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New Products from Aldrich R&D

REAGENTS FOR ASYMMETRIC SYNTHESIS

(R)-(+)-o-Tolyl-CBS-oxazaborolidine solution, 0.5 M in toluene

65,429-9 5mL
25 mL

Excellent reagents for catalytic asymmetric transformations such as the
Diels—Alder reaction' and the cyanosilylation of aldehydes."? Chiral cationic
oxazaborolidines, prepared from o-tolyloxazaborolidine and triflic acid,
catalyze Diels—Alder reactions to provide high ee’s.> Recently, Corey and co-
workers used these catalysts to synthesize several chiral natural products,
otherwise synthesized in racemic form.4

(5)-(-)-o-Tolyl-CBS-oxazaborolidine solution, 0.5 M in toluene

65,430-2 5mL
25 mL

(1) Corey, E. J. et al. .. Am. Chem. Soc. 2002, 124, 3808. (2) Ryu, D. H,;
Corey, E. J. . Am. Chem. Soc. 2004, 126, 8106. (3) Ryu, D. H. et al. J. Am.
Chem. Soc. 2002, 724, 9992. (4) Hu, Q.-Y. et al. J. Am. Chem. Soc. 2004,
126, 13708.

REAGENTS FOR CROSS-COUPLING REACTIONS
2-Methylpyridin-5-yl trifluoromethanesulfonate, 97%

64,848-5 19
" O._..CF.
Z | /,S\\ ° 5 g
S OO0
N

Activated triflates of this type have served as alternatives to aryl halides in
a variety of palladium-catalyzed coupling reactions.'-

5-Chloroquinolin-8-yl trifluoromethanesulfonate, 97%

64,850-7 0.0 19
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(1) Matthews, D. P. et al. Tetrahedron Lett. 1994, 35, 5177. (2) Tilley, J. W,
Zawoiski, S. J. Org. Chem. 1988, 53, 386. (3) Ellingboe, J. W. et al. J. Med.
Chem. 1994, 37, 542.

LIGANDS FOR CATALYSIS

Tri-tert-butylphosphine solution, 1 M in toluene

65,532-5 ><P><
_1__

This low-melting, air-sensitive, and pyrophoric solid is now available as an
easier-to-use toluene solution in a Sure/Seal™ bottle.

10 mL
50 mL

tert-Butyldicyclohexylphosphine, 97%
65,160-5
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This novel phosphine was used to prepare catalysts for the ring-opening

metathesis polymerization of cyclooctene.
Jan, D. et al. J. Organomet. Chem. 2000, 606, 55.

REAGENT FOR C—-X BOND FORMATION

Dimethyl thiophosphonate, 97 %
65,531-7 MeO, S 19

JPS 5
MeO™ H 9

Reacts with imines under mild conditions and without demethylation to
form a-aminophosphonothionates.

Tongcharoensirikul, P. et al. J. Org. Chem. 2004, 69, 2322.

BUILDING BLOCK
3-Chloro-4-methoxyphenethylamine hydrochloride

65,632-1 Cl NH, . HCI 59
\OD/\/

A useful starting material for the synthesis of many natural products, such as
1,2,3,4-tetrahydroisoquinolines' and 2,3,4,5-tetrahydro-1H-3-benzazepines.?
(1) Charifson, P. S. et al. J. Med. Chem. 1988, 37, 1941. (2) Chumpradit, S.
et al. J. Med. Chem. 1991, 34, 877.

Please see pages 56, 58, and 59 for additional new products.

For competitive quotes on larger quantities, contact safcglobal.com.

The SAFC logo, Inspiring Science, and Sure/Seal are trademarks of Sigma-Aldrich Biotechnology, L.P.
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“PLEASE BOTHER US.”

o
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(__/ Joe Porwoll, President

Dr. lan J. S. Fairlamb of the University of York, U.K., kindly suggested that we offer this Suzuki-
Miyaura cross-coupling palladium catalyst in our catalog. Palladium-catalyzed cross-coupling
reactions constitute some of the most important and applied transformations for the synthesis
of natural products, pharmaceutical targets, and conjugated materials." This palladium catalyst
has shown a higher activity over Pd,(dba); in the Suzuki-Miyaura cross-coupling of organic
halides with arylboronic acids.?

(1) Handbook of Organopalladium Chemistry for Organic Synthesis; Negishi, E., Ed.; Wiley: Hoboken, NJ, 2002.
(2) Fairlamb, 1. J. S.; Kapdi, A. R.; Lee, A. F. Org. Lett. 2004, 6, 4435.
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Ar = 3,5-dimethoxyphenyl
65,693-3 Bis(3,5,3’,5'-dimethoxydibenzylideneacetone)- 19
palladium(0) [Pd(dm-dba),] 5g

Naturally, we made this useful catalyst. It was no bother at all, just a pleasure to be able
to help.

Do you have a compound that you wish Aldrich could list, and that would help you in your
research by saving you time and money? If so, please send us your suggestion, we will be
delighted to give it careful consideration. You can contact us in any one of the ways shown on
this page and on the inside back cover.
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The Ramparts at Aigues-Mortes (oil on
canvas, 60 x 100 cm) was painted and
signed by the artist Frédéric Bazille in
1867. Probably few tourists who visit the
famous classical ruins at Nimes and Arles in
southern France are aware that nearby is the
best-preserved medieval fortress in Europe,
the subject of this painting. In 1246, King
Louis IX began the tower seen just to the
left of the center of this picture and had a
five-mile channel dug through the estuary
of the Rhone river to the Mediterranean for
ships embarking on the Seventh and Eighth
Crusades. His son, Philippe Ill, started the enormous adjoining battlements in 1272, but, within
less than a century, silting closed the passage to the sea and the structure was abandoned.

Photograph © Board of Trustees, National Gallery of Art, Washington.

Bazille was born not far away at Montpellier to a well-to-do family and was expected to
become a doctor. While still in medical school, however, he convinced his father to subsidize his
artistic education in Paris. He soon became fast friends with Alfred Sisley, Auguste Renoir, and
Claude Monet, who suggested to Bazille and the others that they paint out-of-doors directly in
front of their subjects, thus initiating the essential aspect of impressionist painting. When in the
spring of 1867 Bazille went to paint The Ramparts at Aigues-Mortes, he wrote to his mother
that he intended to paint “a very simple painting” of “the walls of the city reflected in a pond
at sunset”. The composition of the picture is indeed very simple, defined by the diagonal of the
sandbar in the foreground and the almost equal areas of water and sky on either side of the
long horizontal of the ramparts. The view is to the east, with the late afternoon sun striking the
walls of the fortress. A tower near the right edge of the painting is reflected in the water, and
the pink tinge of the clouds suggests the coming sunset.

This painting is a part of the Collection of Mr. and Mrs. Paul Mellon at the National
Gallery of Art, Washington, DC.
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Organoboranes for Asymmetric Synthesis
From Sigma-Aldrich

DIP-Chloride™ and DIP-Bromide™

(+)-DIP-Chloride™

o . . o 31,701-2 ¢ 59
Since its introduction 20 years ago, DIP-Chloride™ (B-chlorodiisopino- B 25g
campheylborane, Ipc,BCl, DIP-Cl) has become one of the most effective \(a( 100 g
reagents for the asymmetric reduction of prochiral ketones, especially 1kg
aralkyl and o-hindered ketones.” The reagent has found popular  (_).pip-chloride™
use in the asymmetric synthesis of ligands,? B-amino alcohols,> and 31.702-0 al 5g
alkaloids,* and is also capable of effecting asymmetric aldol reactions.® ! B 254
Furthermore, asymmetric allylations can be achieved when DIP-Cl is @/ 100 g
reacted with allylmagnesium bromide, allowing for further elaboration ’
of the redgced product. We are now offermg this valuable rgagent also (0)-DIP-Chloride™ solution, 65-75 wt. % in o-pinene
as an easier-to-handle solution in three different solvents: heptane, 65.529.5 —
hexane, and a-pinene. 1243 m
P 100 mL
DIP-Bromide™ has been used for the asymmetric reduction of ketones,  (-)-DIP-Chloride™ solution, 50-65 wt. % in heptane
in enolboration reactions, and for the ring opening of meso epoxides.®  64,841-8 25 mL
Sigma-Aldrich is pleased to offer these excellent reagents for asymmetric 100 mL
synthesis to our customers. (-)-DIP-Chloride™ solution, 50-65 wt. % in hexanes
(1) (a) Chandrasekharan, J. et al. J. Org. Chem. 1985, 50, 5446. (b) Srebnik, M.;  64,842-6 25 mL
Ramachandran, P. V. Aldrichimica Acta 1987, 20, 9. 100 mL
(2) Drury, W. J., lll et al. Angew. Chem., Int. Ed. 2004, 43, 70. - o
(3) Beardsley, D. A. et al. Tetrahedron Lett. 1994, 35, 1511, I HEE ", -
(4) Felpin, F-X.; Lebreton, J. J. Org. Chem. 2002, 67, 9192. 41,4271 & 59
(5) Stocker, B. L. et al. Eur. J. Org. Chem. 2004, 330. \(a( 25¢g
(6) Dhar, R. K. Aldrichimica Acta 1994, 27, 43.
(-)-DIP-Bromide™, 95%
41,099-3 Br 59
SR
L-Selectride® solution, 1.0 M in tetrahydrofuran The Selectride® Fam||y
17,849-7 1 100 mL ‘ . .
—}\(\ U 800 mL The Selectride® family of boranes is a group of powerful reagents
B 8L for the asymmetric reduction of ketones on complex scaffolds. These
. 18L reagents have been used in the synthesis of many natural products,’
Ls-Selectride® solution, 1.0 M in tetrahydrofuran in the stereoselective reduction of hemiacetals in various nucleoside
. syntheses,® and are capable of effecting reductive cyclization® and
22,592-4 100 mL P
‘&\H\ L rearrangement reactions.
i (7) Some recent examples: (a) Bahia, P. S.; Snaith, J. S. J. Org. Chem. 2004, 69, 3226. (b)
Thede, K. et al. Org. Lett. 2004, 6, 4595. (c) Banwell, M. G. et al. Org. Lett. 2004, 6,
- 2737. (d) Lichtenthaler, F. W. et al. Tetrahedron: Asymmetry 2003, 14, 727. (e) Nelson,
K-Selectride® solution, 1.0 M in tetrahydrofuran T.D.et a"_Tetrahedron Lett _2004‘ 45, 8917.
- (8) (a) Hanessian, S.; Machaalani, R. Tetrahedron Lett. 2003, 44, 8321. (b) Navarre, J.-M. et
22,076-0 r N 1. 100 mL al. Tetrahedron Lett. 2003, 44, 2199.
_>_B,H K 800 mL (9) Nagaoka, Y. et al. Tetrahedron Lett. 2002, 43, 4355.
L )\/ ] (10) (a) Chen, W. et al. J. Org. Chem. 2003, 68, 1929. (b) Appendino, G. et al. Eur. J. Org.
Chem. 2003, 4422.
KS-Selectride® solution, 1.0 M in tetrahydrofuran
22,077-9 r \)\ - 100 mL
o
#B’H For competitive quotes on larger quantities of all
)\( of these organoboranes, please contact us at
. . . 800-244-1173 (USA) or at safcglobal.com.
N-Selectride® solution, 1.0 M in tetrahydrofuran
100 mL
800 mL

