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Preface

The extent to which organic synthetic methodology has developed
and flourished during the past several decades has placed unusu-
ally heavy demands on the broad range of scientists who utilize
chemical reagents. There exists the vital need to know which
reagent will perform a specific transformation. Since a number of
reagents are often amenable to similar objectives, a researcher’s
ability to access readily a comparative summary of those features
that distinguish one reagent from another can result in a
considerable economy of time. The purpose of the Encyclope-
dia of Reagents for Organic Synthesis is to incorporate into a
single work a genuinely authoritative and systematic descrip-
tion of the utility of all reagents used in organic chemistry. Its
comprehensiveness is further served by an unrivaled ease to
locate any specific entry or topic.

These objectives have been met by inviting practicing chem-
ists from throughout the world to provide specific contributions
in their area of expertise. Furthermore, the masthead for each
of the 3000 reagents provides valuable information concerning
physical data, solubility, form supplied in, purification, and,
where relevant, preparative methods. The CAS registry num-
ber, handling/storing information, and precautions will further
serve potential users. The first literature reference in each entry
provides reviews, if available, dealing with the subject reagent.
The critical coverage of all relevant literature is extensive.

The goal of the Encyclopedia of Reagents for Organic
Synthesis is to serve as a reference work where the retriev-
ability of useful information concerning any specific reagent
is made facile. For this reason there is a detailed subject
index and, in addition, a formula index of all the reagents,
and also two further indexes that list the reagents by struc-
tural class and by function.

In any undertaking of this type, it is important that the term
‘reagent’ be clearly defined. The guideline that has dominated
the thinking of the members of the Editorial Board is that a
reagent be an agent or a combination of agents which with some
generality effects the transformation of a substrate into a prod-
uct. In addition, many useful building blocks have been in-
cluded. As a consequence, we anticipate that a work has been
produced that will serve biochemists, material scientists, phar-
macologists, and chemical engineers, in addition to chemists
from all disciplines, in that manner most conducive to acceler-
ating progress in their respective fields of research.

The entries highlight the various uses characteristic of each
reagent, with specific examples illustrative of these chemical
reactions. The contributions are organized alphabetically and
the cross-referencing to other reagents is liberal. Thus, a con-
certed effort has been made to bring together in one place a
detailed compilation of the uses of those reagents that will serve
both the beginning and experienced investigator. The wealth of
facts contained within the Encyclopedia of Reagents for Or-
ganic Synthesis has been assimilated in a manner which will
cause all scientists to want this source of information kept in
close proximity to their laboratory.

A work of this magnitude could not have been brought to
realization without the input of a great deal of time, effort, and
dedication on the part of a large number of highly responsible
individuals. I am especially indebted to the editors — Steven
Burke, Robert Coates, Rick Danheiser, Scott Denmark, David
Hart, Lanny Liebeskind, Dennis Liotta, Anthony Pearson, Hans
Reich, James Rigby, and William Roush — for their tremen-
dously valuable enthusiasm, intensive work, and unstinting
persistence. A most critical role has been played by Colin
Drayton, not only in conceiving the project but also as a
consequence of his range of knowledge of the publishing
business in steering us continually in the proper direction and
in overseeing the massive editing operation. James Edwards
and Mark Volmer are also to be thanked for their central role as
assistant section editors. The body of this encyclopedia was
composed by over 1000 authors from 40 countries around the
world. The knowledge and expertise contributed by these ex-
perienced investigators in the form of authoritative treatises
dealing with reagents with which they are thoroughly familiar
constitutes the scientific underpinning of the entire undertak-
ing. The enlightening end product of their contributions will
have a major impact on the conduct of research in organic
chemistry and I thank each of these individuals for their insight-
ful entries.

The large contingent of organic chemists alluded to above,
directly and indirectly, expects the Encyclopedia of Reagents
for Organic Synthesis to play a vital role in stimulating creative
research in organic chemistry in the years immediately ahead.
All of us hope that you will share in this excitement by perusing
its many pages and creatively adapting the valuable informa-
tion contained therein.

Leo A. Paquette
The Ohio State University
Columbus, OH, USA



Foreword

This Encyclopedia covers comprehensively over 3000 re-
agents, alphabetically arranged using IUPAC nomenclature.
The articles are self-contained but Bold Italics are used within
each article to indicate other reagents that have their own
entries in the Encyclopedia. A list of related reagents is given
at the end of articles.

Although most articles are devoted to a single reagent, in
some cases closely related reagents are covered under one
heading, e.g. Methyl Trimethylsilylacetate is discussed in the
article on Ethyl Trimethylsilylacetate, and Lithium Tri-
methoxyaluminum Hydride in the article on Lithium Tri-t-
butoxyaluminum Hydride.

A particular reagent can be found either directly, by going
to the appropriate place in the Encyclopedia, or from the
Subject Index in Volume 8. Numerous other topics, such as

types of reaction, named reactions, named reagents, general
substrates or products, and specific substrates or products, are
included in this index.

Volume 8 also contains a Formula Index, listing all reagents
covered in the Encyclopedia.

In addition, there are two further compilations of all the
reagents in Volume 8, a Reagent Structural Class Index and a
Reagent Function Index. The former groups the reagents under
headings such as Dienes, Hydrides, and Titanium Reagents,
while the latter has headings such as Alkylating Agents, De-
silylation Reagents, and Ring Expansion Agents.

The abbreviations used for journals in the references are
on the front endpapers of all volumes, while the back end-
papers list other abbreviations used throughout the Encyclo-
pedia.
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Dib

Dibenzenechromium
|
Cr
TN R
[1271-54-1] C,H,,Cr (MW 208.22)

(dehydrogenation catalyst")

Alternate Name: bis(n°-benzene)chromium.
Physical Data: mp 284-285 °C.

Solubility: sol benzene; slightly sol ether.

