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Central China Normal University researching catalytic asymmetric reactions
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joined Professor Morris’ group at the University of Toronto in 2003,
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C=N double bonds and the formation of C-C bonds. In 2005, he joined

Kanata Chemical Technologies in Toronto, Canada where he is

currently Manager, Research and Development.

Wenli Jia received his Ph.D. in 2001 from Nankai University, China, under
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Huazhong Normal University in Wuhan, China. After postdoctoral
research appointments at the Hebrew University of Jerusalem with
Professor Eli Breuer and at the University of Ottawa with Professor

Howard Alper, he joined Kanata Chemical Technologies, where he is
currently a Research Scientist.
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Timothy C. Cantrell received his MS in Chemistry from the
University of Idaho in 2007 under Dr. Pamela Shapiro. He joined
GoNano Technologies, Inc. in the spring of 2008 and is serving as the
project lead in Nanospring scale-up and material development. Mr.
Cantrell has 5 years experience coating 1-D nanomaterials. In addition,
he is listed on 3 patents and involved with many paper and technical
presentations through GoNano.

Giancarlo Corti obtained his Ph.D. in Mechanical Engineering from the
University of ldaho where he also completed his postdoctoral appointment prior
to joining GoNano Technologies as Manager of Research and Development.
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fabrication, design and development for micro devices containing nano
components such as Nanosprings and nanowires. He has made several
contributions in the areas of acoustics in fluids, MEMS, NEMS, and biosensors.
Currently Giancarlo is the Vice President of Research and Development and his
present work include the design and development of equipment and procedures ’

for mass production of nanomaterials, mainly silica Nanosprings. In addition, he oversees the
different research programs at GoNano Technologies.

David C. Hyatt received his Ph.D. in Biochemistry from the University of
Arizona where he studied enzyme mechanistic details using X-ray
crystallography. He went on to do postdoctoral work at the Cleveland
Clinic Foundation and later at Washington State University. During this
time he has gained experience in plant natural product biochemistry and
computational modeling of proteins. He has also worked on enzyme
redesign through mutagenesis and maintains an active interest in this
. area. In 2011, David joined GoNano Technologies to lead the effort in
e, /2% L immobilized enzyme technology.

David N. Mcllroy received his Ph.D. in Physics in 1993 from the University
of Rhode Island and postdoc in at the University of Nebraska-Lincoln. He F. . Wy
joined the Department of Physics at the University of Idaho in 1996, where he

is currently the department Chair and the Dyess Faculty Fellow. Professor
Mcllroy started his career over 20 years ago in the field of surface science and
has over ten years of experience in the field of 1-D nanomaterials, such as
nanowires, and most notably, silica Nanosprings that he developed in his .
laboratory. His interests in 1-D materials includes chemical interactions at their V
surfaces, as well as composite 1-D nanostructures consisting of metal
nanoparticle decorated nanowires and nanosprings. In 2007, David co-formed

GoNano Technologies, Inc.

L | M. Grant Norton is Professor of Materials Science and Engineering in
the School of Mechanical and Materials Engineering at Washington
State University and former Associate Dean of Research and Graduate
Programs in the College of Engineering and Architecture. Professor
Norton obtained his Ph.D. in Materials from Imperial College, London
and spent a two-year postdoctoral at Cornell University before joining
the Washington State University faculty in 1991. In 2003 and 2004 he
was an AFOSR Faculty Research Associate at Wright-Patterson Air
Force Base and spent the 1999/2000 academic year as a Visiting
Professor at Oxford University. From 2000 to 2005 Professor Norton
was Chair of Materials Science at Washington State University. He is
author or co-author of about 200 papers in the archival literature, several
book chapters, and two textbooks, one on X-ray diffraction and most
recently Ceramic Materials: Science and Engineering, published by Springer. Professor Norton
serves as Deputy Editor-in-Chief of Journal of Materials Science and is on the Editorial Board of
Journal of Nanotechnology. The National Science Foundation, the Department of Homeland Security,
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Aminodiphosphines: Highly Versatile Ligands for Catalysis

Dino Amoroso*, Kamaluddin Abdur-Rashid, Xuanhua Chen, Rongwei Guo,
Wenli Jia and Shuiming Lu
Kanata Chemical Technologies, Inc., MaRS Centre, South Tower
101 College St., Office 230, Toronto, ON M5G 1L7 Canada

Introduction

A simple and effective strategy for expanding ligand libraries which is often employed is
the elaboration of known ligand designs based on denticity. That is, increasing the number of
coordinating atoms within a given ligand framework while the general compositional and
structural features are retained ultimately affords expanded applications or capabilities in
catalysis. In the case of aminophosphine ligands (Figure 1), one such elaboration of the
denticity is recognised in the development of aminodiphosphine ligands. Here, a second
chelating arm is added to the amine affording a series of tridentate ‘PNP’ ligands. Given the
versatility of the bidentate congeners,’ it is no surprise that such tridentate PNP ligands have
been deployed with high levels of success in a number of catalytic applications ranging from
hydrogenation to amine alkylation. Some recent examples of their application to catalysis are

described herein. NH H
N2 N
RZP RZP/\/ \/\PRz
"aminophosphine" "aminodiphosphine"
Figure 1 General structure of aminophosphine versus aminodiphosphine ligands.

Trimerisation of Ethylene

The use of aminodiphosphine ligands in the oligomerisation of ethylene has resulted in the
development of a highly active and selective system for ethylene trimerisation.? A series of
chromium complexes (Scheme 1) were prepared in high yields and subsequently tested in the
oligomerisation of ethylene. It was determined that, in combination with methylaluminoxane
(MAO), the Cr complexes display exceptional activity and selectivity with appropriate selection
of the substituents on the phosphorus atoms. The highest activity was observed with the ethyl-
substituted catalyst, 2c, where a turnover frequency (TOF) of just less than 70,000 h™ was
measured. In this case, selectivity for hexenes was 94 wt% with a 1-hexene selectivity of 99.1
wt%. Selectivity for trimerisation to linear 1-hexene is of great interest given the use of this
product as a co-monomer in the production of polyethylene. For phenyl-substituted 2a, a
decrease in activity was observed (although selectivity was similar to 2c). In the case of the
bulkier cyclohexyl-substituted catalyst, 2b, a propensity for polymerisation was observed (85.7
wt% polyethylene) rather than oligomerisation or trimerisation. The decreased tendency toward
elimination is likely a result of the increased steric protection afforded by the bulkier ligand.

Scheme 1 Preparation of chromium-PNP pre-catalysts for ethylene oligomerisation.
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Hydrogen Storage

The identification of viable alternative energy sources represents an area of burgeoning
interest. Accordingly, the use and storage of hydrogen for this purpose has likewise become an
intensely studied area. As it pertains to the use of ammonia borane (AB) as a storage medium
for hydrogen, aminodiphosphine ligands and catalysts derived therefrom have been found to be
of particular utility. Several reports have identified catalysts of a related nature (i.e. employing
aminodiphosphine ligands) that can be deployed with a notable degree of success.*®

In the case of ammonia borane dehydrogenation, Blaquiere et al.® reported on the use of
an Ir-based catalyst (3, Figure 2) which displayed modest efficacy at low catalyst loadings.
Interestingly, the authors found that more active catalysts were identified amongst the series of
ruthenium aminophosphine complexes, 4a-c and 5a-b. The latter complexes were found to
yield as much as 2 (molar) equivalents of hydrogen per mole of methylammonia borane (MeAB)
with loadings as low as 0.03 mol%. Reactions carried out at high MeAB concentrations led to
systems with gravimetric hydrogen content of up to 3.6 wt% Ha.

PP
(\ ; R2 CI R2 cl R a:R=Pr
u | /P t
HN—Ir—CI :l R ] brR='Bu
H' | N'& N & N c¢:R=Ph
PPr, 2 2 Ha
3 4a-c 5a-b
P‘Bu2 P'Bu,
| H
—Ir HN—=Ir—CI
CI | cl’
PBu, P'Bu
6 7
Figure 2 Iridium aminodiphosphine and ruthenium aminophosphine complexes for the

dehydrogenation and/or hydrolysis of ammonia borane(s)

In the case of iridium catalysts 6 and 7, these were found to be exceptionally active in the
hydrolysis of ammonia borane (rather than dehydrogenation).” Indeed, catalyst 7 was found to
yield as much as 2.93 equivalents of hydrogen per mole of AB. Notable features of this
particular catalyst/system are that the high performance was obtained in a water/alcohol solvent
mixture and that the catalyst itself showed no degradation or loss of activity after storage at
100°C for 30 days. Catalyst loadings of 0.01 mol% were employed and repeated dosing (10
times) with AB of a single aliquot of catalyst showed consistent performance with no observable
decrease in the volume of hydrogen liberated and a consistent rate throughout. Perhaps most
remarkable was the use of the catalyst in a solid mixture with AB (i.e. no solvent) which when
exposed to water vapour displayed similar levels of performance for hydrogen generation. In
fact, this solid mixture translates to a system with gravimetric hydrogen content of 9.1 wt% far
exceeding DOE targets.

Scheme 2 Interconversion of ruthenium PNP complexes through
hydrogenation/dehydrogenation equilibria.

PPr. PPr. PPr.
" He | o
H~N-Ru-PMe, N-Ru-PMe; =——=  N-Ru-PMe;
Al +Ha H | +Ha H |
P'Pr2 PIPFZ PIPI’Z
8 9 10



The series of ruthenium aminodiphosphine complexes shown in Scheme 2 displayed
interesting behaviour as it pertains to the dehydrogenation/hydrogenation of the PNP ligand
itself.2 The three complexes, 8 — 10, were shown to interconvert according to the scheme based
on the addition/removal of hydrogen. The amido complex, 9, was subsequently used in the
dehydrogenation of ammonia borane and found to yield slightly greater than 1 equivalent of
hydrogen. The dehydrocoupling product (1) was determined to be a typical polymer of the
general type shown. The slightly greater than 1 equivalent of H, was accounted for by the
presence of small amounts of borazine in the product. In a subsequent report,® 9 was studied in
greater detail for the dehydrogenation/dehydrocoupling of MeAB and it was found to be among
the most active of all catalysts surveyed as it pertains to yield of polymer. Furthermore, it was
determined that the polymer derived from 9 was of exceptionally high molecular weight (M,, =
460,000).

B
[Ru] HN™ “NH
H3BNH3 > Hp + [H2BNHy], + | | (1)
HB. _BH
N
H

Complexes 8 and 9 have also been used in the dehydrogenation of dimethylaminoborane
(2) which liberates hydrogen and results in the formation of an aminoborane dimer.® In this
case, an initial rapid rate of hydrogen release was followed by a significantly reduced rate prior
to completion of the reaction. Relative to the dehydrogenation of ammonia borane (above) the
total amount of H; released was on the order of 0.7 mole equivalents when the highest catalyst
loading (2 mol%) was employed. In the course of studies directed at elucidating the
mechanism, a catalyst deactivation product was identified which was the result of the
formation of a M-N-B-H borametallacycle.

8or9 MeN—BH,
2 Me;HNBH3 - 2 Hy + (2)
HzB NM62

Hydrogenation

Hydrogenation has been perhaps the most heavily exploited application in catalysis for the
aminodiphosphine ligands discussed here. This is almost certainly due to the fact that the most
broadly exploited area for the closely related aminophosphines (Figure 1) has been this same
area." In general, their behaviour is thought to be similar in nature to the aminophosphine
analogues where an outer-sphere mechanism is operative (Scheme 3).'%'6

Scheme 3 Outer-sphere mechanism(s) for direct and transfer hydrogenation of
polar substrates using iridium aminodiphosphines (P = P'Pry).
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In transfer hydrogenation,”'” the series of iridium hydride complexes shown in Scheme 4
were found to be implicated in the catalytic process. The dihydride complex, 11, was found to
be inactive in transfer hydrogenations until activated with base. Conversion to the trihydride 13,
led to exceptional activity in the reduction of a series of polar substrates. In the case of
acetophenone, catalyst loadings as low as 100,000:1 (substrate:catalyst) could be employed to
give 92 % conversion to the corresponding alcohol, 1-phenylethanol. Table 1 shows the
complete set of results for the transfer hydrogenation of the various substrates examined.
Ketones, aldehydes and imines are promptly reduced to the corresponding alcohols and
amines. Notably, the unsaturated ketone of Entry 5 is reduced at both the ketone and olefin
functionality yielding only the saturated alcohol.

Scheme 4 Iridium hydride complexes implicated in hydrogenation of ketones and aldehydes

and imines.
PPry
| Cl
HN—=Ir—H 11
H |
PIPI'Z

KOtB,V “(\OtBu

2-PrOH

(\ P'Pr, P Pr2
| H 2-ProH.

Ir
H | |‘
P'Pry PPr,
13 12
Table 1. Transfer hydrogenation of polar substrates using 11-13 in 2-PrOH.
Temp . . Conv. Yield
Entry Catalyst Substrate (°C) S:C Time (h) (%) (%)
[0}
1 13 ©)J\ 25 5,000 2 >99 98
o]
2 13 ©)k 60 100,000 12 92 90
o
3 12 ©)k 25 5,000 2 >99 98
o
47 1 ©)k 25 5,000 2 >99 98
o
5° 13 w 25 5,000 2 >99 95
[0}
6 13 25 10,000 2.5 >99 97
[o}
7 13 é 25 5,000 1 >99 98
(o}
8 13 \)k 40 2,500 2 98 90
(o}
9 13 A)k 40 2,500 2 95 81



Conv. Yield
(%) (%)

Temp

Entry Catalyst Substrate (°C) S:.C Time (h)

10 13 w250 2 92 82
11 13 I 40 2,500 2 94 90

12 13 I 80 1,000 1 93 90
H

@ With added base. ? Saturated alcohol is the only product.