21,3403 ’
' T e
x|
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Herbert C. Brown and Aldrich:
Advancing Borane Chemistry

for 32 Years

Clinton F. Lane
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PO. Box 5698

Flagstaff, AZ 86011-5698, USA

Email: clint.lane@nau.edu

The author presenting Professor Brown with the first ACS H. C. Brown Award for
Creative Research in Synthetic Methods (1998).
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1. Introduction

Nobel Laureate Herbert C. Brown (HCB), the R. B. Wetherill
Research Professor Emeritus of Chemistry at Purdue University,
died on December 19, 2004, at age 92. He will long be
remembered at Aldrich and by the scientific community for his
extensive contributions to borane chemistry. Brown and Aldrich
maintained a close working relationship that started in 1972
and continued until his death. Interested readers are directed
to his published obituary' and to the HCB pages on the Purdue
University Department of Chemistry Web site.>2 A number of
essays and notes have also appeared in this magazine, which
provide biographical information and additional details about
HCB and his 32-year relationship with Aldrich.?

This account will give a personal perspective of a career-long
relationship with HCB as a thesis adviser and mentor and then
as a consultant and friend, and of how he and I were able to help
Aldrich advance borane chemistry.

2. Before 1972

The late 1960s were exciting times in HCB’s research group at
Purdue. We were actively investigating hydroboration and the
reactions of organoboranes. The work was being quickly published
as a series of communications in various journals.* However,

Brown knew his developments would not be widely used until
his new borane reagents were made available commercially.

The Schlesinger—-Brown process for preparing metal
borohydrides was developed on a laboratory scale at the
University of Chicago in the early 1940s.5 In the 1950s, Brown
worked closely with Metal Hydrides (a start-up company in
Massachusetts) on the scale-up of the process he, Schlesinger,
and Finholt had discovered to produce NaBH,.”* As expected,
this valuable reagent was widely used by scientists only after it
had become commercially available.

Encouraged by the success of NaBH, inresearch and commerce,
Brown contacted a number of companies about licensing and
developing his organoborane technology. Between 1969 and
1971, he successively approached the following companies:
Ventron Corporation (the successor to Metal Hydrides), Ethyl
Corporation, Eastman Kodak, Arapahoe Chemicals, and G. D.
Searle and Company. In each case, the R&D scientists and the
technical management groups at these companies were very
interested and could see the potential for his new technology.
However, once the proposals went higher in the organization,
the business development staff would carry out market research
only to find a complete absence of any sales numbers for the
products. This was hardly surprising, since the products were not
yet commercially available.

Professor Brown never shared the details of his aforementioned
contacts with me when I was one of his Ph.D. students. However,
he did ask me many times if I would be interested in working in
industry to further the development of his borane technology. I
always expressed an interest, but I could not wait for HCB to find
an industrial partner. I left Purdue University in the fall of 1971,
with my Ph.D. degree still pending, and joined Professor William
T. Miller’s research group at Cornell University as a postdoctoral
research assistant to work on the chemistry of organofluorine
compounds.
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3. Aldrich-Boranes, Inc.

Early in 1972, HCB approached Alfred Bader, the cofounder
and then president of Aldrich Chemical Co., and suggested
that Aldrich consider offering a number of Brown’s boron-
containing reagents. Dr. Bader (Harvard Ph.D. with Louis Fieser)
recognized the potential for Brown’s technology, and offered to
establish a subsidiary, Aldrich-Boranes, Inc., to commercialize
all of Brown’s discoveries. In the summer of 1972, Brown and
Bader recruited me to become the first outside employee of this
new company. I started my career with Aldrich in September of
1972, and first worked for Harvey Hopps, an existing Aldrich
employee who had been appointed manager of Aldrich-Boranes.
HCB became a director of Aldrich and a consultant to Aldrich-
Boranes, Inc. His existing patents and all future ones covering
all of his discoveries in boron-based chemistry were assigned to
Aldrich-Boranes.

4. Early Borane Reagents

Aldrich-Boranes occupied first one, then two, and finally three
laboratories in Aldrich’s 940 West Saint Paul Avenue Building
in Milwaukee, Wisconsin. During the period from 1972 to 1977,
HCB called at least once or twice a week to discuss our progress.
He often followed up the phone conversations with long and
detailed letters. As usual, he was always very positive and
optimistic about the chemistry, and would never accept a poor
result for any scale-up of his chemistry. He contributed greatly
to our success and remained interested and available. He visited
us in Milwaukee at least two or three times a year, and I visited
him at Purdue many times each year.

Within a year, ALHB (internal vendor code for Aldrich-
Boranes) was successful in scaling up and developing many
organoborane-based products for listing in the Aldrich catalog.
However, we lost money. The following year (1973), we broke
even. By the end of the third year, we made enough money to
offset all previous losses, and the operations have been profitable
ever since. The borane reagents developed during this period
(Figure 1) now account for many millions of dollars in annual
sales, with a few being among Aldrich’s best-selling products.

HCB was not only a great scientist, but also a good businessman.
He took an interest in all aspects of our business, especially the
advertising and promotion of our products. He encouraged me to
expand some of our advertisements into detailed reviews suitable for
publications. These were published in various refereed journals and
then condensed into shorter reviews for this magazine.® In addition,
HCB contributed a review on the subject and encouraged one of his

-~ 0
NHy  “NH /';‘\ \/’;‘\/ \/Q‘v
BHy BHs; BHs BHy BH,
OO0 Oy
z BH
\S/ O N
1 y \l 4 H
BHy BH; BHg HgB
/H\
B, B
H
LiBHEt, LiBDEts NaBHEt, KBHEts
LiBH(sBu)s NaBH(s-Bu); KBH(s-Bu)s
LiBH(Sia); ~ KBH(Sia);  NaBHCN

Figure 1. Early Borane Reagents
Developed and Offered by Aldrich.

postdoctoral assistants to submit another.” These helped promote our
borane products and contributed greatly to our early success.

5. Boranes on a Large Scale

By our fourth year (1976), ALHB was starting to outgrow
the space it occupied in Milwaukee, and desperately needed
additional space to meet the market demand for borane reagents.
Fortunately, we were able to purchase a small chemical plant
in rural Sheboygan County about 50 miles north of downtown
Milwaukee. ALHB moved to this new site in early 1978, and has
continued to show strong growth to this day. My three chemist
associates from Milwaukee (John Daniels, Wayne Adler, and Jim
Sarafin) joined me in our move to the Sheboygan site. The three
are currently part of the management team at the Sheboygan site
of Sigma-Aldrich, Aldrich’s successor company. HCB’s long-
term relationship with Aldrich is thus reflected in the long-term
careers of many of Aldrich’s chemists.

Today, Sigma-Aldrich operates five major plants on the 513-
acre Sheboygan site. The production, packaging, and utilization
of air-sensitive reagents remain an important part of operations
at the site (Figure 2). Various borane reagents remain key
compounds in production there, and new borane reagents
continue to be developed at the site.

6. Latest Borane Reagents

Hundreds of additional and useful boron-based reagents were
discovered in Brown’s laboratories at Purdue in the 20+ years
following his winning of the Nobel Prize in 1979. Sigma-Aldrich’s
R&D scientists worked very hard, with steady encouragement
from HCB, to scale up and offer as many of his new borane
reagents as possible. It is impossible to list all of these newer
reagents in this short account, but Figure 3 gives a representative
sample. Brown continued to write and encourage his co-workers
to write reviews for this magazine to promote his latest borane
discoveries.? It is interesting to note that the majority of HCB’s
work on reagents for asymmetric synthesis occurred after he
received the Nobel Prize. The a-pinene-derived reagents could
prove to be the most useful yet (Figure 4).%¢

7. Philanthropy

In 1960, Brown was promoted to R. B. Wetherill Research
Professor. A significant part of the promotion package stipulated
that HCB would be given personal ownership of all his existing
and future patents. This was quite an unusual arrangement,
but it enabled Brown to easily work with Alfred Bader on the

Figure 2. Herbert and Sarah Brown in 1999 near PRO |,
the Building Dedicated to the Production of Air-Sensitive
Compounds at the Sigma-Aldrich Site near Sheboygan, WI.



establishment of Aldrich-Boranes, Inc. Brown personally
received royalty payments on the sales of all borane reagents
sold by Aldrich. It might appear that Purdue gave up significant
financial gains to keep a rising star. However, rewards come to
those who wait.

In 1983, Herb and Sarah Brown endowed a special fund to
establish and finance the Herbert C. Brown Lectures at Purdue.
Every year since 1984, 3—5 world-class chemists are invited to
Purdue to present a lecture on a Saturday in April. Interestingly,
when the Department of Chemistry at Purdue first proposed
these lectures, the plan was to seek financial contributions from
HCB’s former students and friends. Sarah rejected this idea and
proposed that she and Herb provide all the necessary funds.

HCB was the first winner of the American Chemical Society
Herbert C. Brown Award for Creative Research in Synthetic
Methods (1998). Aldrich proposed this award to the ACS, and
the endowment funds came from Herb and Sarah and the Purdue
Borane Research Fund. Even though HCB provided the funding,
it was a well-deserved honor for Herb to be the first recipient.

The following year, Herb and Sarah endowed the Herbert C.
Brown Professorship of Chemistry at Purdue and provided all the
financing to establish the Herbert C. Brown Center for Borane
Research at Purdue. The funds for both have come from past
royalty payments from Aldrich. Continuing royalty payments will
be used to provide future financial support of these two entities.

8. Conclusions

It is generally believed that Brown’s body of work in boron
chemistry (the hydroborationreaction, reactions of organoboranes,
selective reductions using boron hydrides, and asymmetric
synthesis using borane reagents) represents the single most
important individual accomplishment of the 20th century in
synthetic chemistry. Aldrich is very proud to have played a part
in achieving this accomplishment.

