac 0 20:1 

77 

~ 
97 

(64) 
OH 

H � (55Ph 
(7
) 94 

° " 

r
OH 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 399 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
Oy 011 

Oy OH 

Oy OH 

� 
"0 s 

C6H13CHO 
(1 .5 equiv) 

PhCHzCHO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

PhzCO 
(1 equiv) 

PhzCO 
(1 equiv) 

CGH13 0)0 (46) 
o 

OH 
CH"Ph 

0)0 · (52) o 011 
H Ph [J Ph 

&Ph + &Ph(71) 
o , OH 0 ,  I Hd Ph 

MPh (60) 

/{sX-b 
No reaction 

97 

97 

94 

333 

333 
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400 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

� S 

A 
� S 

A 
A 
A 
� S 

PhCHO 
(1 equiv) 

PhCOMe 
(1 equiv) 

CN-COPh 
( 1 equiv) Wcno 

o 0 
(1 equiv) 

�COPh 
(1 equiv) 

U N COPh 
(1 equiv) 

Q N ",  

COPh (1 equiv) 

No reaction 334 

No reaction 334 

No reaction 334 

No reaction 334 

C � 0 
S 

(50) 

S 

334 

334 

334 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 
n � Ph I ' 334 J;i� �N 

As� 
:,... 

COrh 

:,... 

(60) 

M 
� N 

I 

� N 
I 

� N 
I 

(1 equiv) I " 

PhlCO 

MeCHO 

MelCO 

PrCHO 

�Ph 
�sA:° � /-,,� N 

I � /-.. �' N 
I OH 

� N I 

(62) 

(5) 

(56) 

( 15) 

73g 
335 

302 

302 

302 
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402 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

Co " N 

o N 

I Ac 

I 
C2H4CN 

o N I 
C2H4CN 

N{l 
Ao � OM, 

Et ��OM' 

PhzCO 
(3.2 equiv) 

MeleO 

PrCHO 

EtCHO 
(0.9 equiv) 

MeCOCOzMe 
(0.9 equiv) 

HPh �Ph 

\-Z kG 
� I I  
Ac 

01 1  

� N I 
C2H4l'N 

OH 

� N I C2H4CN 
Et H J?, ."d,t N . A , tl 
o 
O
Mc Jjt � .• ,\CO)Me 

N . -A , 0 
o ()Me 

(4) 

(52) 

(85) 

(90-92) 

(66) 
>98:2 

336 

302 

302 

255 
326 

326 
330 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

El 

/Z

-
{ o OMe 

Ft 

/Z>-OM' 

Et 

/Z�OM' 

/Z
{

l 
o OMe 

Ft 

/Z�OM' 
Ft 

/Z�OM' 

i-PrCHO 
(0.9 equiv) 

i-BuCHO 
(0.9 equiv) 

t-BuCOCOzMe 
(0.9 equiv) 

PhCHO 
(0.9 equiv) 

PhCOCOzMe 
(0.9 equiv) 

PhCOCOzEt 
(0.9 equiv) 

El H /iJ;J,," ' P'(87) 
............... 0 :;. OMc 
Et H /ZJ;J;" i Tl'�'4--86) 
o ()Me 
Et t-B u 
'\j�,\'C02Me 

.J!...�yo (84) 
o OMe >98:2 

EL II 

)()!�'Ph (X4-gJl 

OMc 
Et Ph 1]' ." ,CO,M, 
N . I (75-79) 

Ao � 0 
dr 77:23 

m.le 
Ht Ph N�,,\C02Et 

A�X-'o (is) 
o OMe 72:28 

255 
326 

255 
326 

255 

255 
326 

255 
330 

255 
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404 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

El )1.-{ o OMe 
Et )1.�OMU 

PhCOCOzi-Pr 
(0.9 equiv) 

PhCOCOzt-Bu 
(0.9 equiv) 

PhCHO 
(1.5 equiv) 

.ct Ph 

)1.��.co,'.
P '

(g7� 
o GMe 66A 
Et Ph V' _ .. ,CO,,·Bu N -A , 0 (63) , 
o � 67.3.) OMc N (71) 

255 

255 

327 � '\ p, 

N)y 
TIPS 0 

�H"" Ph 

TIPS

.,J(

o 
0 

dr 80:20 
OH 

(/\ El 
'-

0

/

1 
OH 

(/\ El 
'-

0

/

1 
OH 

PhCHO 
(1.5 equiv) 

PhzCO 
(1.5 equiv) 

Pr HO 
IT 

I! � Ph ts:f, (78) 
° (-011 Ft 
�P

h 

I('xb (73) 
o 
(
-'lH Et 

94 

94 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

� 

Co 
N 
1 

COMe 

Co N 
1 

COC6TT4CI-4 

Co N 
1 

COC6' '4Cl-4 

00 
N 
1 

COC6H4C1-4 

PhzCO 
(1 equiv) 

PhzCO 

EtCHO 

MezCO 

PhCHO 

No reaction 

ojPh Ph 
I '" 0 

o 1\ \ 
COMe 

No reaction 

No reaction 

No reaction 

333 

337 
1-) 

337 

337 

337 
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406 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

� PhCOM, No "action 337 
N 
I 

COCr,H1Cl-4 

Co N 
I 

COC6! '4CI-4 

Co N 
I 

COC6JJ4CI-4 

Co N 
I 

COC6! '4CI-4 

p, J!....>-OMe 

PhCOCONHz 

PhCOCOzMe 

PhzCO 

EtCHO 
(0.9 equiv) 

Ph o:9CONHO 

'" 0 I (33
) 

,,:; N 
\ COC(jH4Cl-4 Ph o:9C02Me 

'" 0 I ,,:; (33) 
N 
\ 
COC6a.CI-4 cc9Ph Ph 

I '" 0 (83) 
,,:; N 

\ 
COC6H4Cl-4 

p, H 

J!....V�,Ft (86-95) 
0 :'  >98:2 

OM� 

337 

337 

337 

255 
326 
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Scope and limitations 407 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. I 

p, 

��OM' 

p, 
�� o OMc 

p,' 

��()M' 

p, 

��OM' 

p,' 

��()M' 

p, 

��OM' 

MeCOCOzMe 
(0.9 equiv) 

i-PrCHO 

i-BuCHO 
(0.9 equiv) 

t -BuCOCOzMe 
(0.9 equiv) 

PheRO 
(0.9 equiv) 

PhCOCOzMe 
(0.9 equiv) 

N 
� .• " C02Me 

:0., A , 0 (73) o bMe >98:2 

p!, H . J!..")!�,,,-p, (85�6) 

OM, 
Ps H . 
N� ""-BU Ao),;'o (80-83) 

OMc 
I'r t-I3u 

N
l-\",C02M' A X" (70) 

U 
b
Me >98:2 

PI' H 
�

��d'h (8{r87) 
0 ::.  >9B:2 
OMc 

Pr Ph 1]": .. " C02\fc 
N . 

II . 0 
�

O � OMe 
(78-79) 
cir 75:25 

255 
330 

255 
326 

255 
326 

255 

255 
326 

255 
330 
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408 Chapter Three 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. I 
Pc 

��OM' 

Pc 

��OM' 

p, 

��OMe 

i-Pr 

��OMe 

i-Pr 

��OMe 

PhCOCOzEt 
(0.9 equiv) 

PhCOCOzi-Pr 
(0.9 equiv) 

PhCOCOzt-Bu 
(0.9 equiv) 

EtCHO 
(0.9 equiv) 

MeCOCOzMe 
(0.9 equiv) 

Pr Ph 

J
?, " "CO,E! N . A , 0 (78) 

a 0 70:30 OMe 
Pr Ph 

�
J?';'C

02i
-::O) 

o 0 1 3 '7 OMe ) :.J 

Pr Ph 

�
J?';'C

O,l B(�O) 
o OMe 61 :39 

i-Pr H 
N� , " Et /..0);'0 OMe 

(83-88) 
dr >98:2 

il.\ 
�\-i�" C0

2�:O
) 

o :;:. >9!P 
OMc 

.-

255 

255 

255 

255 
326 

255 
330 
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Scope and limitations 409 
Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. 

I 

i-Pr 

�-;fOM' 

i-Pr 

�-;fOM' 

i-Pr N--{ 
Ao>-""OMe 

i-Pr 

�-;fOM' 

i-Pr 

�-;f()M' 

i-PrCHO 
(0.9 equiv) 

i-BuCHO 
(0.9 equiv) 

t-BuCOCOzMe 
(0.9 equiv) 

PhCHO 
(0.9 equiv) 

PhCOCOzMe 
(0.9 equiv) 

i.JJP
l:, H 

. . • •  i-Pr 
N . A , 0 
o 
O
Me 

(Sl-S3
) 

dr>9S:2 

i-Pr II 

/ZJJ;" i B�8 1 87) 
o � dr 81 · 19 OMe . 

i-Pr (-Bu 
��;'C02�:) 

OMc 49:5 1 
i-Pr H 

/Z
�

�'Ph 
(80 85) 
dr 73:27 

OM, 
i-Pr Ph JJ, .... CO,Mc (79-8S) 
N . 

. 

II . 0 7 1 :29 ./"--

0 ' OMe 

255 
326 

255 
326 

255 

255 
326 

255 
330 
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410 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

i-Pr 

�-;fOM' 

i-Pr 

�-;fOM' 

i-PI' N-{ 
AO�OMe 

� �cI 
� �c! 

PhCOCOzEt 
(0.9 equiv) 

PhCOCOzi-Pr 
(0.9 equiv) 

PhCOCOzt-Bu 
(0.9 equiv) 

PhytO� 
o 

PhCOEt 
(4.3 equiv) 

i-Pr Ph J:j' .. "CO,H 
N . 

II . ° (75) 
/""--0 � 6733 

OMc 
i-Pr Ph J:j' . ",CO,i-Pr 
N . 

II ° (90) 
/""--0 ' - 1 '4- 9 OMe ) . 

i-PI Ph 
�,,\C02t-R_U 

N .i-i Ao � 0 �';)47 
OM, o �  

H Ph J "...l-\." lo (20) Il...Y'o dr 79;21 o 0 
H 

Et. 

Qn:9 +�:h 
o 0 lJ-o\ (-) 

255 

255 

255 

322 

219 
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Scope and limitations 4 1 1  

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

co� I � 0 

co� I � 0 

co� I � 0 

co� I � 0 

o r=\. 0 .1=\ D 

~ 
o 

(0.5 equiv) 

PhzCO 
(0.7 equiv) 

I � I � cc;o 
0 

(0.13 equiv) 

gx. I "" 0 
� 

(0.25 equiv) 

1 .32,1 (65) 
Ph Ph 

� (75) � 
0 

I. IT � 

rI"YYb (50) 

cJ:jo (80) 

0 

288 
338 

339 

339 

211 
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412 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

to o 

PhzCO 

)c{ PhCOzMe 
(OA equiv) 

0 

Ph H Ph 
l'htfSJ 

_ dJJ
h 

If 0 0 

I II 
Temp I II 
60 (13) (66) 

20 ( 16)  (6 1 1  

(I ( 16) (61) -45 (26) (59) ·75 (28) (52) 
Ph 

�COM' 
MeO (41 ) 

COMe 

99b 

311 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

r):{ 
Ph H Ph H r � Ph,CO PhttH� Ph

tto
� 99a 

(0.5 ,quiv) I ' " 
99b 

0 0 \ 1 0 \ OH � 0 o! 0 , 
I I  OH I I  ()H 

Ph 
I IT 

Ph 

dS(

h

, dS)

h 

+ - "I - "I o 0 ,  
OH OR 

III TV 
Temp T IT III TV 
60 (3 I (7) (37) 

(
28) 

20 (4) (12) (36) (30) 

.25 (5) (23) (28) (36) 

46 (7) (281 (23) (39) 

-75 (7) (31 I ( I ]  I (33) 
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414 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

HO 
dJ o 

n 1  "0/1" OH 

Oy( 01 1  

PhzCO 
(0.5 equiv) 

PhCHO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

itbh H 
1 10 

diJ
HO Ph 

Ph 

0 
; " + r 

.---
0 
Ph 

+ \ ' ''I j 0 0 
H II I HO 

�
�h Temp II 

--- 60 (6) (3 1 ) 
r "'�� 20 (19) (30) o 75 (23) (9) 

ITT 

[ ]  Ii 
f5:SPh 

(60) o -� 01 1 . 1  J-Pr 
H Ph 

i;;:Ph (69) 
o ":;. DH i-l'/� 

ITT 

(22) 
(23) 
(29) 

990 

94 

94 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) 1 Ref. 1 
� �s�o 1/ 

o 

� lJ-c? 
� lJ-c? 

i-Bu 

--J2� 
i-Bu 

--J2� 

gx"" n fi 0 L) 
� 0 � �O 

1 0 d 
(0.25 equiv) 

PhCHO 
(1.5 equiv) 

PhzCO 
(1.5 equiv) 

No reaction 

(8) 

&<: H"Ph (:h 

1 0 -', (40) 
o H 

EtCHO 
(1 equiv) 

MeCOCOzMe 
(1 equiv) 

- B H '-:'i.-\ Et N �i" Ao \ 
0 �:O:

92 2 

i-B" CO,Mo i-�. 
�=r�'" + �\-b"m��) 

o � ° � 98:2 

211 

340 

340 

341 

341 
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416 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. i-Bu 
�� i-Bu 
�� i-Bu 
�� i-Bu 
�� i-Bu 
�� i-Bu 
�� 

PrCHO 
(1 equiv) 

i-PrCHO 
(1 equiv) 

i-BuCHO 
(1 equiv) 

t -BuCOCOzMe 
(1 equiv) 

PheHa 
(1 equiv) 

PhCOCOzMe 
(1 equiv) 

i-Bu 
H P J]� ,." , (OX) N ' 

Aa \ a d, >98:2 

' 13  H '-J]! ,i-P, 
N 

� ,.' (67) 
II : 0 dr >98:2 

./"--

0 ' 

i-R]]_ II " i-l3" 

N ' " 

(68) I 0 Ao � 
dr>98:2 

i_�2Me i_
�R " 

V _\-b"t-B"+ V _\-b'C02��� ./"--

0 � 
./"--

0 � 98," 

' 13  H '-J]- Ph -:: .,,\ N ' I 0 (62) Ao \ dr>9R:2 

i-Bu C02Me i-BlI Ph 

)iy�" p:):v�·,co,�:�) 
o � 0 � 71 :29 

341 

341 

341 

341 

341 

341 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. i_�2El i-Ru Ph 
V_{BU P���q��)Et J:\-(�"P;;J;);'CO;:;) 341 

�O� 0 � 0 � 67:33 
i-Bu 

�� 
)t(HU 

o UMe s-Bu 
J:-;fOM' 

s-Bu 
J:-;fOMC s-Hu 
J:-;fOM' 

PhCOCOzt-Bu 
(1 equiv) 
EtCHO (0.9 equiv) 
i-PrCHO (0.9 equiv) 
i-BuCHO (0.9 equiv) 
PhCHO (0.9 equiv) 

i-Bu CO�t-BLl i-BLl Ph 
�y�"P� J:JJ;'C02t(�� 

o =- 0 =- :J::-d5 
I I  " ,�",,'t (S7) 

J:,,�b dr 52:48->98:2 
o O\t1e s-Bu H . 
J:J;J;"" P'(83) o OMe >98:2 S'B:¢, H ",,;.Bu N . 