The same family of iridium complexes, 11-13 (Scheme 3), have been considered for direct
(H2) hydrogenations.'® In this case, 11 and 13 were tested for hydrogenation activity in non-
hydrogen donor solvents to ensure the transfer hydrogenation mechanism was not active. It
was indeed verified that in methanol (a non-hydrogen-donor solvent) and in the absence of
base 13 catalyzes the reduction of acetophenone to phenylethanol within 5 hours at loadings of
5000:1 (substrate:catalyst). As expected, when 11 was tested under the same conditions no
reaction was observed. Upon addition of base, the result was identical to that observed with 13
(i.e. the supposed active catalyst) thus establishing 11 as a convenient, air-stable entry point to
the active catalyst. The convenience and versatility of this hydrogenation system was further
highlighted in its ability to carry out the hydrogenation in a broad range of solvents including
chlorinated solvents such as dichloromethane and chloroform (Entry 9 — 10, Table 2) where
traditional Noyori-type catalysts become deactivated via formation of the corresponding
hydrido-chloro complex. The only solvent in which the iridium system was found to be inactive
is acetonitrile (Entry 11).

Table 2. Hydrogenation of acetophenone using 11/KO'Bu (1:10) as catalyst in various solvents
(10 atm. Hy) at room temperature.
Time

Entry Solvent S:C (h) Conv. (%)
1 methanol 450 0.5 100
2 ethanol 450 1 100
3 2-propanol 450 0.5 100
4 ether 450 1 100
5 THF 450 0.5 100
6 ethyl acetate 450 0.5 100
7 hexane 450 0.5 100
8 toluene 450 1 100
9 dichloromethane 450 1 100

10 chloroform 450 1 100
11 acetonitrile 450 2 0

Table 3 shows the results of the direct hydrogenation of a broad range of ketones and
aldehydes in methanol using 11 as the entry point to the catalytic cycle. The results clearly
demonstrate the broad utility of this system as a number of dialkyl ketones were readily
reduced (Entries 5 — 12). The sterically hindered and electronically deactivated pinacolone
(Entry 11) was readily reduced. For the purposes of comparison, the unsaturated ketone,
benzalacetone (Entry 13) was reduced to the unsaturated alcohol under the direct
hydrogenation conditions whereas under transfer hydrogenation conditions only the saturated
alcohol was obtained (Table 1, Entry 5). In the case of pro-chiral ketones, the achiral catalyst
lead to the formation of mainly the meso diol of benzil (Entry 17) while reduction of 2,5-
hexanedione resulted in only rac-2,5-hexanediol (Entry 18) and a 6:1 mixture of endo:exo
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norborneol resulted from the hydrogenation of norcamphor (Entry 19). It is worth noting that
chiral derivatives are now commercially available.'

Table 3. Direct hydrogenation of ketones and aldehydes using 11/KO'Bu (1:10) as catalyst in

methanol.
Entry Substrate S:C Time (h) Conv. (%)
o
1 ©)J\ 900 1 100
o
2 ©)k 6000 5 100
o
3 ©)k 30000 12 100
o
4 500 1 100
[0}
5 ij 1100 15 100
o
6° W 700 1 100
o
7 \)J\ 1050 2 100
[e]
8 PR 1200 2 100
(o]
9 /\/\)}\ 900 2 100
o
10 )\/u\ 1500 2 100
o]
11 >Hk 1050 72 100
MeO. °
12 \©\/U\ 100 1 100
o
13° ©/\)\ 360 2 100
o
14° é(%/k 300 1 100
o]
15° ﬁ 1100 2 100
[e]
16 @ij 250 2 100
17° 200 0.5 100




Entry Substrate S:C Time (h) Conv. (%)

18° M 600 2 100
[¢]
(o]
19 U 900 1 100
o
20 1000 25 100
21 Y 750 15 100

“Ratio of cis:trans alcohol = 1:2; “only carbonyl group is reduced; ratio of saturated:allyl alcohol
= 1:1; %ratio of meso:rac alcohol = 3:1; °rac-alcohol is the only product; 'ratio of endo:exo = 6:1.

Some details have recently emerged on the use of ruthenium-PNP complexes as effective
catalysts for the hydrogenation of esters and lactones.?’ At this point, a limited amount of
information is available however this will almost certainly generate significant interest as more
information becomes available.?!

Dehydrogenation and Dehydrogenative Couplings

A series of osmium and ruthenium PNP complexes (Figure 3) have been prepared and
tested in a number of dehydrogenation and dehydrogenative coupling protocols |nclud|n%
acceptorless dehydrogenative coupling (ADC) of alcohols and alkylation of primary amines.
The ADC protocol represents a powerful route to a range of esters (3). In this case, catalysts
15, 16 and 18 were found to become efficient catalysts above temperatures of 120°C yielding
esters of isoamyl alcohol, hexanol and benzyl alcohol in approximately 90% conversion within
anywhere from 2-8 hours (depending on temperature). In fact, these catalysts were found to be
stable and active at temperatures of up to 200°C with loadings of 0.1 mol%.

<\P Pr2 (\P Pr2 (\P Pr2

HN OS co HN OS co HN Ru co
PiPr2 PPr2 PPr2
14 15 16
PPr, PiPr,
H | H,
HN-08< HN-0sH
c’l H ‘| H
P'Pr2 PPI’z
17 18

Figure 3 Osmium and ruthenium complexes for dehydrogenation and dehydrogenative
coupling protocols.
o
P + P cat + H
R™ OH HO” R _ca _ R/\O)J\R 2 (3)

For use in amine alkylation (4), catalysts 15, 16 and 18 were similarly found to offer their
best results at 200°C such that no imine by-products were detected. Amines employed included
hexyl, cyclohexyl, benzyl and aniline while isoamyl, benzyl, methyl and ethyl alcohol were used
to prepare a number of unsymmetrical secondary amines. Catalysts 14 and 17 were also used
in this protocol however these required the addition of a base to become active. Two
particularly attractive examples using 15 are given in Scheme 5. The first example is a ring-
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closing reaction using only molten 5-aminopentanol to derive piperidine. The second is the
direct alkylation of ammonia using only a 2.0M solution of ammonia in ethanol (i.e. as
purchased) to give a mixture of diethylamine and triethylamine. In general, it is believed that the
amine alkylation proceeds via dehydrogenation of the alcohol to the aldehyde which
subsequently reacts with the amine to form an intermediate imine. The imine is thus
hydrogenated (using the hydrogen which was removed from the alcohol) to form the amine.

R
R NoH * NH—R _cat R/\H + H,0 (4)
Scheme 5 Ring-closing amine alkylation and alkylation of ammonia.
15, 0.1 mol%
EEE—— 92%
HO NH, 200°C, 30h N
15, 0.1 mol%
~SoH * NHs Ehhebilb LGN T N NI
200°C, 30h H
Nitrogen Fixation 32% 25%

Perhaps the most exciting prospect for the application of PNP-type ligands in catalysis is in
the area of nitrogen fixation. Very recently several ruthenium PNP complexes, which are
correlated through a series of reactions (Scheme 62, where shown to form the basis of a
process for the synthesis of ammonia from nitrogen.**?® The rare, four-coordinate ruthenium
complex 20, which was derived from the readily accessible dichloride 19, is the key species
within the series of complexes. Once converted to the azide and then exposed to hydrogen, an
equivalent of ammonia is released. The resulting Ru(lV) tetrahydride was then restored to the
dichloride 19 in two steps through exposure to vacuum (to liberate one equivalent of hydrogen),
treatment with acid (HCI) and a second vacuum treatment (to liberate a second equivalent of
hydrogen). In the same report, the nitride ruthenium complex 21 was also shown to react with
CO to form a terminal isocyanate complex.

Scheme 6 Ruthenium PNP complexes with potential implications for nitrogen fixation.

co
] ‘\ pigy,  KOBU q leuz [PPNIN, q\P Euz co ~PBu,
\N Ri-cl . A “acetone LP‘B THE Ru NCO
0,
P‘Buz 80% uz 78% uz 98% L PBU,
19 20 21 22

i i. 2 HC
2 K(N§|Meg)2 J 610 \ ~acuum, 60°C Hy .
2 75% THF, 0°C | 85%

(\P Bu;  vacuum (\\\PIBuz vacuum (\\\P‘Bu2

~N—RUH, N—RUH; <~ HoN—RUH,  + NHg
ﬁ ol 'Hz ﬁ ol -Hp ﬁ ol
P'Bu, quant. P'Bu, - NH3 P'Bu,
quant.
23 24 23
Conclusion

The range of transformations that have been reported thus far serve to underscore the
potential of PNP-type ligands in catalysis. Without doubt, the greater availability of such ligands
and catalysts will continue to foster the development of new and exciting applications and
establish this class of ligands as a particularly effective scaffold in the preparation of practical
catalysts.
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Products Referenced in the Article

IRIDIUM (Compounds)

77-0500 Chlorodihydrido[bis(2-di-i-propylphosphino- 250mg
ethyl)amine]iridium(lll), min. 98% [791629-96-4] 19
|I’C|H2(C15H37NP2); FW: 535.10; P
white pwdr. Hy | cl
Note: Sold under license from Kanata for research \|,£
purposes only. Patent WO04096735; US 10/985,058. &H'| H

Technical Note: The product is predominately P.
cis-dihydrido. _( \’/

Technical Note:

1.

9 2-PrOH
(j)K catalyst @2\

Catalyst used for transfer hydrogenation.

OH

Reference:

1.

Organometallics, 2006, 25, 4113.
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Products Referenced in the Article

IRON (Compounds)

26-1425 (R)-1-((S)-2-Diphenylphosphino) 100mg
ferrocenylethylamine [607389-84-4] 500mg

Co4H24FeNP; FW: 413.27;

yellow solid /@ g

’/NH2

26-1426 (S)-1-((R)-2-Diphenylphosphino)ferrocenylethylamine 100mg
Ca4H24FeNP; FW: 413.27; yellow solid 500mg
26-1704

(R)-1-((S)-2-Diphenylphosphino) 100mg
ferrocenylethylaminium tetrafluoro- 500mg
borate, min. 97% Q CHs

C4H25BFFeNP; FW: 501.08; orange solid

///
air sensitive @ NH3 BFy-
Note: Sold under license from Kanata for

research purposes only.
PCT/CA2009/001412.

26-1705

PHOSPHORUS (Compounds)

(S)-1-((R)-2-Diphenylphosphino)ferrocenylethylaminium 100mg
tetrafluoroborate, min. 97% 500mg
C,4H25BFFeNP; FW: 501.08; orange solid

air sensitive

Note: Sold under license from Kanata for research purposes only.

PCT/CA2009/001412.

15-7143 (R)-1-Amino-8-(diphenylphosphino)-1,2,3,4- 250mg
tetrahydronaphthalene, min. 97% 19

[960128-64-7]

CazH2oNP; FW: 331.39; white solid NH;

air sensitive

PPh,

15-7144 (S)-1-Amino-8-(diphenylphosphino)-1,2,3,4- 250mg
tetrahydronaphthalene, min. 97% 19

CaoHooNP; FW: 331.39; white solid
air sensitive

15-7107 (1R,2R)-2-Amino-1-phenylpropyldiphenyl- 100mg
phosphine, min. 97% [799297-44-2] 500mg
C1H2NP; FW: 319.38; white solid CH
air sensitive °
Technical Note: N
1. See 44-6022 (page 25). PhyP NH,
15-7108 (1S,2S)-2-Amino-1-phenylpropyldiphenylphosphine, min. 97% 100mg
[341968-71-6] 500mg
C,1H2oNP; FW: 319.38; white solid
air sensitive

Technical Note:
1. See 44-6023 (page 26).

15-7320

min. 97% [1150113-66-8]

H
CsoHeoNoP2: FW: 774.99; N N
yellow solid
air sensitive
P(xylyl)z (xylyl),P

(1R,2R)-N,N-Bis{2-[bis(3,5-dimethylphenyl) 100mg
phosphino]benzyl}cyclohexane-1,2-diamine, 500mg
N
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7321 (1S,2S)-N,N-Bis{2-[bis(3,5-dimethylphenyl)phosphino] 100mg
benzyl}cyclohexane-1,2-diamine, min. 97% 500mg

CsHeoN2P2; FW: 774.99; yellow solid

air sensitive
15-7312 Bis[2-(di-1-adamantyl-phosphino) @ lT' /@ 250mg

NEW— ethyllamine, min. 97% 19

a» [1086138-36-4] NN

Ca4HgoNP2; FW: 673.97; white solid

air sensitive

Note: Sold under license from Kanata

for research purposes only.

WO 2004096735.
15-7308 Bis[2-(di-t-butylphosphino)ethyllamine, H 500mg
min. 97% [944710-34-3] >|\ Il\l )< 29

CaoHasNPy; FW: 361.53; P NN

pale yellow to colorless lig.

air sensitive /*\ /*\

Note: Sold under license from Kanata for

research purposes only. WO 2004096735.
15-7310 Bis[2-(dicyclohexyl-phosphino)ethyl] 250mg
amine, min. 97% [550373-32-5] O\ N /O 19

CasHssNP; FW: 465.67; p/\/ ~

white solid

air sensitive

Note: Sold under license from Kanata for

research purposes only. WO 2004096735.
15-7301 Bis{2-[(11bR)-3,5-dihydro- OO H 100mg
4H-dinaphtho[2,1-c:1",2"-e] N~ 500mg

phosphepin-4-yl]lethyl}amine,

min. 97% [851870-89-8]

CysH41NP,; FW: 693.79; OO

white solid

air sensitive

Note: Sold under license from Kanata for research purposes only.