In 1972, Aldrich’s motto was “Craftsmen in Chemistry”, which
was very appropriate for both HCB and the Aldrich chemists at
that time. Later, Aldrich changed its motto to “Chemists Helping
Chemists in Research and Industry”, which was how HCB also
approached his contributions to synthetic chemistry. He always
wanted his reagents to be used by others in their research. Today,

O, BBr O,
F4CSO3B8Bu; BH KL( 'BBr NaHB(OAc)s
o o

@
\( i~ v ¥ y
BHy BH,

BHBr, BHCl,

Figure 3. Representative List of the Latest Borane Reagents.
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Aldrich’s motto is “Advancing Science”. There is no question
that Herbert C. Brown worked his entire life to advance borane
science. He will be missed, but we will continue to explore and
develop the borane chemistry he first discovered.
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Sigma-Aldrich: Promoting Online Customer Solutions

We are very pleased to announce that Sigma-Aldrich recently won first place for
Customer Service at the 2004 Life Science Industry Awards in Washington, DC. This
achievement truly reflects our everyday commitment and attitude towards providing
world-class service to our customers. As part of this commitment, Sigma-Aldrich offers
many fast and easy online services including price quotations, ordering, and shipment
tracking. We invite you to visit us at sigma-aldrich.com and explore!
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PEPscreen®: Custom Peptide Libraries

Sigma-Genosys has developed a proprietary peptide synthesis platform using
state-of-the-art technology. This technology allows the fastest and most efficient
high-throughput parallel synthesis of milligram quantities of peptide libraries. The
PEPscreen® service provides researchers with the ability to order large numbers of
extremely affordable custom peptides delivered in less than 7 business days.

Product Specifications

e Quantity: 0.5-2 mg

e Length: 6-20 amino acids

e QC: MALDI-TOF MS on 100% of the peptides
e Format: lyophilized in 96-well tube racks

e Shipped with electronic PDF files of QC data and
peptide sequence directory

e Minimum order size is 48 peptides

Features and Benefits
e Delivery: 7 business days or less

e Compatible with robotic automation for resuspension
and dispensing in screening applications

e |deal for performing solution-phase assays
e Suitable for robotic production of peptide microarrays

¢ N-Terminal modifications and nonstandard
residue availability allows for maximum
flexibility in project design
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e C-Terminal acid or amide

Ordering Information

For more information, please refer to sigma-genosys.com/acta205.

For technical inquiries, please contact peptides@sial.com.
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(peptide #1 = A1, peptide #2 = B1, peptide #8 = H1, peptide #9 = A2, etc.).
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> Aldrich® Zipper-Lock AtmosBag™

Fast, easy access to contents with a reliable, gas-tight seal

AtmosBag™ is a flexible, inflatable polyethylene chamber with built-in gloves that
lets you work in a totally isolated and controlled environment. It is an inexpensive,
portable alternative to the glove box, and is well suited to a variety of tasks and

materials. It comes with the new Technical Bulletin AL-211, which contains
instructional information and a listing of AtmosBag™ accessories.

e Manipulation of air- and moisture-sensitive materials
¢ Sampling and weighing operations

e Desiccating or constant-humidity chamber
Controlled habitat for botany and life sciences

¢ Field sampling and testing
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|sigma-a|drich.com‘ LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE ®®ALDRICH

ALDRICH * BOX 355 » MILWAUKEE ¢ WISCONSIN ¢ USA Advancing Science

AtmosBag and Aldrich are a trademark and a registered trademark, respectively, of Sigma-Aldrich Biotechnology, L.P.

-
N Suba+Seal® Rubber Septa
: I

g Exclusively from Sigma-Aldrich

§ "
@ . The SubaeSeal® name is well-known as the best-quality fold-over closure with serrated stopper. Sigma-
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temperature use. Check out the product table below for more information that will help you choose the best SubaeSeal®
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SubaeSeal® rubber septa—ideal for air- and moisture-sensitive chemistry procedures. After piercing with non-coring needle, the
rubber closes puncture, providing air- and moisture-tight seal to protect contents of vessel or container from the atmosphere.
This closure has a fold-over flange molded to grip the outside of the container neck, promoting a double seal in conjunction
with the annular serrations on the hollow plug. The annular serrations depress themselves against the inside wall of the
neck of the flask, making each serration a suction sealing point. Note: For extra security when using large-bore transfer
needles, fasten septum to bottle or flask opening with a wrap-it tie.
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1. Introduction
Boronic acids, boronate esters, and organoboranes have been
employed for many years as the principal organoboron partners in
Suzuki—Miyaura-type cross-coupling reactions.! However, these
reagents possess many limitations. Boronic acids are notorious for
being difficult to purify and for having an uncertain stoichiometry.
Even though the use of boronate esters is more attractive from this
point of view, these reagents lack atom economy and are more
expensive to employ. Organoboranes are limited by the inherent
characteristics of the in situ hydroboration reaction used to create
them. These latter reagents also suffer from high sensitivity to
air and poor functional-group compatibility in some cases. In
contrast, organotrifluoroborates are unique compounds that have
been shown to overcome these limitations. These reagents can
be easily prepared from inexpensive materials. They are stable
to air and moisture, allowing storage for long periods of time
without noticeable degradation. In fact, their high versatility and
stability has made them excellent partners in Suzuki-Miyaura-
type coupling reactions.

Even though the chemistry of organotrifluoroborates has
been comprehensively reviewed elsewhere,? the recent growth

Gary A. Molander* and Ruth Figueroa
Roy and Diana Vagelos Laboratories
Department of Chemistry

University of Pennsylvania

231 South 34th Street

Philadelphia, PA 19104-6323, USA
Email: gmolandr@sas.upenn.edu

in the application of these compounds warrants another
look. The present review outlines the utility and versatility of
organotrifluoroborates in cross-coupling reactions. Additionally,
the ability of these reagents to resist chemical oxidation will be
highlighted. This feature of organotrifluoroborates offers a unique
opportunity to preserve the carbon—boron bond in the oxidation of
remote functionality within the same molecule.

2. Preparation of Potassium Organotrifluoroborates
Although potassium organotrifluoroborates have been known for
some time, Vedejs and co-workers were the first to report the
most convenient synthesis of these materials from boronic acids
and derivatives utilizing the readily available and inexpensive
KHF,.> In combination with this facile process, potassium
organotrifluoroborates are thus accessed by two general methods
(Scheme 1).3-° They can be readily prepared by starting with
the transmetalation of organolithium or Grignard reagents with
trialkylborates.* Alternatively, they can be synthesized ultimately
by various catalyzed or uncatalyzed hydroborations of alkynes or
alkenes,>® taking advantage of the unique selectivity associated
with each version of this process.

3. Suzuki Cross-Coupling Reactions

Early studies by the groups of Genét’ and Xia® demonstrated
the potential of organotrifluoroborates in palladium-catalyzed
coupling reactions to form biaryls using arenediazonium salts
or diaryliodonium salts as electrophiles. It should be noted that
organotrifluoroborates led to superior yields and reactivity
in side-by-side comparisons with boronic acids.’ Since those
early studies, the scope of cross-coupling reactions that utilize
organotrifluoroborates has expanded considerably.

3.1. Alkyltrifluoroborates

The first cross-coupling reactions of alkyltrifluoroborates with
aryl halides were efficiently performed using PdCl,(ddpf) as the
catalyst, Cs,CO; as the base, and THF-H,O as the solvent system,
and showed tolerance of a number of functional groups (eq 1).1%!
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CH3BFsK + Ar-Br

acetone (aq)

Ref. 3-6

PdCly(dppf)*CH,Cl,
_—

Cs,CO3 (3 equiv)
THF-H,O (20:1)
reflux, 16-18 h

Scheme 1. The Two General Methods
for Preparing Organotrifluoroborates.

Ar—CHg

dppf = 1,1"-bis(diphenylphosphino)ferrocene

Ar Yield Ar

Yield

4-PhC(O)CeHs  92%

2-NCCgH,
3-MeO,CCqH,
2-F4C-4-O,NCgHg

4-AcNHCgH;  67%
4-O,NCgH, 77%

60%
57%
83%

Method A:
RMgX B(OR)3 KHF
or RBF3K
RLi acetone (aq)
Method B:
/I\;(BH CH,0 (aq)
2 2 q KHF» L BFK
acetone (aq)
XoBH KHF» BFsK
X=Cl, Br acetone (aq) N
KHF»
R BFaK

4-NCCgHy4 68% 2-AcCgH, 61%
Ref. 11 eq 1
oTf R
PdCly(dppf)*CH,Cl,
RBF3K + S ——
Cs,CO3 (3 equiv)
THF-H,0 (10:1)
R' reflux, 18 h-3 d R'
R R Yield
Bn 4-NO, 89%
NC(CHp)s  4-NO, 73%
HsCC(O)(CH2)s  4-Ac  79%
CI(CH>)s 4Ac 7%
BzO(CHz)s  4-Ac  70%
TsNH(CHz)s  4-Ac  75%
PhS(CHo)3 4-Ac  66%
Ref. 10,11 eq 2
OTf OTf
PdCly(dppf)*CH,CI.
BRBFK + >(dppf)*CH:Cl>
Cs,CO3 (3 equiv)
THF-H,0 (10:1)
Br reflux, 18 h Bn
70%
Ref. 10,11 eq 3
AorB ,
ArBF3K + Ar'N,BF4 Ar-Ar
20°C, 1.5-24 h
Ar Ar Cond.?  VYield®
Ph 4-MeCgHy A (88%)
4-FCgHy 4-02NCgHg A 92%
thien-3-yl 3-BzCgH4 A 86%
2,4-ClCHs  4-EtO,CCgHy A (26%)
2,4-Cl,CeHz  4-EtO,CCgHy B 73%
1-naphthyl  4-Br-2,6-Me,CgHy A 219%
1-naphthyl  4-Br-2,6-Me,CgHy B (10%)
Ph 2,4-(Me0),CgHs A 69%
2 Conditions A: Pd(OAc),, 1,4-dioxane;
conditions B: Pdy(p-OAc),[P(o-tolyl)s]o, MeOH.
b |solated yields. GC yields are in parentheses.
Ref. 7a eq4

Aryl halides are attractive partners because of their ready
availability and economy. Interestingly, the presence of water is
essential for the efficiency of the reaction. This requirement for
water and added base has elicited several mechanistic studies on
the actual species involved in the coupling process.!>!3

Aryl triflates, common coupling partners in palladium-
catalyzed cross-coupling reactions, were as efficient as the aryl
halides (eq 2)."®" Surprisingly, the nitro group survived the basic
reaction conditions, when p-nitrophenyl triflate was reacted with
potassium benzyltrifluoroborate. By contrast, the nitro group is
reduced to the corresponding aniline product in Suzuki reactions
with B-alkyl-9-BBN.!* The electrophiles employed showed the
same relative reactivity order as that observed with organotin'>
and B-alkyl-9-BBN'“ reagents, i.e., Br > OTf >> Cl (eq 3)."°
The use of secondary alkyltrifluoroborates was prohibited by
the predominance of B-elimination and dehydroboronation
pathways.