Ao , 0 �:\l OM, 
1.-TIu H tJ;J;'l'h(S l l 

�o =- 85: 1 5 OM, 

341 

255 
326 

255 

255 

255 
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418 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product 

J
yields %) I Ref. I 

s-Bu r h 
s-Bu 

JZ>-OMe 

s-Hu 

JZ>-OMC 

i-Bu 

�>-OM' 

i-13u 

��()Me 

i-Bu 

�>-OM' 

PhCOCOzEt 
(0.9 equiv) 

PhCOCOzi-Pr 
(0.9 equiv) 

EtCHO 
(1 equiv) 

MeCOCOzMe 
(0.9 equiv) 

i-PrCHO 
(0.9 equiv) 

):�� 'CO(�l) 
o 
O
Me 66:34 

s-Hu Ph 

�
J;)�'

C02:;:; o b\1c 55:45 

i-Bu 1 1  

�)!�'Et 

OMe 

(87) 

;.�. ��b'CO;�� 
0 '  " 98 2  OMe / : 

;"� 
):o�

b" ;-P' 

OMc 

(91 ) 

255 

255 

326 

255 
330 

326 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

��

RlI 

o OMc 

j·13u 

��()M' 

j·Hu 

��()Me 

j·13u 

��()M' 

i·Bu 

�� o OMc 

i-BuCHO 
(1 equiv) 

t-BuC2COzMe 
(0.9 equiv) 

PhCHO 
(1 equiv) 

PhCOCOzMe 
(0.9 equiv) 

PhCOCO,Et 
(0.9 equiv) 

i-Bu I I  

��(;'';-llll (88) 
o OMc 

i-Bu t-Bu ):\' ,."CO,Me 
N -A , 0 (70) 
o 1'lMe 63:37 

i-Bu 
H 

J?, , .. ,Ph 
N -

A , 0 
() ()Me ' 13  Ph 

(84) 

'-J?- ,CO,Me 
N . 
' ,,' - (75-89) 

A , 0 dr 72:28 o OMc 
i-Bu Ph 1J, ,"'C02E

. 
t N -

A , 0 (90: _ o OMe 6):.)) 

326 

255 

326 

255 
330 

255 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

�
�RU 
o OMc 

�:(:�, 

PhCOCOzi-Pr 
(0.9 equiv) 

PhCOCOzt-Bu 
(0.9 equiv) 

i-Bu Ph 1J, ' ""C02i-PI' N ' 
A , () (86) 

o OMe 56.44 

'� ):��'( 02f(::� 
o ()Me 5).45 

255 

255 

t;'n CO.Me �oA. _ 

PhzCO 
(0.3 equiv) � '" Ph �'h '--\++r+ � 

MC02C C02Mc l,;l��()2MC 219 
342 

(-) 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) Ref. 

0:< 
PhzCO 

HO 

Q:{ 
PhzCO 

O.\1e 

I'htfHPh P Ph1:fSlPh P 
o � 0 � .:: 0 '''''' 

+ .:: 0 :.. H OH H 

O
H 

Ph Ph 
n 

dJ; ..... :Ph + � ..•• 

0 

Ph 
."'�.) .. " o r" 1 0 :.. 

I I I  

Temp 

60 

20 

0 

OH 

O
H 

IV 

I II III IV 
(4) (3) (39) ( 1 2) 

(5) (4) (55) ( 18)  

(6) 
(7) (58) (23) 

-46 (10) (16) (38) (30) 

-75 (9) (9) (22) (29) 

Ph Ph " 
Ph
1:/:D �h I�'�'P (20) 

. I " '1 .  20 (15) o 0 , 0 , 
H OMc II OMc 0 (16) 

I --45 (30) 

-75 (34) 

99b 

II 99b 
(52) 

(32) 

(33) 

(50) 

(51) 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

[J N 
I 

Bn 

� ycf �NII' 
"" � I .0 0 

�)yPh 

OH 

PhzCO 

PhCHO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

�1 N 1 Ph (20) 
Ph ..... )< 

1 [0 Ph �1l2 fl.:h ." H 

I "" .. 0 
(66) 

.0 0 " 

Ph ¢6<NII2 fl... Ph 

I "" 
.
0 (77) 

.0 0 \ 

No reaction 

304 

340 

340 

327 

I � Ph 

N)y nps�o PhCHO 
(1 .5 equiv) 

No reaction 327 

OH 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

I � Ph 

N)y 
TIPsAo 

OH 

()--Ph 

Oyt.J3" 
011 

Oyt.B" 
011 

N �1 N I Iln 

PhzCO (1.5 equiv) 
PhCOzCHzCHO 
PhCHO (1.5 equiv) 

PhzCO (1.5 equiv) 

PhzCO 

H Ph N�"' Ph (54) A 0 dr84:16 TIPS 0 Ph HO No reaction 
H H 

��'Ph 

C);i 
110BlI 

H Ph 

(50) dr 71.29 
�,,'Ph 

�o�b �:9�5 5 . 14 5 
Jlc0BlI N1 /--N (20) 

Ph�OIl 

Ph Ph 

327 

316 

98 

98 

305 
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Table 11. Continued 
Substrate Carbonyl compound pr;:;{yieldS %) I Ref. 

I 

Z�;:OIl 
1/\. � Ph '0/1 

OH 

MeCHO 
(1.5 equiv) 

97 
(58) 

OyPh 

0[[ 

1/\ Ph '0/1 
OH 

OyPh 

0[[ 

MeleO 
(1 .5 equiv) 

a
o 

(1 .5 equiv) 

PhCHO 
(1 .5 equiv) 

� (33-47) Z�)::)H Ph 

f? CO, 

��:;:
O[] 

H Ii r1:'Ph
+ 

l!...oxo r-0H 
Ph (25) 

[] � 

Ph
�

"
.
·

o
Ph 

o " H 
OH (43) 

97 

97 

94 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

1/\. � Ph '0/1 
OH 

OyPh 
0[ [  

1/\ Ph ....... 0/1 
OH 

OyPh 
OH 

C6H13CHO 
(1 .5 equiv) 

(}=O 

(1 .5 equiv) 

(i-Pr)zCO 
(1 .5 equiv) 

PhCHzCHO 
(1 .5 equiv) 

C6H13 

�O (56) 

���OH 

97 

97 
(40) 

Ph' 
i-l'r 

�

i.P' 
r 0 (45) 

97 

�h 0[ [  

�-r 0 
97 

(64) 
0 
Ph OH 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



426 Chapter Three 

Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

o J 0 o 

l Ph II 84 Oy. � Ph Ph Jl - � 0) " '1:6' 
o 

' II � (65) o - o . � dr 93:7 OH (0.7 equiv) � 0 1 10-\ 
PhYyO� Ph 

o 
)l Ph H �o '1--L (63) 

= 6-ZJ OyPh OH o 
(0.7 equiv) dr 9K5:1.5 

OyPh 0[[ 

OyPh 0[[ 

,_KuD
O 

(1 .5 equiv 

PhzCO 
(1 .5 equiv) 

, 0 1 10-\ Ph I-Bu 
(25) 

qco+ 
JJ o 

84 

97 

94 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

Oy"h 
OH 

HO 

d
Ph 

o J-1'h 
o 
H
<1

, OPh 

o 

ACOr
ph 

o o 

PhzCO 
(1 .5 equiv) 

PheRO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

0;:, Ph 
Ph 

r 0 (731 
o .'-;. tlr >99:1 rOll 

Ph 

No reaction 

OH 
ph-./ Ph ��'1'h (58) 

o 
OH 

Ph--! Ph 

(;j
�'Ph 

o 

(60) 
dr 99.5:0.5 

OAc AcO 
ph-./ Ph 6:th �" d}h Ph " .. Ph 
().--O - 0 � 

o 0 (-) (-) 
dr 50:50 dr 50:50 

94 

101 

101 

101 

101 
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Table 11. Continued 

n C,H'l '-
O

/y OH 
Substrate Carbonyl compound p. ��,. cto'"ct'. %) I Rct. 

I 

>):OH Cr,HI3 

MeCHO 
(1.5 equiv) 

97 
(42) 

OyC6H13 
OH 

n C,H'l '-
o

/y 
OH 

OyC61 113 
al l 

n C,H'l '-
o

/y 
all 

PhCHO 
(1 .5 equiv) 

C6H13CHO 
(15 equiv) 

PhCHzCHO 
(1.5 equiv) 

PhzCO 
(1 .5 equiv) 

No reaction 

�'6111) 
���

) 
(
68) C6] lu 

01 1  

?tCH'Ph 

r 0 (48) c: 01 1 13 
H Ph �Ph 

/{oX
'o {-OH C(iII 1 3 (61) 

94 

97 

97 

94 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

n CoH" 
'-

0

/

1 OH 
1 10 ijCOHU 
o 

llO ijC6H" 
o 

HO ijC6H" 
o 

PhzCO 
(1 .5 equiv) 

PheHO 
(1 .5 equiv) 

PheHO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

�Ph t'xo d, >99 1 o j-0H (61) 

C6HU OH HO C6II13--..1 II ,Lf ():Vh
+
Ph'd�J C6H" 

o 0 
(42) (27) OH HO C6H'i-.l H H <', • (yj�'Ph +P hfZJo::

H
" o 0 (54) d, 50:50 

dr 71 .5:28.5 
OH C6II13�Ph t)-o (73) 

o 

94 

101 

101 

101 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) 1 Ref. 1 
no i[C6HU 

o 

PhzCO 
(1 .5 equiv) 

OH 
C6H1,-./ Ph ��Ph (56) (�rO dr 61 .5:38�5 

o 

101 

� 
'o�nA o 0 gx' I "" 0 cB ,y � 0 

211 
(6 1 .5) 

n ,  """'O/YPh 
OH 

n ,  'O ...... YPh 
OH 

..,; 
(1 equiv) 

PhCHO 
(1 .5 equiv) 

PhzCO 
(1 .5 equiv) 

� 
0 

0- -.........:;-' ...... 0 ...... """'0 
H H I1 u &,;'Ph 

I 
Pl"�!:py o ' " 0 Ph - H 

I'C OU HO 

P

h 
(24) (54) 

dr 100:0 

H Ph 
��'Ph C);i 

u0, 

dr 50:50 

(52) 

dr 74:26 

98 

98 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

ff"\ Ph /'0'1 
01 1 

ff"\ Ph /'0'1 OH 
Ny!'h Oi l 
ff"\ Ph /'0'1 

01 1 

ff"\ Ph /'0'1 OH 

PhCHO 
(1.5 equiv) 

4-MeOC6�CHO 
(1.5 equiv) 
PhzCO 
(1.5 equiv) 

(4·CIC,IL),CO 
(1.5 equiv) 

( 4-MeOC6�)ZCO 
(1.5 equiv) 

H Ii 
-:: � Ph 

Ph � (55) 'f'0�� 
OH 

n\tViMe-4 
Ph0o�_O 

(60) 

01 1 H Ph 
Ph 

�
Pl' 

yzo�
u I 

01 1 (30) � �-:: C(il. 14(,�1-4 
,,

' C6HP-4 

Ph ' 0 
o \ 

I 

OH -

(12) 

&J l'h 
� Ph 

r 0 
o ... � 011 

(33) pr 
&J C6H4�1-4 

� C(i114CI-4 
� 0 
o \ r-OH 

(30) I'l{ �-:: C(il l<)Mc-4 
I
, � C(,' '40Mc-4 

Ph I 0 
o \ 

(60) 

01 1 � 

95 

95 

95 

95 

95 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

� 
.0 � � 211 0

' � 

OM, "0 

(1 equiv) 
o IJ 
o 

0 

�o 
.6 N M,O \ A, 
(0.5 equiv) 

o 
0 

~ 
0' 
� 

MeO /j � 
0 o IJ (1 equiv) 

o 

, ,- ..... ,..,. ..... �-..... '() 
OM, 

0:(x)0 �: I A 
� 0 

\ N "- \ A, 

"---'\ 
0 

/} 
IF 

(75) 

T '0' 
"

0 
OMc 

(95) 

52 

288 
338 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

� � 

0 
d'\:W (66) 

o .0 0 0 
OMe 

Ph .COPh 

({>CQCl 
(94) 

Ph () A 0 0 
OMe 

(65) 

211 

211 

288 
338 
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Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. 

I 

OMe yo 
0-"'" 

K
OMe 

0, 0 

OM, 
0 

PhzCO 
(1 equiv) 

(I equiv) 

0 

0 

PhCOCOPh 
(1 equiv) 

)<�� PhXO-lAo� 

0- -........:;/' ..... 0 
Ph�COPh OM, 0 

o I '" I 
Pli 0 "" 0 

211 
(72) 

211 

(69) 

211 

(56) 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

�Ph �r 

� Ph �r 

�Ph �r 

� o  VL/= 
\ "c 

(0.5 equiv) 

0 c¢ 0 
(0.5 equiv) 

� 
0 

·0 

(0.5 equiv) 

c8Ph ./)� 
I 

'" ° " "V 
I

"'" 
A N 0(72) + C 

\ AC 

•• y 
+�"'O 

-.::::::: Ph 
I 0 A 

( 1 3 )  
Ac 

� 
� ci 

P
li 

b� 

(60) 

0 () 
c 0:::+9 1-/'--,( Ph 

(37) 

52 

288 
338 

211 
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Table 11. Continued 

Substrate Carbonyl compound Product (yields %) I Ref. 

I 

� � 

o 
211 

\feO OMe 

o 

Ph 

J-{ Ph N� 
I 

Ph 
Ph 

PhJ� 
I 

Ph 
Ph 

PhJ-i I Ph 

o 

(0.5 equiv) 
PheRO 

( 1 1 .9 equiv) 

PhCOMe 
(8.7 equiv) 

(yCOPh 
N� 

(2.8 equiv) 

(70) 

f6�M' J � -: ( IX) 

Ph N � 
I � 

1'l 

p� 
N
--':' 

(16) 

� KV (85) Ph I' Ph 

343 

343 

343 
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Table 11. Continued 
Substrate Carbonyl compound Product (yields %) I Ref. 

I 

Ph 

Ph)� 
I 

Ph 

Ph 

)-{ Ph N� 
I 

Ph 

Ph 

Ph)� 
I 

Ph 

Ph 

I'h)-( 
N Ph 
I 

PhzCO 
(5.7 equiv) 

4-MeC6ILCOPh 
(5.7 equiv) 

( 4-MeC6IL)zCO 
(5.7 equiv) 

( 4-MeOC6IL)zCO 
(5.7 equiv) 

�Ph J \-0 (64) 

Ph N " 
I Ph 
��e4 

J \-0 (59) 

Ph N " 
I Ph 
Ph C6IT4�C-4 �-: C6H4Me-4 N . 

� . 0 (
53) Ph N "  

I Ph 

fb� ). � -: (54) Ph K � I � 

343 

343 

343 

343 
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Substrates that possess lower aromaticity are more reactive than 
heterocycles that are more highly stabilized by aromaticity. The aromatic 
character in heterocyclic compounds is not always easy to gauge. 

Considering only furan, pyrrole, and thiophene, the experimental 
resonance energies (ERE) are 16.2, 21 .6, and 29.1 kcal mot!, respectively 
[344]. The Bird (I) and D indices give the same order (I: furan, 43; pyrrole, 59; 
thiophene, 56 [345]; D: furan, 0.71, pyrrole, 0.79; thiophene, 0.92 [346]), while 
the aromatic stabilization energies (ASE) reported are 6.29, 5.26, and 10.90 
kcal mot!, respectively [347]. Assuming an aromaticity order in which 
thiophene is the most aromatic compound and furan possesses the lowest 
aromatic stabilization, the observed reactivity is in agreement with the 
expectation. 