Form Supplied in: brown-black crystals.
Purification: sublimed at 160 °C in vacuo.
Handling, Storage, and Precautions: air sensitive.

Dehydrogenation Catalyst. Treatment of dibenzenechro-
mium with potassium produces the corresponding radical anion
(eq 1), which is an effective catalyst for the conversion of 1,4-
cyclohexadiene to benzene (eq 2).! The scope and limitations of
the process have not been tested.

(CeHe)2Cr

O

[(CeHg)oCr] (1)
(6))

® >

(1) (7 mol %)

DME, 25 °C

1. Fochi, G. OM 1988, 7, 2255.

James W. Herndon
University of Maryland, College Park, MD, USA

Dibenzo-18-crown-6

[14187-32-7] CyoH1O04 (MW 360.41)

(solubilization and activation of a variety of potassium salts)

Physical Data: mp 162.5-163.5 °C. UV maxima: (MeOH solu-
tion) 223 nm (¢ 17 500) and 275 nm (g 5500). 'H NMR:
(CDCl,) 6.8-7.0 ppm (8H multiplet) and 3.8-4.3 ppm (16H
multiplet).

Form Supplied in: white fibrous needles.

Preparative Methods: dibenzo-18-crown-6 was first prepared in
39-48% yield from the reaction of catechol and bis(2-
chloroethyl) ether using sodium hydroxide as the base and n-
butanol as the solvent.! The ditosylate of diethylene glycol
has been substituted for the dichloride with accompanying
yields of 32-35%.’

Handling, Storage, and Precautions: toxic; use in a well-venti-
lated fume hood.

Complexation With Metal Salts. The cavity diameter of
dibenzo-18-crown-6 is estimated to be 2.6-3.2 A, which is ideal
for complexing with a potassium cation (ionic diameter 2.66
A).3 While the selectivity of dibenzo-18-crown-6 for potassium
salts is well documented, this macrocyclic multidentate ligand
will also effectively complex with other alkali metal cations.?
The solubility of potassium acetate in Acetonitrile is greater in
the presence of dibenzo-18-crown-6 compared to 18-Crown-6.*
The solubility of potassium acetate in the presence of a variety
of other ligands was also reported. Arguments related to cavity
diameter, lipophilicity, and rigidity were advanced to explain, at
least partially, the observed structure—solubilization order.

Reactions.

Halides. The catalytic activity of a number of macrocyclic
polydentate ligands in the reaction of l-octyl bromide with
Potassium Iodide to produce the 1-octyl iodide has been repor-
ted.’ Dibenzo-18-crown-6 appears to be less effective than
Dicyclohexano-18-crown-6.°

Oxygen Anions. The reaction of potassium acetate activated
by a wide variety of macrocyclic polydentate ligands with ben-
zyl chloride in acetonitrile indicates that dibenzo-18-crown-6 is
somewhat less effective than 18-crown-6 or dicyclohexano-18-
crown-6.* At —45 °C in dry THF, sodium 3-(fluoren-9-ylidene)-
2-phenylacrylate decarboxylated very slowly. In the presence of
dibenzo-18-crown-6 the reaction proceeded at a rapid rate, indi-
cating that the nature of the ion pair was critical in influencing
the reaction rate profile.®

Avoid Skin Contact with All Reagents
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Dibenzo-18-crown-6 has been used in the reaction of an
acetylated halo sugar with a series of alcohols catalyzed by Sil-
ver(I) Nitrate (Koenigs—Knorr reaction). The reaction proceeds
in good yield with inversion of configuration.”®

The rates of alkylation of potassium phenoxide with 1-
bromobutane in dioxane at 25 °C in the presence of linear and
cyclic polyether additives has been reported.” Dicyclohexano-
18-crown-6 was more effective than dibenzo-18-crown-6. A
comparison has been made between the rates of reaction of -
butoxide in t-butanol with 2-nitrofluorobenzene and 4-
nitrofluorobenzene where the counter cation was potassium and
potassium/dibenzo-18-crown-6 and the corresponding reaction
of potassium methoxide in methanol.!® Potassium methoxide
was 30 times more reactive than Potassium t-Butoxide but in
the presence of dibenzo-18-crown-6 the reverse was true.

Dibenzo-18-crown-6 is an effective phase-transfer catalyst in
the reactions of 4-chloromethyl-1,3-dioxolane with mono- and
dihydric phenols in the presence of metal hydroxides."

The effect of dibenzo-18-crown-6 on the reaction of sodium
9-fluorenone oximate with Iodomethane in 33.5% acetonitrile
and 66.5% t-butyl alcohol has been studied. The crown ether in-
creased the fractional O-alkylation.'>"

Carbon Anions. The effects of dibenzo-18-crown-6 on (a) the
simultaneous base-catalyzed racemization, isotopic exchange,
and isomerization of optically pure (-)-3-t-butyl-1-methylin-
dene-1-h and its deuterated counterpart in the 1-position to 1-¢-
butyl-3-methylindene under a variety of conditions,'* (b) the
isotopic exchange and racemization of (-)-4-biphenylylphenyl-
methoxydeuteromethane with potassium t-butoxide,'® (c) the
stereochemistry accompanying the cleavage of (+)-4-phenyl-
3,4-dimethyl-3-hexanol with potassium t-butoxide,'? and (d) the
rates of isotopic exchange and racemization of (+)-2-methyl-
2,3-dihydro-2—deuterobenzo[b]thiophene 1,1-dioxide  with
potassium methoxide'? have been reported.

The lithium, sodium, and potassium salts of 4H-cyclopen-
ta[deflphenanthrene radical anion are considerably more stable
in the presence of dibenzo-18-crown-6, especially when sodium
or potassium is the counter cation.'® The presence of crown also
affected the rate of decay of the radical anion.