3.2. Aryltrifluoroborates

The use of aryltrifluoroborates in Suzuki-type reactions was first
reported by Genét’s and Xia’s groups. Genét and co-workers’
reported the reaction of arenediazonium tetrafluoroborates with
aryltrifluoroborates using two catalyst systems: Pd(OAc), in 1,4-
dioxane (A) and Pd,(u-OAc),[P(o-tolyl);], in MeOH (B) (eq 4).™
These systems were tolerant of different functional groups and, in
the case of the ortho-chloro-substituted aryltrifluoroborate, only
conditions B were efficient due to the precipitation of metallic
palladium when using conditions A. The reaction was also
chemoselective toward the arenediazonium salt in the presence
of halides or triflates.

Chen and Xia also reported the use of diaryliodonium salts (eq 5)
and 2-thienyl(tosyloxy)iodobenzene (eq 6) as coupling partners of
organotrifluoroborates to provide biaryls in excellent yields.® The
scope of the reaction was extended to palladium catalysts with
or without phosphine ligands. Similar results were obtained with
Koser’s reagent, PhI(OH)OTs, as the coupling partner.

Subsequently, the reaction of aryltrifluoroborates with aryl
halides as coupling partners was developed (eq 7).'>!¢ Specifically,
a key point was the discovery that the use of a base was required.
As previously observed by Xia, many of the reactions could be
performed under ligandless conditions. A variety of trifluoroborates
were reacted using Pd(OAc), as the catalyst and inexpensive
K,CO; as the base. The choice of solvent for these cross-
couplings was critical because of solubility issues associated with
trifluoroborates. Another added feature of these reactions was their
insensitivity to oxygen: excellent results were obtained whether
the reactions were carried out in an inert atmosphere or in the air.
The coupling of potassium phenyltrifluoroborate with a variety
of electron-rich aryl halides afforded the corresponding biaryls in
good-to-excellent yields. The slight decrease in yield using amide
or amine substituents might be due to their complexation with the
palladium catalyst.!”

The reaction of 4-bromobenzonitrile (an electron-poor
aryl bromide) with electron-deficient aryltrifluoroborates also
afforded excellent yields (eq 8).'> The reaction of 2,6-difluoro-
and pentafluorophenyltrifluoroborate (and electron-deficient
organoboron partners in general) revealed an inherent advantage of
the organotrifluoroborates. Inboth ofthese cases, the corresponding
boronic acids have failed to couple under a variety of different
reaction conditions owing to competitive protodeboronation.!>!$

The reaction of ortho-substituted aryltrifluoroborates and aryl
bromides required longer reaction times, revealing the inhibitory
effects of steric hindrance (Scheme 2).'2 In the case of the halide



partner, very hindered substrates are not well tolerated. For
example, the reaction of 4-methoxyphenyltrifluoroborate with
2-bromomesitylene produced the coupled product in only a 52%
yield. Homocoupling of the trifluoroborate was a competing
pathway. Hindered aryltrifluoroborates are more readily coupled
with aryl halide partners.

The Suzuki-type cross-coupling of heteroaryl bromides
afforded the biaryls in modest-to-excellent yields (eq 9).!> The
reaction between 1-phenyltrifluoroborate with 2-bromopyridine
did not proceed to completion, presumably due to complexation
of the nitrogen moiety to the catalyst.!” Longer reaction times only
increased the homocoupling of the trifluoroborate. Dependence
on the reactivity of the substrate was demonstrated, when higher
yields were observed as in the case of the acyl-substituted
thiophene and furan. Reactions with the more sterically hindered
1-naphthyltrifluoroborate were also high-yielding. In fact, the
effective reaction with 2-chloropyrazine represented another
example wherein trifluoroborates display improved reactivity over
analogous boronic acids.

Batey and Quach showed that tetrabutylammonium
trifluoroborates, which are more soluble in organic solvents than
the potassium salts, can also be used in cross-coupling reactions
using ligand-added conditions (eq 10)."

3.3. Heteroaryltrifluoroborates
The Suzuki-type reactions were expanded to the use of hetero-
aryltrifluoroborates and a number of diverse heteroaryl bromides
as coupling partners (eq 11).!2 Activated heteroaryl halides
such as 3-bromopyridine require a shorter reaction time than
2-bromopyridine. These heteroaryl halides also reacted under
ligandless conditions. Unactivated thiophenes and thiazoles
required longer reaction times and the use of PdCl,(dppf)*CH,Cl,.
In some cases, this led to homocoupling of the trifluoroborate.
It is of interest that reaction of the unprotected 7-bromoindole
gave 77% of the expected biaryl. It is believed in this case that
the basic, ligand-added conditions inhibited complexation of the
indole nitrogen to the palladium.'?

The cross-coupling of tetrabutylammonium thien-3-
yltrifluoroborate with 4-bromoacetophenone has also been
accomplished in 91% yield."

3.4. Alkenyltrifluoroborates

Alkenyltrifluoroborates are exceptional partners in the Suzuki
cross-coupling reaction, providing advantages over other
organoboron counterparts. Although alkenyldialkylboranes are
efficient substrates in this reaction,'® their high molecular weight
and the requirement to remove the two “dummy” groups on the
boron make them less atom-economical. Lower molecular weight
alkenylboronic acids, such as vinyl and propenylboronic acids,?
readily polymerize and cannot be easily isolated.

Initial studies with functionalized aryl electrophiles demonstrated
that the coupling reaction using PdCl,(dppf)*CH,Cl, could be
accomplished using both halides and triflates (eq 12).2!*> The
reactions were run in i-PrOH-H,O using -BuNH, as the inexpensive
base. It is important to mention that the conditions developed for
the coupling of alkyltrifluoroborates [PdCl,(dppf)*CH,Cl,, Cs,COs;,
THF-H,O] were also efficient. A variety of functional groups
(e.g., nitro, cyano, aldehyde, ketone, ether) were tolerated in these
reactions. The reactions were efficient with variously substituted
alkenyltrifluoroborates, from the parent vinyltrifluoroborate to
trisubstituted analogs (eq 13).2> The double-bond geometry of the
trifluoroborate was retained with complete stereospecificity in these
reactions. Batey and Quach have reported that tetrabutylammonium

G—BFaK + Br

eO—@—BFaK +

Pd(OAC),
AnlBFy ————>
60°C,0.5h

OMe OMe
Ar Yield
Ph 87%

4-MeCeH,  84%
4-CICgHy4 81%
4-MeOCgH,  87%

Ref. 8

PdOA /S

7\ TsO(Ph)l— Sy, _PdOAC2
RQBF3K+ \@ e pxe/ N |

60°C,0.5h
R =4-Me, 91%
Ref. 8 R =2-OMe, 83%
Pd(OAc),
(0.5 mol %)
K>COg3 (3 equiv)
MeOH, reflux
Ar Time Yield

4-MeOCgHy 2h 95%
4-AcHNCgH; 18h  62%
4-HOCgH, 2h? 82%
4-MeoNCgHs 14 hP 65%
2,4-(Me0),CgHz 18 h?  75%
4-HO,CCeHy  2h¢ 90%

4H,0, 65 °C, air.
b Cat. (1 mol %), PPhg (0.5 mol %).
¢ H,0, t, air.

Ref. 12

PdCl;(dppf)*CH2Cl>

(0.5 mol %)
ArBF3K + Br CN ArOCN
EtsN, EtOH
reflux, air
Ar Time  Yield

4-FCgHy 2h?  96%
3-0,NCgHs 12h  89%

4-AcCeHs  8hab 70%
2,6-FoC¢Hs  6h° 86%
CeFs 36h? 38%

3,5-(F3C)2C6Hs 12h  70%

2 Pd(OAC),, KoCO3, MeOH, reflux.
b PPhg. ¢ Cat. (1 mol %).
9 Cat. (5 mol %), THF.

Ref. 12

84%

n

82%

Pd(OAc),
(0 5 mol %

KgCOa MeOH
reflux, air, 12 h

PdCly(dppf)*CH,Clo
(0.5 mol %)

EtN, EtOH
reflux, air, 16 h

BFaK + Br ON—————>

Br
Pd(OAc)z (2 mol %)

PPh3 K2CO3
MeOH, reflux

air,24 h
52%

Ref. 12

Scheme 2. Effect of Steric Hindrance
in Aryltrifluoroborate Coupling Reactions.

eq5

eq 6

eq7

eq 8
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AorB

ArBF3K + HetArBr K,CO3, ROH Ar—HetAr
reflux, air
Ar HetAr Cond.? Time Yield
Ph pyridin-2-yl A 5h  70%
Ph pyridin-3-yl AP 2h  90%
Ph pyrimidin-5-y AP 5h 92%
Ph 2-acetylthien-5-yl A 0.8h 93%
Ph 2-carboxyfuran-5-yl  A¢ 6h 67%
1-naphthyl thien-2-yl B 13h 83%
1-naphthyl thien-3-yl B 13h 72%
1-naphthyl furan-3-yl B 9h 68%
1-naphthyl thiazol-2-yl B 13h 80%
1-naphthyl pyrazin-2-yl Bd 9h 85%

@ Conditions A: Pd(OAc), (0.5-1.0 mol %), MeOH;
conditions B: PdCl,(dppf)*CHxCl, (1-2 mol %),
Et3N, EtOH. ? Pd(OAc), (1.0 mol %). °H,0, 65 °C.
9 HetArCl.

Ref. 12

BF5~ R'
¥
N N(-Bua Pd(OAC)z, dppb
+
Y% Cs,CO3
‘ DME-H,0 (1:1)
50°C, 24 h =z
R R' Yield R/
4-Ac  4-OHC 75%
3-Cl 4-Ac 92%
Ref. 13
BFgK HetAr
AorB
(/ \g + HetArBr ﬂ4> // \;
S reflux, air s
HetAr Cond.2 Time Yield
pyridin-2-yl A 15h 60%
pyridin-3-yl A 7h 68%
thiazol-2-yl B 14h 67%
thien-2-yl B 13h 63%
2-carboxyfuran-5-yl g 10h?  70%
pyrazin-2-yl B 12 hbe 83%
pyrimidin-5-yl B 18h 75%
indol-7-yl B 10h 77%

2 Conditions A: Pd(OAc)z (0.5-1 mol %), KoCOs3,
MeOH; conditions B: PdCly(dppf)*CH,Cly

(0.5-2 mol %), NEts, EtOH. ? K,COg used
instead of EtzN. ©HetArCl.