Thiophene does not react with benzophenone under the usual Patemo
Buchi reaction conditions [324]. However, thiophene will react with 
benzophenone in the presence ofBF}, giving the corresponding oxetane adduct 
in very low yield (10%) (Scheme 77) [324]. It seems likely that the 
benzophenone-BF3 complex gives an exciplex whose HSOMO has a lower 
energy than that of the benzophenone triplet [324]. 

o s 

Ph otPh 
PhoCO (1 equiv), I3F3 (cat) 'I - • 1 0 + 

hv, rt S 

� S 

(solvent) 

(10%) 

Scheme 77 

Ph 
_1_'h_,C_O_.. ffisl:l \ 

0 P
h 

hv, -IO°C 0 

(62%) 

Scheme 78 

J;Jh 
S 

(90%) 
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However, 2,5-dimethylthiophene reacts with benzophenone at -10°, 
giving the corresponding oxetane adduct in 62% yield (Scheme 78) [73g, 335]. 
This difference in reactivity can be rationalized by considering that, if the 
reaction occurs as a result of the interaction between the HSOMO of the 
excited carbonyl compound with the LUMO of the alkene, the presence of the 
methyl groups modify the HOMO and LUMO energies [from -0.24582 and -
0.02567 a.u. for thiophene, to -0.22254 and -0.01860 a.u. for 2,5-
dimethylthiophene, calculated at the DFT!B3L YP/6-311G+(d,p) level]. The 
energy levels of the frontier orbitals apparently do not allow interaction of the 
HOMO of thiophene and the LSOMO of the triplet benzophenone, thereby 
preventing the reaction from occurring. The interaction between the LUMO of 
2,5-dimethylthiophene and the HSOMO of triplet benzophenone leads to an 
effective reaction. 

The same reaction has been attempted using other aromatic aldehydes and 
ketones. However, benzaldehyde, I-naphthaldehyde, and acetophenone do not 
react [334]. 3,4-Dimethylthiophene and 2,3,5-trimethylthiophene react with 
benzophenone to afford polymeric materials [333]. 

The same behavior is observed when pyrrole is irradiated in the presence 
of a carbonyl compound. Pyrrole reacts with acetaldehyde, acetone, and 
butanal to give the corresponding pyrrole-3-methanol derivatives in low yields 
(Scheme 79) [302]. 

o N I COPh 

o N 
H 

MeCHO • 
hv, MeCN, rt 

)-OH o (28%) 
N 
H 

Scheme 79 

Ph2CO (2.82 equiv) 
• 

hv, bcnzenc, rt, 24 h 
?mPh PhH"T�O ( 1 2%) Ph H \' H 

COPh 

Scheme80 
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When N-benzoylpyrrole is used as the substrate, only low yields of the 
bisoxetane adduct are observed (Scheme 80) [307, 308]. 

Good yields of the corresponding pyrrole-3-methanol derivatives are 
obtained when N-methylpyrrole is used as the alkene in the Patemo-Biichi 
reaction (Scheme 81) [302]. This behavior is in agreement with the same 
substituent effects observed in the case of thiophene. A 2-0-silyl derivative of 
pyrrole reacts with benzophenone and naphthoquinone to give the 
corresponding oxetanes [489]. 

O_M_e--=2_C_O-,-( 1_e--,q_ui--,v) ... rfaH (92%) 
N hv, MeeN, rt N Me Me 

Scheme 81 

Selenophene does not react when irradiated in the presence of 
benzophenone; however, I-methylselenophene gives the corresponding 
oxetane cyc10adduct in low yield (34%) [325]. Selenophene shows a D value 
higher than thiophene (0.97) [346]. As pointed out above, among the 5-
membered ring heteroaromatics, furan is the heterocycle showing the least 
aromatic stabilization and therefore is expected to be the more reactive 
substrate in the Patemo-Buchi reaction. In fact, furan reacts with aliphatic 
aldehydes [68d, 72, 73a, 73b, 73f, 83a, 309, 310, 315, 317], a-cyano esters 
[199] and -ketones [314], a-diketones [ 105d,146], a-keto esters [68d, 73f, 
83b], and a,�-unsaturated carbonyl compounds [73b]. Schemes 82 [72, 73b], 
83 [314], and 84 [83b] detail some of the most relevant results. In all the 
reported examples, the exo stereochemistry of the substituent at C-6 is favored. 

o o 

MeCHO 
(14-72%) 

hv, no solvent, 5-lOoC, 6 h • 

Scheme 82 
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o o I-BuCOCN • 
hv, rt 

Scheme 83 

0 +  o 
(solvent) 

t-B� 0 

Q dr" 
f ' ;  0" 
o .:. 0 i-Pr 

A 
(90%) 

Scheme 84 

The reaction of furan with acetone and other aliphatic ketones seems to 
be inefficient for preparative purposes (e.g., 1.7% yield of the oxetane in the 
case of acetone and 27% yield with cyc1ohexanecarboxaldehyde) [73b]. 

Furan also reacts with aromatic aldehydes [68b, 68d, 72, 73a, 311 ,  316], 
esters [31 1], amides [1 13c], ketones [73b, 73d, 252, 309, 318, 319, 320], 
diketones [52], a-keto esters [84,85,88], a-cyano ketones[68d, 314], a
hydroxy ketones [322], heteroaromatic aldehydes [73b, 74, 311 ,  312], and 
heteroaromatic ketones [74] (Schemes 85 [68b, 68d, 73a, 311 ,  316], 86 [74], 
87 [83b], and 88 [73d, 252, 319, 320]). In some cases, the metathesis product 
generated by oxetane ring opening is obtained (Scheme 89) [311] .  

o o 
" fh 

_P_h_C_.I_JO_(O_._I _cq,-u_i'_')_. G;;� hv, pentane or benzene, 0 II 
6-8°C. 3-6 h 

Scheme 85 

(56-88%) 
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flv -It 

Scheme 86 

o 
4-1-DuC,IL, 0 n + oHO"'y o 

(solvent) i-Pr 

Scheme 87 

(83%) 
dr 8 1 . 1 : 1 8.9 

Ph1U1Ph HHPh 
. Ph�Ph J:f:fbPh O� _P_h.:.,C_0--2.(I_e....:q_ul....:V). Ph . ° ° + ° 

o hv, benzene, rt 0 Ph 0 
H H H H 

(26.7-29%) 
Scheme 88 

H QMe , Ph 
O

PhCO,Me (O.l equiv)
. 

� 72-100 h
. 

o hv, pentane, n. 44 h 0 H 

Scheme 89 

(18.2%) 

�OMC (90%) 

o�� �h 
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Aromatic a-cyano ketones also react with furan [314]. It is noteworthy 
that in the case of aromatic compounds, the yields of the oxetane are generally 
acceptable. In some cases, the high reactivity of the substrates allows the 
formation of products derived from attack of the carbonyl compounds on both 
carbon-carbon double bonds of furan. This result is observed when 
benzophenone is used in benzene as the solvent (Scheme 88) [73d, 252, 319, 
320]. The reaction between furan and aromatic aldehydes can be used for 
didactic purposes to show chemical kinetics and possible synthetic uses of 
photochemistry [348]. 

The reaction of furan with chiral phenylglyoxylates gives the 
corresponding adduct with good yields and modest stereoselectivity (Scheme 
87) [83b, 84, 85, 88]. 

The presence of substituents on the furan modifies both the reactivity and 
the regiochemistry of the reaction. Silyl- and stannyl-substituted furans react 
with aliphatic and aromatic carbonyl compounds in relatively low yields 
(Schemes 90 [75], 91 [75], 92 [76], 93 [76], and 94 [76]). 

� Jh �
TIT'S 

_P_h_C_H_O_(,--O_.S_6_eq.::.u_iv_) •• 
TIPS

�O 

hv, benzene, rt, 22 h H 

(42%) 

Scheme 90 

0---o SnBu, 
ElCHO (0.56 equiv) 

• hv, benzene, It, 24 h 

Scheme 91 

H Jlt �O 
BU3Sn 0 II 

(30%) 
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n \/'OTBS 

n �
O
A

OTIPS 

n o OTIPS 

Chapter Three 

&11 Ph 
Ph 

r 0 
TIlSO 0 � H 

Ph2CO (0.5 equiv) 
• 

hv, MeCN, O°C 

(7%) 

Scheme 92 

MeCHO (0.5 equiv) 
• 

hv, MeCN, O°C 

11 ./ rJl'o 
TJPSO/(O);' 

H 

(61%) 

Scheme 93 

PhCHO (0.5 equiv) 
• 

hv, MeCN, ooe 
H )'h rJl'o 

TIPSO/(O);' 
H 

50% 
Scheme 94 

(93%) 

+ 
H ./ (};;o o (JT[PS 

(39%) 

H 1'h 

+ &0 o (mps 
(50%) 

The reaction generally occurs on the less substituted side of the molecule. 
O-Silyl derivatives react well with carbonyl compounds, but in such cases the 
regiochemical behavior of the reaction is variable and unpredictable (Schemes 
92-94).[76] 

2-Methylfuran reacts with aliphatic and aromatic carbonyl compounds, 
giving the corresponding oxetane adducts in moderate to high yields (Schemes 
95 [73a], 96 [77, 328], and 97 [73c, 328]). Aliphatic carbonyl compounds give 
the adducts on the less hindered side of the molecule, while aromatic carbonyl 
compounds show a behavior depending on the nature of the carbonyl 
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compound used in the reaction (Schemes 95 and 96) [53, 73a, 73c, 77, 84, 252, 
309, 311 , 316, 319, 323,328]. 

I.! P 

0--- EtCHO (0.26 equiv) J:YO (73%) 
hv, no solvent, rt, 6 h • 

0 o ' H 

Scheme 95 

H I'h 

� PhCHO (0.1 equiv) J5:o (95%) • ° hv, benzene, ft, 0.5--4 h ° II 
Scheme 96 

J:\-Ph � .,---_----,P--'h2'--C_O
----:-:=--:-; 

... ( XO (98%) ° hv, no solvent, -10°C, 2 h ° \ 

Scheme 97 

hv, no solvent, -l OoC, 2 h 
Ph,CO (98%) d ° • 

Scheme 98 

In contrast, 3-methylfuran reacts mainly on the most substituted side of 
the molecule because the more stable biradical intelTIlediate is fOlTIled (Scheme 
98) [73c, 328]. 
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2,4-Dimethylfuran reacts with benzophenone to give a 1 :  1 mixture of the 
regioisomeric adducts (Scheme 99) [73c]. On the other hand, 2,5-
dimethylfuran gives the ring metathesis product on reaction with methyl 
benzoate (Scheme 100) [31 1], and a bisadduct when the reaction is performed 
with benzophenone in benzene [252, 319]. The same result is obtained using 
2-methyl-benzo[ de ]isoquinoline-l ,3-dione as the substrate (Scheme 101) 
[1 13c]. 3,4-Dimethylfuran reacts with aliphatic aldehydes to give the 
corresponding adducts in variable yields (35-63%) [331, 332]. 

Ph Ph 

� o 
___ P_h-=-,C_'O ___ ... O:tol.1 ',_ 

0 
Ph 

+ hv, no solvent, -I OcC, 2 h ffi
Ph 

o fl 
(50%) (50%) 

Scheme 99 

� o 
PhCO,Me (0. 1 8  equiv)

. [ �
O 

Ph 

0 
OMC] 

hv, hexane, rt, 1 2 h Ao�U 

-
Ph 

O�OAC 
Ph �COMc 

+ MeO ""'l 
COMe 

Scheme 100 

(44%) 
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�� 0 

� + - N-Me _h"-v_----;.� 
o � /; benzene, rt 

o 

-

Scheme 101 

MeOCO 
H /; 

447 

When both a methyl and an O-silyl group are present in the furan, 
different behavior is observed. Thus, 2-tert-butyldimethylsilyloxy-3-
methylfuran reacts with aliphatic carbonyl compounds with low selectivity 
[76]. The regioselectivity increases when using benzaldehyde, giving a 60:40 
regioisomeric mixture where the attack on the most hindered side of the 
molecule is favored (Scheme 102) [76]. Aromatic ketones give mainly the 
product resulting from attack on the most hindered side of the molecule 
(Scheme 103) [76]. 

d PhCBO ( 1 .5 equiv)
. 

o OTBS hv, McCN, (FC 

H H  Ph" ,tt(0 
o � + 

" 0  OTBS H (40%) 

Scheme 102 

H (5)�Ph 

o OTBS 
(60%) 
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Ph" .. Ph f! d Ph2CO ( 1 .5 equiv)
. o'i{ 

+ 

o OTBS hv, MeCN, DoC � 0 OTBS 

'In I!..O�OTBS 

(5%) 

Scheme 103 

H Ph"K 
PhCHO ( 1 .5 equiv). �-i..'J>-... + 

hv, MeCN, DOC H 0 OTBS 

(56%) 

Scheme 104 

Ph (5)�Ph 

o oms 
(95%) 

H 
H 

tr�Ph 

o OTBS 

(44%) 

When the reaction is performed in the presence of MeCHO and PhCHO, 
2-tert-butyldimethylsilyloxy-4-methylfinan gives rise to a mixture where the 
prevalent product is that resulting from attack on the side bearing the methyl 
group, while in the presence of aromatic ketones, the main product is that 
resulting from attack on the side of the molecule bearing the silyloxy group 
(Schemes 104-105) [76]. 

h o oms 

Ph Ph"K 
Ph2CO ( 1 .5 equiv)

. �-i..'J>-... hv, MeCN, aoc H 0 OTHS 

(15%) 

Scheme 105 

+ 

HPh rr�Ph 

o OTBS 
(85%) 

With regard to furylmethanol derivatives, the reactivity and, in particular, 
the stereoselectivity has been discussed above (cfr. Scheme 42). These 
reactions do not occur when using 2-cyanofuran and trichloroacetaldehyde as 
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reagents [309], while the cyc1oaddition is successful when 3-fluorobenzaldehyde 
is used as the carbonyl partner [77]. The reaction occurs on the most hindered 
side ofthe furan ring. 2-Furyl methyl ketone reacts with 4-cyanobenzaldehyde 
and some other substituted benzaldehydes to give the corresponding adducts 
with high regioselectivity (the reaction occurs on the side of the furan bearing 
the acetyl group) [77]. 

Imidazole reacts with acetaldehyde, but the corresponding oxetane opens 
spontaneously to recapture the aromaticity of the imidazole ring (Scheme 106) 
[302-305] .  In contrast, both 71 and 72 allow isolation of the oxetane (Schemes 
107 [304, 305] and 108 [343]). 

[� N 
H 

[) N I 
('a Ph 
71 

MeCHO 
• 

hv, MeeN, rt �-f N 
H 

Scheme 106 

(64-88%) 

• 

Ph it� Ph 
N '  I!... . a 

N 0 
(34-50%) 

hv, benzene, rt I H 
Phea 

Scheme 107 

, � I 
I hv 
O'COPh 

• 
N h MeCN, rl, 3 h  

�Ph � N 

N ' 
........ 

/N "  0 (85%) 

Me Ph 

72 (2.8 equiv) 

Scheme 108 
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[soxazole reacls wilh aromalic carbonyl compounds, bUI !he yields of !he 
oxelanes !hus oblained are very low [306]. Resulls indicaling Ihe fonnalion of 
the oxetanes in reasonable yields are obtained using 3,5-dirnethylisooxazole, 
3,4,5-lrirnelhytisoxazole [305, 306], and 4,5-dirnelhylisoxazole [305]. 
Thiazole does 1101 reacl wilh benzophenone [305], while 2,4-diruelhyllhiazole 
reacts with benzophellone, allowing the fonnation of the oxetane adduct, 
allhough ill low yields [305]. 4-Melhylisolhiazole reacts wilh Ihe melhyl group 
[305]. 