W02004096735.
15-7302 Bis{2-[(11bS)-3,5-dihydro-4H-dinaphtho[2,1-c:1',2'-e]phosphepin- 100mg
4-yllethyl}amine, min. 97% 500mg

CigHa1NP2; FW: 693.79; white solid

air sensitive

Note: Sold under license from Kanata for research purposes only.

W02004096735.
15-7325 (1R,2R)-N,N-Bis[2-(diphenyl-phosphino) 250mg
benzyl]cyclo-hexane-1,2-diamine, min. 97% 19

[174758-63-5] H 5 H

C44H44N2P2; FW: 662.78; N N

yellow solid C( j@

air sensitive

PPh, Ph,P

15-7326 (1S,2S)-N,N-Bis[2-(diphenylphosphino)benzyl]cyclohexane-1,2- 250mg
diamine, min. 97% [174677-83-9] 19

Cy4H44N2P2; FW: 662.78; yellow solid
air sensitive
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7306 Bis[(2-diphenylphosphino)ethyl] H 500mg
ammonium chloride, min. 97% | tor 29
[66534-97-2] N ANEEA
H

CasH3oCINP,; FW: 477.95; white solid
air sensitive

Note: Sold under license from Kanata
for research purposes only.

W02004096735.
15-7304 Bis[(2-di-i-propylphosphino]ethyl) H 500mg
amine, min. 97% [131890-26-1] )\ ’1‘ J\ 2g
CieHa7NPy; FW: 305.42; PN NN
pale yellow to colorless lig. )\ )\
air sensitive
Note: Sold under license from Kanata for
research purposes only. W0O2004096735.
15-7328 (1R,2R)-N,N-Bis[2-(di-p-tolylphosphino) 250mg
benzyl]cyclohexane-1,2-diamine, min. 97% 19
[1150113-65-7] Hooo H
CasHs2NoP5; FW: 718.89; yellow solid NS .
air sensitive E>\ﬁ j@
P(p-tolyl)z (p-tolyl),P
15-7329 (1S,28)-N,N-Bis[2-(di-p-tolylphosphino)benzyl]cyclohexane-1,2- 250mg
diamine, min. 97% 19
CagHsaNoPo; FW: 718.89; yellow solid
air sensitive
15-7128 2-(Di-t-butylphosphino)ethylamine, 59
NEW— min. 97% (10 wt% in THF) [1053658-84-6] NH, 25¢g
% Ciot4P; FW: 189.28; PN

pale yellow to colorless lig.
air sensitive

15-7130 3-(Di-t-butylphosphino)propylamine, 59
NEW_. min. 97% (10 wt% in THF) 259
WAz [1196147-72-4] PN NH,

C11H26NP; FW: 203.30;

pale yellow to colorless lig.

air sensitive

15-7137 (1R,2R)-2-[(4S,11bR)-3,5-dihydro-4H- 100mg
dinaphtho[2,1-c:1',2'-e]phosphepin- Q O 500mg
4-yl]-1,2-diphenylethanamine,
min. 97% s
C3sH3oNP; FW: 507.60; white solid HZI\T P
air sensitive
Note: Sold under license from Kanata for

research purposes only. WO
2008148202. I

157136 (1S,2S)-2-[(4R,11bS)-3,5-dihydro-4H-dinaphtho[2,1-c:1", 100mg
2'-e]phosphepin-4-yl]-1,2-diphenylethanamine, min. 97% 500mg

[1092064-02-2]

CssH3oNP; FW: 507.60; white solid

air sensitive

Note: Sold under license from Kanata for research purposes only.
WO 2008148202.

15



Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7141 (1R,2R)-2-[(4S,11bR)-3,5-dihydro-4H- 100mg
dinaphtho[2,1-c:1',2'-e]phosphepin-4-yl]- HAC 500mg
1-phenylpropan-2-amine, min. 97% 3
C31HosNP; FW: 445.53; white solid
air sensitive
Note: Sold under license from Kanata for
research purposes only. WO 2008148202.
15-7140 (1S,2S)-2-[(4R,11bS)-3,5-dihydro-4H-dinaphtho[2,1-c:1',2'-e] 100mg
phosphepin-4-yl]-1-phenylpropan-2-amine, min. 97% 500mg
[1092064-04-4]
C31HsNP; FW: 445.53; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
WO 2008148202.
15-7187 (1R,2R)-2-[(4S,11bR)-3,5-dihydro-4H-dinaphtho 100mg
[2,1-c:1",2"-e]phosphepin-4-yl]-1-phenylpropan- 500mg
2-aminium tetrafluorborate, min. 97%
C31H29BF4NP; FW: 533.35; white solid BF,
air sensitive
Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412.
15-7186 (18,28)-2-[(4R,11bS)-3,5-dihydro-4H-dinaphtho[2,1-c:1",2'-e] 100mg
phosphepin-4-yl]-1-phenylpropan-2-aminium tetrafluorborate, 500mg
min. 97%
C31H,9BF4NP; FW: 533.35; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7180 2-[(11bR)-3,5-dihydro-4H-dinaphtho 100mg
[2,1-c:1',2"-e]phosphepin-4-yl] OO 500mg
ethaminium tetra-fluorborate, NH:* BF,
min. 97% p N8 4
Ca4H23BF4NP; FW: 443.22; p
white solid CO
air sensitive
Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412.
15-7181 2-[(11bS)-3,5-dihydro-4H-dinaphtho[2,1-c:1',2"-e]phosphepin-4-yl] 100mg
ethaminium tetrafluorborate, min. 97% 500mg
Co4H23BF4NP; FW: 443.22; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7132 2-[(11bR)-3,5-dihydro-4H-di-naphtho 100mg
[2,1-c:1',2"-e]phosphepin-4-yl]ethyl] 500mg
amine, min. 97% [1092064-00-0] NH,
Ca4HzoNP; FW: 355.41; P
pale yellow solid ’
air sensitive
Note: Sold under license from
Kanata for research purposes only. W02008148202.
15-7134 2-[(11bS)-3,5-dihydro-4H-dinaphtho[2,1-c:1',2"-e]phosphepin-4-yl] 100mg
ethyllamine, min. 97% [1053659-64-5] 500mg
C24H2oNP; FW: 355.41; pale yellow solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
W02008148202.
15-7184 (1R,2R)-2-((4S,11bR)-3H-dinaphtho 100mg
[2,1-c:1',2-e]phosphepin-4(5H)-yl)-1,2- 500mg
diphenylethanaminium tetrafluoroborate,
min. 97%
CasH31BFsNP; FW: 595.42;
white solid
air sensitive
Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412. O
15-7183 (1S,28)-2-((4R,11bS)-3H-dinaphtho[2,1-c:1",2'-e]phosphepin- 100mg
4(5H)-yl)-1,2-diphenylethanaminium tetrafluoroborate, min. 97% 500mg
CagH31BF4NP; FW: 595.42; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7153 (1R,2R)-2-(Diphenylphosphino)-1-amino- PPh, 100mg
cyclohexane, min. 97% [452304-59-5] O/ 500mg
C4gH2oNP; FW: 283.35; white solid
air sensitive "’NHZ
15-7154 (1S,28)-2-(Diphenylphosphino)-1-aminocyclohexane, min. 97% 100mg
[452304-63-1] 500mg
C4gH2oNP; FW: 283.35; white solid
air sensitive
15-7150 (R)-1-(Diphenylphosphino)-2-amino-3,3- 100mg
dimethylbutane, min. 97% /_EL 500mg
C1gH24NP; FW: 285.36; colorless lig.
air sensitive PhyP \H,
15-7151 (S)-1-(Diphenylphosphino)-2-amino-3,3-dimethylbutane, min. 97% 100mg
[286454-86-2] 500mg
C4gH24NP; FW: 285.36; colorless oil
air sensitive
15-7146 (R)-1-(Diphenylphosphino)-2-amino-3- 100mg
NEW— methylbutane, min. 97% 500mg

C17H2oNP; FW: 271.34; colorless oil

air sensitive
Ph,P NH,
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7147 (S)-1-(Diphenylphosphino)-2-amino-3-methylbutane, min. 97% 100mg
[146476-37-1] 500mg
C17H2oNP; FW: 271.34; colorless oil
air sensitive
15-7195 (1R,2R)-2-(Diphenylphosphino)cyclo- PPh, 100mg
hexanaminium tetrafluoroborate, min. 97% 500mg
C1gH23BF,NP; FW: 371.16; .,
whlte to p'a'le yellow solid ///NH3+ BF,
air sensitive
Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412.
15-7196 (1S,2S)-2-(Diphenylphosphino)cyclohexanaminium 100mg
tetrafluoroborate, min. 97% 500mg
C1gH23BF4NP; FW: 371.16; white to pale yellow solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7110 (1R,2R)-2-(Diphenylphosphino)-2,3- 19
dihydro-1H-inden-1-amine, min. 97% 5g
HAZ (10wt% in THF) [1091606-70-0] ©E><
Ca1HoNP; FW: 317.36; P
colorless to pale yellow lig. ?
air sensitive NH,
Note: Sold under license from Kanata for
research purposes only. 02008148202.
15-7111 (1S,28)-2-(Diphenylphosphino)-2,3-dihydro-1H-inden-1-amine, 19
min. 97% (10wt% in THF) [1091606-69-7] 59
HAZ C21H2oNP; FW: 317.36; colorless to pale yellow lig.
air sensitive
Note: Sold under license from Kanata for research purposes only.
W02008148202.
15-7162 (1R,2R)-2-(Diphenylphosphino)-2,3- 2 \ 100mg
dihydro-1H-inden-1-aminium tetra- ~ 500mg
fluoroborate, min. 97% ©E><P BF
C,1H21BF;NP; FW: 405.17; white solid 4
air sensitive z
Note: Sold under license from Kanata for NHz*
research purposes only. PCT/CA2009/001412.
15-7163 (1S,28)-2-(Diphenylphosphino)-2,3-dihydro-1H-inden-1-aminium 100mg
tetrafluoroborate, min. 97% 500mg
Cy1H24BF4NP; FW: 405.17; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7193 (R)-1-(Diphenylphosphino)-3,3-dimethylbutan- 100mg
2-aminium tetrafluoroborate, min. 97% 500mg

C4gHo5BF4NP; FW: 373.18; white solid
air sensitive

Note: Sold under license from Kanata for PhyP NH;"  BFy
research purposes only. PCT/CA2009/001412.
15-7194 (S)-1-(Diphenylphosphino)-3,3-dimethylbutan-2-aminium 100mg
tetrafluoroborate, min. 97% 500mg

C4gHo5BF4NP; FW: 373.18; white solid

air sensitive

Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7102 (1R,2R)-2-(Diphenylphosphino)- 100mg
1,2-diphenylethylamine, min. 97% O Q 500mg
[1091606-68-6]
Ca6Ho4NP; FW: 318.45; white solid \
air sensitive P\\“
Note: Sold under license from Kanata for
research purposes onlly. W02008148202.

NH,

15-7103 (1S,28)-2-(Diphenylphosphino)-1,2-diphenylethylamine, min. 97% 100mg
[1091606-67-5] 500mg
Ca6Ho4NP; FW: 318.45; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
W02008148202.

15-7156 (1R,2R)-2-(Diphenylphosphino)-1,2-diphenyl- 100mg
ethylaminium tetrafluoroborate, min. 97% O Q 500mg
CosH2sBF4NP; FW: 469.26; white solid
air sensitive

Note: Sold under license from Kanata for S
research purposes only. PCT/CA2009/001412.  Ph,P NH3* BF,

15-7157 (1S,2S)-2-(Diphenylphosphino)-1,2-diphenylethylaminium 100mg
tetrafluoroborate, min. 97% 500mg
Cy6H2sBFsNP; FW: 469.26; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7174 2-(Diphenylphosphino)ethanaminium 500mg
tetrafluoroborate, min. 97% P/\/NH3+ BF, 29

C14H47,BF4NP; FW: 317.06;

white to beige solid

air sensitive

Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412.