Ref. 12

PdCly(dppf)*CH.Cly
_—

4-O,NCeHs  Br
4-O,NCgH; OTf
4-AcCgH,  Br

Ref. 22

CgHiza A~ + Ar-X CgHiza
BFaK +BUNH, Ar
-PrOH-H,0 (2:1)
reflux, 2-6 h
Ar X Yield
4-MeOCgHy4 | 60%

71%
76%
69%

eq9

eq 10

eq 11

eq 12

octen-1-yltrifluoroborate reacts readily with 4-bromoacetophenone
to give the coupling product in 87% yield."

The cross-coupling reaction of alkenyltrifluoroborates has been
extended to heteroaryl bromides (eq 14)** and, as mentioned above,
cross-coupling reactions using potassium vinyltrifluoroborate are
particularly important (eq 15).% In contrast to its boronic acid
and boronate ester counterparts, potassium vinyltrifluoroborate
can be prepared in large quantities and stored indefinitely.?

Cross-coupling of alkenyltrifluoroborates with alkenyl halides
results in the preparation of conjugated dienes which are important
synthetic units. Conjugated dienes are present in many biologically
active compounds, and serve as starting materials in the highly
useful Diels—Alder reaction. Although many other methods of
synthesis of conjugated dienes are available, these have many
limitations. The Kumada®® and Negishi** coupling reactions
sometimes provide low chemoselectivities and yields, and often
create operational difficulties as well. For example, both are air-
sensitive and the starting materials are usually prepared in situ.
The tin reagents utilized in the Stille coupling are toxic, and the
tin-containing byproducts formed in the coupling are difficult to
remove. Some of the limitations of alkenylboronic acid derivatives
have been mentioned above. Additionally, the added requirement
of having to use excess amounts of toxic thallium bases to achieve
efficiency in cross-coupling reactions of alkenylboronic acids
and alkenylboronate esters with alkenyl halides further limits the
usefulness of these organoboron reagents.?

The Suzuki-type reactions of alkenyltrifluoroborates with
alkenyl halides were performed using optimized conditions
[Pd(OAc),, 2 PPh,, Cs,CO5, THF-H,O] (eq 16).2° The system
was sensitive to air and thus inert atmosphere conditions were
required. Initial studies revealed that the process is completely
stereospecific. Thus, the reaction of (£)- and (£)-4-phenyl-1-
buten-1-yltrifluoroborate with (E)- and (Z)-1-bromo-5-chloro-
1-pentene resulted in the synthesis of the four possible isomers
in a stereodefined manner (>99%). Interestingly, the reaction
was not susceptible to steric hindrance within the halide partner.
Highly substituted alkenyl bromides afforded the dienes in
high yields. Additionally, many functional groups (e.g., formyl
and cyano) were tolerated.?® In particular, the reaction with 2-
bromo-3-methyl-2-cyclopenten-1-one was of interest, because
a-bromoenones were previously found to be unreactive under
other coupling conditions.?’

The trifluoroborate counterpart was similarly versatile with
regard to steric and functional-group tolerance (eq 17).26 A
special case is the reaction of the trifluoroborate bearing a methyl
ester with 3-bromo-3-buten-1-ol. Under the reaction conditions
developed, hydrolysis of the ester and/or transesterification might
be expected, but neither was observed. This has been attributed to
the use of a heterogeneous base.?

The synthesis of diene functionalities incorporated within
many natural products often involves the use of various silyl
protecting groups along the way. Therefore, the compatibility of
the silyl protecting group with organotrifluoroborates, an obvious
source of fluoride, was also evaluated (eq 18).2° Somewhat
surprisingly, dienes were obtained in high yields with the silyl
ether groups surviving the reaction conditions intact.?

3.5. Alkynyltrifluoroborates

The reaction of potassium alkynyltrifluoroborates with aryl
halides and triflates complements the usual Sonogashira coupling
reaction.? Other organoboron compounds have been used in
similar coupling reactions, but many limitations are associated
with their use.3-*2 Genét was the first to attempt the cross-coupling



of potassium alkynyltrifluoroborates with arenediazonium salts.”
However, the major reaction pathway in this case was simple
reduction of the diazonium salts.

Subsequently, a successful protocol for the Suzuki cross-
coupling of potassium alkynyltrifluoroborates with the more
accessible aryl halides and triflates was developed. Thus, the cross-
coupling reaction of potassium 1-hexyn-1-yltrifluoroborate, using
PdCl,(dppf)*CH,CIl, as the catalyst, with various aryl bromides
proceeded in good yields (eq 19).>* Surprisingly, alcohols and
carboxylic acids were tolerated in the reaction, even though, in
principle, protodeboronation of the alkynyltrifluoroborate with
these functional groups is a distinct possibility.>!%3* Heteroaryl
bromides were also effective coupling partners.

The reaction was expanded to the use of aryl triflates.33 Moderate-
to-excellent yields were obtained with both electron-deficient and
electron-rich triflates. In addition, a number of diversely substituted
alkynyltrifluoroborates were also evaluated (eq 20).* Satisfactory-to-
excellent yields were observed, even in the presence of silyl ethers,
which are normally quite labile in the presence of fluoride ions.

3.6. Synthetic Application

The first application of organotrifluoroborates in natural product
synthesis was demonstrated in the formal total synthesis of
oximidine II.>* Oximidines are natural products with a diverse
biological activity.’® The challenge in these targets was the
construction of the highly strained macrolide. The key step in this
synthesis was the macrocyclization of an alkenyltrifluoroborate to
accomplish the formation of the 12-membered ring (Scheme 3).3
The reaction was performed under previously developed Suzuki-
type reaction conditions as discussed above. This approach
afforded several advantages over traditional macrolactonization
reactions that had been attempted previously, and its success was
due to the ease of access of the trifluoroborate functionality via the
Snieckus hydroboration®” and the inherent stability of the resulting
boron derivative.

4. Oxidation Reactions

Organoboron compounds are generally incompatible with
oxidants, which readily cleave the labile carbon—boron bond.?*
Organotrifluoroborates can be utilized to overcome this limitation.
The first indication of this unexpected stability was the oxidation of
thioether 1 to sulfone 2 using m-CPBA (eq 21).* Both the oxidative
strength of the peracid and the acidity of the resulting carboxylic
acid byproduct were well tolerated in this process.

4.1. Epoxidation
Organotrifluoroborates have been epoxidized using
dimethyldioxirane (eq 22).* The scope of the reaction was
demonstrated by the use of a variety of alkenes bearing the
trifluoroborate unit. The remarkable stability of the product as
compared with the highly reactive oxiranyl anions was attributed
to two factors: (i) o-elimination was inhibited by the covalent
nature of the carbon—boron bond, and (ii) the strength of the boron—
fluorine bond prevents hydrolysis of the boron species and provides
resistance also to oxidation and a-transfer reactions.?2¢:4041
Epoxytrifluoroborates are promising substrates in Suzuki-
type reactions. The reaction conditions for the coupling can be
manipulated to achieve preservation of the oxirane ring or its
opening (Scheme 4).%°

4.2. Ozonolysis
Ozonolysis of organotrifluoroborates has also been a part of
ongoing studies of the oxidation of these substrates. These studies

Br
R' R®
+
R? BF3K
CN
Ph
\=\ + HetArBr
BF3K

ZPOBFK + AX

Ph(CH,),CH=CHBF3K

PACla(dppf)*CH.Cl,  R!  R®
—_— —
+BuNH, 2
FPrOH-H,0 (2:1)
reflux, 57 h
R! R2  R® Yield
H H H 76%2
H H Me 70%
H Ph H 86%

87%
52%
70%

mCgHy; H H
Cl(CH)s H H
Et H Et

Pd(OAc),, 2 PPh;
—_—

2 Et3N used as base.

Ref. 22

PdCly(dppf)*CH,Cl, Ph\_
—_—

+BuNH, HetA
PrOH-H,0 (2:1) A
reflux, 3-9 h
HetAr Yield
thien-3-yl 80%
2-acylthien-5-yl  91%
thiazol-2-yI? 83%
pyridin-2-y| 70%
pyrimidin-5-yl ~ 73%
indol-7-yl 70%
a
Ref. 22 EtgN used as base.

PdCly(dppf)*CH,Cly
(2 mol %) A
A
EtN, n-PrOH Ar
reflux, 3 h
Ar X Yield

64%
65%
62%
75%
60%

4-methoxyphenyl  OTf
2-formylphenyl Br
3-nitropyridin-2-yl  Cl
1-naphthyl Br
2-acylthien-5-yl Br

Ref. 21

cis or trans Cs,CO3
+ THF-H,0
CI(CH)3CH=CHBr reflux, 2-4 h
cis or trans C4-C5 C6-C7 Yield
cis cis 86%
cis trans  88%
trans cis 85%
Ref. 26 trans  trans 86%
Pd(OAC),
H) (BFSK J\/\ PPhs H
LA
R’ R BN OH  cs,co; R OH
THF-H,0 R
reflux, 2—4 h
R' R"  Yield
Et Et 66%
Cl(CHz)s H 72%
NC(CHp), H  80%
o
Ret. 26 MeO2C(CHz)3 H  70%

eq 13

eq 14

eq 15

Ph(CHz)sCH=CHCH=CH(CHy)sC!
6 4

eq 16

eq 17
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>
]
IS
[}
< m-CPBA
Y Pd(OAC PhS” ™" BF,K — = Ph0,5” " BFK
(OAc), H 3
s H  BFsK J\A 2 PPhg CHoClo, 1,1 h
= =—( _— N 1 2
S *pr OR ~ Cs,CO. Ph(CHy)s OR 9
§ Ph(CHy)2 H THF{HZ% M Ref. 39 70%
S heat, 1.5-2 h eq 21
5 R Yield
= H 79%
S TIPS 85%
= TBDMS  80%
o
u% Ref. 26 _TES  80% r2
» Rl O-0 acetone
5 eq 18 \HH\BFSK * N Troan n,02-1h P\BFSK
8 - -
<) R' R? Yield
S -
= n-CgHiz H 85%
IS PdClo(dppf)*CHCly 8hi17
§ (9 mol %) Ph?  H 70%
& n-Bu BF3K + ArBr - n-Bu—=—Ar CICH, H 71%
= Cs,CO3 (3 equiv) H Me 80%
o THF-H,0 (20:1) - Ve ="
reflux, 12 h Ref. 39 @At-78°C.
Ar Yield
eq 22
4-MeoNCgH, 61%
4-HOCH,CgH,4 76%
1,3-benzodioxol-5-y1?  75%
4-HO,CCgHy 73%
2-OHCCgH4? 89%
4-NCCgH, 98%
indol-7-y1@ 97%
2-acetylthien-5-yl? ~ 88% 0-0 t
thiazol-2-yl 78% NN acetone Q.
- z BFsK + )& 4>rt,1h |>\/\BF3K
Ref. 33 In anhydrous THF. 70%
eq 19 PdCly(dppf)*CHoCla  HO
Cs,CO;3 (3 equiv)
>
o THF-H,0 (10:1) HO CN
I~ reflux, 8 h
BF3K 74%
. —
PdClo(dppf)*CHoClp BFGCN PdCly(dppf)*CHzCl,
(9 mol %) @ Cs,CO3 (3 equiv) o
R BFK + R—== CN
° Cs,C0;5 (3 equiv) — THF-H,0 (40:1) CN
THF-H,0 (20:1) reflux, 3 d
CN reflux, 12 h R Yield Ref. 39 80%
n-CgHi7 91%
3-CI(CHp)3 85%
Ph(CHa)2 92%
H,C=C(Me) 87%
TBDMSO(CHy), 88%
Ref. 33 ™S 60% Scheme 4. Reaction Conditions for the Retention
and Opening of the Oxirane Ring in the Suzuki-Type
eq 20 Cross-Coupling Reaction.