TIPS)

(

?y EI 

OH 
73 

Ph 

PhCHO ��o -..:..:::.::='------. -----'..0 hv, benzene, rt 

(ca. 100%) 
dr >99: I 

Scheme 109 

i-Pr Et 
ElCHO (0.9 equiv) N� 

--------------�. fi 0 
hv, benzene, 1 0°C, 24 h ./"--0 

(83-88%) 
dr >98:2 

Scheme 110 

PhCHO (1 .5 equiv) • 
hv, benzene, rI, 19 h 

Scheme I I I  

OMe 

N
�H fh 

.J!... 0 
TIPS 0 . Et 

HO 

(75%) 
dr 80:20 

2,4,5-Trisubslilued oxazole derivalives give Ihe Palernir-Buchi producls 
ill good yield and wilh high exa slereoseleclivily (Schemes 109 [329] and 110  
[255, 326]). 
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It is interesting to note that when oxazole 73 is irradiated in the presence 
of benzaldehyde, good endo stereoselectivity is observed in the oxetane 
product (Scheme 1 1 1) [327]. 

N-Benzoyl indole derivatives react with benzophenone to give the 
corresponding adducts in low to good yields depending on the carbonyl 
compounds used in the reaction [337]. The cyc1oaddition of several carbonyl 
compounds with benzofuran and other derivatives affords the corresponding 
oxetanes (Schemes 1 12  [340] and 113  [211]). Benzofinan does not react with 
2,3-dimethyhnaleic anhydride [210]. 

� 'o�OAO OMe 

Scheme 112 
o 0 

, d 1 >  
(1 equiv) 

OMe 
Scheme 113 

(66%) 

hv • benzene, rt 

(66%) 

o 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



452 

-

Chapter Three 

o 
HN�." DII 

o N J-- �"" YN 0 

H "" 
o 0 

!-O . \I . ��,;;o "0-1 
Scheme 114 

o 

Reactions with Six-Membered Heterocycles. As discussed above, the 
reactivity of heterocyclic compounds in Paterno-Buchi reaction is related to 
the aromaticity of the particular heterocycle. Compounds showing high 
aromatic character do not react. Therefore, reports on the reactivity of pyridine 
and pyridine derivatives cannot be fmUld. The Patemo-Buchi reaction of six
membered heterocycles is restricted to the least aromatic compound, 
pyrimidine (D for pyridine: 0.92; pyrazine: 0.88, pyridazine: 0.88; pyrimidine: 
0.87) [346]. 

A (6+4)-photoproduct is obtained as an adduct of two pyrimidines on 
adjacent sites on the same DNA strand. It is the second major lesion induced 
in DNA by UV radiation. (6+4 )-Photoproducts are believed to be severely 
mutagenic. This process occurs via an initial intramolecular Patemo-Buchi
type cycloaddition to form an oxetane intermediate. Subsequent C4-0 bond 
cleavage gives the observed (6+4) photoproducts (Scheme 1 14). The (6+4)-
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photoproduct is one of the major mutagenic classes of DNA photoproducts and 
is involved in the etiology of skin cancer. 

Most of the research studies in this field have been conducted in NMR 
tubes, and the identification of the products has been perfOlmed on the basis of 
NMR spectra without isolation of the products. Therefore, most of the studies 
in this field have only speculative value and little preparative value. For 
example, the pyrimidine derivative 74, when irradiated in the presence of 
benzophenone in CD3CN, gives a 64:36 regioisomeric mixture of the oxetane 
adducts (Scheme 1 15) [54, 349]. 

Scheme 115 

When a methyl group is present at C5 of the pyrimidine substrate, the 
Paterno-Biichi reaction with benzaldehyde in MeCN finnishes only one 
regioisomeric oxetane in low yield (Scheme 116) [350]. When benzophenone 
is used as the carbonyl compound, both regioisomers are observed (Scheme 
117). Furthermore, an interesting temperature effect is observed: at _30°; a 
60:40 mixture of 75 and 76 is obtained, while by irradiating the components at 
70°, a 27:73 regiosomeric mixture is observed [351]. 

PhCHO (2 equiv) • 
hv, MeCN, rt, 5 h 

Me �
O 

'N 0 
OAN Ph 

Scheme 116 

I H Ph Me 

(32%) 
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o 0 
Me'NY Ph,CO (2 equiv) Me'N�O 
o
J-.

NJJ hv, MeCN, 6-8 min
' 

O
)..

N�Ph 
M
e 

M
eH Ph 

75 

Scheme 117 

Temp 75/76 

-30 60/40 
70 27173 

(-) 

76 

This behavior is confinned by detennination of the composition of the 
reaction mixture performed via NMR [54, 349, 352]. However, only 75 is 
claimed as the reaction product in some reports [350]. A very similar 
regiosomeric mixture (71 :29) is observed when the methyl group is at C-6 [54]. 

A change of the selectivity-determining step is postulated by 
consideration of a non-linear Eyring plot. Two different cases can be assumed: 
a situation wherein the rate of confOlmational changes of the triplet 
intermediates are slower than ISC at low temperature, and a case wherein the 
rate of conformational changes exceeds the ISC process [351]. When the 
confOlmational interchange is faster than the ISC process, the population of 
high potential energy confOlmations decreases, while the population of a lower 
potential energy confOlmer increases. 

In a computational approach to this reaction [54], the biradical 
intermediates 77 and 78 are studied (Scheme 1 1 8). Compound 78 is more 
stable than 77, and the formation of 77 is faster than 78. Thus, 76 can be 
considered the thennodynamic product, while 75 is the kinetic one. 
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o Me'NY Ph,CO (2 equiv) oANJ hv, MeCN, 6-8 min· 
I Me 

77 

75 

Scheme 118 

455 

78 

76 

Because of the energy barriers between the two stable confOlmers of each 
of the biradical intennediates 77 and 78, the equilibrium is more favorable for 
the formation ofthe oxetane 76 than that for oxetane 75 at a higher temperature 
[349c]. Triplet benzophenones with short lifetimes give rise to a less efficient 
Patern&--Biichi reaction [349a]. 

A oxetane is also obtained in the reaction between benzophenone and 
benzophenone-derived drugs and thymidine [353]. In laser flash photolysis 
experiments, the use of enantiopure ketoprofen in a Patemo-Buchi reaction 
with thymidine shows that thymidine gives a higher quenching constant of the 
triplet-triplet transition of keto prof en whenR-ketoprofen is used than when the 
S-enantiomer is employed. This quenching is related to the formation of the C
O bond, the first step of oxetane formation [354]. 

Table 12 collects all the results obtained in the Paterno-Biichi reaction on 
six-membered heterocycles. 
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Table 12. IntemlOlecular reactions with six-memberred heterocyclic comoounds. 
Substrate Carbonyl Product (Yields %) 

° 

o:tY H 

}� 
I 

}� 
I 

comnound 

PhzCO 
(1 equiv) 

PhzCO 
(1 equiv) 

( 4-FC,ILJ,CO 
(1 equiv) 

,-
�
O N 0 

O�N Ph 
(-) 

H H Ph 
�o [[ 

'N 0 A Ph
i o N 

I H Ph 
o 

'- lf
Ph 

N Ph 
oAN 0 

I H 

Solvent Temp H 
CD]CN 

CD]CN 

C6D6-CD]CN 

'� 0 
It-0 H 

A C(iTT4f-4 o 
N 
I H C",,"F-4 

Solvent Temp 
CD,C� 1 0  
CD3C� 25 

C6D6-CD]C1\ 

] 0  (51)  64:36 

25 (39) 65:35 

(29) 58:42 

o 
'

N C(,H4F-4 
IF' C6TT4f-4 

�AN 
0 

I II 
H 

(64) 63:37 

(49) 63:27 

(32) 49:51 

355 

54 
349a 
349b 
349c 

54 
349a 
349b 
349c 
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Substrate 

:;) 
I 

'NJl 
O�) 

I 

'NJl 
O�) 

I 

( 4-CIC,ILJ,CO 
(1 equiv) 

(4-BrC614)zCO 
(1 equiv) 

( 4-MeCJLJ,CO 
(2 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) 

o 0 � �C'H'CI-4 'N 0 I 'N C6H4C1-4 -A C6IT4CI-4 A 0 () N 0 K I H C"fLCI-4 I H 
�olvent Te111[! n· 
CD]CN 10 (70) 56:44 
CD3CN �5 (49) 54:46 

C6II6-CD3CN (35) 43:57 
o 0 It-' If' C611,8'-

.
4. 

......... N 0 .......... N C61 ]4Hr-4 � CliH4Hr-4 - � 0 o N O N I H C,H4Sc-4 I H 
5N7 (28) 

J+
o 
II �o H C"fLMe-4 

......... 
1\ 0 + ' 1\  C61 l4Mc-4 

nAN C6II4Mc-4 oAN 0 
I H C(,H4Me-4 I II 

Solvent Tem£ IT 
CD3CN 10 (38) 75:25 
CD3CN 25 (13) 77:23 

C6D6-CD3C-:--r (14) 71 :29 

457 

54 
349a 
349b 
349c 

349a 

54 
349c 
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Substrate o 
(;f) 

I 

"
N� oJ-.) I 

(4-CNC,ILJ,CO 
(1 equiv) 

( 4-MeOC6�)2CO 
(1 equiv) 

Chapter Three 

Table 12. Continued 
Product (Yields %) It-0 H 

"
N 0 + J-. C6H4CN-4 o N 

I I I C"H4CN-4 

o 
" 
lfC6H4CN-4 

J C,I I4CN-4 o N 
0 

I H  
Solvent Temp IT 
CD3CN 1 0 (75) 39:61 
CDlCN 25 (5 1 ) 38:62 

C6H6-CD3CN (39) 32:68 o ° It- lfC6H40Me-4 
"

N 0 
"

N C6H40Mc-4 J-. C6H40Me-4 + J-. ° o N O N 

I I I C,,140Me-4 I H 
Solvent Tcm� rr 

CD,CN 10 (19) >95:5 
CD3CN 25 (7) >95:5 

C() '6-CD3CN (7) >95:5 

349a 
349b 
349c 

54 
349a 
349b 
349c 
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Substrate Carbonvl 

0 (4-t-BuC6�)2CO 

'
N

� 

(2 equiv) 

o

.J...-

N 
I 

I 

0 PhCHO 
(2 equiv) 

'
N

� O
.J...-

N 
I 

I 
0 4-MeC6�CHO 

(2 equiv) 
'

N

Y O
.J...-

N 
I 

I 

Scope and limitations 

Table 12. Continued I Product (Yields %) 

0 0 

It-
lf4BlI+4 

......... 
N 0 _ + ......... N C6"4Bu-t-4 

.J...- C(iH4Ru-t-4 .J...- 0 
o N O N I H I H C6H4Ru-t-4 

Solvent Temp rr 

CD3CN 10 (60) 70:30 

CD3CN 25 (21) 76:24 

C6D6-CD3CN ( 16) 63: 1 7  Hoy'y 
Et 

0 

N , , 1 10 ' �  o.J...-N . .  "J ' ' 'C6I14MeA 
I H H 

(-) 

459 

54 
349b 
349c 

350a 
350b 
356 

350a 
356 
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Substrate Carbonvl 

0 4·M,OC,ILCHO 
(2 equiv) '-N

y OAN 1 
I 
0 PhzCO 

(2 equiv) '-N
y OAN I 

I 

Chapter Three 
Table 12. Continued I Product (Yields %) 

0 
'-N
�
."'O 

OAN ""'j" "C6H40Me-4 
I H H 
0 

N ""0 (-) 
'- � oAN "+-Ph 

I H Ph 

350a 
356 

(-) 

350a 
350b 
356 
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Substrate 

° 
;tY I 

PhzCO 
(2 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) It-0 lfO Ph 

' N  0 + 'N Ph 
I Ph I 0 00N 00N 

I H Ph I I I 

I II 
Temp in', time [min] 1/11 

-38 6 61 :39 
-30 8 60:40 
-19 6 61:39 

-I I 8 60:40 

8 59:41 

9 8 58:42 

2 1  8 56:44 

30 8 5 1  :48 

40 8 46:54 

51 8 49:60 

60 8 34:66 

70 8 27:73 

461 

351 
357 
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Substrate 

o 

;tY I 

PhzCO 
(1 equiv) 

Chapter Three 

Table 12. Continued 
Product (Yields %) 

o 0 

'-'It-
+ 

'-'lfh Ph 
I Ph I 0 00N (i�"'N I I I  Ph I I I  

55:45 II  
Temp 

Solvem: Cr,LJIj-ClJ3CN 
-�7.4 (63.9) 

Temp timclmin l 1/11 
-21A (61 , 1)  

-30 I S 75:25 (36) 
11 .5 (62.5) 

-20 1 5  72:2X (3\ ) 
-0.9 (51.0) 

0 70:30 (27) 
9.9 (46.9) 

20 10  65:35 (33) 
20.1 (44,0) 

40 15 62:3k (39) 
30.0 (43.1) 

50 20 57:43 (56) 
40.0 (36.3) 

60 55:45 (15) 
49.5 (32.2) 

60.0 (24.1) 

69. 1 (25.8) 

Solvent VII 

1111 
70:30 

68:32 

64:36 

61:39 

56:44 

52:48 

48:52 

41 :59 

37:63 

31:69 

27:73 

CDiCN (29-63) 54:46-56:44 

4:1 CLJ3C�/LJl) (51) 49:51 

3:2 CD,C'J/[)2() (47 47:53 

2:3 CD3C'I/l1iJ (40) 5 1 :49 

1 :3 CD,C�/D20 (36) 41:59 

Benzene (HZ) 42:5k 

(52) 

54 
349a 
349b 
349c 
352 
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Substrate 

o 

;tY 
I 

(4·PC,IL),CO 
(1 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) 

'-N�O 0 A C6H4r-4 o N 

I H C6114"-4 

o 
'-
Jf�6114

.
r-4 

'I 
I 

C(,H4t-4 

(i�:;)'N 0 
I H  

56:44 II 
l'cmr 1111 

Solvent: C6D6-CD]CN 
-27.4 (62.2) 73:27 

i"emp limelminJ 1111 -21.4 (SS,4) 70:JO 
3D 1 5  70:30 (52) -1 1 .5 (62.31 67:33 
20 1 5  70:30 (52) -(),') (52.51 61 :38 

66:34 (5 1 )  9.9 (49.7) 58:42 
20 10 64:36 (54) 20.! (47.4) 56:44 
40 1 5 59:41 (64) 25 (25) 53:47 
50 211 5ri:44 (67) 30,0 (45.9) 5 1  :49 
", 54:46 (21)  40,0 (43.0) 41 :59 

4,),5 (4],g) 35:65 

()O,9 (43.51 29:71 

Cl9.1 (41 .31 25:75 
S()h'�nl 1m 
CD:;Cl\ (97) 66:34 

4: 1 cn,CN/f)p (96) 58:42 

3:2 CD,CNiD:P (72) 57:43 

2:3 Cl),CN./D:P (60) 4'):51 

1 :3 L'l)3CNiD/) ( I I )  49:5 1 

lknzt:ne (100) JX:62 

(53) 

463 

54 
349a 
349b 
349c 
352 
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Substrate 

o 

;tY 
I 

( 4-C1CJL),CO 
(1 equiv) 

Chapter Three 

Table 12. Continued 
Product (Yields %) 

�o 
�o C"H4CI-4 

...... ...... N O N C6H4CI-4 + (77) .J.-. C"H4CI-4 .J.-. 0 
o N O N 

I H C6H4CI-4 I H 

T 38:64 II 

Solvent: C(P6-D3CN Temp 1111 
Temp time [min] 1111 -27.4 (75.6 54:46 

-30 15  

-20 15  

0 5 

20 10 

40 15 

50 20 

60 5 

49:51 

48:52 

45:55 

43:57 

35:65 

32:68 

3 1 :69 

(61) 

(54) 

(57) 