The use of dibenzo-18-crown-6 as a liquid-liquid phase—
transfer catalyst in the generation and reaction of carbanions and
halocarbenes has been studied.”” Among the reactions studied
were the alkylation of carbon acids, reactions involving
trichloromethyl anions and dichloromethylene, reactions of car-
banions with nitro compounds, and Darzens condensations.

Sulfur Anions. The solid-liquid phase-transfer catalytic reac-
tion between Benzyl Chloride and Potassium Thiocyanate pro-
duces a ratio of benzyl thiocyanate to benzyl isothiocyanate of
71:29 in the presence of dibenzo-18-crown-6."%

Reductions. Studies related to the use of Sodium
Borohydride in toluene in the reduction of a variety of ketones
(acetophenone, cyclohexanone, methyl n-pentyl ketone, methyl
isopropyl ketone) in the presence of equivalent amounts of
dibenzo-18-crown-6, diglyme, or dimethoxyethane have been
reported.’® In general, the crown was the most effective ligand.
Potassium borohydride required longer reactions times.

Lists of Abbreviations and Journal Codes on Endpapers

Oxidations. The preparation of N-(arylsulfonyl)sulfoximines
by oxidation of the sulfilimines with Sodium Hypochlorite in an
aqueous methylene chloride—ethyl acetate two-phase system has
been reported.?®

The reaction of Potassium Chromate with primary alkyl ha-
lides in HMPA containing dibenzo-18-crown-6 at 100 °C pro-
duces aldehydes in good yields.*! The chromate ion behaves as
both a nucleophile and an oxidant.

The oxidation of 1-octene to n-heptanoic acid with a sat-
urated aqueous Potassium Permanganate—benzene two-phase
system proceeds in 80% yield at rt in the presence of dibenzo-
18-crown-6.%

Related Reagents. 18-Crown-6; Dicyclohexano-18-crown-6.

1. Pedersen, C. J. OS 1972, 52, 66.

2. Ashby, J.; Hull, R.; Cooper, M. J.; Ramage, E. E. SC 1974, 4,
El3.

3. Liotta, C. L. In Synthetic Multidentate Macrocyclic Compounds;
Izatt, R. M.; Christensen, J. J., Eds.; Academic: New York, pp
111-205.

Knochel, A.; Oehler, J.; Rudolph, G. 7L 1975, 3167.
Cinquini, M.; Montanari, F.; Rundo, P. CC 1975, 393.
Hunter, D. H.; Lee, W.; Sins, S. K. CC 1974, 1018.
Knochel, A.; Rudolph, G. TL 1974, 3739.

Knochel, A.; Rudolph, G.; Thiem, J. TL 1974, 551.

Thomassen, L. M.; Ellingsen, T.; Ugelstad, J. ACS 1971, 25,
3024.

10. Cima, E; Biggi, G.; Pietra, F. JCS(P2) 1973, 2, 55.

11. Ufa Petroleum Institute. Translated from Zh. Prikl. Khim. 1990,
63, 1383.

12. Smith, S. G.; Milligan, D. V. JACS 1968, 90, 2393.

13. Smith, S. G.; Hanson, M. P. JOC 1971, 36, 1931.

14. Almy, J.; Garwood, D. C.; Cram, D. J. JACS, 1970, 92, 4321.
15. Roitman, J. N.; Cram, D. J. JACS 1971, 93, 2231.

16. Tabner, B. J.; Walker, T. JCS(P2) 1973, 1201.

17. Makosza, M.; Ludwikow, M. AG(E) 1974, 13, 665.

18. Dehmlow, E. V.; Torossian, G. O. ZN(B) 1990, 45b, 1091.
19. Matsuda, T.; Koida, K. BCJ 1973, 46, 2259.

20. Akutagawa, K.; Furukawa, N. JOC 1984, 49, 2282.

21. Cardillo, G.; Orena, M.; Sandri, S. CC 1976, 190.

22. Landini, D.; Montanari, E; Pirisi, E. M. CC 1974, 879.
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Charles L. Liotta
Georgia Institute of Technology, Atlanta, GA, USA
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Dibenzoyl Peroxide'™

[94-36-0] (MW 242.23)

C,4H,00,

(initiator for radical reactions such as allylic and benzylic
halogenation,® radical addition to carbon—carbon multiple bonds
to form C-heteroatom (halogen, S, Si, Ge, P, and N) bonds,?
C-H additions across multiple bonds* in an intermolecular' and
intramolecular® fashion, homolytic aromatic substitution in elec-
tron-deficient heteroaromatics;’ reagent for benzoyloxylation of
enolates, enamines, and other electron-rich systems;® oxidizing
agent for N, P, Si, S, and Se compounds; oxidizing agent in
redox chain reactions with transition metals®)

Alternate Name: DBP.

Physical Data: mp 103-106 °C (dec).

Solubility: sparingly sol water or alcohol; sol benzene, chloro-
form, and ethers.

Form Supplied in: white crystalline powder.

Analysis of Reagent Purity: the peroxide content can be estab-
lished by iodometric titration."®

Handling, Storage, and Precautions: explosive; harmful if ex-
posed by ingestion or skin contact; strong oxidizer; suscepti-
ble to explosion by shock, friction or heat; autoignition tem-
perature 79 °C. Caution: all experiments involving peroxy
compounds should be carried out behind a safety shield. Ex-
cess peroxide should be destroyed before working up the
reaction."

Introduction. Dibenzoyl peroxide is a widely used initiator
for radical reactions. It undergoes thermal homolytic cleavage of
the O-O bond with a half-life of about 1 h at 95 °C (eq 1)."
This homolysis may also be effected by light as well as transi-
tion metal catalysts.”