x
TBDMSO O 2BH
o OMOM __ THF,0°C,05h °C,0.5h OMOM o
« 2 CHO (), 16h /\/J\ 1:Os, CHCly, -78°C A
AN ) 3. KHF,, acetone, (n-Bu)4NF3B 2. Zn, HOAc (n-Bu)4NF3B (0]

Br  MeCN,H,0,1t,4h BFBK Br 91%
100% (crude) =z CHO
Pd(PPhg), (10 mol %) 1. O3, CHyClp, ~78 °C
Cs,CO03 (5 equiv) R ———
THF-H,0 (10:1) 2. Zn, HOAc
reflux, 20 h
BF3N(n-Bu), BF3N(n-Bu),
< Ref. 42 92%
= OMOM
U
< - .
©l.,
.! 8 Ref. 35 42% overall
E o~
.
= g Scheme 5. The Compatibility of Trifluoroborates
Lz Scheme 3. Formal Total Synthesis of Oximidine II. with Ozonolysis Conditions.
=|%
3|5
<8
>




have shown that potassium trifluoroborates are stable to strong
oxidative conditions. For example, the oxidation of the alkene
functionality in unsaturated alkyl- or aryltrifluoroborates has
been accomplished by bubbling ozone through an acetone—water
or acetone—dichloromethane solution. The resulting ozonides
were reduced using either dimethyl sulfide or zinc in acetic acid
to provide the expected carbonyl groups, while preserving the
trifluoroborate unit.*> Ozonolysis of the carbon—carbon double
bonds in unsaturated tetrabutylammonium trifluoroborates takes
place just as readily and produces the corresponding aldehydes
and ketones in excellent yields (Scheme 5).#

5. Conclusions

Organotrifluoroborates are a unique class of organoboron
compounds that have emerged as promising synthetic
reagents. Their easy access and inherent stability has led to the
accomplishment of diverse and challenging Suzuki-Miyaura-type
reactions. Their remarkable behavior toward oxidative conditions
has resulted in the development of unprecedented epoxidation and
ozonolysis reactions. Therefore, organotrifluoroborates are able
to overcome many limitations associated with the use of boronic
acids or boronate esters, thereby expanding the role of organoboron
compounds in selective organic synthesis.
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New Trifluoroborate Salts for Suzuki Coupling

from Aldrich R&D

Potassium vinyltrifluoroborate, 95%

65,522-8 er

[,
Q«aQa

Potassium 5-methyl-2-thiophenetrifluoroborate

65,494-9 /@\BF ) ; g
3

S

Potassium 4-tert-butylphenyltrifluoroborate, 95%

65,472-8 BFsK 19
NS 00

Potassium 2-methoxyphenyltrifluoroborate
65,493-0 @BFaK

OMe
Potassium 2-naphthalenetrifluoroborate

65,701-8 BRK 1g
59

Potassium 2,4-difluorophenyltrifluoroborate

65,699-2 F 19
/©/BF3K 59
.

(S,
Q Q

Trifluoroborates are air-stable alternatives to boronic acids in palladium-catalyzed Suzuki-Miyaura cross-coupling reactions.'?
They are more robust, easier to handle, and less prone to protodeboronation.! They display a remarkably uniform behavior.?

(1) Molander, G. A.; Biolatto, B. J. Org. Chem. 2003, 68, 4302. (2) Molander, G. A. et al. J. Org. Chem. 2003, 68, 5534.

For additional information, please contact cdavis1@sial.com.
For competitive quotes on larger quantities, contact safcglobal.com.
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Tel.: 1-800-227-4563 (USA) or 414-438-3850
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PRECISION SEAL® SEPTA

Exceptional Fit, Feel, and Performance

ALDRICH, the leader in air-sensitive chemistry, announces the first complete family of
rubber septa that are engineered for a precision fit in standard taper glassware joints and
tubes. Precision Seal® septa are manufactured under “White Room” conditions, from one
certified raw material formulation for absolute lot-to-lot consistency in all sizes.

Precision Seal is a registered trademark of Sigma-Aldrich Biotechnology, L.P.

___White Rubber  Red Rubber
For Use With: Cat. No. Cat. No.

7-mm o.d. glass 'WS,BQO-S Z55,402-2
8-mm o.d. glass tubing 255,391-3 Z55,403-0
10-mm o.d. glass tubing Z55,392-1 255,404-9
13-mmi.d. tubing 255,394-8 Z55,405-7
'$10/30 joints Jl i Z55,395-6 Z55,406-5
$14/20 joints ~ 255,396-4 Z55,407-3
$19/22 joints 755,397-2 255,408-1
$24/40 joints Z55,398-0 Z55,410-3
$29/42 joints Z55,399-9 Z55,411-1
Mixed set (145 each) Z55,400-6 Z255,413-8
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More New Products from Aldrich R&D

Organic Reagents and Building Blocks

3-(Boc-aminomethyl)piperidine, 95%
65,389-6 1g

.Boc
Ci1H;,N,0, O/\” 109
N

H

3-(Boc-amino)pyridine, 97 %

65,550-3 " 1g
C10H14N202

Methyl 3-(4-morpholino)benzoate, 97 %

65,470-1 o 19
C12H15NO3 OMe 5 g
(o} N
v

Methyl 4-(cyanomethyl)benzoate, 96%

65,559-7 59
C,oHgNO, CN  25¢g
MeO.

o
2,3,5,6-Tetramethylbenzoic acid
56,501-6 59

Oy _OH
CHHMOZ

Dibenzofuran-4-carboxylic acid, 97%

56,283-1 o 19
C5Hs0s OH
O.

OO

| sigma-aldrich.com ‘

2,3,5,6-Tetramethylbenzaldehyde

56,500-8

59
CHO
Cy4H140

4-(4-Fluorophenyl)benzonitrile, 97 %
64,992-9 19

N-Methyl-4-trifluoromethylaniline, 97%
63,105-1 " 19

CgHgFsN /©/N\ 59
FoC

3,6-Dibromo-2-fluorobenzaldehyde

65,239-3 . 19

C,H4Br,FO Br\©iCHo 59
Br

4-Bromophenethyl bromide, 96 %
65,198-2 19

CgHgBr, /@/\/Br 10g
Br

2,4-Dichlorophenethyl bromide, 96%

65,382-9 o 1g

CgH;BrCl, /@/\/B 59
r
Cl

LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE
ALDRICH * BOX 355 » MILWAUKEE * WISCONSIN * USA

2-Chlorophenethyl bromide, 97 %

65,501-5

CaHeBrC| ¢l

g
Br >9

2-Methoxyphenethyl bromide, 97%
65,503-1 OMe 19

CgH,BrO Br 59

3-Methoxyphenethyl bromide, 97%
65,533-3 g

CoH,/BrO Meo\©/vs' 59

4-Methoxyphenethyl bromide, 97 %
65,515-5 1g

CoH,1BrO /@NB’ 5q
MeO

4-Hydroxyphenethyl bromide, 96%
65,202-4 19

CeHoBrO /©/\/B’ 10g
HO

3,4-Dimethoxyphenethyl bromide, 97%
65,367-5 19

C,cHi5BrO, MeOD/\/Br 5g
MeO

). ALDRICH’
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Boronic Acids and Esters

2-(5-Methylthien-2-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane, 95%

65,507-4 0 . 9
S \ Z y
O

Cy41H;BO,S

5-Methyl-2-thiopheneboronic acid
51,219-2

i Tg
CoH,B0,5 /Q\B’OH 59

T
OH

2-Fluoro-3-formylphenylboronic acid

64,578-8 HO. ;. OH 1g
C,HeBFO, . 59
CHO

3-Benzyloxy-2,6-difluorophenylboronic acid

63,570-7

HO._.OH g
CBHHBFZOS

B 59
Fu t F
O,Bn
6-Bromo-2,3-difluorophenylboronic acid
63,577-4 HO. _.OH 19

C4H.BBIF,0, o B . 5g
F

3-Bromo-5-fluoro-2-methoxyphenylboronic acid
64,517-6 HO. 5 -OH 19

C,H,BBIFO, oo 59
Br F

4,5-Difluoro-2-methoxyphenylboronic acid
64,518-4 HO. . -OH 1g

C,H,BF,0; oo 5g
F
F

5-Chloro-2-propoxyphenylboronic acid
64,519-2 HO._OH 19

CoHy,BClO, o B 5g
P’ \©\
Cl

2-Fluoro-5-isopropoxyphenylboronic acid
64,520-6 HO. -OH 19

CgH,,BFO; . 59
Aoﬂi

5-Butoxy-2-fluorophenylboronic acid

64,523-0 HO.__OH 1g
CioH14BFO, 8 59

J@ F
n-Bu\O

2-Bromo-4,5-difluorophenylboronic acid
64,528-1 HO. 5-OH 19

C4HBBIF,0, B 5g
F/©/
F

3-Bromo-5-methylphenylboronic acid
64,531-1 HO.5-OH 19

C,H4BBrO, 59
Br

3-Formyl-5-methylphenylboronic acid

64,533-8
C4HyBO,

HO.5-OH 19
/©\CHO

3-Bromo-5-fluorophenylboronic acid
64,534-6 HO._.OH 19

CHsBBIFO, B 109
F Br

2-Bromo-3-ethoxy-6-fluorophenylboronic acid
64,571-0 HO. g -OH 19

CsHoBBIFO, . o 5g
o™

2-Bromo-6-fluoro-3-propoxyphenylboronic acid
64,572-9 HO.  OH 19

CoH,,BBIFO, i . 59
N t r
O,Pr

3-Isobutoxyphenylboronic acid

64,573-7 HO. . .OH 1g
CioH15BOs l 59

o/ﬁ/
2-Isobutoxyphenylboronic acid
64,574-5 HO._OH 19
CWOHWSBOE

G

3,5-Diformyl-2-fluorophenylboronic acid
64,579-6 HO. _.OH 19

C4HeBFO, g 5g
OHC CHO

4,5-Difluoro-2-ethoxyphenylboronic acid

65,094-3 HO. 5 OH 19
C4HyBF,0, o 5g
F
F

2,6-Difluoro-3-ethoxyphenylboronic acid
65,095-1 HO.5-OH 29

C4HoBF,05 F . 10g
o™

2-Isopropoxy-6-methoxyphenylboronic acid
65,097-8 HO. 5 -OH 29

CyoH:5B0, oo O\|/ 109

2,4-Dibutoxyphenylboronic acid

65,099-4 HO\B,OH 19
C14"'23804 o. 5 g
[ j Bu"
o‘Bu”