15-7191 (R)-1-(Diphenylphosphino)-3-methylbutan- 100mg
2-aminium tetrafluoroborate, min. 97% 500mg

C47H23BF4NP; FW: 359.15;
white to pale yellow solid
air sensitive

. .
Note: Sold under license from Kanata for PhyP NHg*  BFy
research purposes only. PCT/CA2009/001412.
15-7192 (S)-1-(Diphenylphosphino)-3-methylbutan-2-aminium 100mg
tetrafluoroborate, min. 97% 500mg
C47H23BF4NP; FW: 359.15;
white to pale yellow solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7115 (R)-2-[(Diphenylphosphino)methyl] ’//, 250mg
pyrrolidine, min. 97% [428514-91-4] /\ 19

C47H20NP; FW: 269.32; colorless oil N\ P.
air sensitive Y \O
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7116 (S)-2-[(Diphenylphosphino)methyl]pyrrolidine, min. 97% 250mg
[60261-46-3] 1g
C47H20NP; FW: 269.32; colorless oil
air sensitive
15-7165 (R)-2-[(Diphenylphosphino)methyl] 7, 100mg
pyrrolidinium tetrafluoroborate, min. 97% [ y 500mg
C17H24BF;NP; FW: 357.13; white solid +
! . NI PPh,
air sensitive | DH N
Note: Sold under license from Kanata for H BF4
research purposes only. PCT/CA2009/001412.
15-7166 (S)-2-[(Diphenylphosphino)methyl]pyrrolidinium 100mg
tetrafluoroborate, min. 97% 500mg
C17H24BF;NP; FW: 357.13; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7168 (R)-1-[2-(Diphenylphosphino)phenyl] CHj 100mg
ethanaminium tetrafluoroborate, min. 97% 500mg
CooH21BF4NP; FW: 393.16; white solid NHs* BF,
air sensitive
Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412. PPh,
15-7169 (S)-1-[2-(Diphenylphosphino)phenyl] 100mg
ethanaminium tetrafluoroborate, min. 97% 500mg
CooH21BF4NP; FW: 393.16; white solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7171 (R)-2-(Diphenylphosphino)-1-phenyl- 100mg
ethanaminium tetrafluoroborate, min. 97% 500mg
CyoH21BFsNP; FW: 393.16; white to pale yellow solid
air sensitive
Note: Sold under license from Kanata for
research purposes only. PCT/CA2009/001412.  ph,p NHs*  BF4
15-7172 (S)-2-(Diphenylphosphino)-1-phenylethanaminium 100mg
tetrafluoroborate, min. 97% 500mg
CaoH21BFsNP; FW: 393.16; white to pale yellow solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
PCT/CA2009/001412.
15-7118 (R)-1-[2-(Diphenylphosphino)phenyl] CH3 250mg
ethylamine, min. 97% [192057-60-6] 19
CooH20NP; FW: 305.35; white solid NH,
air sensitive
PPh,
15-7119 (S)-1-[2-(Diphenylphosphino)phenyl]ethylamine, min. 97% 250mg
[913196-43-7] 1g
CooH20NP; FW: 305.35; white solid
air sensitive
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Products Referenced in the Article

PHOSPHORUS (Compounds)

15-7121 (R)-2-(Diphenylphosphino)-1- 250mg
phenylethylamine, min. 97% [141096-35-7] 1g

CaoH2oNP; FW: 381.45; white solid

air sensitive

PhyP NH,

15-7122 (S)-2-(Diphenylphosphino)-1-phenylethylamine, min. 97% 250mg
[1103533-85-2] 19

CooHxoNP; FW: 381.45; white solid

air sensitive
15-7159 (1R,2R)-1-(Diphenylphosphino)-1- 100mg
phenylpropan-2-aminium 500mg

tetrafluoroborate, min. 97% CHj

Cy1H23BF4NP; FW: 407.19; white solid

air sensitive N

Note: Sold under license from Kanata for PhyP NH3*  BFy

research purposes only.

PCT/CA2009/001412.
15-7160 (1S,2S)-1-(Diphenylphosphino)-1-phenylpropan-2-aminium 100mg
tetrafluoroborate, min. 97% 500mg

C,1H23BF4NP; FW: 407.19; white solid

air sensitive

Note: Sold under license from Kanata for research purposes only.

PCT/CA2009/001412.
15-7189 (R)-8-(Diphenylphosphino)-1,2,3,4- 100mg
tetrahydronaphthalen-1-aminium 500mg

tetrafluoroborate, min. 97% .

Ca2H23BF4NP; FW: 419.20; white solid NH;"  BF,

air sensitive

Note: Sold under license from Kanata for PPh;

research purposes only. PCT/CA2009/001412.
15-7190 (S)-8-(Diphenylphosphino)-1,2,3,4-tetrahydronaphthalen-1- 100mg
aminium tetrafluoroborate, min. 97% 500mg

CoH23BF4NP; FW: 419.20; white solid

air sensitive

Note: Sold under license from Kanata for research purposes only.

PCT/CA2009/001412.
15-1812 2-(Di-i-propylphosphino)ethylamine, 59
min. 97% (10 wt% in THF) [1053657-14-9] )\ /\/NH2 259

HAZ (CgH7)2PCHch2NH2, FW: 161 23, P

pale yellow to colorless lig. )\

air sensitive
15-1831 3-(Di-i-propylphosphino)propylamine, 59

NEW— min. 97% (10 wt% in THF) [1196147-69-9] 259

% (C3H7),PCH,CH,CH,NH,; FW: 175.25; P/\/\NHZ

colorless to pale yellow lig.

air sensitive
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Products Referenced in the Article

RUTHENIUM (Compounds)

44-0136 Chloro[(R)-(-)-2,2"-bis(diphenylphosphino)-1,1'-binaphthyl] 100mg
[(R)-1,1"-bis(4-methoxyphenyl)-3-methylbutane- 500mg
1,2-diamine]ruthenium(ll) tetrafluoroborate, min. 97%
Ce3HssBCIFsN,O,P,Ru; FW: 1160.42; orange pwdr.
Note: Sold under license from Kanata for research purposes only.
PCT/CA2008/001905.
44-6063 Chloro|[(S)-(-)-2,2"-bis[diphenyl- OCH3 100mg
phosphino]-1,1"-binaphthyl] @ 500mg
[(S)-1,1-bis(4-methoxyphenyl)-
3-methylbutane-1,2-diamine] /© CI ‘ ’
ruthenium(ll) tetrafluoroborate, - O OCHj
min. 97% [1150112-86-9] 3
Ce3HssBCIF4N,O,P,RuU; BF4 ’ H :CH(CH;;)Z
FW: 1160.40; orange-red solid
Note: Sold under license from
Kanata for research purposes only. WO 2009055912.
44-6065 Chloro[(R)-(-)-2,2"-bis(diphenyl- OCH3 100mg
phosphino)-1,1"-binaphthyl] Q 500mg
[(R)-1,1-bis(4-methoxyphenyl)-
3-methylbutane-1,2-diamine] /© I ‘ A
ruthenium(ll) tetrakis(penta- P - O OCH;
fluorophenyl)borate, min. 97% P + \N
Cg7HssBCIF2oN,0,P2Ru; ‘O \O H H CH(CH3)2
FW: 1752.70; orange-red solid [B(CeFs)al
Note: Sold under license from 676/4
Kanata for research purposes only. WO 2009055912.
44-6066 Chloro|[(S)-(-)-2,2"-bis[diphenylphosphino]-1,1"-binaphthyl] 100mg
[(S)-1,1-bis(4-methoxyphenyl)-3-methylbutane- 500mg
1,2-diamine]ruthenium(ll) tetrakis(pentafluorophenyl)borate,
min. 97% [1150112-87-0]
Cg7H5sBCIF2N,0,P,Ru; FW: 1752.70; orange-red solid
Note: Sold under license from Kanata for research purposes only.
WO 2009055912.
44-0134 Chloro[(R)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl] 100mg
[(1R,2R)-cyclohexane-1,2-diamine)]ruthenium(ll) 500mg
tetrafluoroborate, min. 97%
CsoH46BCIF4N,P,Ru; FW: 960.19; orange solid
Note: Sold under license from Kanata for research purposes only.
PCT/CA2008/001905.
44-6053 Chloro|[(S)-2,2'-bis(diphenyl- 100mg
phosphino)-1,1'-binaphthyl] ‘O % H H 500mg
[(1S,2S)-cyclohexane- Cl \N/
1,2-diamine]ruthenium(ll) Pe---. R'u/ BE-
tetrafluoroborate, min. 97% P N“‘ 4
CsoHaeBCIF,NoP,Ru; FW: 960.19; \© AN
yellow solid OO © HH
air sensitive
Note: Sold under license from Kanata for research purposes only. WO
2009055912.
44-6054 Chloro[(R)-2,2"-bis(diphenyl- 100mg
s0omg

phosphino)-1,1'-binaphthyl] H H
[(1R,2R)-cyclohexane-1,2- /© Cl \Nl

diamine]ruthenium(ll) tetrakis P\"""R’I N i
(pentafluorophenyl)borate, po N [B(CeFs)al

min. 97% [1150112-55-2] \© N
C74H45BC|F20N2P2RU; HH
FW: 1552.42; yellow solid

Note: Sold under license from Kanata for research purposes only.

WO 2009055912.
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Products Referenced in the Article

RUTHENIUM (Compounds)

44-6055 Chloro[(S)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl] 100mg
[(1S,2S)-cyclohexane-1,2-diamine]ruthenium(ll) 500mg
tetrakis(pentafluorophenyl)borate, min. 97%
C74H46BCIF2oN,P,Ru; FW: 1552.42; yellow solid
Note: Sold under license from Kanata for research purposes only.
WO 2009055912.
44-6057 Chloro[(R)-2,2'-bis(diphenyl- 100mg
phosphino)-1,1'-binaphthyl] OG % HH 500mg
[(1R,2R)-2-(diphenylphosphino)- Cl .
1,2-diphenylethanamine] P R BF,
ruthenium(ll) tetrafluoroborate, P g
min. 97% [1150112-54-1] ‘O ﬁi@ PH \ph O
C70H55BC|F4NP3RU; FW: 1227 .45; \
orange to brown solid
Note: Sold under license from Kanata
for research purposes only. WO 2009055912.
44-6058 Chloro[(S)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl] 100mg
[(18,28)-2-(diphenylphosphino)-1,2-diphenylethanamine] 500mg
ruthenium(ll) tetrafluoroborate, min. 97% [1150316-02-1]
C7oHs6BCIF4NP;Ru; FW: 1227.45; orange to brown solid
Note: Sold under license from Kanata for research purposes only.
WO 2009055912.
44-6070 Chloro[(R)-2,2'-bis(diphenyl- 100mg
phosphino)-1,1'-binaphthyl)] Q H H 500mg
[(1R,2R)-2-(diphenylphosphino)- PN /© Cl \Nl O
1,2-diphenylethanamine] P'R’I NI [B(CeFs)al
ruthenium(ll) , tetrakis(penta- PN 6754
fluorophenyl)borate, min. 97% f \© ha\ O
[1150112-53-0] © Ph Ph
Cg4H55BC|onNP3RU; FW: 1819.68;
orange to brown solid
Note: Sold under license from Kanata for research purposes only.
WO 2009055912.
44-6056 Chloro[(R)-2,2'-bis(diphenyl- 100mg
phosphino)-1,1"-binaphthyl] OG H H 500mg
[2-(diphenylphosphino)ethanamine] /© cl \/
; N
ruthenium(ll) tetrafluoroborate, P . P .
min. 97% [1150112-44-9] S R+“\ j BF,4
CssHasBCIF,NP;RU; FW: 1075.26; CO \© R
yellow solid Ph Ph
Note: Sold under license from Kanata ©
for research purposes only. WO 2009055912.
100mg
500mg

44-6060 Chlorobis[2-(diphenyl-
phosphino)ethanamine]
ruthenium(ll) tetrafluoroborate,
min. 97% [1150112-46-1] Q\ cl /©

CosH32BCIFsN,P,Ru; FW: 681.84; P, | WP

yellow solid I: “Ru” BF,
Note: Sold under license from N/ + N,

Kanata for research purposes only. H7/ \ H

WO 2009055912. H H
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Products Referenced in the Article
RUTHENIUM (Compounds

44-6068 Chlorobis[2-(di-i-propylphosphino)ethanamine] 100mg
ruthenium(ll) tetrafluoroborate, min. 97% >/ \(/L 500mg
C16H40BCIF4N,P,Ru; FW: 546.14;

red-brown solid P////, \\\\\P )
Note: Sold under license from Kanata for BF,4
research purposes only. WO 2009055912.
Technical Note: H
1. Excellent catalyst for the hydrogenation of ketones and imlnes.
1) OH
Ru aminophosphine cat.
(H3C)3C H3C)3C
H,/Base (HCs
Reference:
1. J. Chem. Soc., Dalton Trans., 2009, 8301. 98% d.e.
44-0232 Dichloro{(R)-2,2'-bis[bis(4-methylphenyl)]-1,1'-binaphthyl} 100mg
[(1R,2R)-2-amino-1-phenylpropyldiphenylphosphine]ruthenium(ll), 500mg
min. 97%
CeoHe2CIoNP3Ru; FW: 1170.13; orange solid
air sensitive
Note: Sold under license from Kanata for research purposes only.
US Patents 7,579,295 and 7,317,131.
Technical Note:
1. Precursor to cationic hydrogenation catalyst for synthesis of chiral alcohols from ketones.
Reference:
1. W02009055912 A1.
44-6050 Dichlorobis[3-(di-t-butylphosphino) 250mg
propylamine]ruthenium(ll), min. 97% 19
[1196147-60-0] Cl
Cy2H5,CILN,P,Ru; FW: 578.58; P///,, \\\\\
brown solid <
Note: Sold under license from Kanata for
research purposes only. US 7317131 H CI \ H
and US 7579295.
Technical Note:
1. See 44-6068 (page 24).
44-6015 Dichloro{1,2-bis[(2R,5R)-2,5 100mg
dimethylphospholanobenzene]} . Ph Ph 500mg
[2-diphenylphosphino)ethylamine] w >, \\p/
ruthenium(ll), min. 97% 7,
C32Ha4CILNP3Ru; FW: 707.60; RU
yellow solid |
Note: Sold under license from Kanata p/ C'\
for research purposes only. W H H
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Products Referenced in the Article

RUTHENIUM (Compounds)

446018  Dichloro{(1R,2R)-N,N-bis 100mg
[2-(diphenylphosphino)benzyl] 500mg
cyclohexane-1,2-diamine} H H

ruthenium(ll), min. 97% N SIw

[429678-11-5] N1/
CasHasClNP,RuU; FW: 834.76; P/R|“\P
orange solid ~ \PhCIIDh/ \Ph

Technical Notes:
1. Catalyst used for the highly-enantioselective synthesis of heteroaromatic alcohols.
2. Catalyst used for the asymmetric epoxidation of olefins.

o OH
cat.
> A Tech. Note (1)
@ i-PrOH, KOH @ Ref. (1)

up to 97% ee

Ri Tech. Note (2)
e cat (1 mol%) + other Ref. (2)
Ra products
c:Hzc:|2

References:
1. Synthesis, 2009, 2413.
2. Organometallics, 2000, 19(20), 4117.