(PhCOy),

2 PhCO,e

Phe + CO, (1)

Initiator for Halogenation Reactions. Even though DBP
has been used as an initiator for functionalization of unactivated
hydrocarbons (eq 2), more common are the applications for
halogenations of allylic (eqs 3 and 4)*"* and benzylic (eq 5)"
positions. DBP also serves as an initiator for halogenation of
silanes by replacement of a Si-H bond."®

COCl
(COCl),, DBP, reflux, 24 h

& e
-CO, -HCl
50%

DBP (cat)
+ MOt ————> 3)
reflux
77% a
DBP, CCly N Pr
WA g, + NBS e
o reflux, 2 h W\g
58%
DBP, CCl,
CO,Me + NBS
reflux
65%
Br
CO,Me (5)
Br

Initiator for Radical Additions to Unsaturated Com-
pounds. The primary steps in the radical addition of X-Y to un-
saturated compounds are shown in eqs 6-10. By far the largest
application of this reagent'® is in radical chain polymerization of
vinyl compounds such as vinyl chloride, vinyl acetate, butadiene
derivatives, styrene, and various acrylic monomers. The topic of
polymerization is beyond the scope of this article. Excellent
monographs and reviews dealing with this subject are
available."”

7
Initiator (In®) + >z ——— f 6)
In

r<z_/z — efc. @)

/42 e
Tt (polymerizaticn) T 4

/——4Z + XX /—<Z e @®)

In In X

Ye + 7

Z Z
Ve Tt ﬁ et (&)
Y X X
XY @ Ye
repeat — 1:1 adduct of the alkene and X-Y

when X-Y contains an activated C-H:
R additions
>—H 3 The e >. —— rearrangements (10)
w fragmentations, etc.

Formation of a 1:1 adduct (eq 9) will be favored when X-Y
is an efficient chain transfer agent. For reactions of short chain
lengths, an excess of X-Y and a steady concentration of the ini-
tiator should be present in the reaction medium.? Since the orig-
inal discoveries of the anti-Markovnikov addition of HBr (eq
11)," and of carbon tetrachloride to alkenes (eq 12),' a large
number of related reactions have been reported. DBP catalyzes
the addition of a wide variety of X-Y type compounds to car-
bon—carbon multiple bonds. These include H-Br, thiols, mer-

Avoid Skin Contact with All Reagents



1530 DIBENZOYL PEROXIDE

capto acids, thiophosphoric acids, hydrogen sulfide, silanes, ger-
manes, phosphorus halides, phosphorus acids and esters, and
various oxides of nitrogen.? The important C~C bond-forming

reactions are described below.
Br Br
>= + HBr >—/ X an

91%
C.H 2mo1% DBP  CeHis
6 l{: + CCly (excess) ————— h (12)
reflux, 4 h Cl CCl3
75%

Intermolecular Carbon-Carbon Bond Forming Reactions.
When the compound X-Y contains an activated C—H bond, ini-
tiators such as DBP and di-z-butyl peroxide initiate the radical
reactions by abstraction of this hydrogen (eq 10) from the sub-
strate, and the resultant radical enters the radical chain cycle.
Substrates of this kind are poor chain transfer agents and typi-
cally a higher concentration of the substrate and a steady supply
of the initiator are needed for a viable reaction. Representative
examples of carbon—carbon bond forming reactions initiated by
DBP are listed in Table 1" (see also 1,1-Di-t-butyl
Peroxide). A more complete list is available in two excellent
reviews. '

The intermolecular additions may be coupled to an in-
tramolecular cyclization (eq 13)" or an S;2 reaction.”” The S;;2
reactions are useful for the synthesis of epoxy compounds
(Scheme 1) or lactones (eq 14). Radicals from nitriles, ketones,
ethers, and polyhaloalkanes also undergo similar addition—sub-
stitution reactions.

H CCl;
DTP (cat)
+ CHCl3 (13)
65°C,5d
35% H
F s O t-Bu
t-Bu-O°

Pty Q#Q

cyclohexane:ester:DBP = 50:1:0.01
80°C,24h i i

Scheme 1 Intermolecular addition—Sy2 reaction of peresters

Addition of various a-carboxyl radicals to alkenes is best car-
ried out with a high temperature initiator such as di-z-butyl per-
oxide, although reports of using DBP are known. This subject
has been extensively reviewed.!

Intramolecular Additions. The intramolecular versions of the
C-H additions mentioned above have been extensively studied

Lists of Abbreviations and Journal Codes on Endpapers

Table 1 Intermolecular C—C Forming Reactions via Radicals
Precursor Alkene  Reaction conditions Product
MeOH

E F ¥

> DBP(ean, 120°C, 30 FgC)Y\OH

F Ch ¥l
67%

(0] o 0
ey a 0
0 DBP (cat), 65 °C
(o} (0]

COzMe COzMC

(0] [
/u\ | ! 42 i
DBP (cat), 87 °C, 24 h
H™ "C¢Hi3 Sco,Me Cone

DBP# 4
H™ “Me %

yinle

<

DBP, 80°C,2h %

o)
[o>< CH,0 DBP, hv 4 K[ v

(o}

DBP (cat)
“coMe + \/\/ILO’O\r-Bu B0°C 24k
62%

CO,Me

S (14)

by Julia and co-workers (egs 15 and 16).® These reactions, while
not very practical from a synthetic standpoint, nonetheless have
played a key role in the development of radical synthetic
methodology.?>* A related cyclization (eq 17) was used by Bar-
ton and co-workers for the synthesis of a tetracycline inter-
mediate.” An interesting variant of this reaction is the cycliz-
ation of geranyl acetate to a benzoyloxyfarnesyl acetate (eq
18).% The radical reaction is initiated by DBP and the Cu salt
serves as an oxidant for the final cyclized radical.