3,6-Dibromo-2-fluorophenylboronic acid

65,108-7

HO.__OH 29
CH4BBI,FO, B

109
"X
Br

5-Bromo-3-ethoxyphenylboronic acid

65,119-2 HO. . -OH 1g

CgH,,BBrO; 59
Br o™

3-(4’-Heptyloxyphenoxymethyl)phenyl-
boronic acid

65,121-4

CooHyBO, H.\ﬂ

g

HO_ o 5¢9
B-OH

O—O—O :<

2-Isobutoxy-5-methylphenylboronic acid

65,123-0

HO. -OH 29
C11H17BO3

oL 109

3-Acetyl-2-fluorophenylboronic acid

65,124-9 HO. 5 OH 29
C4HzBFO, . 109
[¢]

To view more new products, visit sigma-aldrich.com/newprod.
For competitive quotes on larger quantities, please contact safcglobal.com.



Lithium Aminoborohydride (LAB) Reagents

Powerful, Air-Stable, and Selective Reducing Agents

OH

N

RIS OH

NH, J\

R1

R? R2

1 R2_
R'O R2 RL,R"=
R', R? = alkyl, aryl H, alkyl, aryl

(0]
j)i/\ R1JJ\/\R2 O 1" NR
1 2 R 2
R R R',R2=alkyl, aryl
Lol 3 >
' ~
R1 NRZ R1JJ\NR|2 N F
hindered .
LAB unhindered
LAB
R1/\NR'2 | X
( >
OH N~ "NRy
R1J

Sigma-AIdrich is pleased to offer a number of lithium Lithium dimethylaminoborohydride solution, 1 M in THF
aminoborohydrides (LAB), which are readily applied 65,823-5 25 L
to a range of reductions and aminations." LABs are highly C,HoBLIN LiBH;NMe, 100 mL
reactive yet air-stable reagents, and liberate hydrogen FW 64.85

only slowly in protic solvents above pH 4. Developed in

the laboratory of Professor Bakthan Singaram at the Lithium morpholinoborohydride solution, 1 M in THF
University of California, Santa Cruz, these new reagents 65,830-8 25 mL
are an attractive and safer alternative to LiAIH, due to C,HyBLINO  LiBHsNR, (NR, = 4-morpholino) 100 mL
their selectivity, ease of handling, and simple workup FW106.89
procedures.’

Lithium pyrrolidinoborohydride solution, 1 M in THF
(1) For a broader coverage of these topics, please see the review 65,824-3 25 mL
that starts on the facing page: Pasumansky, L.; Singaram, B.; C,H,;BLIN LiBHsNR, (NR, = 1-pyrrolidino) 100 mL
Goralski, C. T. Aldrichimica Acta 2005, 38, 61. FW 90.89

For additional information about these LABs or others that will be available soon,
please contact our Technical Services department at 800-231-8327 (USA) or at aldrich@sial.com.

For inquiries about larger quantities, please contact us at safcglobal.com or 800-244-1173 (USA).

®
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1. Introduction

Lithium aminoborohydrides (LABs) are a new class of powerful,
selective, and air-stable reducing agents. LABs can be prepared
as solids or 1-2 M THEF solutions, or can be generated in situ for
immediate use.! Since LABs can be synthesized from any primary
or secondary amine, the steric and electronic environments of
these reagents can be easily controlled. Solid LAB reagents can

Lubov Pasumansky and Bakthan Singaram*
Department of Chemistry and Biochemistry
University of California, Santa Cruz

1156 High Street

Santa Cruz, CA 95064, USA

Email: singaram@chemistry.ucsc.edu

Christian T. Goralski
CTG Consulting, LLC
Midland, MI 48642, USA

be used in dry air as easily as sodium borohydride, and they
maintain their chemical reactivity for at least 6 months when
stored at 25 °C under nitrogen or dry air. THF solutions of LABs
retain their chemical reactivity for at least 9 months when stored
at 25 °C under nitrogen. LABs are capable of reducing a variety
of functional groups (Scheme 1), and their use as reducing
agents has been the subject of several reviews.? The present
survey covers relevant research that has been published in the
past five years.

2. Reduction of N-Alkyllactams and Amides

N-Alkyllactams are reduced with 1.5 equivalents of LIBH;NMe,
in THF at 65 °C in 2 hours, affording the corresponding cyclic
amines in good-to-excellent yields (eq 1).> The method is general
for both five- and six-membered N-alkyllactams. LAB reagents
can perform a reagent-controlled reduction of amides to give
either the corresponding alkanols or aminoalkanes. It is believed
that, in sterically less demanding LABs, the boron moiety
complexes the N-atom of the amide, making it a better leaving

VOL. 38, NO. 2 » 2005
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OH OH

R NH, RwJ\Rz

R',R?=

H, alkyl,
R', R? = alkyl, aryl » alkyl, aryl

o
j"i/\ R‘J\%\RZ
R! R

2
R',R? = alkyl, aryl

A NR’ ﬂ\

R‘
unhindered
LAB

H1
hindered
LAB

NR’

R" 'NR

R'-CHj,
OH
R1
Ref. 1d

Scheme 1. Summary of the Reduction Reactions of LABs.
o)

s Cen
n n
a @(l n R Yield
N"Yo

LiBH3NMe; (1.5 equiv)
—_—
THF, 65 °C, 2 h

. 1 Bn 86%
CHs 1 Cy 80%
1 1-octyl  89%
b (0} 1 1-dodecyl 96%
a0, L
NYo P - 75%
A - @ @ -
CHs
Ref. 3 eq1
O LiBHsNMe; OH
or LiBH3N(i-Pr)o
N-Ph CN—Ph + | HN=Ph
THF, 25°C, 2 h
2 : 1
| —
Ref. 3 95% eq 2
WOMS LiBH3N(i-Pr), (2.5 equiv) @/\/
THF, 25°C,0.5h
80%
Ref. 4 eq3
1. LIBH3NRy, THF
OMs 25°C,0.5h NR,
B —
2.3 M HCI, MeOH
NR2 Yield
NMe; 92%
NEt, 75%
1-pyrrolidino  94%
4-morpholino  87%
Ref 4 1-homopiperidino 99% eq 4
1. BEt3 (20 mol %)
ROMs RH
2. LiBH3NMe; (1.5 equiv)
THF, 65 °C
R Time  Yield
Ph(CHp); 0.25h  94%
cyclohexyl 4h 95%
Ref. 4 eq5

group. This leads to an aldehyde, which is reduced further to the
primary alcohol. In the case of sterically more demanding LABs,
an imine is formed as an intermediate, which is then reduced to
the aminoalkane. For example, 1-pyrrolidinooctanamide can be
reduced either to 1-octanol (71%) with LiBH;(1-pyrrolidino) or 1-
pyrrolidinooctane (95%) with the sterically bulky LiBH;N(i-Pr), '
Based on these observations, it was thought that lactams might
behave similarly and lead to the corresponding cyclic amines
or ring-opened amino alcohols. Unfortunately, only 1-phenyl-
2-pyrrolidinone gave any ring-opened product with either
LiBH,;NMe, or LiBH;N(i-Pr), (eq 2).}

3. Reduction of Primary Alkyl Sulfonates to
Hydrocarbons

Primary alkyl sulfonates undergo facile reduction to the
corresponding hydrocarbons with sterically hindered LABs
(eq 3).* Unfortunately, a sterically hindered LAB reagent will
not reduce secondary alkyl sulfonates, which are recovered
unchanged even after prolonged exposure at reflux temperature.
For example, cyclohexyl methanesulfonate was completely
recovered after treatment with 2.5 equivalents of LiBH;N(i-Pr),
in THF at 65 °C for 5 days.*

4. Conversion of Primary Alkyl Methanesulfonates
to Amines

In contrast to the result shown in equation 3, when primary alkyl
methanesulfonates were treated with sterically unhindered LAB
reagents at 0 °C or 25 °C, no reduction products were formed.
Instead, the corresponding tertiary amines were observed by
GC analysis. Unexpectedly, under the reaction conditions,
LABs behave exclusively as amine-transfer agents. For example,
when treated with a variety of LAB reagents, 3-phenylpropyl
methanesulfonate provides tertiary amines in excellent yields
after an acidic methanolic workup (eq 4).*

The reduction of alkyl methanesulfonates with unhindered
LAB reagents is possible, however, in the presence of Et;B. Under
these reaction conditions, LiBHEt, is generated in situ. Using 1.5
equiv of LiBH;NMe, and 20 mol % of Et;B, the reduction of both
primary and secondary alkyl mesylates is accomplished in very
high yields (eq 5).*

5. Tandem Amination-Reduction Reactions

The reaction of LABs with benzonitriles containing ring halogens
has provided some very interesting results. Treatment of 2-
chlorobenzonitrile with LiBH;NMe, in refluxing THF afforded
a 90% isolated yield of a 70:30 mixture of 2-(dimethylamino)-
benzylamine (the product of nucleophilic aromatic substitution
of the chlorine by the dimethylamino group—another example
of nitrogen transfer—followed by reduction of the cyano
group) and 2-chlorobenzylamine (Scheme 2).>¢ Reaction of 2-
chlorobenzonitrile with lithium pyrrolidinoborohydride under
similar conditions gave analogous results: a 70:30 mixture of 2-
(pyrrolidino)benzylamine and 2-chlorobenzylamine. Treatment
of 2-chlorobenzonitrile with pyrrolidine under similar conditions
gave only recovered starting material.

The tandem amination—reduction was further studied with other
halogenated benzonitriles. Reaction of 2-bromobenzonitrile with
lithium dimethylaminoborohydride gave 2-bromobenzylamine as
the major product and the tandem amination—reduction product as
the minor product (Scheme 3).° This is not surprising in light of
the known order of reactivity of aryl halides in SyAr substitution
reactions, with the bromo being the least reactive and the fluoro
the most reactive.