44-6019 Dichloro{(1S,2S)-N,N-bis[2-(diphenylphosphino)benzyl] 100mg
cyclohexane-1,2-diamine}ruthenium(ll), min. 97% [302924-37-4] 500mg

CasHasCIN,P,RuU; FW: 834.76; orange solid

Technical Note:
1. See 44-6068 (page 24).

44-6022 Dichloro[(R)-bis(diphenyl- 100mg

phosphino)-1,1-binaphthyl] OO % HoH 500mg
[(1R,2R)-2-amino-1-phenyl- C

propyldiphenylphosphine] P=-. I AN

ruthenium(ll), min. 97% ~

P
CesHs7Clo2NPsRu; FW: 1129.06; \©
yellow solid

Note: Sold under license from
Kanata for research purposes only. US 7317131 and US 7579295.

Technical Note:
Catalyst used for the hydrogenation of ketones.

Ru amlnophosphlne cat.
H2/Base

References:
1. J. Am. Chem. Soc., 2005, 127, 516.

Tech. Note (1)
Ref. (1)

M
w
(@]
:.-nnllo
I

CFs3

95% e.e.

25




Products Referenced in the Article

RUTHENIUM (Compounds)

44-6023 Dichloro[(R)-bis(diphenylphosphino)-1,1-binaphthyl][1S,2S)-2- 100mg
amino-1-phenylpropyldiphenylphosphine]ruthenium(ll), min. 97% 500mg

CesHs7CI.NP3Ru; FW: 1129.06; yellow solid
Note: Sold under license from Kanata for research purposes only.
US 7317131 and US 7579295.

Technical Note:
1. See 44-6022 (page 25).

44-6025 Dichloro[(R)-bis(diphenyl- 100mg
phosphino)-1,1-binaphthyl] OO % oh Ph 500mg
[2-(diphenylphosphino) Ccl \Y
ethylamine]ruthenium(ll), Pl . RI -
min. 97% [1097731-98-0) . A p-——"

P
CssHasCl,NPsRuU; FW: 1023.91; ca N
yellow solid . H H

Note: Sold under license from
Kanata for research purposes
only. US 7317131 and US 7579295.

44-6026 Dichloro[(S)-bis(diphenylphosphino)-1,1-binaphthyl] 100mg
[2-(diphenylphosphino)ethylamine]ruthenium(ll), min. 97% 500mg

CsgH4sCILNP3Ru; FW: 1023.91; yellow solid
Note: Sold under license from Kanata for research purposes only.
US 7317131 and US 7579295.

44-6040 Dichlorobis[3-(diphenylphosphino] 250mg
propylamine]ruthenium(ll), Q Q 19
min. 97% [1196467-26-1] @\ /O
C3oHzsCI2N,P,Ru; FW: 658.54;

yellow-brown solid P’m \\\\P
Note: Sold under license from Kanata

/ \

for research purposes only. US |

7317131 and US 7579295. H ’ \ H
44-6043 Dichlorobis[3-(di-i-propylphosphino)propyl- \( 250mg
amine]ruthenium(ll), min. 97% [1196147-57-5] )\ CI /L 19

C1gH44CIoN,P2RuU; FW: 522.48; Pu,, \\\\P

yellow-orange solid <: :>

Note: Sold under license from Kanata for / | \

research purposes only. US 7317131 and
US 7579295.

Technical Note:
1. See 44-6068 (page 24).

26



Nanosprings™: A Versatile Nanomaterial Platform

Timothy C. Cantrell, Giancarlo Corti, David C. Hyatt, David N. Mcliroy,
M. Grant Norton, Tejasvi Prakash and Matthew Yahvah

GoNano Technologies, Moscow, ID 83843, USA

1. Introduction

Nanosprings™ are a unique high surface area one-dimensional nanomaterial. Although
Nanosprings can be formed from a number of different materials, the most versatile and
commercially important forms are those made of amorphous silica [1], [2]. Silica Nanosprings
offer several advantages over other one-dimensional nanostructures, such as carbon
nanotubes and silicon nanowires:

e The silica surface is compatible with the wide variety of glass modification
reactions, which have been developed and optimized over decades [3], [4]. However,
in the majority of cases the Nanospring surface is actually more straightforward to
coat or modify than bulk silica glass.

e The hydrophilicity of the silica Nanospring surface facilitates the formation of
metal nanoparticles and nanocrystalline metal oxides using multiple techniques,
including wet impregnation, spray pyrolysis, atomic layer deposition (ALD), and
chemical vapor deposition (CVD).

e The material has a surface area > 350m?g, which is 100% accessible with zero
closed porosity, as determined by the absence of hysteresis in Brunauer, Emmett,
Teller (BET) measurements.

e  Nanosprings are thermally stable >1000°C in air and chemically durable.

e Nanosprings are produced with a scalable, catalyst-mediated growth mechanism
that leaves the Nanosprings strongly attached to the substrate.

e The processing method is photolithography compatible, allowing, for example,
the formation of compact arrays of sensors on a single device.

e  The mild growth conditions of 350°C and atmospheric pressure allows the material
to be coated on a wide variety of substrates including, aluminum, polyimide, glass,
silicon, stainless steel, carbon.

e The processing method allows Nanosprings to be formed in and on three-
dimensional structures such as micromachined silicon, cordierite monoliths,
fiberglass cloth, carbon fibers, micron-sized silica beads, and particles of activated
carbon.

Functionalized silica Nanosprings [1], [2], [5-12], are an ideal nanomaterial platform for a
broad range of applications, including:
e  Continuous flow chemistry
Chemical and biological sensors
Catalyst supports, including photocatalysis
Molecular hydrogen storage

2. Synthesis and Growth Mechanism

Silica Nanosprings are synthesized in a standard atmospheric CVD process at
temperatures as low as 350°C. The Nanosprings grow via a modified vapor-liquid-solid (VLS)
mechanism, which is facilitated by the presence of gold nanoparticle catalysts at the tips [13].
The Nanosprings form as randomly oriented mats on a substrate as shown in figure 1. The
process is compatible with a wide range of substrates; the only requirement is that the
substrate must withstand the 350°C growth temperature. Typical mat thicknesses can be
controlled within the range 3 to 300 um. A 100 um mat requires a growth time of approximately
15 minutes. An individual Nanospring is shown in the transmission electron microscope (TEM)
image in figure 2. The Nanosprings are amorphous, as evidenced by the absence of sharp
diffraction patterns, note the gold nanoparticle catalyst at the tip of the Nanospring.
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Figure 1 SEM image of a silica Nanospring mat

Figure 2 A TEM image of a single silica Nanospring

Standard photolithography techniques can be employed to form silica Nanospring mats in
specific, well-defined locations, as shown in figure 3. Patterning is an important approach for
fabricating continuous flow reactors and sensor applications.

Figure 3 A patterned mat of silica Nanosprings
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3. Coating and Functionalization

Vapor-phase coating techniques, such as atomic layer deposition (ALD) and CVD, as well
as liquid-phase processes (impregnation and spray pyrolysis) can be used to coat Nanosprings.
Figure 4 shows silica Nanosprings coated by ALD with zinc oxide. Suitable ALD precursors are
diethyl zinc and titanium tetrachloride, respectively [14], [15]. The nanocrystalline TiO, forms in
the anatase phase and 500 ALD cycles produce a crystallite size of 40 nm.

2 v

100nm

Figure 4 SEM picture of a zinc oxide coated Nanospring

The Nanosprings allow for a conformal and controlled coating of numerous metal oxides
by ALD and more recently, semiconducting gallium nitride has been successfully deposited by
ALD (private communication, D. Mcllroy, U. of Idaho). Gallium nitride is of particular interest for
sensor applications [16] and forming it directly onto the Nanosprings provides an excellent
support structure with a high amount of accessible surface area. In addition to metal oxides and
nitrides, metal nanoparticles can also be deposited on the Nanospring surface. Wet
impregnation and spray pyrolysis are common deposition techniques for metal nanoparticles.
Figure 5 shows a TEM image of silica Nanosprings coated with palladium nanoparticles. The
palladium was deposited using a solution of palladium acetylacetonate (5.94 mg/ml in benzene,
10.4 L) to coat 1x1cm? samples of Nanosprings. Upon evaporative drying, it was placed in an
oven at 500°C for 15 minutes and reduced with 40sccm H; and 15sccm Na. This procedure will
deposit approximately 0.4wt% palladium.

Figure 5 TEM image of a palladium coated Nanospring
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4. Applications

4.1 Biological Reactors

The use of enzymes as industrial catalysts is a growing technology that holds great
promise for the production of specialized compounds. Many industrial and pharmaceutical
compounds, and other high value molecules, have complex chemical structures that make
them difficult to produce by conventional chemical synthesis, e.g., the antimalarial compound
artemisinin, represented in figure 6, a sesquiterpene lactone from annual wormwood [17]. The
chemical complexity of artemisinin makes its complete chemical synthesis from organic
reagents impractical. If the appropriate enzymes were available, it would be possible to
synthesize complex compounds like these at the laboratory bench from abundant, low cost
precursors. The sequences of enzymatic reactions involved in the natural biosynthesis of many
high value natural products have been established [18], and could be used for commercial
production. However, this technology is limited by the high cost of enzymes. To be cost
effective, an enzyme used as an industrial catalyst must produce more products, last longer,
and function under higher product concentrations than it would under its natural conditions [19].
An effective way to improve the performance of an enzyme under industrial conditions is to
immobilize it on a fixed support in a continuous flow reactor (CFR).

H

i

Figure 6 Artemisinin

0

Immobilization allows continuous recycling of the catalyst, mitigates product inhibition, and
often increases the working life of the enzyme [20]. To be effective, however, an enzyme-based
CFR must employ a high concentration of enzyme in a small area without causing a prohibitive
restriction in flow. Nanosprings appear to be an excellent support material for these
applications because they:

e  Provide a high surface area for enzyme attachment

e  Offer minimal flow resistance

e Have a surface chemistry that is suitable for the reversible thiol-based

attachment of virtually any soluble enzyme

A model CFR using Nanosprings and B-galactosidase from Aspergillus oryzae has recently
been described [21]. That work utilized the model substrate o-nitrophenol-B-D-
galactosylpyranoside (o-NPG) to monitor the reaction. In the physiological reaction catalyzed by
B-galactosidase, lactose is hydrolyzed into glucose and galactose. In the model reaction, o-
NPG is hydrolyzed into galactose and o-nitrophenol, which can be spectrophotometrically
monitored. We have been using this same enzyme/substrate system, with some modifications,
as a means of method development. In our work, Nanosprings were functionalized with thiol
groups by reacting them with 3-mercaptopropyltrimethoxysilane (MPTMS), shown in figure 7.
This was accomplished by incubating a Nanosprings covered silicon wafer (25x75 mm?) in a
5% MPTMS solution in acetone. The enzyme was functionalized by reacting with N-
succinimidyl 3-(2-pyridyldithiol) propionate (SPDP), resulting in the attachment of pyridyldithiol
groups to lysine side chains on the enzyme surface (See Figure 8). This was accomplished by
first making a 20 mg/mL solution of S-galactosidase in PBS with 1mM EDTA added. To the
enzyme solution was added 50 mL/mL of a 20 mM solution of SPDP in DMSO. The mixture
was incubated for 30 minutes at room temperature and then passed through a 6K MWCO
polyacrylamide desalting column to remove unreacted components. The column fractions were
assayed for maximum activity, and the active fractions were pooled and used for Nanospring
attachment. To covalently link the enzyme to the Nanosprings, the SPDP-modified enzyme
solution was then placed on top of the thiol-functionalized wafer and incubated for one hour at
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room temperature. The enzyme-coated wafer was then washed with reaction buffer (20 mM
sodium phosphate, 10 mM sodium citrate, pH 4.5) and placed into the reactor chamber. A
syringe pump was used to pump several reactor volumes of reaction buffer through the reactor
at 0.1 mL/min.

{l:H‘
O\sMSH
He—o” ‘(IJ
CHz
MPTMS
Silica Thiolated
Nanosprings Nanosprings
Figure 7 Thiolation of Nanosprings

[
NH, ‘ﬂ/\/s.\\

o

HN
5 Pyridyldithiol-activated
Enzyme ’ Enzyme

Pyridine 2-thione
Figure 8 Modification of enzyme for Nanospring attachment

Activity of the reactor was measured by pumping varying concentrations of substrate (o-
NPG in reaction buffer) through the reactor at 0.1 or 0.2 mL/min. After several reactor volumes
of substrate had been pumped through, 0.2 mL fractions were collected into vials containing 0.6
mL of quench buffer (100 mM sodium borate, pH 9.8). The high pH of the quench buffer stops
the reaction and converts the reaction product, o-nitrophenol, to its colored form [22]. The
quantity of product was determined by measuring the absorbance at 415 nm. Product
concentrations were calculated using the empirically determined extinction coefficient for o-
nitrophenol of 4800 M'ecm™. In general, lower flow rates resulted in higher conversion
efficiencies. When substrate concentration was varied, there was an inverse relationship
between conversion efficiency and quantity of product produced per minute, as shown in figure
9. At low substrate concentrations conversion efficiency is > 90%, but the amount of product
produced per minute is relatively low. Product volume per minute increases at higher substrate
concentrations, but at the expense of conversion efficiency. These data suggest that both high
product volume and complete conversion could be achieved by linking reactors together in
series.
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Figure 9: Conversion efficiency and product volume vs. substrate concentration for

B-galactosidase reactor at 0.1 mL/min

4.2 Chemical Reactors

The concept of immobilized enzyme reactors can be carried forward into general
heterogeneous catalysis applications by the use of catalysts coated on the Nanosprings. Higher
reaction rates in existing heterogeneously catalyzed reactions like alkylation, amination, C-C
coupling, hydrogenation, oxidation, can be expected due to the high accessible surface area of
the Nanosprings. The catalysts deposited on the Nanosprings are thermally stable, as
discussed in section 4.3, leading to an expectation that catalyst lifetimes could be extended. In
addition, it has been demonstrated that the Nanospring surface aids in some catalytic reactions.