(66) 

(80) 

(77) 

(32) 

-21.4 (68.5) 52:48 

-1 1.5 (69.6) 46:54 

-0.9 (74.7) 42:58 

9.9 (75.0) 39:61 

20.1 (74.4) 34:66 

25 (26) 8:92 

30.0 (63.4) 30:70 

40.0 (67.4) 26:74 

49.5 (62.8) 21 :79 

60.0 (63.5) 17:83 

69.1 (59.8) 14:86 

54 
349a 
349b 
349c 
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Substrate o 
" N � OJ..-)J 

I 

(4-BrC6�)2CO 
(1 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) �o �o C6[[4Br-4 "N 0 

+ "N C,H4Br.4 (28) A C6�BI·4 A 0 o I H C6H4BrA 0 I H 
T 

Temp 
-27.4 
-21.4 

-1 1 .5 

-0.9 

9.9 

20.1 

30.0 

40.0 

49.5 

60.0 

69.1 

33-67 II 

1111 
(37.6) 50:50 

(37.5) 46:54 
(44.4) 40:60 

(38.6) 36:64 

(38.5) 3 1 :69 

(32.8) 30:70 

(29.2) 25:75 

(26.7) 23:77 

(22.4) 1 8:82 

(14.5) 14:86 

( 1 1 .4) 10:90 

465 

349a 
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466 

Substrate o 
:lY 

I 

o 
:lY 

I 

PhCOC6�OMe-4 
(2 equiv) 

( 4-MeC614)zCO 
(2 equiv) 

Chapter Three 

Table 12. Continued 
Product (Yields %) 

..... Nlt-
° 

0 A ('61 [40Me-4 o N 
I H Ph 

Solvent 

CDJC::\ 

4: 1 CD]C'\iD20 3:2 CDJC::\/D20 2:3 CD]C'\iD20 1 :3 CD3C,\/D20 
Benzene 

(96) 
(94) (89) (86) (28) (100) 

o 
..... �'h 

" 
I 

C(,H40Me-4 

00N 0 

I H 
II 

JIll 44:56 33:67 
28:72 17:83 7:93 32:68 o 

..... I\�O 0 � C6H4Me-4 o 'i 
I H C6H4Me-4 

+ ..... N�:6H1\1e-4 

� C(,H1\1e-4 

o N 
0 

I H 

Solvent J emr cc 
C6D6-CD3CN (23) 30:70 

CD3C� 1 0  (77) 49:51 
CIJ3C� 25 ( 18) 48:52 

352 

54 
349b 
349c 
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Substrate o 
;tY 

I o 
;tY 

I 

(4-CNC,IL),CO 
(2 equiv) 

(4-MeOC6�hCO 
(2 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) 

'N�
O 

0 A CGH4C:\-4 o N I H C6H4C,\-4 

Solvent 
C6D6-CD:;CN 

CD,C'\ 

o 

+ 
'N�Clillq.CS-4

. A L6H4C\-4 o N 
() 

I H 

Temp IT 
(27) 6:94 

10 (87) 14:86 

o 
'

N �
O 

0 

.J... C(iH10\k-4 -
o , 

....... � C6H,or-.le-4 
��"H'

O
\le-4 

o.J...l\ 0 
I II C(iH10\1c-4 

SDlvel1t l·ell1p 
C6D6-CDJC� (l�) 

CD,el\ w (25) 
CDjCl\ 25 (10) 

I H 

IT 
� tjll1c[l11inJ 

37;63 -40 

52:48 -:;(J 
44::i6 -20 

1111 
7R:22 
75:25 
73:27 
�7;:i:i 
62:38 
SR,42 
53:47 
47:53 
3�;64 
32:68 
27:73 
�3;77 

467 

349a 
349c 

54 
349a 
349b 
349c 
351 
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468 

Substrate o 
;tY 

I 

o o"y I 
CH,CO,Me 

(4-1 -BuC614)zCO 
(2 equiv) 

PhzCO 
(2 equiv) 

Chapter Three 

Table 12. Continued 
Product (Yields %) 

"N�O 0 � C6H4t-Hll.4 o N I H C6H1t-Bll-4 

Solvent Temp IT 

o 
" 
�-6H41-BU-4 

+ 
N 

. J--- C6H41-Bu-4 

o N 0 I H 

IT 
Temp lime [min] 1/11 

CD3CN 1 0  (Rl )  53:47 -40 65:35 

CD,CN 25 (20) 52:48 

C:�I)�-CJ)F:\ (25) 43:7 

o 

-30 61 :39 

-20 58:42 

-10 54:46 

0 53:47 

10  6 5 1 :49 

'0 1 0  47:53 

30 1 0  43:57 

40 10 39:61 

50 10 34:66 

60 1 0  30:70 

70 10 26:74 

o 

HN�
'h 

I 
Ph 

(19) 
+ HN�) 

I (36) 

00N 
0 I 

CII2C02Mc 
OAN 

Ph 

I Ph 
CH2C02Me 

54 
349b 
349c 
351 

358 
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Substrate o 
'

NA" OAN� 
I o 

'
NA" OAN� 

I o '�� 00N� 
I 

o 

(;t� 
I 

PhzCO 
(2 equiv) 

( 4-FC,ILJ,CO 
(2 equiv) 

(4-CIC,IL),CO 
(2 equiv) 

(4-MeC6�)2CO 
(2 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) 

'N 0 o �
O
ll 

A Ph + 

I 
Ph 'N

JfI P  

.
h 

(5 1 ) 

o I Ph O�N 0 

I 
71 :29 

�o H JfO H C,II,r-4 ........ � o
. + 

........ N C6II4f-4 � C6It.l;-4 -A 0 o � U N 
I C"II,I-4 I 

64:36 

�
o 

H 

l
Fo 

H C6H,CI-4 
........ 

N 0 + ......... N CJ-I4CI-4 A C6H.tCI-4 A 0 o N O N 

I C6ILCI4 I 
59:41 

�o H 

�
O 

H C"H,M,-4 ......... N 0 ......... :t\ C()4Mc-4 � C(,H4Me-4 + A 0 o N 0 � 
I C61 14\1c-4 I 

82:18 

(65) 

(81) 

(58) 

469 

54 

54 

54 

54 
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470 

Substrate 

'NJl OAN� I o 'N� OAN� I 
'N� OAN� I o 
;x I 

(4-MeOC6�)2CO 
(2 equiv) 

(4-t-BuC6IL)zCO 
(2 equiv) 

PhzCO 
(2 equiv) 

( 4-FC,IL),CO 
(2 equiv) 

Chapter Three 

Table 12. Continued 
Product (Yields %) 

o 0 � �[ C,",OMc-4 'N 0 'N C6H40Me-4 (32) � C(il [40Mc-4 I A 0 o N O N I C,H,OMe-4 . I 
Sn3 

'N�O H 0 A C(i1 14t-Hu-4 o N I C(iH4t-Bu-4 
o lfl C w o 

+ ........ N N-<4t-Bu-4 
A C6H41-Bu-4 (56) o N 0 I 80:20 

o 0 Ph 'N�. + 'N�Ph (44) I Ph I 0 O""'N O""'N I Ph 19:81 I �o �O C611,1'-4 ........ N 0 _ ........ N _ Cr,l141,'-4 A C(iTT4F-4 A 0 o N O N I C,II4F-4 I 
20:80 (43) 

54 

54 

54 

54 
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Substrate 

o 
'NV OAN� 

I 

o 
'NV OAN� 

I 

o 
'NV OAN� 

I o 
'NV OAN� 

I 

( 4-CIC,IL)'CO 
(2 equiv) 

(4-MeC,IL),CO 
(2 equiv) 

(4-MeOC6�)2CO 
(2 equiv) 

(4-t-BuC,IL),CO 
(2 equiv) 

Scope and limitations 

Table 12. Continued 
Product (Yields %) 

�
o 

�
O C,HP-4 ........ N 0 + ........ N C6H4Cl-4 A C,Il,CI-4 A 0 o N O N 

I C,",0-4 I 
10:90 (66) 

Jt
0 

�
o "'' '4Mo-4 'N . 0 . ' 

+ 
'N _ C61 14t1.k-4 oA:t\ c61 14Me-4 oAN 0 

I C,,"4Me-4 I 1 8:82 (48) o 0 , 
� �

:611"J\1e-4 
'\ 0 ......... N C6�0.\1e-4 oAN (.:61140MC-4 +A 0 

I C,,"40M,-4 0 I' 
20:80 (37) �o 

�
O C,H41-Bu-4 ......... N 0 + 'N C6"4t-8u-4 oAN C6H4t-BU-4 0AN 0 

I C,,"41-Bu-4 I 
26:74 (42) 

471 

54 

54 

54 

54 
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472 

Substrate o ol'Y1BU I CII2C02Me 
o 

HO "C;: p O 

OH 

OMc 

"'" 

HO,C C02Et 

PhzCO 
(2 equiv) 

PhzCO 
(2 equiv) 

PhzCO (0.05 equiv) 

Chapter Three 
Table 12. Continued 

Product (Yields %) o 0 �.BU Ph �.BU 
HN Ph HN 0 A 0 (22) + A Ph (23) o N O N Ph I I CH2C02Me CH2C02Me 

ith 
0 

� 
Ph 

0 
J: /h LLJ: lTO H 

N 0 lTO H N 0 P (7.4) P (12) 

OH OH 

EtO,C I'h--:;,,, . ,\ Ph' I 
0' ' ' ' 

OMe 
"'" 

(-) 
C02Et 

358 

353 
354 

359 
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Scope and limitations 473 

Intramolecular Reactions 

An intramolecular Patemo-Buchi reaction on a paracyc10phane 
derivative is reported to give the corresponding adduct in quantitative yield 
(Scheme 119) [360]. 

hv • 
EtOH, ft, 0.5 h 

Scheme 119 

J 
eLIAvC02MC 

':7 � . 0 - A (1 00%) 

An intramolecular Paterno-Buchi reaction of 79 to give oxetane 80 is 
used in the synthesis of 2,7,9-trimethylenetricyc1o[4.3.0.03" ]nonane 8 
(Scheme 120) [361]. 

~ hv • 
bt,O, rt, 20 h 

COMe 
79 

~ COMe 
• hv 

benzene, rt 

80 

Scheme 120 

(56%) 

Scheme 121 

----
--

81 

O� 
o 

82 
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474 Intramolecular Reactions 

The same synthetic scheme is used in the synthesis of 2,7,9-
trimethylenetricyc1o[4.3.0.03·']non-4-ene [362]. The preparation of some 
stelladiones such as tricyc1o[3.3.0.03•7]octane-2,4-dione 82 or 
tricyc1o[3.3.0.03•7]-octane-2,6-dione 83 is carried out by using the same 
approach (Schemes 121-122) [363]. This type of intramolecular Paterno
Buchi reaction is the key step used in the synthesis of diquinanes and 
triquinanes (Schemes 123 [364] and 124 [365]). 

~ hv --
--

CHO 
(31 %) 83 

Scheme 122 

f� hv � f!J--{ benzene, rt · 0 
COMe 

1. LDA, THF (95%) 2. Swern oxidation (85%) 
. H�

H

H 

3. LDBB, THF, -78" (60%) � 
(56%) 

Scheme 123 

Ef=0" ��) � hv LOI313 
• • 

COMe 
rt, 19 h THF, _78°( to 

10'(, 35 h 

(57%) 

Scheme 124 
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Scope and limitations 475 

The synthesis of 1, 13-herbertenediol is performed using an intramolecular 
Patemo-Biichi reaction between an aldehydic group and an a-alkyl
substituted styrene moiety (Scheme 125) [366]. �::e 

CHO hv . 
I hexane, ft, 32 h 

A 

Scheme 125 

An intramolecular, stereoselective Paterno-Buchi reaction is the key step 
in the synthesis of some derivatives of R-( + )-sc1areolide [367]. A synthesis of 
the scaffold of merrilactone A also involves an intramolecular [2+2] 
cyc1oaddition to give the corresponding adduct (Scheme 126) [368]. The 
reaction of a carbonyl group with an electron-poor alkene has been reported in 
another case [490]. 

, 0 _-,,-hv __ • 
EtO�

O

· 

0 MeeN, rt c,'>lJ= 
(93%) 

Scheme 126 

On the other hand, an approach to the synthesis of thromboxane analogs 
using an intramolecular reaction of a ketone with an enol ether allows one to 
obtain the expected oxetane derivative in only 1 1  % yield [369]. 

Intramolecular reactions on allyl cyc1opentanone derivatives has been 
reported [370]. In this case, both linear (84) and crossed (85) oxetanes are 
obtained (Scheme 127). Using 2-ally1cyc1opentanone, nearly equal amounts of 
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476 Intramolecular Reactions 

these isomers are obtained. However, the use ofthe more rigid starting material 
(such as that in the Scheme 127) allows the preferential formation ofthe linear 
Isomer. 

hv • + 
D: U5( benzene, rt 

84 (50%) 85 (5%) 

Scheme 127 

Compound 86 gives a quantitative yield of the corresponding oxetane 
through an intramolecular Patemo-Buchi reaction. The oxetane thus obtained 
is converted into 87 via fluoride desilylation (Scheme 128) [371]. 

o � b hv (350 mn) 
C IOTI:!l /Si,� ---":M

,-:c-
eC
C:
'N
--:-."'rt

-"..,·· 
Me Me 

86 

ij TBAF 
C10H21 3H 0 THF fl-

Me-Si 2 "  

�e (99%) 

Scheme 128 

When alkenyl glyoxylates are used as substrates in attempted PaternO-
Buchi reactions, a Norrish type II reaction is the main pathway occurring in 
most cases (Scheme 129) [372]. A few exceptions are observed, however. For 
example, the reaction of compound 88 gives oxetane adduct 89 (Scheme 
130).[372, 373] 

hv onc� (56'Yo) • 
toluene, reflux, 35 h 

Scheme 129 
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Scope and limitations 477 

hv (-) • 
rt 

89 

Scheme 130 

Enamine derivatives reacts with imine to give a aza-Paterno-Btichi 
raction [487]. An intramolecular reaction between thymidine esterified by 
ketoprofen is reported to give a mixture of the corresponding oxetane adducts 
(Scheme 131) [374]. 

(52%) 

Scheme 131 
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478 Intramolecular Reactions 

The irradiation of 90 gives 92 derived from the (6+4)-photoadduct 91 
(Scheme 132) [375]. 

Scheme 132 

All the reactions performed in thsi field are collected in Table 13. 

Limitations Attributable to the Properties ofthe Carbonyl 

Compounds 

Carbonyl compounds able to react with an alkene to give the 
corresponding oxetane must be able to access an n---+n* singlet or triplet state 
[23]. This is the most important limitation of the carbonyl compounds. 
FurthemlOre, the reaction fails when there is not a good correlation between 
the HOMO of the alkene and the LSOMO of the excited state of the carbonyl 
compounds. Carbonyl compounds that usually react through the excited singlet 
state such as naphthyl-substituted aldehydes and ketones are umeactive toward 
less reactive alkenes [23, 299]. Some substituents on the carbonyl compounds 
seem to prevent the reaction. The presence of a double bond allows a [2+2] 
cycloaddition reaction between the alkenes. Furthermore, the presence of 
nitrile [1 16c, 290a, 290b], amino [23], and hydroxy groups [144] sometimes 
inhibits the reaction. 
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Scope and limitations 479 

Table 13. Intramolecular reactions 
Substrate I Product (yields %) Ref. 