| CO,Et DBP
CN

CO,Et
CN (15)

cyclohexane, 80 °C
65%



DIBENZOYL PEROXIDE 1531

H
- DBP, cyclohexane 2
| (16)
80°C,35h
4%
R NC COEt
(0]
O‘ O DBP (cat)
benzene, hv
5 0" o 62%
i g
OAc
X~ DBP, Cu(PhCO,),
(18)
XN MeCN

20%

Initiator for Radical Additions to Electron-Deficient Hetero-
aromatic Compounds. Minisci and co-workers have developed
radical-mediated homolytic substitution reactions for various
electron-deficient aromatic nuclei.” Radicals derived from alkyl
halides, dioxane,®  dimethylformamide,”” and even
cyclohexane® can be added to protonated heteroaromatic com-
pounds. The addition of a cyclohexyl radical (eq 19) proceeds in
good yields even when the reaction medium contains a large ex-
cess of chloroform and acetonitrile. The highly electrophilic na-
ture of the *CCl; and *CH,CN completely inhibits the reaction
towards the protonated heterocycle. Under these conditions,
ethyl acetate gives the electrophilic radical *CH,CO,Et and the
nucleophilic radical MeCO,CHMe, but only the latter adds.

RS cyclohexane, MeCN, CHCl;

B (19)
Z  CF3CO,H, 2 equiv DBP, 80 °C Z
N IEEB 71% 4 N C6H“
(1 equiv)

As an Oxidant. Benzoyl peroxide oxidizes ethers to a-ben-
zoyloxy ethers, and alkyl sulfides to a-benzyloxy sulfides (eq
20).” Tertiary amines are oxidized to amine oxides, while sec-
ondary amines give N-benzoyloxy amines (eq 21).? In the pres-
ence of a mild base, DBP acts as a very selective oxidizing
agent for hydroquinones.* Aldehydes and benzylic positions are
not affected. Two key steps in the Eschenmoser synthesis of the
corrin nucleus make use of DBP (eqs 22 and 23).* Secondary
alcohols are oxidized to ketones with dibenzoyl peroxide and
Nickel(II) Bromide (eq 24). A benzoyl peroxide-mediated an-
nulation used by Kishi in the synthesis of sporidesmin B (eq
25)® is likely to be an ionic (vis-4-vis radical) reaction. A 1:1
mixture of DBP and Hexamethyldisilazane has been used as an
epoxidizing agent for acid-sensitive alkenic substrates.>

As a Benzoyloxylation Agent.® Under catalysis by Iodine,
benzoyloxylation of aromatic and heteroaromatic compounds
takes place. Nucleophilic compounds such as malonates,*

PhCONXS DBP, CCl, PhCONXS
f ﬁ ke
0 } reflux (0} _X>;
N 3 N 4
H ’/C02Me H ,COZMC

X = OC(O)Ph, 40%

DBP, K,CO;3 ><o e 5
21
DMF "9 a
80%

OH
JCOZMe
£ DBP, it
o= I >=s
0-N CH,Cl,
=0 HCI

— Other reactions (22)

1. DBP,;/H*

2. MeOH

OH  NiBr,*(DME), (0.26 equiv)
DBP, MeCN, 60 °C, 24 h
90%

0}
24

phenols,* enamines, and indoles® also react with DBP to give
benzoyloxylation products. Secondary amines are converted
into N-benzyloxy amines (eq 20).?” An improved protocol®® for
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this reaction and an application for synthesis of N°-hydroxy-L-
ornithine® have appeared in the literature.

Benzoyl peroxide has been used for a-benzoyloxylation of an
enolate (eq 26).%

WH 1. PhyCLi, DME

il

2.DBP
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Dibenzyl Azodicarboxylate'

[2449-05-0]

C 1 6H 1 4N204

(MW 298.30

(efficient diene in the hetero Diels—Alder reaction with furanoi

and pyranoid glycals;? source of positive nitrogen, used in th

preparation of a-hydrazino and a-amino acids from chiral lith
ium enolates®)

Alternate Name: DBAD.

Physical Data: mp 44-46 °C.

Solubility: sol CH,Cl,; insol cyclohexane.
Form Supplied in: orange solid.
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. Hetero Diels—Alder Reaction. Dibenzyl azodicarboxylate
1dds to furanoid and pyranoid glycals,” under irradiation at 350
inm in cyclohexane/CH,Cl, solution, to provide [4 + 2] cycload-
ducts in high yields (eq 1). The photoisomerization® of trans-
DBAD to the cis isomer is essential to allow the cycloaddition
reaction to take place (eq 2). This cycloaddition reaction is
highly stereoselective; the adduct is usually obtained as a single
isomer. The approach of DBAD to the glycal double bond is di-
rected by the orientation of the C-3 substituent to give the
cycloadduct with the 2-amino function trans to the C-3 sub-
stituent. The cycloaddition reaction of DBAD and glycals al-
lows, in a single operation, the introduction of an amino moiety
at C-2 of a carbohydrate and a latent nucleofugal group at the C-
| position. The dibenzyl adducts, namely dihydrooxadiazines,
an be efficiently opened by various nucleophiles such as alco-
#ls, hydrides, and acids, in the presence of an activator (eq 1).
he resulting hydrazides can then be converted to their cor-
ponding free amines under hydrogenolysis conditions. This
ethodology has been applied to the synthesis of simple and
lomplex 2-amino saccharides.’ The cycloaddition reaction of
?BAD with galactal and glucal was used for the synthesis of
ubunits of tunicamycin.®

A 0 J\\om/osn Sk
300m RO N NN 2. Raney Ni, H,
|
OR® CO,Bn

R3 = TBDMS, Me

O._OBn

Y 350 nm o OBn

N 2
ITI g BnO,C N N @
CO,Bn

It has been observed that the rate of cycloaddition is related
o the electronic nature of the C-3 substituent.”® The cycloadd-
tion reaction does not take place with substrates having elec-
ron-withdrawing groups at the C-3 position.