Currently, we are studying hydrogenation of 4-nitrophenol into 4-aminophenol as a
representative reaction. Catalytic hydrogenation processes in the liquid phase present
challenges and difficulties due to the three-phase system formed by the solution, the solid-state
catalyst and the gaseous hydrogen. Design of reliable experiments and analysis of the
experimental data are the main points to be considered in these reactions. A CFR consisting of
a mat of palladium-decorated Nanosprings simplifies the study of the kinetics of liquid-phase
hydrogenation processes. In addition, a CFR eliminates the post-processing work required to
separate the catalyst particles from the reaction products. In the present work, we report the
results obtained in a CFR using palladium, silver and palladium nanoparticles on zinc oxide
coated silica Nanosprings for the reduction of 4-nitrophenol with sodium borohydride or
hydrogen gas.
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SN oH ————— = HN OH
f Pdon NS
Figure 10 Reduction of 4-nitrophenol with sodium borohydride

To assess the performance of the catalytic material 0.5 mL of 1.12 mM 4-nitrophenol was
placed in a cuvette with a 10x5 mm? stainless steel coated with silica Nanosprings.
Immediately, 0.5 mL of 10 mM NaBH, was added to the cuvette. Changes in absorbance were
measured at A=400nm over a period of 45 minutes. Palladium was the most active catalyst, as
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shown in figure 11, with a reaction efficiency of 13.71 % per min, compared to 3.3 % per min for
the Ag nanoparticles and 0.03 % per min for the Pd on ZnO-coated Nanosprings as indicated in
figure 11. It has to be noted that the ZnO-coated Nanosprings were completely inert
demonstrating that the Nanospring surface can be an active catalyst support. Compared to an
equivalent amount of 5% palladium on activated carbon, the Nanospring-supported catalyst
provides more than 3 times the reaction rate. In addition, the reaction efficiency of palladium
nanoparticles was measured at various concentrations of 4-nitrophenol, shown in figure 12.
The results obtained in these tests, show a remarkable catalytic activity for this particular
process.

33

[F¥)

i :
\ ——Pd on NS
25 H -
L] . ——Agon NS
T ol A N\ Pd on ZnO
T ol
1 ™ -
0.5 T T
0
0 a7 10 15 20 25 30 35 40 45
Time (min)
Figure 11 Disappearance of 4-nitrophenol due to different catalysts
%
—— 1 mM
0.9 \ - —y—2mM
- LS 10 mM
\
0.7
A ¥
- 08 \
8 \.\
oo 0.5
6 &
\
0.4 *
X
0.3 e W ————— "=
e o
0.2 —
0.1
0
0 2 4 6 3 10 e 14 16 18 20
Time (min)
Figure 12 Variation of reaction rates at various nitrophenol concentrations

33



The performance of the catalyst inside the CFR was evaluated by feeding a solution of 4-
nitrophenol (0.1 mM) into the reactor at different flow rates using a syringe pump. The reducing
solution of sodium borohydride (0.3125 g/L) was supplied at a flow rate of 25 mL/h. The
conversion was calculated by measuring the absorbance of the liquid product at A=400 nm. The
space velocity was calculated by dividing the total flow rate of reactants by the volume of the
reactor (0.1 mL). The result shown in figure 13 indicates that the Nanosprings-based CFR
displays a high performance at moderate space velocities.
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Figure 13 Conversion efficiency as a function of space velocities

Figure 14 indicates pressure drop measurements across the CFR at different flow rates. It can
be seen that the pressure drops with the steel foil substrate with and without Nanosprings are
almost identical implying very little resistance to the flow by the Nanospring mat.
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Figure 14 Pressure drop versus flow rates to measure resistance to flow
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The following conclusions can be drawn from these preliminary results:

e  The immobilization of palladium nanoparticles on silica Nanosprings produces a
highly active catalyst

o  Catalyst performance was enhanced due to forced contact between catalyst film
and reactants
For higher conversion efficiencies the CFR can be operated in recirculating mode

e  The versatility of possible Nanospring coatings enable CFR for a multitude of
catalysis reactions

4.3 Catalytic Converters
Nanosprings have been deposited on the two major substrate materials used for catalytic

converters: cordierite monoliths and stainless steel foils. Figure 15 shows a Nanospring mat

formed on the walls of a ceramic (cordierite) monolith.

Figure 15 SEM image of a cordierite monolith coated with silica Nanosprings

The Nanospring coating shows some advantages over the standard catalyst impregnated

Y—alumina “wash-coat” that is deposited on these substrates. The density of the Nanospring
coating on the catalytic converters is much less. On a core where the alumina wash-coat would
add approximately 152 g/L, the Nanospring coating would only add 14 g/L. The back pressure
of the core due to the Nanospring coating is slightly lower than a standard alumina coated core.
Due to the high accessible surface area of the Nanosprings, a greater amount of the active
catalyst is exposed to the reactants. This avoids problems found in porous structures where
reactions can be diffusion limited, or the catalyst can be encapsulated in the pores at high
temperatures. In addition, tests were done showing that both platinum and palladium
nanoparticles were able to resist sintering under hydrothermal aging (800°C with 10% relative
humidity) for 16 h and still remain catalytically active. This shows an anomaly to the observed
problems of catalyst being poisoned by silica, and shows promise of reducing cost and boosting
performance of future catalytic converters.

Palladium and platinum nanoparticles (3.3x1.6nm and 4.4+1.6nm, respectively) were
deposited on the Nanosprings using simple metal precursor solutions. The particles were
counted and sized using transmission electron microscopy (TEM) to get a representative size
distribution. The samples were then hydrothermally aged at 800°C with 10% relative humidity
for 16 h. Under these conditions the palladium particles grow to 4.7+2nm and the platinum
particles grow to 6.4+3.8nm. As reported by Suzuki et al. [23] and Liu et al. [24], under these
hydrothermal aging conditions the palladium particle size would typically be around 10 to 20nm
and the platinum particle size could be as large as 80nm, depending on the substrate.
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Tests were done to confirm that platinum and palladium were still catalytically active after
hydrothermal aging. Nanosprings were grown on corrugated stainless steel foil and on flat
stainless steel foil, which were rolled together to form a small monolith. The Nanospring-coated
monolith was placed in a tube furnace where a calibrated gas (1200ppm CO, 400ppm ethene,
12.5% O,, 6.0% CO,, and a balance of Ny) was metered through the monolith at space
velocities of 50,000 h™' and 75,000 h™. An exhaust gas analyzer measured the effluent CO
concentration. The percent conversion of CO was plotted against oven temperature to create
“light-off” curves for the two different space velocities. This was done before and after
hydrothermal aging to show the comparison. The “light-off’ temperature is defined as the
temperature where 50% conversion is reached.
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Figure 16 Light off curves of Carbon Monoxide

In addition to showing added catalyst stability and cost reduction the flexible nature of the
Nanospring mat shows promise with metal catalytic converters where thermal expansion issues
can create problems between the metal and ceramic wash-coat interface.

4.4 Sensors

Timalsina et al. [25], [26] have recently published two studies on the development of
biological sensors based on silica Nanosprings. These studies used a capacitive-type sensor
consisting of two glass substrates coated with indium tin oxide (ITO), where the vertically-
aligned Nanosprings (VANS) were used as the sensing media. Following a top-down approach,
VANS were grown in the patterned areas of the substrates [7]. A second patterned blank
substrate, sans VANS, with a center hole of 3 mm in diameter was placed on top of the sensing
electrode with a 200 pym thick polydimethylsiloxane (PDMS) gasket. These sensors were
characterized by alternating current impedance spectroscopy [3][2] , and later were used for the
detection of glucose oxidase [26]. Silica Nanosprings were initially treated with 1 mg/mL
biotinylated immunoglubulin (B-IgG). The direct adsorption of B-IgG on the Nanosprings
simplify the whole sensing procedure, since the avidin-conjugated glucose oxidase (Av-GOx)
can directly be immobilized on the B-IgG. Timalsina et al. showed a 77% increase in signal for
the VANS-based biosensor, which is significantly more sensitive to the biological solutions
relative to the planar ITO sensors. An example of the sensor response is presented in figure 17.
Note, the impedance data is a log-log scale, where the sensor exhibits excellent response to
changes in functionalization. This work lays down the foundation for the development of

fully-functional VANS-based sensors.
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Figure 17 Impedance spectra measured at 10 mV applied Vims after the subsequent addition of
B-1gG (or IgG), Av-GOx and B-BSA-FITC: (a) impedance magnitude plot and (b) impedance
phase plot as a function of frequency of the VANS sensor; (c) impedance magnitude plot and
(d) impedance phase plot as a function of frequency of the control (VANS sensor without
biotin)[26] .
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NEW Silica Nanosprings ™

14-6010  Silica Nanosprings” grown on aluminum foil substrate 1pc
(3.5 x 8cm) 5pc

reddish white plate; S.A. 350m%/g

14-6012 Silica Nanosprings ™ grown on fiber glass substrate (3.5 x 8cm) 1pc

reddish white plate; S.A. 350m%/g 5pc

14-6014  Silica Nanosprings™ grown on glass slide substrate (2.5 x 7.5cm) 1pc

reddish white plate; S.A. 350m?/g 5pc

14-6030  Silica Nanosprings " coated with titanium dioxide and 1pc

grown on aluminum foil substrate (3.5 x 8cm) 5pc
white plate

14-6032 Silica Nanospringsm coated with titanium dioxide and 1pc

grown on fiber glass substrate (3.5 x 8cm) 5pc
white plate

14-6034  Silica Nanosprings " coated with titanium dioxide and 1pc

grown on glass slide substrate (2.5 x 7.5cm) 5pc
white plate

14-6050  Silica Nanosprings™ coated with zinc oxide and 1pc

grown on aluminum foil substrate (3.5 x 8cm) 5pc
white to beige plate

14-6052 Silica Nanosprings™ coated with zinc oxide and 1pc

grown on fiber glass substrate (3.5 x 8cm) 5pc

white to beige plate

14-6054 Silica Nanosprings ™ coated with zinc oxide and grown on glass 1pc
slide substrate (2.5 x 7.5cm) 5pc
white to beige plate
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Note: Sold under license from GoNano for research purposes only. US 11-993,452 & PCT W0O2007/002369A3.
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Semiconductor Nanoparticles — A Review

Daniel NeR and Jan Niehaus
CANdot®
Introduction:

The synthesis, characterization and applications of nanocrystals were the subject of
extensive research in the past decade. Nanocrystals are crystalline objects that are less than
100 nm in at least two dimensions.!"! As a result, nanoparticles are made up of a small number
of atoms and found in the transition region between atoms or molecules and infinitely large
solids. This is why the electronic, optical, structural and thermodynamic properties can be a
function of the crystallite dimensions and thus change with the radius.’?”

Since semiconductors are of widespread use in electronic and optical applications the
possibility of being able to adjust the bandgap in semiconductor nanoparticles to the required
specifications by varying the size alone and not the chemical composition makes them
extremely interesting.

Size quantization effect:

It was observed for the first time in 1981 that in nanocrystalline CuCl, the band gap
apparently increases with decreasing particle size.® Because the size of the band gap Eg
determines the frequency at which the onset of absorption takes place, this effect can be
observed with the naked eye in nanoparticles that have a band gap E4 of 1.8 — 3.1 eV and
already start to absorb in the visible range. For example, it is possible to adjust the band gap of
CdSe, which in the solid state is 1.7 eV, to up to 2.5 eV by reducing particle size.

Shown in Figure 1 are colloidal solutions of CdSe nanoparticles. The material in every
cuvette has the same chemical composition. The samples differ only in their particle size from 3
nm (blue) to 7 nm (red).

Fig. 1 Colloidal solutions of CdSe nanoparticles of different size

This phenomenon is called the size quantization effect. It is due to formation of two charge
carriers confined to a finite area by excitation of an electron from the valence band to the
conduction band during light absorption. This electron/hole pair, also termed an exciton, has a
structure very similar to that of the hydrogen atom but usually a low binding energy due to the
small effective masses and therefore a large radius. Accordingly, the binding energy of the
hydrogen atom in the ground state is 13.51 eV and its radius 0.53 A, while for CdSe the binding
energy of the exciton is only 0.02 eV and the resulting radius 49 A.*
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The radius of the electron/hole pair is a decisive factor in the properties of nanoparticles. If
absorption takes place in a nanocrystal that has dimensions similar to or even smaller than the
Bohr radius of the exciton, then the exciton can no longer be in the ground state but must have
a higher kinetic energy. Hence, the energy level of the exciton is influenced by the particle
walls. This quantum mechanical effect described as a particle-in-a-box is stronger the smaller
the dimensions of the particle, i.e. the box, becomes. The band gap E, increases with
decreasing particle size, and the onset of light absorption shifts to shorter wavelengths.