0 tt:d 22 � (-) 
OH 

0 

-B -P 
376 � (44) 

6A 

0 

C;J 
69 �o� (63) 

0 
Q--= �o� 377 

� (40) 

y� ~ 378 

(91 ) 

� �CHO [ ,;;Po] 379 (54) 

0 

-B- OH 
0 +P 376 � (-) 

� 0[ [ 
0 

--p 
376 � ( ) 380 

ho Lfl 
(30) 

381 
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480 

Substrate 

o 
� 

o �OH 

o � S
i

� 

U / \ 

Intramolecular Reactions 

Table 13. Continued 

fr + r::l 

CR (72) 
~ (64) 

QB 
(52) 

I qjjo 
( ) 

(-) 

Ref. 

106a 

382 

383 
384 

385 

386 

69 

69 

371 

387 
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Scope and limitations 481 

Table 13. Continued 
Substrate I Product (yields %) Ref. 

� b 364a 

(57) 
CTTO 

0 {) + O:Aon
+ C( 370a 

CHO 

(J2) (22) (14) 

+ W + S - # 
( 18)  (8) 

QCHO ~ (40) 388 

Q) �) 
(-) 389 

� 
#� 

376 
(56) 

2:5 
0 n" 390 � (-) 

)X� ~ 
382 

(ca. 1(0) 0 
0 
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482 Intramolecular Reactions 

Table 13. Continued 
Substrate I Product !xields %) Ref. 

0 

y) OCH'OH 382 

(65) 
KH 

0 0 0 
+p':1)J 

�0'O 391 �O ( 15) (60) 

VOH ,}:H2OH 
o 

." 385 
"p ' ' ' ' 1 1  (5) 

flli)JJ 
0 ""B:�"" 385 �OII 

(20) 

0 
Ph:B 

371 Ph�Si� (53) 
/ \  I 

kccllo &+6 392 

22:78 (27) 

�H ~ 
346a 

(56) 346b 
346c 
346d 

COMe 

� b 393 
(65) 

ClIO 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scope and limitations 483 

Table 13. Continued 
Substrate I Product (yields %) Ref. 

0 �,� � 
370b 

yCHO 
& + 6�8 '" 394 

\. ) Y 
(7.6) 

6 + �
O�8" OH 

(8.5) (47) 07) 

c9 fJ+O::AOH 370 

(24) (25) + ex: (19) CHO 
~ ~ 

395 
(-) 

0 

�
+
# r 

396 

(30) (20) 

�CIT'CI � 397 

(43 ) 

CI 12Cl 
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484 

Substrate 

� Cl 'I Cl Cl 0 
�""" 
Jyy 0 

� 0 

0 � 0 

J{ cmv1c: 

� COMe 
� 

COEt 

Intramolecular Reactions 

Table 13. Continued I Product (yields %) 

� ('1 (55) o· 
Cl 

� (47) 

CH20H 

~ (94- 1 00) 0 

oA 
(-) 

;E\- (-) 

~ (68) 

t�1'J1 "" 2:1 
� (-) 

E( 

Ref. 

398 

397 

383 
384 

383 
384 

384 

246 

399 

364a 
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Scope and limitations 

Table 13. Continued 
Substrate 

� 
COMe 

b? o 

485 

Ref. 

364a 
393 

400 

401 

402 

403 

404 

405 

395 
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486 

Substrate I 

~ 
~ 

Yxl 

Lx°� 
�' 

('I 
('I r 
Cl ('I ClIO 

0 

d)'o� I "" 0 

k ClIO 

Intramolecular Reactions 

Table 13. Continued 
Product !xields %) 

~ (-) 

0 

H +)ly 
0 

OH +--* +)+ 
(0.05) 

� (0.04) 

"'''�;=Q 
(9) (3 1 )  M�' ('I Cl 
CI (24) 

O' 
('I 

PhCHO + CH,�CHCHO (-) 

� (31) 

Ref. 

395 

406 

406 

369 

398 

373 

363 
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Substrate 

J:( 
COMe 

~ 
~ o i-Pr 
~ 
k 

COMe 

Scope and limitations 

Table 13. Continued I Product (yields %) � (61) 

� H  
� (81) 

i-Pr 

~ (44) 
� (92) I)� 

oi+ cfr-II 

OH 

487 

Ref. 

246 

364a 

364a 
364c 

136 

361 

407 
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488 

Substrate 

~ 

~ 
0 

CIIlI 121.JlSi� 1 \  
JLx0� 

�' CI C1 r 
Cl Cl 

0 

0 

Ph� 

Intramolecular Reactions 

Table 13. Continued 

i §��:" (18) ( 1 6) 

Q:: + eno 

(26) 

� �H 
C",H,,=fj (99) 
-Si I 

�+� o () (") (34) 
W ('I (63) 

o· 
CI 

PI�CHO 

pH 

C(-
'c}+ �l Ph Ph 

Ref. 

370a 

389 

371 

369 

398 

408 
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Substrate o� 
4? 
~ o t-8u 

(reHO 

dY 

Scope and limitations 

Table 13. Continued I Product (yields %) '� (-{:�l 
!'H 

� 0 

+ 

(36) (6) 

~ (-) 
t-Bu 

Cf?
{�):p+ 

I " Cp,
+
�)H 

" OH 
III IV 

Solvent I II III IV 
pentane (7) (14) (20) (43) 
isopropanol (2) (2) (20) (4) 

Oi= + cfr- (-) OH 

489 

Ref. 

409 

370b 

364a 

410 

407 
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490 Intramolecular Reactions 

Table 13. Continued 
Substrate I Product (yields %) Ref. 

n 

~ 
No reaction 224 CTIO 

A OT13S 

�" "n', No reaction 397 

0 Jyl 0 P:�'� 411 

N0Ph (94) 0 0 0 

� � 364a 
(-) 

COMe o� '�, [" '�l 409 

~ � (-) 412 

0 
(cvl Cp;�(-) 412 

0 

~ �" 364a 
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Substrate 

Scope and limitations 

Table 13. Continued 

Solvent Temp I I  I I I  
pentane " ( 1 6) (41'\) (::2) 

1.2.3-tria<.:doxyprop�ne 60 (1 3 )  (12) (9) 
diclh:'1 clh�'T 20 (14) (59) (21) 

diglymc 1 1  (23) (46) (19) 

dhylen glycol " (2) (46) (0) 

gly<.:erlll (4) (::1'\) (0) 

acclonilriic 30 ('I) (72) (l9) 

etilanol i s  (17) (46) (0) 

( 1  R) 

Solvent II III IV V VI 
pentane ( 16) (6) (3) (3) (10) (5) 
isopropanol (25) (8) (5) (3) (9) (8) 

491 

Ref. 

413 

396 
410 

410 
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Substrate I 

~ 

(jY 
0 

dY
0'
l' 

.0 0 
EtO�O 

CH2CH2COMe 

Jytll'h 0 0 

5rh 
"� 

Intramolecular Reactions 

Table 13. Continued 
Product !xields %) Cc,CQ ..-:::; "" 0"" 

(80) (14) 

_ 

Q::J'H 

(2) 

ot=+cfr( 
OH 

PhCHO + (CH;);C�CHCHO (-) 

'\ 0 
FtO��O (93) 

Ph� 
o N-Et 

(89) 
0 

e ( ) Ph 
� �l �H ["""' • 

Ref. 

410 

407 

373 

368 

411 

364a 

409 
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Substrate 

Scope and limitations 

Table 13. Continued 

,:::p��:" Gf (-) 
ct>-Oi-' �,� 

«(0) (1) 

cl?-Q:f 
( I I) 

(78) 

CQ (58) 

cO a - (32) 

cO a - (32) 
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Ref. 

414 

413 

410 

410 

410 

415 

415 
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Substrate 

PhVO /U 
�O� U il Pr 

�n� u g  

Intramolecular Reactions 

Table 13. Continued I Product (yields %) �o

o () - Ph (30) 

PhCHO + PR:H�CHCHO (-) 

PhCHO + PR:H�CHCHO (-) 

HO 

PhD Ht CHl_:HO 
+ PheHO + '=I 

o 0 

PhCHO + EtCH�CHCHO (-) 

�H(D) ;h 
+
Ph � 

o 0 0 
I II 

Solvent 1/11 

DCM 1.4 

benzene l.l 
2-propanol 

meLhanol 1.7 

acetonitrile 1.9 

Ref. 

416 

373 

373 

373 
(-) 

373 

373 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Substrate JL . i r, 1 Ph' IfNy� 
o 0 

i-Pr 0 

�h0Ph 
o 0 

� COPh 
�Ph 

4 COMe 

EfFs" COMe 

qOH 

COPh 

Scope and limitations 

Table 13. Continued I P
,r
oduct (yields %) 

qx. 0 """t. mnd 
" O N solid state (68) 

Ph" 'i-Pr benzene (96) o 
Ph� o JL..N_i.P, 

(4R) 

0 

t9 Ph (ca. 100) 

fr (ca. 1 00) 

Ph 

tf! (90) 

�'" 
(79) 

0 

62011 
(-) 

o Ph 

495 

Ref. 
86a 
411 

411 

393 
417 

396 

418 

365 

419 
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Substrate 

�o. �� V � 'I � , 

Intramolecular Reactions 

Table 13. Continued I Product (yields %) 

benzene 
solid state 
solid Sk'1Je 

svn/anti cr (.1'\-11) 
(100) 2. 1 

() (84) 3.7 67.5:32.5 

-78 (89) 6.7 99.5:0.5 

t9 
Ph 

I-I 

I I 

(55) 

(-) 

No reaction 

Ref. 

373 

86a 

417 

415 

366 

166 

397 
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Substrate I "... S 
� 

CI o� 
() 

Jf:' COMe 

kC02MC 

COPh 
"... S 

a � 

o� 
"... s 

0 � '" 
Ci "" o� 

0 

~ ::,.. 'I 7 

7' /  o s 

Scope and limitations 

Table 13. Continued 
Product !xields %) 

Cl 

CI 

'�l '" 0 

-<' 
(I 

(1)  () 
PI, 

"� (81) 

blOlM, 
(44) 

0 
Ph 

'" 0 
'" 

(29) () =l o ( I  

~ 
::,.. N 

o s 
l a 

() 

(ca. I 00) 
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Ref. 

,= 1 420 

361 

421 

� s 420 

�l 420 
417 
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Substrate �N 
"" I  � o � I 
o 

Intramolecular Reactions 

Table 13. Continued 

react. condo 

benzene 

solid state 

McCN 

(100) 

(-) 

(30) 

qx= 0 react. condo 

o bl:l1ZCnC 
Ph" '
· N ..... CoH4C1r2,6 solid state 

(100) 

(-) 

o 

(ca. 100) 

(ca. 100) 

(-) 

Ref. 

417 

86a 
86b 
86c 

86a 

417 

417 

364a 
422 
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Substrate 

at Ph Ph 

�Ph 

� U 0 

Scope and limitations 

Table 13. Continued 

�h !! o : H 
H'13'l'h 

o : Ph 
+ ""ryPh 

II 
Temp 1 11 
-20 (91) (6) 
-30 (92) (4) 

C(>-
'
:(vPh -

(18) (2 ' ) 

�""' .
o 

" "  + 

, Ph Cp,o" Ph 
( IS)  (20) 

XLkPh � �O II + � + 

Ph 
I I  

~ l'emp I II 
n ( ' Il) ( ' 9) 

Ph -1>5 (5) (40) 

III 

III 
(42) 

(29) 
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Ref. 

364a 
422 

87 

410 

396 
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Substrate I 
yo 

q:r 

0 o� 
d'6 A A 

II 

".� COMe �"M' 
� I I ' "  CO:h 

w\O� 

Intramolecular Reactions 

Table 13. Continued 
Product !xields %) 

0 

W· + 
cif stt H (6) 

+ 
H (32) 

1,1 

HO + 0 0 '" Ph 

(50) I A 
I I  

Phfo 

~ ieO M' 
0 

' ' ' ' ' 1  
Ph H 

-g"'j ", �H }-O
" 

0 

(8O) 

(65) 

( ) 

Ref. 

396 

423 

362 

421 

372 
373 
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Substrate 

�I ::,.. N 

� 0 Ph 

o fh L _ 

Ph�l\y� 
o 0 

Scope and limitations 

Table 13. Continued I Product (yields %) 

No reaction 

�o react cond. 
benzene (76) 

Ph"
" N ...... Ph solid state (0) 
0 

9' 
"-

sy/anti 
2.1 

N (ca. 100) 

501 

Ref. 

421 

87 

417 

86a 
411 

411 

86a 

417 
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Substrate I 

0 

� 

"" 

0 �C6H4C02M'-4 
Ph 

lr�� � \ CO::Me 

PhOC 

~ � 0 t: 

Intramolecular Reactions 

Table 13. Continued 

(ca. 100) 

� ,,� 
� 

I 
QS� (80) 

" ,j 
H J 

g10 (82) 

S'JI4C02Me-4 tl fJH 
H"" " "�2hO) I 

fJC,.HP)'MC 4 
IIII" ' ' ' IPh 

(1 1 ) �c_ (53) 

C02Me 
0 

Ph 

�. (ca. 100) 

o � � " 
� 

Ref. 

417 

367 

367 

87 

421 

417 
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Substrate �rh 
� N  

o I o �I "-

� 
N 

o 
Ph �I 

"" N 

� 
0 

Ph 

OM, 

Scope and limitations 

Table 13. Continued 
Product (yields %) 

bph 
('''. I (Xl) 

6
0 

O
_L!1N I f-S</" "N" (ca. HX1) 
Ph 

_LU esi � N 

o Ph 

OM, 

react cond, Temp 

solid s\.1lc 15 ( 1 00) 

solid state -78 (100) 

Ocnzl:nl: ( 1 00) 

(ca. 100) 

(ca. 100) 

react. cond, 

benzene 

solid slate 

�yn/(!nli 

60 

60 

2.1 

( 1 00) 

(-) 

er (svnj 

95.5:4.5 

95.5:4.5 
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Ref. 

417 

417 

417 

417 

86a 

86a 
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Substrate 

Intramolecular Reactions 

Table 13. Continued I Product (yields %) 

react. condo solid state (1 00) 

benzene (100) 

via 

:i)-'ll/anti er (SYII) 

27 

2.1 

50:50 

(44) 

(56) 

(60) 

Ref. 

86a 

411 

411 

360 

360 
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Substrate 
o 

�C02Me 
� \ CO�Mc 

11 ' "  
PhOC 

OMe 

m,le 

Scope and limitations 

Table 13. Continued I Product (yields 

%
) 

(84) 

No reaction 

0 
(ca. 1(0) 

I � 
� 

OM, 

(oa. 100) 

I � 
� 

OM, 

505 

Ref. 

367 

424 

421 

417 

417 
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Substrate 

,f(-l;l'h �Ph o 

Intramolecular Reactions 

Table 13. Contiued I Product (yields %) 

react. condo syn/unli er (.\ynj 

solid slale 
benzene 

(1 00) 

(100) 

20 

2.1 

O,,-ri-r-Ph tJ(/ (ca. 100) 

110 

Ph 
o 

(14) 

o 

fNJG",� 
via A-.j."" � o N 

50:50 

.L J JNI(l\'1 
o 

Ref. 

86a 

417 

425 

375 
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Substrate 

OHC 

Scope and limitations 

Table 13. Continued I Product (yields 

%
) 

No reaction 

507 

Ref. 