Under thermal conditions, DBAD undergoes a [4 + 2] cyclo-
ddition reaction with derivatized 2-oxazolones. The reaction
hows moderate diastereofacial selectivity (eq 3).’

0 ?Oan
O:<] (0] "\\N\N
N pBAD 0= ] S
0 N~"0" > 0Bn &)
CgHg, reflux o
72%
RO de

RO
R = -BuCH,

Synthesis of a-Hydrazino and a-Amino Acids. DBAD is an
fficient source of electrophilic nitrogen and has been used in
he preparation of a-hydrazino and a-amino acids.® Aminated
:arboximides were obtained from the condensation of (Z)-lith-

ium enolates of chiral carboximides with DBAD (eq 4). The se-
lectivity observed in this amination reaction was generally
greater than 85% de, depending on the bulk of the side chain
(Me < CH,Ph < i-Pr). Similar results were obtained in studies
with other azodicarboxylates such as Di-t-butyl Azodicar-
boxylate.® The aminated products were then converted to their
corresponding a-hydrazino acids under hydrogenolysis condi-
tions (Palladium on Carbon, H,) and then to their free amines
with Raney Nickel/H,.

(0]
X
'\)\\N o 1.LDA R N” "O 1.BnOLi
R anE ooy \_/
& 2.DBAD ROCN __ ¢ 2. Pd/C, H,
‘\ ROZCHN/ 3. Raney Ni, H,
(0]
y on @
NH,
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Dibenzyl N,N-Diethylphosphoramidite

[67746-43-4]

C,sH,,NO,P

MW 317.40)

(phosphorylation of simple alcohols,! serine,? threonine,® and
tyrosine;* synthesis of glycosyl phosphites and phosphates®)

Physical Data: bp 131-132 °C/10* mmHg,® 150-152 °C/0.01
mmHg,” 154-156 °C/0.3 mmHg.?

Preparative Methods: by the reaction of dichloro N, N-diethyl-
phosphoramidous acid with 2 equiv of benzyl alcohol.*’ An
alternative synthesis, described on a 1 mol scale, combines
phosphorus trichloride, diethylamine, and 2 equiv of benzyl
alcohol in a one-pot reaction.® An earlier route to this reagent
involved heating phosphorus hexaethyltriamide with 2 equiv
of benzyl alcohol.®

Purification: by distillation at reduced pressure.

Handling, Storage, and Precautions: reported to be stable at rt
and has been kept for at least 6 months.®

Preparation of Organic Phosphite and Phosphate Esters.
While dibenzyl N,N-diethylphosphoramidite will form phos-
phite triesters upon heating with 1,2-diacylglycerols in an un-
catalyzed reaction (eq 1),* phosphitylation of alcohols has more
recently been accomplished at ambient temperature in nearly
quantitative yield in the presence of added S5-methyl-1H-
tetrazole, 1H-tetrazole, or 1,2,4-triazole."® The phosphate
triester has commonly been obtained by in situ oxidation of the
phosphite ester intermediate using m-Chloroperbenzoic Acid,!
t-Butyl Hydroperoxide,® or aqueous 30% Hydrogen Peroxide.?
t-Butyl dibenzyl phosphate has been obtained in excellent yield
(eq 2y

Ci7H3s
/K (BnO),PNEt,
0.0
HO\)\/O\H/C,7H35 105°C, 1.5h
(0]
Cy7H3s5
0T 0 (1
(BnO)zPO\)\/O\“/C”Hg
(0]
(BnO),PNEt, m-CPBA
t-BuOH [+-BuO-P(OBn),]
5-methyl-1H-tetrazole >97%

THF, 20 °C, 10 min
t-BuO-P(O)(OBn), (2)
Protected serine and threonine derivatives have been phos-
phorylated for subsequent incorporation into peptides as the

phosphate triesters (eq 3).>**'° Similarly, dibenzyl N, N-diethyl-
phosphoramidite has been used to prepare both Boc and Fmoc
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tyrosine derivatives for use in peptide synthesis.*""* Use of
dibenzyl N, N-diethylphosphoramidite in phosphorylation of the
side chain hydroxyls of serine- and threonine-containing pep-
tides has been demonstrated.>!518

1. (BnO),PNEt;
1 H-tetrazole

H (0]
_N
Boc o dioxane, MeCN, 1.5 h
HO K@\ 2. m-CPBA
98%
NO,
s (0}
Boc” ]/U\O
3)
(BnO),(0)PO
NO,

Dibenzyl N, N-diethylphosphoramidite has been used in phos-
phorylation sequences yielding dihydroxyacetone phosphate, D-
myo-inositol 1,3,4,5-tetrakisphosphate (eq 4), and an inositol
monophosphatase  inhibitor.*'*?*  Phosphitylation of the
anomeric hydroxy groups of a series of sugars has been exam-
ined. The resulting glycosyl dibenzyl phosphites are effective as

glycosylating reagents (eq 5), or they may be oxidized to the
phosphates and used in the synthesis of sugar nucleotides.>*!

OBn 1. (BnO),PNEt, OH

1H-tetrazole
OH MeCN (HO),(O)PO.

HO,

W Y, 2. t-BuO,H W i,
HO OBn 3 H,, PdIC (HO),(O)PO OH
OH MeOH, H,0 OP(O)(OH),
AcolEvOc ol 1. (BnO),PNEt,
1H-tetrazole, THF
AcOn 0 CO ,Me
AcNH 2. i
AcO é
BnO O
BnO
B noOMe
0.2 equiv TMSOTf
3A molecular sieves
MeCN, 42 °C, 30 min
Acovg’;g\;:)zm
AcOm? 070
AcNH ©®)
AcO o
BnO
BnO
BnOoMe
Related Reagents. Dibenzyl N, N-Diisopropylphos-
phoramidite.