Treatment of 2- and 4-fluorobenzonitriles with lithium
pyrrolidinoborohydride in THF at reflux afforded 84%
and 89% yields, respectively, of the corresponding
pyrrolidinobenzylamines—the tandem amination-reduction
products (Scheme 4).° The reaction of 2-fluorobenzonitrile with
various lithium N,N-dialkylaminoborohydrides is fairly general
and gives the corresponding 2-(N,N-dialkylamino)benzylamines in
very good yields (eq 6).° Thus, a wide variety of amines, from the
very nucleophilic, such as pyrrolidine, to the less nucleophilic, such
as morpholine, undergo N-substitution with 2-fluorobenzonitriles
via LAB reagents.>¢

6. Synthesis of 2-(Dialkylamino)pyridines
Aminopyridines are attractive synthetic targets, since many
are biologically active molecules. For example, several
aminopyridine-based pharmaceuticals are used to treat a range of
disorders.”**In addition, and because of their chelating properties,
aminopyridines are commonly used as ligands in inorganic and
organometallic chemistry.”¢ Aminopyridines substituted with
optically active groups could also serve as chiral auxiliaries or
chiral ligands in asymmetric reactions.

We have extended the amination capabilities of LABs to 2-
fluoropyridine. The direct amination of 2-fluoropyridine with
LABs was first attempted to determine if an amination reaction
analogous to that of 2-fluorobenzonitrile was indeed possible.
The same reaction conditions that had been optimized for the
amination of 2-fluorobenzonitrile were employed. Upon addition
of 2-fluoropyridine to a THF solution of LiBH;NMe,, the colorless
solution turned deep red in color. Meisenheimer complexes, the
anionic intermediates formed during an SyAr reaction, are known
to form highly colored solutions. In fact, a similar deep-red color
change in the SyAr reactions of LABs with 2-halobenzonitriles
had been observed. Gratifyingly, 2-(dimethylamino)pyridine was
isolated in 59% yield. After these initial findings, attempts were
made to optimize the reaction conditions. We discovered that
elevated reaction temperatures were unnecessary and only 1.1 equiv
of LAB reagent was required for the desired transformation.
When 2-fluoropyridine was reacted at room temperature with
1.1 equiv of lithium homopiperidinoborohydride in THF for
1 h, 2-(homopiperidino)pyridine was isolated in 97% yield
after employing the modified workup procedure. The products
of the reaction of various LAB reagents with 2-fluoropyridine
are shown in equation 7.® The optically active LAB reagent
prepared from (S)-(+)-2-methylpiperidine gave the lowest yield
(60%), presumably as a result of increased steric requirements.
2-Chloropyridine reacted similarly with LiBH;NMe, (THF, 65 °C,
1 h) and led to 2-dimethylaminopyridine in 87% yield.®

It is important to note that when 2-fluoropyridine is heated
with a free amine such as homopiperidine at reflux temperature,
the substrate remains intact even after an extended period of time.
Other amines, specifically, sterically hindered lithium amides such
as LDA, do not promote the amination of 2-halopyridines; instead,
these reagents lead to ortho lithiation.’

Our investigations of the possible mechanism of the reaction of
2-fluoropyridine with LABs led us to hypothesize that the pyridine
could be activated by coordination to boron during the reaction.!’
To test this hypothesis, we treated 2-fluoropyridine with BH;*SMe,
to form a 2-fluoropyridine—borane complex. We then reacted the
complex with LiNPr, (formed from dipropylamine and »-BuLi) at
0 °C; 2-dipropylaminopyridine was isolated from this reaction in
50% yield (Scheme 5).1°

This unexpected result led us to investigate the importance of
pre-activating 2-fluoropyridine with BH;. When 2-fluoropyridine

LiBHNR CH,NH, CHNH,
(1.5 equiv) cl NRo
+
THF, 65°C, 12 h
A B
CN Yield
Cl NR;, A:B (A+B)

NMe, 30:70 90%
1-pyrrolidino  30:70 70%

E:NH (2 equiv)

THF,65°C, 2 h

No reaction

Ref. 5a,6

Scheme 2. Tandem Amination-Reduction
of 2-Chlorobenzonitrile.

CHoNH,  CHoNH,

N LiBHsNMe,
Cj/Br (1.5 equiv) Br NMe,
+
THF, 65 °C, 12 h
major minor
%{_/
27%
LiBHsNMe, CHaNH,  CHaNHp CHoNH,
(1.5 equiv)
+ +
THF, 65°C, 12 h
Br Br NMe;

major minor  minor

Ref. 6 30%

Scheme 3. Tandem Amination—-Reduction
of 2- and 4-Bromobenzonitriles.

LiBH3NR; (1.5 equiv)
ACN ————— » Ar'CHyNH,
THF,65°C,2h

Ar Ar' Yield

2-FCeHs 2-RoNCgHs 84%
4-FCgHs 4-RoNCgHs  89%

NR; = 1-pyrrolidino
Ref. 6

Scheme 4. Tandem Amination—-Reduction
of 2- and 4-Fluorobenzonitriles.

CN LiBHaNR, CHoNH,
@/F (1.5 equiv) NR
THF, 65°C,2h
NR2 Yield
NMe, 81%
NEt, 70%

1-pyrrolidino  84%
1-piperidino  94%
4-morpholino  81%
1-homopiperidino 75%

Ref. 6

eq 6

Lubov Pasumansky, Bakthan Singaram, and Christian T. Goralski
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A H3Be*SMe;, THF

LiBH3NR>
(1.1 equiv) a

_—
S
E THF, rt, 1 h N

NR;

NR,

Yield

NMe,

NEt,

NPry
1-pyrrolidino
1-piperidino

4-morpholino
1-homopiperidino
NMeBn
(S)-2-methyl-1-piperidino

85%
76%
75%
81%
99%
83%
97%
95%
60%

Ref. 8

LiNPrs,

THF A

¥
BH,

Ref. 10

LS L
N E 0°C, 1h N“ E 0°C2h Nig

50%

eq?7

Scheme 5. Activation of 2-Fluoropyridine with H;BeSMe,.

a

}Q’r

QL O e

X=Cl, Br

In the gas phase:
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was reacted with lithium pyrrolidide, in the absence of BMS, we
were pleasantly surprised to find that 2-pyrrolidinopyridine was
obtained in 80% yield. To determine the scope of this new amination
method, a series of primary and secondary lithium amides were
reacted with 2-fluoropyridine, which led to the corresponding 2-
aminopyridines in 10-85% yields (eq 8).1° Interestingly, treatment
of 2-chloro- and 2-bromopyridines with lithium amides under the
same conditions led to the opening of the pyridine ring (eq 9)."°

Clearly, the amination of 2-halopyridines with LABs
operates under a different mechanism than the amination of 2-
halopyridines with non-sterically hindered lithium amides. The
reaction of 2-fluoropyridine with both LABs and lithium amides
provides the same amination product. On the other hand, the
reaction of 2-chloro- and 2-bromopyridines with LABs generates
an aminopyridine, while the use of a lithium amide causes the
opening of the pyridine ring.

7. Theoretical Calculations on LABs

Theoretical calculations of the equilibrium geometries and
energies of LABs, carried out by Prattand co-workers, indicate that
LiBH;NMe, exists largely as a hydrogen-bridged dimer in both the
gas phase and as the bis(dimethyl ether) microsolvate (Figure 1)."
More recently, this group utilized Density Functional Theory
(DFT) calculations to determine the effects of ethereal solvents
on the aggregation state of LiBH;NMe,. The calculations suggest
that the dimer might coexist with the monomer in tetrahydrofuran.
More hindered lithium dialkylaminoborohydrides exist primarily
as monomers in ethereal solutions.!? The kinetics (pseudo-first
order in 1-chlorodecane) of the amination of 1-chlorodecane with
LiBH;NMe, (THF, 25 °C) showed no detectable change in reaction
rate with time, suggesting that LiBH;NMe, exists primarily as a
monomer in THF, although the possibility of monomer—dimer
equilibration cannot be ruled out.

8. Conclusions

Lithium aminoborohydrides are a new class of powerful yet
selective reducing agents that reproduce, in air, virtually all of
the transformations for which LiAlH, is now used. The reactivity
of LABs is comparable to that of both LiAlH, and Vitride®. LABs
are air-stable, nonpyrophoric, thermally stable, and liberate
hydrogen only slowly in protic solvents above pH 4. LABs,
whether solid or as THF solutions, retain their chemical activity
for at least 6 months when stored under nitrogen at 25 °C. LABs
can be synthesized from any primary or secondary amine, thus
allowing precise control of the steric and electronic environments
of these reagents.

The spectrum of reactions of lithium aminoborohydrides is
not limited to their reducing properties, since, in several cases
(e.g., reaction with halopyridines), LABs can also transfer their
amine moiety. Both hydride and amine can be transferred in
tandem amination—reduction reactions of halobenzonitriles.

In undergraduate teaching laboratories, transformations that
would seldom be attempted because of the need to use LiAlH, or
borane—such as the reduction of tertiary amides or esters—may
become routine experiments with the use of LABs. For example,
for the past four years, students at the University of California,
Santa Cruz, who have taken the introductory organic chemistry
laboratory class, have employed 1 M THF solutions of LABs
to reduce aliphatic, aromatic, and o,B-unsaturated esters to the
corresponding aliphatic, aromatic, and allylic alcohols, in air, in
70-98% isolated yields without incident or difficulty. Inacademic
research laboratories, the short reaction time, ease of generation
and handling, and simple workup procedure of reductions with



LABs make these new reagents attractive alternatives to LiAIH,
or LiAIHEt, (Super-Hydride®) reductions.
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Introducing science beyond the ordinary

Process Development and Production-Scale Raw Materials in

Returnable Containers

A few of the chemicals that SAFC™ offers in bulk quantities are:

* Allyl Alcohol
e Allyl Chloride
* Chlorosilanes

e Chlorosulfonic Acid
* Dimethyl Sulfate
* Epichlorohydrin

* Solvents, Anhydrous
e Solvents, HPLC-Grade

Packaged under an inert nitrogen atmosphere in
a variety of cylinders and portable tanks in 18- to
1,000-L sizes.

A safe, easy, and cost-effective way to purchase
and transfer high-hazard, air-sensitive, and high-
purity chemicals to your process vessels.

For more information, please call Dan Zagrodnik
at 800-213-1206 (USA) or 414-438-3869.
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(2. ALDRICH®

P.O. Box 14508
St. Louis, MO 63178
USA

SAFC™—where innovative scientists come to find the science they
need to develop innovative products. Organic or biochemical, we
offer integrated solutions throughout the product development
plan, supporting you right through to commercialization.

Applying years of chemistry know-how, process development

and scale-up experience to bring your products to market faster.

No ordinary science here, but science beyond the ordinary.
Be inspired—by SAFC™.

Member of the Sigma-Aldrich Group
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