360 

(100) 

421 
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Substrate 

�I.BU 
o �  I'h�N 
0 0 

1(l'h 
o Ph 

~ � Ph 
o 
Ph 

I 

Intramolecular Reactions 

Table 13. Continued 
Product (yields %) 

Ph () 

\-{ ";kN-C6H41-BU-2 
Ft 0 

11 Ph 0 
(9 t-C6H4f.BU.2 

Et 0 
TIT 

Substrate solvent main product 

(,11)·1 MeCN (R,R,M)·II (81 ) 

(PH MeCN (S,S,P)·II 

(M)-I benzene (R,R,M)-I I  (78) 

(P)-I benzene (S,S,P)-II 

(M)-I crysLal 

(1')-1 crystal 

Substrate de er TT er TTl 

(MH 

(1')-1 

(M)-I 

(1')-1 

(M)-I 

(1')-1 

82,)8 99,5,0,5 

99,1 

78:22 99.5:0.5 

99,1 

1 5 :85 99,1 

15:85 99,) 

~ o Ph 
Ph 

� Ph o 
Ph 

99.5:0.5 

99:1 

99.5:0.5 

99,1 

99,) 

99,) 

(75) 

(34) 

Ref. 

86b 
86c 

417 
417 
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Substrate 

Scope and limitations 

Table 13. Continued I Product (yields 

%
) 

No reaction 

No reaction 

TTl 
Substrate solvent main product 
(.)., MeCN (R,R,M)·" (78) 
(+)., MeCN (S.S,P)·" 
(.).1 benzene (R,R,M)·" (90) 
(
+
)·1 benzene (S.S,p)·" 

Substrate d, er 11 " ill 

(·)·1 71 :29 99,1 99:1 
(-)·1 99,1 99:1 
1-)-' 55:45 98.5:1.5 98.5:1.5 
(-)-1 9X.5 : 1 .5 9K5:1.5 

509 

Ref. 

421 

421 

86b 
86c 
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Substrate 

o 

H 
" " "  

o 

�:02MC 
� \ 

CO}Me 
. Ph 

PhOC = H �C02MC � \ CO)vle 
Ph � COPh 

H 

Intramolecular Reactions 

Table 13. Continued I Product (yields %) 

(10) (9) 

No reaction 

No reaction 

Ref. 

374 

421 

421 
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Ph 

Substrate 

Yy0 � "H;('-H")T2,5 
N IGh o 0 

Scope and limitations 

Table 13. Continued 
Product (yields %) 

(20) 

o 
vi, _ , lK

Hn 

'J:)� 

(42) 

95:5 
89: I I  

5 1 1  

Ref. 

426 

426 

427 

86b 
86c 
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Substrate 

" 

, ..• " 

" 

Intramolecular Reactions 

Table 13. Continued I Product (yields %) Ref. 

428 
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Scope and limitations 513 

Limitations Attributable to the Structure of the Unsaturated 

Compounds 

Alkenes that react with quinone derivatives usually give the reaction 
product via an electron transfer mechanism. In this case, the ionization 
potential of the alkene is a critical parameter to allow the electron transfer to 
occur [115,  1 19, 123, 138, 155]. For example, quinone does not react with 
ethene (ionization energy 10.51 eV), although it reacts with trans-2-butene 
(ionization energy 9.10 eV). In the case of penta-atomic heterocyclic 
compounds, the aromatic character of the alkene can represent a serious 
limitation to the reactivity of these substrates. 
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CHAPTER FOUR 

ApPLICATION TO SYNTHESIS 

Cycloreversion 

The oxetane ring can be easily opened, allowing for the synthesis of 
important scaffolds and the preparation of bioactive or naturally occurring 
compounds. Pyrolysis experiments are completely in agreement with the 
fonnation of a biradical intermediate during the fragmentation of the oxetane 
[429]. Pyrolysis is usually performed under nitrogen at 430-450°. 

Some oxetanes are pyrolyzed in 10-20% solution or in a packed flow 
system (contact time, 10-15 sec). In diphenyl ether and DMF as well as in 
flow, high regioselectivity is observed (Scheme 133) [430]. The 
regioselectivity appears to be predictable on the basis of fOlmation of the more 
stable biradical. 

� + Ph2CO flow Ph 9+-tt- DMF � + Ph2CO 420-435° 
Scheme 133 

The flow pyrolysis of the oxetane 93 at 410-470° (Scheme 134) affords 
styrene and (E)-phenylpropene in a 2.6: 1 ratio. The resulting phenylpropene is 
obtained with 63% (2) stereochemistry. The oxetane 94 gives mainly styrene 
(86%) [431]. 
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4 1 00 
Ph� + Ph� �.�--

(-) 2.6:1 

Chapter Four 

Scheme 134 

• Ph� 

94 (86%) 

Thermolysis over 2000 using pure oxetanes gives different results. 
Compound 95 gives only (E)-stilbene, while 96 does not show stereoselectivity 
at 280° (Schemes 135 and 136) [432]. However, the (E)/(Z) ratio shifts from 
8:1  at 2420 to 1 :9 at 290°. 

Ph"·�Ph-::::t."'"·� 
95 

Scheme 135 

g _t.----<.� Ph� + Ph
�Ph (

-) 
Pn Ph Ph 

96 

Scheme 136 
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1 6  h t 
AlB � 9 1 :9 

Application to synthesis 

B Pil A----��--�+-----
, 

AlB � 1 :99 

Scheme 137 

lh I PhlT 

AlB � 0.3:99.7 

517  

Thermolysis of oxetanes in TMEDA at 270-310° provides data on the 
regioselectivity of the reaction (Scheme 137) [129]. An electron donating 
group on an aromatic substituent on the oxetane ring favors bond A cleavage 
of the oxetane ring. On the other hand, both the presence of an electron 
withdrawing group on the aromatic substituent and the presence of two 
aromatic substituents at C2 of the oxetane favors B cleavage of the ring. 

Some other cyc1oreversions of oxetanes obtained via Paterno-Buchi 
reactions are described [109a, 158, 379, 381, 404, 433, 434, 435]. Prolonged 
irradiation of the oxetane obtained in the reaction between 2,3-dihydrofuran 
and benzaldehyde or 4-cyanobenzaldehyde gives the corresponding metathesis 
product [436]. Rhodium(I) can also catalyze the sarne ring opening of an 
oxetane (Scheme 138) [437, 438]. 

Ph cbfPh [Rh(CO),CI], • 

Scheme 138 

Ph 
,.)..Ph o ( 1 00%) 

tHO 
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5 18  Chapter Four 

The photolysis of benzaldehyde and cyc10hexene affords the corresponding 
oxetane in 35% yield as an 8: 1 mixture of stereoisomers, where the main 
isomer is endo (Scheme 139) [158]. Treatment of the oxetane mixture with 
TsOR in benzene at 25° or at 800 in the presence of [Rh(CO),CI], yields the 
corresponding product of metathesis in 94% and 70% yields, respectively. 

o H 
PhCHO 

CR 
[Rh(CO),CI]2 

C:
HO 

11V • . -------'.� � PI} benzene, 80° ............... H 
"
Ph 
Scheme 139 

(70%) 

This Rh-promoted metathesis reaction is used to synthesize the sex 
pheromone 97 of the Mediterranean fruit fly from 1,3-cyc1ohexadiene and 
propanal in 40-50% overall yields (Scheme 140). 

o H 
ElCHO r+9 

--'h-v,-rt-'� �.'/ [Rh(CO)2C1h 
-�--��.. �CHO benzene 

H El 

�OH (ca. 100%) 

97 

Scheme 140 

(40-50%) 
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Application to synthesis 

Ct;H40Ac-3 
H /" I) d>-{X 3-AcOC(,HjCHO (0.3 equiv) O" tt>--{X n 98 

HtOH, 20 psi, 1 6 l H h 

--

hv, benzene, rt, 24 h H 99 (33%) 

3-A(;OC6II4� H 0 

HO" O>-(X ----=--A 0 H'" 

100 (30%) 

Scheme 141 

Cleavage of C-O Bond to Give Alcohols 

519 

Alkene 98 reacts with benzaldehyde in a Patern&--Buchi reaction to give 
the corresponding oxetane [218]. The reaction of the corresponding oxetane 
with sodium in n-BuOH or with hydrogen and Pd/C yields the alcohol. This 
approach is used in the synthesis of a modified prostaglandin derivative 
(Scheme 141). In this case, a Paterno-Buchi reaction gives the oxetane 99 and 
the oxetane ring is subsequently opened by treatment with hydrogen on Pd/C 
to give the alcohol 100. 

The oxetane 101 reacts with LiAIIJ4 to give the corresponding alcohol 
(Scheme 142) [292, 370a]. 

o� 
6/ LiAIH4 hv • cyclohexane, rt 

101 (24%) 

Scheme 142 
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520 Chapter Four 

Treatment of oxetane 102 with LiAlH4 gives pseudoephedrine (103) 
(Scheme 143) [439]. 

o LiA1II4 OH n ___ " J. /' (86%) � THF, 250 Ph' Y Ph NHCHO NHMe 
102 

103 

Scheme 143 

Some oxetane derivatives have been treated with diethylaluminum N
methylanilide to obtain the corresponding homoallylic alcohol (Scheme 144) [440]. 

Et"AINMe"Ph - - . benzene, reflux, 40 11 

Scheme 144 

(95%) 

The intramolecular Patemo-Buchi cyclization product of norbomene 
derivatives has been treated with lithium di-tert-butylbiphenylide (LDBB) to 
generate diquinanes and triquinanes (Scheme 145) [441]. LDBB selectively 
cleaves the C-O bond between the oxygen and the more substituted carbon. 

� 
hv 

p9 
LDBB, Et3AI 

H

w 
(7Q.-80%) • " benzene, lt T1IF, -78°�rt, 1 6  h COMe '-

(56%) 

Scheme 145 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Application to synthesis 521 

Irradiation of propionaldehyde in furan as solvent gives the corresponding 
cyc1oaddition product. Treatment of this adduct with methanesulfonic acid 
affords the 3-furyhnethanol derivative in 33% yield (Scheme 146) [310]. 

o o 
ElCHO • 

hv, rt, 50 h 

(solvent) 

11 P 0;;0 
o H 

MsOH . 
y ErOH (33%) 

Et�O Q 
Scheme 146 

The acid-catalyzed hydrolysis of cyc10adduct 104 in methanol allows 
access to the corresponding ring-opened product (Scheme 147). The same 
product is obtained when the cyc10adduct is treated with acetic acid [310]. 
Treatment of the Patemo-Biichi adducts, obtained through the photochemical 
reaction of furan with some aldehydes, with TsOR gives the corresponding 3-
furylmethanol derivatives in 58-73% yields [73f]. 

_lOt fj 

fYo 
o H 
104 

AcOH • 
ft, 1 0 min 

Scheme 147 

E)-OH 

fJ--..c (-) o OMc 

The reaction described above can be applied to the synthesis of 
perillaketone. Furan is irradiated in the presence of 4-methylpentanal and 
methansulfonic acid to give the corresponding 3-furylmethanol derivative in 
18% yield. Oxidation with Collins reagent affords perillaketone in 66% yield 
(Scheme 148) [310]. 
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522 Chapter Four 

hv, MsOH 

dioxane/furan, ft, 135 h 

r IM%) o 
Scheme 148 

• 

HO 

I � o ( 1 8%) 

Oxetane 105 is treated with BF3'Et,O to give the corresponding 3- and 2-
furylmethanol derivatives depending on the solvent used (Scheme 149) [442]. 

O:f'B
U 8F3"1-:120 • 0 rt, l h 

105 Solvent 
THf MeCN 

HO 
rtC02HU 
r � + 0 
100 I I  

Scheme 149 

OyCO,BU o -OH Yield (%) 
0 75 89 50 

Other Ring Opening Reactions 

Oxetane 106, containing a methyl group at C4 (the presence of a methyl 
group is essential to allow the reaction to occur), yields the ring-opened ketone 
product on treatment with alumina at 500 (Scheme 150) [443]. 
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~ 
106 

Application to synthesis 

�----���--�. 
Al203 

*

Ph ° 
benzene, 50°, 20 min 

Scheme 150 

O---?2 H, )----\ 'R1 Pd/C Ph OTMS 
107 

Scheme 151 

523 

Oxetanes such as 107 can be converted into the corresponding diols by 
hydrogenolysis under Pd catalysis (Scheme 151). Acid-sensitive substrates can 
be hydrogenated using Pd(OH), [444]. 

Rearrangements of Oxetanes 

Treatment of the oxetane 108 with alumina at room temperature gives 
cyclic ketones 109 and 110 in a 78:22 ratio (Scheme 152) [443]. 

Ph 
P=tf PI* PI+y AI?O] • + (-) 

benzene, rt, 2 h Ph 
108 109 110 

78:22 

Scheme 152 
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9H 
LiAlli4 . 

-==:----:;:--�. Ph
� 

TIlF, reflux, 2 h I NMe2 
113 (97%) 

Scheme 153 

Treatment of the protected aminooxetane 111 with TFA produces the 
oxazolidinone 112. The reaction of 112 with LiAlli4 affords the corresponding 
amino a1cohol 113 (Scheme 153) [439]. 

Ring opening of 2-alkoxyoxetanes in water gives the corresponding 3-
hydroxyaldehyde derivatives [445]. Oxetane derivatives also react with 
BF3·0Et2 to give a ring expansion product or a ring metathesis product 
(Scheme 154) [209]. The presence of electron-donating groups on the aromatic 
ring favors the fOlmation of the ring metathesis products, while in the presence 
of electron-withdrawing groups, the ring expansion product is favored. Ar'r-? 

BF;"Et20 . 
Ar"-(°y( + �Ar 

�t-BU El20, rl, 8-30 h n' 
AF 2-FC6H4 (79%) (0%) Ar � 4-MeOC6H4 (0%) (90%) 

Scheme 154 
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II �:H,llAc 

525 

o o 
OHCCO,Ru 

hV, l1 • • (:S?O 

H 

HO II �H20Ac ":.r---;-\ 1 .  MeONa MCPAA . """,)::-0 • 
CII,el" 0°, 6 h 3-CIC H ('() 0 '  2, IR 120, ct, 24 h - 6 4 � 2 II 

1 1 4  (64%) 

Scheme 155 

HQ IJ O ___ )JMe 
):5,,-) MoO 0 II 

115 (63%) 

Furan reacts with butyl glyoxylate to give the corresponding oxetane 
which can be reduced and acetylated (Scheme 155) [446]. The subsequent 
reaction with MCPBA affords the corresponding hydroxy ester 114, Treatment 
of this carboxylate with sodium methoxide followed by in situ acidification 
yields compound 115, 

The adduct obtained in the reaction between finan and a carbonyl 
compound has also been subjected to several modifications. Some of these are 
shown in Schemes 156-158 [447]. 

• (88-92%) 
I ICI 

THF, li, 0.5 h 

Scheme 156 

Ii fh 

--Q{o CSA 

o 
p� OMe 

(94%) • MeOH, rt, 0,5 h 

Scheme 157 
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Ph ':! , 

J:X0 l . l I" Rh/AI,03' El,O, 6 h • :ce
OA
:h 2. Ac,O, Et3N, DMAP, CH,Cl" 0" AcO ° 
(78%) 

Scheme 158 

Miscellaneous Reactions 

The use of unsymmetrically substituted furan derivatives in the synthesis 
of kadsurenone-ginkgolide hybrid is reported [75]. Thus, the cyc10adduct 
obtained from the reaction between furan and an aldehyde is treated with an 
excess of Schlosser's base (BuLilt-BuOK). This reaction gives the 
corresponding anion, which can react further with carbonyl compounds or 
alkyl halides (Scheme 159) [448]. 

�-IlU 
�n�

O 
° 1I 

l . l3uLi (2.3 equiv), /-l3uOK (2.1 equiv), 

2. MeT, THF 

Scheme 159 

• 

H t-Bu 
--i!5:/o (41%) 

° 
H 

Upon removal of the pivalate protecting group in the side chain of the 
oxetane, an intramolecular nucleophilic attack on the oxetane ring affords the 
corresponding pyran products (Scheme 160) [60]. 