Perich, J. W.; Johns, R. B. TL 1987, 28, 101.
Perich, J. W.; Johns, R. B. 7L 1988, 29, 2369.

De Bont, H. B. A.; Veeneman, G. H.; Van Boom, J. H.; Liskamp,
R. M. J. RTC 1987, 106, 641.

4. Perich, J. W;; Reynolds, E. C. SL 1991, 577.
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Dibenzyl N,N-Diisopropylphosphor-
amidite'

BnQ
/P-N(i-Pr)2

BnO

[108549-23-1] C,oH,sNO,P (MW 345.42)
(phosphitylating reagent for alcohols; the resulting alkyl diben-
zyl phosphite is transformed to the phosphoric monoesters by

oxidation and subsequent debenzylation)?

Solubility: insol cold H,0; sol CH,Cl,, THF, acetonitrile.

Analysis of Reagent Purity: NMR: &, (CDCl;) +148.2.

Preparative Methods: there are several synthetic methods,**
among which the reaction of benzyl alcohol with N,N-
diisopropylphosphoramidous dichloride in the presence of 7-
amine in diethyl ether, THF, or dioxane is convenient.®

Purification: chromatography on silica gel.

Handling, Storage, and Precautions: can be stored in the ab-
sence of moisture and air for more than several months. A
stock solution can be also prepared.

Phosphoric Monoester  Synthesis. Dibenzyl phos-
phoramidites such as dibenzyl N, N-diisopropylphosphoramidite

(1) (see also Dibenzyl N,N-Diethylphosphoramidite) react qui-
ckly with various alcohols in the presence of 1H-tetrazole at
room temperature to afford the phosphorus triesters which are
oxidized in situ with an oxidant such as m-Chloroperbenzoic
Acid, t-Butyl Hydroperoxide, or 30% Hydrogen Peroxide to
give the corresponding alkyl dibenzyl phosphoric triesters in ex-
cellent yields. The triesters are deprotected by simple and clean
catalytic hydrogenolysis on a Pd catalyst such as Palladium on
Carbon or Palladium(II) Hydroxide. The usefulness of the se-
quence has been demonstrated by many examples which involve
synthesis of phosphate derivatives of amino acids,*® peptides,’
sugars,® and cyclitols (eq 1).*

OBn

1. (1), tetrazole
BnO CH,Cl,, 1t
HO> vh
2. m-CPBA
BnO —40°Ctort
88%
B
BnOO * H,, Pd
(Bn0),(0)PO g
(BnO),(O)PO OPOXOBn): "~ ¢ o1, 1,0
BnO 100%
OH
HO
HO

Dibenzyl phosphoric triesters are prepared alternatively by
using Dibenzyl Phosphorochloridate, tetrabenzyl pyrophos-
phate, or dibenzyl phosphorofluoridate. See also cyclic
homologue of (1), o-Xylylene N,N-Diethylphosphoramidite.
These amidite reagents are more effective than PV reagents, es-
pecially for phosphorylation of sterically hindered or base-sensi-
tive alcohols, due to their high reactivity under milder condi-
tions.

1. For a related review, see Beaucage, S. L.; Iyer, R. P. T 1992, 48,
2223.

Bannwarth, W.; Trzeciak, A. HCA 1987, 70, 175.

Smirnova, L. L; Malenkovskaya, M. A.; Predvoditelev, D. A.;
Nifant’ev, E. E. ZOR 1980, 16, 1011.

Yu, K.-L.; Fraser-Reid, B. 7L 1988, 29, 979.

5. Fukase, K.; Kamikawa, T.; Iwai, Y.; Shiba, T.; Rietschel, E. T.;
Kusumoto, S. BCJ 1991, 64, 3267.

6. de Bont, H. B. A.; Veeneman, G. H.; van Boom, J. H.; Liskamp,
R. M. J. RTC 1987, 106, 641.

7. Perich, J. W.; Johns, R. B. TL 1988, 29, 2369.
Ichikawa, Y.; Sim, M. M.; Wong, C.-H. JOC 1992, 57, 2943.
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Dibenzyl Phosphorochloridate’

[538-37-4]

C,.H,,ClO,P

(MW 296.69)

(phosphorylating reagent for alcohols,? phenols,® amines,® and
amides;’ removal of benzyl groups from the products affords
phosphoric monoesters and monoamides respectively)

Alternate Name: BPC.

Physical Data: undistillable thick oil.

Analysis of Reagent Purity: NMR: &, +4.7, +3.5 ppm.

Preparative Methods: oxidative halogenation of dibenzyl phos-
phite using Cl, or N-chlorosuccinimide® yields dibenzyl phos-
phorochloridate (BPC). The reaction of dibenzyl hydrogen
phosphate with PCl; is also used.” The latter procedure is em-
ployed for the preparation of p-substituted benzyl derivatives
such as p-nitrobenzyl® and p-chlorobenzyl.” These substituted
benzyl phosphates are crystalline and more stable than BPC
but have reactivities similar to the parent chloridate.

Handling, Storage, and Precautions: dibenzyl phosphorochlor-
idate may be stored in the cold but preferably prepared just
prior to use. Distillation of the chloridate may cause violent
decomposition.

Phosphorylation. A variety of hydroxy compounds includ-
ing nucleosides,'® 1-hydroxy sugars (eq 1), cyclitols,"! and
amino acids (eq 2),"* as well as amines* and amides (eq 3).3
have been phosphorylated with dibenzyl phosphorochloridate in
the presence of a base, or after deprotonation, to afford the cor-
responding triesters and phosphoramidates, respectively.