The particle-in-a-box model allows calculation of the size quantization effect.'®'"! By
assuming a box potential with infinitely high potential barriers and taking into consideration the
Coulomb interaction between the electron and hole, the following expression, the so-called
Brus equation, is obtained for the change in the band gap as a function of the particle radius:"'?

apo (1 1) 18-¢ 1

2-R°\m, m,) 4-m-¢ R
Eq. 1
where AE change in band gap Eg relative to macroscopic solid
R radius of nanoparticle
Me/h effective mass electron / hole
€ dielectric constant

The first term includes the relationship known from the particle-in-a-box that the energy is
a function of 1/R?. The second term includes the Coulomb interaction. This equation can also
be used very effectively to calculate the radius of semiconductor nanoparticles from the
absorption spectrum alone.

However, because the values used to calculate the effective masses are derived from
microcrystalline solids and the assumption of a box potential is a stark simplification as well, the
calculated values agree approximately with the measured values only for larger particles. For
smaller radiuses, very large deviations are obtained, making it necessary to perform
significantly more precise and hence also more complicated calculations.

The change in electronic structure on transition from the atom to the macrocrystalline solid
can be explained using the LCAO approach.*' To understand the special properties of
nanoparticles, however, it is better to start from the bulk solid and observe the changes in the
electronic structure from there. This is shown in Figure 2.

Energy

o Valence
— band
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Diatomic Cluster Nanocrystal Bulk

molecule crystal

Fig. 2 Diagram of the change in energy levels with increasing agglomeration number N!'®
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It can be seen in Figure 2 that the band character in bulk solids, i.e. where there is a large
number of atoms, is strong and the band gap small. If the number N of atoms decreases in the
solid, the energy level density within the bands, on the one hand, decreases. On the other, the
distance between the HOMO (top band edge of the valence band) and the LUMO (bottom band
edge of the conduction band) increases. In a molecule the transition to discrete energy levels is
complete and there are no longer any bands.

Nanoparticles with a smaller radius resulting in a smaller number N of atoms therefore
have a larger “band gap® than particles with a larger radius. However, the term band gap is not
fully applicable to nanoparticles because the density and accordingly the band character of the
electronic states also decrease with decreasing radius and instead discrete energy levels tend
to form. As a result, transitions of increased oscillator strength take place, which can also be
observed in the absorption spectrum of monodisperse samples.!"”

Shown in Figure 3 is a typical absorption spectrum for nanoparticles, in this case CdSe
nanoparticles in n-hexane.
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Fig. 3 Absorption and emission of CdSe nanoparticles

Clearly distinguishable are two maxima that show a strong blue shift relative to the absorption
edge at 715 nm in macrocrystalline CdSe.

The first maximum at 570 nm is produced by excitation of an electron from the top band
edge of the valance band into the bottom band edge of the conduction band. The energy of this
transition therefore corresponds to the width of the band gap and can be used in the Brus
equation to calculate the particle size. The second transition at 470 nm represents excitation of
the electron from the HOMO of the valence band into a higher level of the conduction band.
The difference between the two transitions shows how strongly the size quantization effect has
reduced the density of the energy levels in the bands. Further absorption maxima would
represent transition into the next higher level of the conduction band. Consequently, both
impacts of the size quantization effect, the increase in band gaps as well as decrease in level
density in the bands, can be seen in the absorption spectra of nanoparticles.

If the size distribution of the sample is somewhat larger, however, these characteristics
disappear from the absorption spectrum because nanoparticles of different size also have a
different band gap Eg. As a result, the absorption is distributed over a larger range of
wavelengths and the peak usually can no longer be seen.

The size quantization effect can also be observed in the emission spectrum of
nanocrystals. Here the energy of the radiation emitted by the nanocrystals after excitation is
measured. This is therefore energy released when the electron returns to the valence band
from the conduction band, i.e. on recombination of the electron and hole. Because the distance
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separating the conduction and valence band edge in nanocrystals is influenced not only by the
particle structure, the surface characteristics, lattice voltages and environment (solvent) but
also by the size of the particles, the peak is usually very broad.

It is noticeable in Figure 3 that the emission spectrum, unlike the absorption spectrum,
shows only one transition at 580 nm. This radiation-emitting transition always occurs from the
bottom band edge of the conduction band to the top band edge of the valence band. All other
transitions within the conduction band release only little energy and can therefore proceed
radiationless. This energy is transferred to the lattice as vibrational energy.'

Furthermore, in this sample the emission maximum is shifted by 11 nm from the first
absorption maximum. This phenomenon is called the Stokes shift and reduces the reabsorption
of emitted light by semiconductor particles. This leads to an increase of the measured intensity.
The Stokes shift is strongly affected by the particle shape. For dots 10 to 20 nm are common
values.

Core particles:

The simplest semiconductor nanoparticles are composed of a homogeneous, crystalline
core with a surface coating of stabilizing molecules to saturate free valences. These molecules,
commonly called ligands, also prevent agglomeration of the particles and thus allow formation
of a homogeneous dispersion of long-term stability. Typical examples of this substance class
are CdSe, CdTe and PbS nanoparticles, with the CdSe-based particles covering the VIS (480 —
650 nm), the CdTe-based the NIR (600 800 nm) and the PbS-based the IR range (1000 — 1600
nm). All of these materials show the direct correlation of core size with band gap already
described. Figure 4 presents the absorption and emission spectra of CdSe particles of different
size.
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Fig. 4 Absorption and emission spectra of CdSe nanoparticles 3 to 7 nm in size
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Because the structure of these particles results in direct contact of the free charge carriers
with the particle surface after excitation, they usually are not very stable and have a quantum
yield of less than 20%. These particles are, however, very suitable for applications where
nanoparticles are to serve as the absorber material and not the fluorescent color. This is the
case especially in the field of solar cell research.

Corelshell particles:

Core/shell particles have a conventional nanoparticle as the core on which a shell made up
of another substance is grown. In the case of semiconductor nanoparticles, growth of an
external coating passivates the valences on the core surface, thereby increasing the stability
and quantum vyield. 1'%

The alignment of the valence and conduction bands of the core and shell material is very
important for achieving the desired positive effect on the quantum yield. In a type | core/shell
particle the valence band of the shell material is lower energetically than the valence band of
the core and the conduction band of the shell material higher than the conduction band of the
core material. Consequently, after generation of an exciton by absorption both charge carriers
are confined in the core. Valences on the outside of the shell therefore do not affect the
quantum yield and there is no change in the band gap. The quantum yield of these particles is
significantly higher than that of core particles.

In type Il core/shell particles the conduction band of the core material is lower than the
conduction band of the core material. Whereas the hole remains confined to the core, the
probability of finding the electrons in the shell material is high. Because of the spacial
separation of both charge carriers hardly any recombination takes place and the quantum yield
is very low. Moreover, the real band gap decreases and absorption and emission show a strong
red shift." Both possibilities can be seen in Figure 5.

e TYP |

Fig. 5 Type | and Type Il core/shell particles

Corelshell/shell particles:

For the shell to grow, the lattice constants of the core and shell materials should not be too
different. For example, it would be preferable to grow a ZnS shell on a CdSe core because the
band gap of zinc sulfide is much larger and confinement of the charge carriers in the core would
be much greater. Both semiconductors have a zinc blende (sphalerite) crystal structure but the
lattice constants differ by 12% (6.05A for CdSe, 5.42 A for ZnS). Therefore a CdS layer is
grown between the core and outer shell that has a lattice constant lying between that of CdSe
and ZnS.?" This band gap alignments and lattice mismatches are shown in Figure 6:
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Fig. 6 Alignment of bands in CdSe, CdS and ZnS?"

In such cases a core/shell/shell system is fabricated to maintain a small difference
between lattice constants of adjacent materials. The result is primarily a higher stability than in
conventional core/shell systems. These particles are therefore especially suited forery
demanding applications such as an LED fluorescent material or transfer into aqueous media.

Organometallic synthesis:

Nanoparticles can be produced by many different methods that generally can be classified
into two groups: “top down” and “bottom up”.

The “top down® methods are processes in which macroscopic material is broken down.
This is accomplished primarily by crushing or laser fragmentation. The advantages of these
production methods are relatively low costs and normally large production volumes. The
disadvantages are a mostly large particle size distribution, production of particles with no
stabilizing surface ligands and restriction to simple core structures. These disadvantages make
these production methods for the most part unsuitable for semiconductor nanoparticles.

The "bottom up® methods are generally processes in which nanoparticles are built up from
their atomic building blocks. These syntheses are often carried out in solution and enable a
high degree of size control and stabilization of the particles. However, the normally smaller
production volumes and significantly higher costs are disadvantages.®”?

The so-called hot injection method is a very common example of this type of synthesis. In
this method a starting component is combined with surface ligands in a flask, heated to the
nucleation temperature and then rapidly combined with the second component. This instantly
results in nucleation and subsequent growth. By varying the reaction conditions it is possible to
influence the size of the nanocrystals formed. Increasing the reaction time normally results in
larger particles because more material can attach to the seeds. Another phenomenon known as
Ostwald ripening additionally leads to an increase in the mean particle diameter.” Here larger
particles grow while smaller particles, which are energetically less favored due to a large
surface, dissolve. This is only possible, however, if the attachment step of the educts to a
nanoparticle is reversible.?*?? Presented in Figure 7 are TEM micrographs of three PbS
samples after different reaction times.?¥
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Fig. 7 PbS nanoparticles with an emission of 1(%2(‘)1? nm (left), 1400 nm (center) und 1600 nm
(right)

The disadvantage of the “hot injection” method is a limited production volume because the
amount injected cannot be increased indefinitely. Batch-to-batch reproducibility of the optical
properties is also problematic because both nucleation and growth of the particles must take
place consecutively in the same flask.

These problems can be avoided by synthesizing the particles in a continuous flow reactor.
The system developed by CAN GmbH in collaboration with the University of Hamburg is based
on the layout shown in Figure 8.

MODUL 1 MODUL 2 MODUL 3
solvent preparation synthesis of nanoparticles synthesis of Shell-structures

AL @*\@\ ™ N
(BB e J\g °
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la |
~ . L o Le

Fig. 8 Layout of a continuous flow unit for synthesis of semiconductor nanoparticles
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This system is set up to emulate the “hot injection” process. The precursor solutions are
stored under an inert atmosphere (1) and can be degassed before the reaction (2). Pulsation-
free pumps (3) are used to pump the fluids to the reaction module 2. The solutions are heated
separately to the nucleation temperature (4) before they are mixed in the micro fluidic mixing
chamber (5). There nucleation of the particles takes place. Because the inner volume of the
mixing chamber is only a few uL, the nuclei are immediately pumped to the growth oven (6).
This oven is usually heated to a temperature slightly below that of the mixing chamber to
prevent further nucleation. After the growth process, the solution is cooled to room temperature
and absorption and emission spectra can be recorded with the in-situ spectroscopy unit (7).
This separation of nucleation and the growth process leads to a high reproducibility of the
particle properties. Figure 9 shows absorption and emission spectra of three different batches
of quantum dots. Using “design of experiments” calculations it can be shown that the
significance is lower than 0.1%. If further inorganic shells are needed, the solution containing
the core particles leaving module 2 can be pumped to module 3, where further precursors can
be added. For example, this can be used to produce CdSe/ZnS core/shell particles with
enhanced optical properties.
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Fig. 9 Absorption and emission spectra of three continuously produced CdSe samples

Applications:

Because of their unique properties semiconductor nanoparticles have a broad range of
applications. Adjustment of the band gap through variation of the particle size allows their use
everywhere that absorption materials or fluorescent colors for specific wavelengths are
required. Due to the inorganic nature of the particle semiconductor nanocrystals show a
superior stability compared to common organic dyes. This comes to great effect especially in
applications where the fluorescent component is exposed to heat, intensive light or aggressive
chemicals like acids during the process. Because of the exchangeability of the surface ligands
the same kind of nanoparticle can be used in different solvents or can be homogeneously
incorporated in different materials without a change of the optical properties.*

Another advantage of the semiconductor quantum dots is the broad absorption of light
which is shown in figure 3 and 9. In contrast to organic dyes, which usually exhibit a quite
narrow absorption range, the particles can be excited with nearly every wavelength shorter than
the emission maximum. For example all CdSe samples shown in figure 4 can be excited with
radiation below 480 nm simultaneously. This can be very useful for all applications where
different colors have to be detected in one sample, because this can be done with one
excitation wavelength and one emission scan.

Core particles are especially well suited for use in solar cells. The nanoparticle is excited
by the incident light and the resulting charge carriers are sucked through the cell. Further
isolating shells would reduce the efficiency of the cells in this process taking place on the
nanoparticle surface. The CdSe particles used should, however, be as large as possible in
order to absorb as much of the solar radiation range as possible. Even more effective are PbS
particles, which in addition to visible light convert also IR radiation up to 1000 nm into charge
carriers.

Core/shell particles are characterized by a higher stability and quantum yield than core
particles. This makes them a less expensive alternative to core/shell/shell particles, for
example, as fluorescent material in LEDS or as fluorescent markers in nonpolar organic media.