?i, OCOt-Hu MeLi (2.4 equiv) �"/� - . Ph OTMS DME, rt ( 1  h), reflux (6 h) 

Scheme 160 

(54%) 
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OHCC02Bu (0.5 equiv) • 
hv, MoCN, 30" o. H" Pd/C

. 
" � MeOI!, rt, 6 days 

Bu02C NBnBoc 
(33%) 

o TFA . 0 K2C03 (2 equiv) • 
B ° C" , .', CH2CI" rt, 2 h B ° C,,. .', U 2 NHBoc U ') , NH2 

MeOHfH,O, ft, 15 h 

(50%) (78%) 

o 
H02C" 'NH2 

(99%) 

Scheme 161 

527 

The reaction of a-fOlTIlyl esters with enamine derivatives has been used 
in the synthesis of (±)-oxetin (Scheme 161) [297], 

The Patemo-Buchi reaction followed by a thennal metathesis reaction 
represent key steps in an analytical procedure which is able to determine the 
composition of unsaturated lipid mixtures by mass spectrometry (Scheme 162) 
[449,450], 
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CSH17�(CH2)7C02-

Me2CO 1 hv, nano-ESI 

°t.::(CHV7C02- + �(CH2)7C02-gH17 CgH17 

metathesis � 
mlz 197.2 

+ 
C8H17CHO 

(not observed) 

metathesis � 
mlz l71 . 1  

+ ACsH17 
(not observed) 

Scheme 162 

An oxetane intelTIlediate seems to be involved in a photodeprotection 
reaction of phosphates and acids protected with thiochromone S,S-dioxide 
moiety [451]. 

The Patemo-Buchi reaction has been used also to obtain grafting of 
modified cellulose. A cellulose structure bearing aromatic aldehydic groups 
reacts with alkenes (simple alkenes or polymers) to give modified celluloses 
(Scheme 163) [452]. 
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Application to synthesis 

• 
hv, rt, 48 h 

Scheme 163 

R 

CII 
Of-o 

o 

H 
PhC[ IO (0.6 equiv) 
hv, MeCN, rt, 6 h Ph" "� + H 11 C9HI9 

o ' 

Ph�N C H  H I 9 19 
C02Me C02Me 

(12%) (53%) HO 

529 

Pd(Ol lh/C, MeOII, 2 h , h _. LiA1H4 • 
PhU 12 11 C) 1 19 lHF, reflux, 2 h C02Me n PhCH2 11 C91119 

Me 
1 1 7  (81%) (91%) 

Scheme 164 

Synthesis of Preussin 

The reactivity of the enamine derivatives such as 116 can be used in the 
synthesis of (+)-preussin, an antifungal alkaloid (Scheme 164). Thus, the 
enantiomeric pure enamine derivative 116 undergoes aPaterno-Buchi reaction 
with benzaldehyde to give a 4:1 mixture of stereoisomeric oxetane adducts. 
The major stereoisomer is used in the synthesis by a ring opening reaction of 
the oxetane mixture with hydrogen on Pd(OH),IC to give 117 [296, 298]. 
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o o CgH17CHO • 
hv. rt, 2 h  

J I CgH17 1 10�OI I 
�OH H (96%) 

Chapter Four H CRH17 � -,1.:c' H:.:(:::'I:-:::-::-c-::-.' (01;( 2. H2('>CHMgBr 
119 {97%) 

1 . Mc,CO, "l'sOI r (85'%\ 2. pee (91%) 

K�CO, 
• HCl MeOI ! 

O=<=h" (�"� 0 W�H 17 o -- �H H H 0 
Scheme 165 

o . 
120 

Synthesis of (±)-Avenaciolide 

A formal synthesis of (±)-avenaciolide (120), an antifungal metabolite, is 
reported (Scheme 165). In this case, the oxetane 118 (obtained in multi gram 
quantities in high yields and with complete stereochemical control) is treated 
with hydrogen to give the reduced compound. Avenaciolide contains a CO 
group inserted in the oxetane ring. This functionality can be incorporated into 
the substrate obtained after the reduction of the Patemo-Buchi adduct. Thus, a 
hydrolysis of 119 is followed by reaction of the resulting aldehyde with vinyl 
magnesium bromide. In this marmer, two carbon atoms were added to the 
skeleton. One carbon atom is then lost during the following ozonization step 
as shown in Scheme 165.The key steps in this synthetic procedure correspond 
to a one-pot reaction with ozone followed by a base-catalyzed epimerisation 
with potassium carbonate and then cyclization in acidic medium [317]. 
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\-/ )�CIIO 
\ ,/ lBn 

��) B_n_( ______ • Uh MCPBA 
o hv 0 H 

121 (63%) 

I,�,UCHO 
� 1�n"C no (J" OBn 

122 

�":� "�5( o 0 H 
123 (55%) 

-:1,-' (,-1;-3:-:-. �"�'� 
OHC 

O(V � 2. Me2S /\ o 1 1  

(92%) 

Scheme 166 

astelLoxin 

Synthesis of (±)-Asteltoxin 

53 1 

1 . EtMgBr 

124 (81%) 

In a synthesis of (±)-asteltoxin, the synthetic sequence used includes a 
photochemical coupling of 3,4-dimethylfinan with a functionalized aldehyde 
to give the corresponding oxetane adduct 121 in 63% yield, The subsequent 
reaction of 121 with MCPBA produces a protected trans diol that is converted 
into 122 through acid hydrolysis, The aldehyde thus obtained is then 
transfOlmed into the corresponding hydrazone, and this substrate is then treated 
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with EtMgBr. This reaction with the latent a-hydroxyaldehdeyde proceeds 
with complete stereochemical control by chelation of the Grignard reagent 
with the hydroxyl group. The resulting product was protected as the acetonide 
to give 123 in 55% yield. A subsequent conversion of the benzyl ether into a 
seleno derivative and the elimination of the selenoxide provides 124 in 81  % 
yield. Compound 124 is treated with ozone to give the corresponding aldehyde, 
which is eventually converted into asteltoxin (Scheme 166) [331, 453]. 

o or 
H 0 1 .  03, CH2Clz, _78° 

PhC02CH2CHO. o.J(uy 
hv W 

2. MezS (10 equiv), _78° to 23°, 18 h • 

PhC02H2C H 
3 .  NaB�jA1203 
4.  AC20, Py, DrvfAP 

125 (45-50%) 

(�� �5:
N

N'? N N N 
OCOPh 

o
h " " ''-OAC (70%) 

H ,DAc ?"'CH20AC 
PhC02H2C H SnC14 )� 4 OAe 126 (30-55%) 

Scheme 167 

Synthesis of (±)-oxetanocin A 

Oxetanocin (4) is a nucleoside isolated from Bacillus megaterium NK 84-
0218 that exhibits anti-HN activity. Oxetanocin is obtained using a PaternO-
Biichi reaction between 2-methylfuran and benzoyloxyacetaldehyde [454]. 
The corresponding adduct 125 is treated with ozone, and the resulting product 
is reduced with NaBH4. The alcohols obtained are acetylated. Product 126 is 
then treated with N-benzoyl-disilyladenine and SnC!. to give 4 (Scheme 167). 
Another approach to the synthesis of the same compound using a PaternO---
Biichi reaction is also reported [316]. 
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CHAPTER FIVE 

COMPARISON WITH OTHER METHODS 

Ring Closure through Aliphatic Nucleophilic Substitution 

A simple way to obtain a variety of oxetanes is by a ring closure reaction 
through an intramolecular nucleophilic substitution (Williamson 
etherification). The strongly basic reaction conditions needed to obtain a 
reactive nuc1eophile are the most important limitation of this procedure. 
Considering the fact that the closure proceeds by a SN2 mechanism, the carbon 
on which the displacement reaction occurs can only be primary or secondary. 
The sequence of reactions shows high stereoselectivity. 

This reaction sequence is perfOlmed on 3-halogeno alcohols or 
acetates and proceeds with high stereoselectivity (Schemes 168 [455, 456], 
169 [457], and 170 [458-462]). 

PhUD 

Oi l 

Ph�Cl 

NaH 
THF (3 equiv), MeOH (1 equiv), reflux 

Scheme 168 

1. Acel, Py • 
2. KOH, H20, 150-1700 

Scheme 169 

� l%) 
Ph" 

(90%) 
dr 92.5:7.5 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



534 Chapter Five 

NaH 
ft, toluene, 5-10 min 

Scheme 170 

Oo.,.,H w'�.Lo 
0' , 
�o 

(82%) 

This approach is used in the construction of the oxetane ring in a synthesis 
of taxol [463-465]. A mono-tosylate or mesylate derivative of 1,3-diols has 
also used as a substrate for the nucleophilic substitution reactions (Schemes 
171 [466]. 172 [467], and 173 [468-471] ). 

t-HuOK (2 equiv) 
TsCl ( l equiv), 0°, 80 min 

Scheme 171 

�J 

t-BuOK ( 1.36 equiv) 
• (72%) 

I'HF, benzene, 0°, 20 min 

Scheme 172 

Bno.., (o
� ---:

N
=aH;,-

{
_I_.

6
_e-,q:...Ll-,iv..,

)
,..-. 

llO
�

OMS THF, rt, overnight 

BnO",\-o 
(84%) 

TBSo" �o
� 

OTBS 

Scheme 173 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



Comparison with other methods 535 

The malonate derivative 127 undergoes reaction with iodosobenzene in 
water to give a hydroxy malonate derivative. The hydroxy group, activated by 
reaction with another equivalent of iodosobenzene, reacts with an enolate to 
give the corresponding oxetane (Scheme 174) The diastereoselectivity of the 
reaction is confirmed by X-ray diffraction analysis [472]. 

127 

PhIO (3 equiv), BU4NI (1.2 equiv) 

Si02, Na2C03 (0.5 equiv) 
H20, 30°, 96 h 

Scheme 174 

Ring Contraction 

• 

a-Hydroxy-y-lactones derived from sugar scaffolds can be used in ring 
contraction reactions to afford oxetanes. In one example, the alkoxide anion 
generated by nucleophilic opening by the amine on lactone 128 undergoes an 
intramolecular SN2 reaction with the triflate, generating the resulting oxetane 
(Scheme 175) [473-475]. 

128 

BnNIlz 
• THF, rt 

H XO",. 0 0 

O" "�""CONHBn H 

Scheme 175 

( 8 1 %) 
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It is noteworthy that similar applications ofthis reaction on pentafuranose 
derivatives give, in some cases, products showing the expected inversion of 
configuration, while in other cases, retention of configuration iss observed 
(Schemes 176 and 177) [476]. 

a a 
BnoH 

BnO OTf 

Bnor-(y-° 

BnO 'OTf 

K,COJ 

MeOH 

.,CO,Me . ?l' 
BnO�OBn 

Scheme 176 

A,

CO,MC 

BnO "
Olln 

Scheme 177 

(79%) 

(73%) 

Ring Closure through Electrophilic Additions 

This approach towards oxetanes requires the presence of oxidants and 
thus compatibility ofthe substrates with an oxidizing environment is essential. 
Vinylsilane derivatives undergo an exo cyclization reaction in the presence of 
NBS (Scheme 178) [477]. The same type of attack can also occur by treating 

a �-hydroxyalkene with NBS, iodine, or PhSeCI (Schemes 179 [478] and 
180[479-481]), 

Bf 

0 [ [  
�SiMe3 NilS 

• THF, 0°, 3 h 

LS'M 
o ..-' . 1 e3 

rr 
(92%) 

Scheme 178 
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Q;)lcU0 

NBS . ' " , ." " 
( 1 00%) � _ THF, rt, 45 mm " , .' 

Br' . 
OH ' 

0 

4 PhScCI 
OH 

Scheme 179 

o PhSe')...l� 
. � o 

Scheme 180 

o 
+ Phse� 

Cl OH 9 : 1  

537 

(84%) 

Similar results can be obtained using bis(sym-collidine)halogen 
derivatives [482-485]. 

 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 3:01 AM via . All use subject to https://www.ebsco.com/terms-of-use



CHAPTER SIX 

EXPERIMENTAL CONDITIONS 

Source of Light 

Aliphatic carbonyl compounds require irradiation at ca. 250 nm to reach 
an excited state. The use of quartz permits excitation of the alkene to occur, 
but often this excitation of the alkene causes secondary, undesired reactions. A 
Vycor filter allows UV filtration of the radiation with a cutoff near 250 run. 
Alternatively, an LED source with an emission at 254 run has been used [375]. 
Most of the Paterno-Buchi reactions have been perfOlmed using aromatic 
carbonyl compounds. In this case, Pyrex can be used as the filter (cutoff 290 
run). In the reaction of aromatic thioketones, a light source at 589 run (a Na 
lamp) is used [106[, 205]. In some cases, uv lamps with an output at 350 run 
are used as light source for the reaction [106[, 417, 423]. To avoid 
photochemical decomposition of the oxetane, an optical filter with a cutoff at 
320 run has been used [282]. In the reactions of quinone derivatives with 
aromatic alkenes and aromatic enol esters, a glass GWV (Wertheim) filter with 
a cutoff at 370 run is used [288]. 

In a study on the photochemical reaction of isoquinoline-l ,3,4-trione with 
heteroaromatic, substituted alkynes, a light source with an emission 
wavelength higher than 400 run must be used. The light of a medium pressure 
mercury lamp can be filtered by using a solution of sodium nitrite [227]. In a 
study on the reactivity of9, 1 O-phenanthrenequinone, can be obtained by using 
a Toshiba V-Y42 filter [193]. 

A light source of 420 run is easily created by using borosilicate glass 
[371]. In some cases, the choice ofthe irradiation wavelength represents a way 
to select direct irradiation or else to induce a reaction to occur by charge 
transfer irradiation. In such cases, the wavelength can be controlled by using 
optical filters [79b]. 

Caution: do not expose the eyes or skin to UV irradiation. 
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Solvents 

The most common solvents used in the Patemo-Buchi reaction are 
acetonitrile, benzene ( and/or toluene), and hydrocarbons (pentane, n-hexane, 
cyc1ohexane). When the carbonyl compound is acetone, it is usually used as 
the solvent for the reaction. In many cases, when the alkene is inexpensive and 
it is a liquid, the photoreaction is perfOlmed without a solvent in a large excess 
of the alkene. Other solvents sometimes utilized are alcohols (MeOH, EtOH), 
chlorinated solvents (CH,Cl" CHCh, CCI4), and ethers (Et,O, THF, dioxane). 

In most cases, the choice of the solvent is a critical factor (the reaction 
may occur efficiently only in a specific solvent), but it is not possible to give a 
set of general rules for selecting a solvent. 'When an electron transfer 
mechanism needs to be induced, the solvent must be polar, and, in such cases 
acetonitrile is amongst the best to use. In these cases, the solvent favors an 
electron transfer process while minimizing the Weller equation, which 

detelTIlines the AG of electron transfer. 

Tables 

The tables cover the literature until the end of 2016 and are organized 
following the same divisions employed in the Scope and Limitations section. 
Within each table, the unsaturated compounds appear in order of increasing 
carbon count. Groups not included in the carbon count are O-substituents of 
esters, N-substituents of amides, P-substituents of alkenylphosphonates, S
substituents in alkenylsulfonyl compounds, B-substituents of borylalkenes, 
and protecting groups. For every compound the increasing carbon atoms of the 
ttcarbonyltt compound reacting with it are considered. Entries of the same 
structural class (usually phenyl) appear in order of increasing number of 
substituents and then by the position of those substituents (2 > 3 >  4). [f the 
aryl substitution pattern is identical, the entries are arranged by the nature of 
the aryl substituent(s), with carbon-substituted (by increasing carbon count) > 
heteroatom-substituted (by increasing atomic number). 

Unless noted otherwise, the reactions have been performed at room 
temperature. 
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