AcO AcO
0 1. BuLi, BPC o
2. H,, Pd
OAc (1)
OAc
AcO OH Pl g 0 A OP(0)(ONa),

NHCO(CHz)leC NHCO(CHz)]zMC

BPC
m]Y g
& 94%
BnO
BnO\\P,O NO,
0o oﬁ b
BocNH
(0]
BocNH R ; BocNH R
BuLi then BPC
THF, -78 °C <
Y 60% (¢ P(0)(OBn),
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Deprotection of the dibenzyl phosphate derivatives is readily
achieved by hydrogenolysis on a palladium catalyst such as Pal-
ladium on Carbon or Pd black, resulting in the formation of
phosphoric monoesters and monoamides. Removal of the benzyl
groups can be also carried out by Sodium—-Ammonia,”® and
Bromotrimethylsilane is useful when hydrogenation should be
avoided. When removal of one of two benzyl groups is desired,
various halides such as Sodium Iodide’ and other nucleophiles'
are applied.

Synthetically Analogous Reagents. Dibenzyl phos-
phorofluoridate (colorless oil), a fluoro analog of BPC, is pre-
pared by the action of 2-fluoro-1-methylpyridinium p-
toluenesulfonate on dibenzyl hydrogen phosphate or by the re-
action of tetrabenzyl pyrophosphate with CsF.!® Unlike BPC,
and dibenzyl phosphorobromidate and -iodidate, the fluoridate
can be purified by distillation under reduced pressure (bp ca.
150 °C/0.2 mmHg) or chromatography on SiO,. It reacts with
alcohols and preferably with phenols in the presence of Cesium
Fluoride (eq 4)'® to give alkyl or aryl dibenzyl phosphates.

OH (B10),P(O)F OH
HO . (BnO),,P(0)O

82%

Tetrabenzyl pyrophosphate (needles, mp 60-61 °C), which is
derived from dibenzyl hydrogen phosphate in the presence of
1,3-Dicyclohexylcarbodiimide,"” can be used also for the phos-
phorylation of alcohols involving polyols (eq 5)*® and amines.
In the case of alcohols, generation of alkoxide by the action of
strong bases such as n-Butyllithium, Lithium Diisopropylam-
ide, Sodium Hydride, or Potassium Hydride is necessary due to
decreased reactivity relative to BPC. The pyrophosphate is crys-
talline solid and easy to handle, and can be stored in a desic-
cator.

OBn [(BnO),P(0)],0

OH NaH, THF
HO
HO OH 2570

BnO 70%

OBn
(Bn0),(O)PO
(BnO)z(O)Pw (®)]
(Bn0O),(0)PO ~ OP(O)(OBn),
BnO

n

Related Reagents. Dibenzyl N,N-Diethylphosphoramidite;
o0-Xylylene N, N-Diethylphosphoramidite.
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Diborane

[19287-45-7] B,H¢ MW 27.67)
(strong reducing agent for many functional groups; extremely

efficient hydroborating reagent)

Physical Data: bp -92.5 °C; mp -165.5°C; d 0.437 g cm™
(liquid at —92.5 °C); heat of vaporization 3.41 kcal mol™! (at
-92.5 °C).

Solubility: slightly sol pentane and hexane; forms BH; adduct
with DMS, THF, and other ethers; reacts with H,O and protic
solvents, releasing flammable -hydrogen gas.

Form Supplied in: commercially available as a compressed gas.

Analysis of Reagent Purity: supplied as either 99.99% or
>99.0% B,H.

Handling, Storage, and Precautions: diborane is a toxic,
pyrophoric gas and must be stored and handled accordingly.
Feed lines and reactors should be flushed with N, and kept
free of moisture. Cylinders should be hard-piped directly to
reactor. When not in use, cylinder valve should be securely
closed and capped. Cold (-20 to 0°C) storage is recom-
mended to ensure product purity. Decomposition products in-
clude higher boron hydrides and hydrogen gas.

Diborane and Borane Reagents. Borane complexes have
been used in industrial-scale applications for years. In addition
to their unique ability to add across carbon—carbon multiple
bonds, boron hydrides reduce ketones, carboxylic acids, amides,
and nitriles (eqs 1-3).! By the appropriate choice of borane re-
agent and reaction conditions, a significant degree of chemical

selectivity can be achieved. This high level of selectivity and
reactivity has found utility not only in classical organic syn-
thesis,> but also in the area of asymmetric synthesis with the
Corey-Itsuno catalyst serving as a prime example of a highly
reactive and enantioselective reagent.*

[BH;]
O,N O,N (1)
COH OH
[BH;]
Cl CNE S=—2 0] )
NH,
Ph ph
H, 5
B ¥
O i N-B
age :
N BH3, MEZS
0 >95%
o \ Br
N
(r 5 &
OH
94% ee

Chemically, diborane is the parent of all the borane com-
plexes. Diborane will react with a Lewis base to form an adduct
in which the electron pair from the Lewis base is donated to the
borane. This complexation alters the reactivity of the borane,
subsequently changing its physical form. Diborane is a gas with
a boiling point of —92.5 °C, whereas the borane complexes are
either liquids or solids. As illustrated in the molecular model
(1), diborane has some unusual bonding characteristics. The
boron is so electron deficient that it resorts to sharing the elec-
trons in the B-H bond, giving rise to bridging hydrogens. This
electron deficiency allows formation of borane complexes with
Lewis bases such as tetrahydrofuran (THF), dimethyl sulfide
(DMS), and amines (Scheme 1).

]
w T

o
@

1)

R,0:BH;

R,0
0.5 B,Hg
RZS/ \R3N
RzSIBH3 R3NZBH3

Scheme 1

In the search for better borane reagents, a variety of com-
plexes have been synthesized; almost all fit under one of the
three following classifications: ether-borane complexes, sul-
fide-borane complexes, or amine-borane complexes.

A general trend of borane complexes is that the stronger the
Lewis base, the weaker the reducing power of the resulting
borane.® Borane-Tetrahydrofuran (THFB) is more reactive

Avoid Skin Contact with All Reagents