Core/shell/shell particles have the highest fluorescence intensity and stability against
environmental influences and should therefore be used for all demanding applications. They
are especially well suited for transfer into aqueous media and hence for use in the biomedical
field. After functionalization they can be used there, for example, in cancer research.
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Products Referenced in the Article

NEW CANdot® Quantum Dots

48-1005 Cadmium selenide CANdot® quantum dot (core), 5ml
50umol/L in hexane, 500nm peak emission 25ml
48-1011 Cadmium selenide CANdot® quantum dot (core), 5ml
50umol/L in hexane, 525nm peak emission 25ml
48-1017 Cadmium selenide CANdot® quantum dot (core), 5ml
50umol/L in hexane, 550nm peak emission 25ml
48-1023 Cadmium selenide CANdot® quantum dot (core), 5ml
50umol/L in hexane, 575nm peak emission 25ml
48-1030 Cadmium selenide CANdot® quantum dot (core), 5ml
50umol/L in hexane, 600nm peak emission 25ml
48-1035 Cadmium selenide CANdot® quantum dot (core), 50umol/L in 5ml
hexane, 625nm peak emission 25ml
Note: Sold in collaboration with CAN for research purposes.
48-1040 Cadmium selenide/cadmium sulfide CANdot® quantum dot 1ml
(corel/shell), 50umol/L in hexane, 550nm peak emission 5ml
48-1046 Cadmium selenide/cadmium sulfide CANdot® quantum dot Tml
(core/shell), 50umol/L in hexane, 575nm peak emission 5ml
48-1052 Cadmium selenide/cadmium sulfide CANdot® quantum dot 1ml
(core/shell), 50umol/L in hexane, 600nm peak emission 5ml
HAZ CdSe/CdS
48-1057 Cadmium selenide/cadmium sulfide CANdot® quantum dot 1ml
(core/shell), 50umol/L in hexane, 625nm peak emission 5ml
CdSe/CdS

T
>
N
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Products Referenced in the Article

NEW CANdot® Quantum Dots

48-1063 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® Tml
quantum dot (core/shell/shell), 50umol/L in hexane, 5ml
HAZ 550nm peak emission
CdSe/CdS/ZnS
48-1070 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® iml
quantum dot (core/shell/shell), 50umol/L in hexane, 5ml
HAZ 575nm peak emission
CdSe/CdS/ZnS
48-1075 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® 1ml
quantum dot (core/shell/shell), 50umol/L in hexane, 5ml
HAZ 600nm peak emission
CdSe/CdS/ZnS
48-1080 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® 1ml
quantum dot (core/shell/shell), 50umol/L in hexane, 5ml
HAZ 625nm peak emission
CdSe/CdS/ZnS
48-1086 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® 1ml
quantum dot (core/shell/shell), 50umol/L in hexane, 5ml
HAZ 650nm peak emission
CdSe/CdS/ZnS

air sensitive, (store cold)
Note: Sold in collaboration with CAN for research purposes.

CADMIUM SELENIDE CANdot® QUANTUM DOT (core) KIT,

50umol/L in hexane, 500-625nm peak em S
o Particle Size Strem Catalog No. .
Peak Emmission (diameter) (in hexane)t Quantum Yield

500nm 2.7nm 48-1005 >10%
525nm 2.8nm 48-1011 >10%
550nm 3.5nm 48-1017 >10%
575nm 3.9nm 48-1023 >10%
600nm 4.7nm 48-1030 >10%
625nm 5.3nm 48-1035 >10%
Kit: 500-625nm 96-0800 >10%

Kit contains 5ml of each of the above 6 products. Ligand capping agent oleylamine. Stable in dispersions 6 months.

*Particle size reported excludes ligand capping agent.
All sizes determined by TEM except for 650nm CdSe/CdS/ZnS which is calculated.

t Available at nanoparticle concentration of 50umol per liter.
96-0800 Cadmium selenide CANdot® quantum dot (core) Kit,
50umol/L in hexane, 500-625nm peak emissions

HAZ Components available for individual sale.
Contains the following:

48-1005 Cadmium selenide CANdot® quantum dot (core), 50umol/L in hexane, See page 47
500nm peak emission

48-1011  Cadmium selenide CANdot® quantum dot (core), 50umol/L in hexane, See page 47
525nm peak emission

48-1017  Cadmium selenide CANdot® quantum dot (core), 50umol/L in hexane, See page 47
550nm peak emission

48-1023  Cadmium selenide CANdot® quantum dot (core), 50umol/L in hexane, See page 47
575nm peak emission

48-1030 Cadmium selenide CANdot® quantum dot (core), 50umol/L in hexane, See page 47
600nm peak emission

48-1035 Cadmium selenide CANdot® quantum dot (core), 50umol/L in hexane, See page 47

625nm peak emission
air sensitive, (store cold in dark under inert atmosphere)
Sold in collaboration with CAN for research purposes.
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CADMIUM SELENIDE/CADMIUM SULFIDE CANdot® QUANTUM DOT (core/shell) KIT,

50umol/L in hexane, 550-625nm peak emissions

Peak Emmission P(Z?;?rlleetselse Strznmh%i;ar:c;?+No. Quantum Yield
550nm 3.7nm 48-1040 >30%
575nm 4.1nm 48-1046 >30%
600nm 4.9nm 48-1052 >30%
625nm 5.6nm 48-1057 >30%

Kit: 550-625nm 96-0810 >30%

Kit contains 1ml of each of the above 4 products. Ligand capping agent oleylamine. Stable in dispersions >6 months.

*Particle size reported excludes ligand capping agent.
All sizes determined by TEM except for 650nm CdSe/CdS/ZnS which is calculated.

* Available at nanoparticle concentration of 50umol per liter.
96-0810 Cadmium selenide/cadmium CANdot® sulfide quantum dot
(core/shell) kit, 50umol/L in hexane, 550-625nm peak emissions

HAZ Components available for individual sale. Contains the following:

48-1040  Cadmium selenide/cadmium sulfide CANdot® quantum dot (core/shell), See page 47
50umol/L in hexane, 550nm peak emission

48-1046  Cadmium selenide/cadmium sulfide CANdot® quantum dot (core/shell), See page 47
50umol/L in hexane, 575nm peak emission

48-1052  Cadmium selenide/cadmium sulfide CANdot® quantum dot (core/shell), See page 47
50umol/L in hexane, 600nm peak emission

48-1057  Cadmium selenide/cadmium sulfide CANdot® quantum dot (core/shell), See page 47

50umol/L in hexane, 625nm peak emission

air sensitive, (store cold in dark under inert atmosphere)
CADMIUM SELENIDE/CADMIUM SULFIDE/ZINC SULFIDE CANdot® QUANTUM DOT

(core/shell/shell) KIT, 50umol/L in hexane, 550-650nm peak emissi

Peak Emmission P&?;thselrz)e Strznmhceitaarl]c;g){rNo. Quantum Yield
550nm 4.6nm 48-1063 >40%
575nm 5.1nm 48-1070 >40%
600nm 6.0nm 48-1075 >40%
625nm 6.6nm 48-1080 >40%
650nm 8.5nm 48-1086 >40%

Kit: 550-650nm 96-0820 >40%

Kit contains 1ml of each of the above 5 products. Ligand capping agent hexadecylamine.
Stable in dispersions >12 months.
*Particle size reported excludes ligand capping agent.
All sizes determined by TEM except for 650nm CdSe/CdS/ZnS which is calculated.
1 Available at nanoparticle concentration of 50umol per liter.
96-0820 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot®
quantum dot (core/shell/shell) kit, 50umol/L in hexane,

HAZ  550-650nm peak emissions
Components available for individual sale. Contains the following:

48-1063 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® quantum dot See page 47
(core/shell/shell), 50umol/L in hexane, 550nm peak emission

48-1070 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® quantum dot See page 48
(core/shell/shell), 50umol/L in hexane, 575nm peak emission

48-1075 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® quantum dot See page 48
(core/shell/shell), 50umol/L in hexane, 600nm peak emission

48-1080 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® quantum dot See page 48
(core/shell/shell), 50umol/L in hexane, 625nm peak emission

48-1086 Cadmium selenide/cadmium sulfide/zinc sulfide CANdot® quantum dot See page 48

(core/shell/shell), 50umol/L in hexane, 650nm peak emission
air sensitive, (store cold in dark under inert atmosphere)
Sold in collaboration with CAN for research purposes.
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New Products Introduced Since The Strem Chemiker Vol. XXV No. 1

BARIUM (Compounds)

56-7510 Barium nitride (99.7%-Ba) [12047-79-9]
BasN,; FW: 439.99; -20 mesh black pwdr.

CALCIUM (Compounds)

20-2025 Calcium nitride (99%-Ca) [12013-82-0]
NEW— Ca3N,; FW: 148.25; -200 mesh black pwdr.

CARBON (Elemental forms)

06-0512 Fullerene carbon soot 59
(contains 5-8wt% Cgy/C7o and higher fullerenes) [131159-39-2] 259
black pwdr.
06-0210 Graphene nanoplatelets (6-8 nm thick x 5 microns wide) 25¢g
black platelet 100g
06-0215 Graphene nanoplatelets (6-8 nm thick x 15 microns wide) 259
black platelet 100g
06-0220 Graphene nanoplatelets (6-8 nm thick x 25 microns wide) 25¢g
black platelet 100g
06-0225 Graphene nanoplatelets aggregates 259
(sub-micron particles, surface area 300m?g) 100g
black platelet
06-0230 Graphene nanoplatelets aggregates 25¢g
(sub-micron particles, surface area 500m?g) 100g

black platelet

06-0235 Graphene nanoplatelets aggregates 259
(sub-micron particles, surface area 750m?g) 1009
black platelet

CARBON (Compounds)

96-7052 Paracyclophane Kit
See (page 69).

CERIUM (Compounds

58-5845 Cerium nitride (99.9%-Ce) [25764-08-3] 250mg
CeN; FW: 154.12; -60 mesh pwdr. 1g

EUROPIUM (Compounds

63-1200  Europium nitride (99.9%-Eu) [12020-58-5] 100mg
EuN; FW: 165.97; 60 mesh black pwdr. 500mg

HAFNIUM (Compounds

72-7750 Tetrakis(diethylamino)hafnium, 99% (99.99+%-Hf, <0.2% Zr) 19

PURATREM [19824-55-6] 59
amp Hf[N(CHZCH3)2]4} !:W: 467.01; light yellow lig. 25¢g
HAZ moisture sensitive
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New Products Introduced Since The Strem Chemiker Vol. XXV No. 1

IRIDIUM (Compounds)
77-5075

propenyl]iridium(lll), min. 98%
[1221768-92-8]

CgH35IrN,OgP2; FW: 1033.98;
yellow pwdr.

Note: Manufactured under license of Takasago patent.

Technical Notes:

[(S)-(-)-5,5'-Bis(diphenylphosphino)- (e}
4,4'-bi-1,3-benzodioxole][4-cyano-3-
nitrobenzenecarboxylato][1,2,3n2-

100mg
< O 500m
g
o Phpp =
<o P, N
P® | VYO
© O Pro PN
c
o

NC
NO,

1. Catalyst used for the diastereo- and enantioselective carbonyl (trimethylsilyl)allylation from the

alcohol, or aldehyde, oxidation level.

OH
k CN
R NO, (5 mol%)
/ OAc or _
SiMe; o K3PO4 (100 mol%)
I H,0 (500 mol%)
R THF, 70 °C

(100 mol%)
For RCHO

i-PrOH (200 mol%)

/\_)\/\Ph

SiMe;

RCHO  74%Yield, >09:1 dr, 94%ee .\
RCH,OH 70% Yield, >09:1 dr, 92% ee 1o ('1)°°'( )
OH '
/\('\(CthMe
SiMe;

RCHO 72% Yield, >99:1 dr, 90% ee
RCH,0H 67% Yield, >99:1 dr, 95% ee

2. Catalyst used for the diastereo- and enantioselective carbonyl (hydroxy)allylation to form anti-1,2-diols.

o NO, (5 mol%)
Z OBz IJ\

R K3POy (100 mol%)
(100 mol%) i-PrOH (200 mol%)
THF, 60 °C

OBz

(Then MeOH, K,CO3)

/\/'\/\ph

OH
68% Yield, 18:1 dr
97% ee

OH

/\/'\(CthMe

OH
70% Yield, 14:1 dr
99% ee

Tech. Note (2)
Ref. (2)

3.  Catalyst used for the diastereo- and enantioselective carbonyl (hydroxymethyl)allylation from the

alcohol, or aldehyde, oxidation level.

<° [ Ph, .
OH
k NC
o R| (5mol%) No,
7 or -
o>=° o THF, 90 °C
IJ\R For RCHO

(100 mol%) i-PrOH (200 mol%)

OH Tech. Note (3)
68% Yield, 7:1 dr, 99% ee Ref. (3)

74% Yield, 7:1 dr, 93% ee

OoH
/\(\(CH2)7Me
OH

58% Yield, 8:1 dr, 97% ee
60% Yield, 9:1 dr, 98% ee

RCHO
RCH,OH

RCHO
RCH,OH
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New Products Introduced Since The Strem Chemiker Vol. XXV No. 1

IRIDIUM (Compounds

77-5075 [(S)-(-)-5,5"-Bis(diphenylphosphino)-4,4'-bi-1,3-benzodioxole][4-cyano-3-
nitrobenzenecarboxylato][1,2,3n2-propenyl]iridium(lll), min. 98% [1221768-92-8]
(cont.)

4. Catalyst used for the diastereo- and enantioselective carbonyl tert-prenylation from the alcohol, or
aldehyde, oxidation level.

o. OH
S g P
oAt~ 7 Ph
<0 Ph, o Mé Me
OH
k RCHO 81% Yield, 93% ee
\,Me 05 (5 mol%) NO, _ RCH,0OH 84% Yield, 87% ee Tech. Note (4)
e 0 EXCHO (5 mol%) QH Ref. (4)
|L PhMe, 30-50 °C /%(CthMe
R Me Me
(100 mol%) . For RCHO .
i-PrOH (200 mol%) RCHO 71% Yield, 92% ee

RCH,0OH 94% Yield, 90% ee

5.  Catalyst used for the diastereo- and enantioselective carbonyl double crotylation of 1,3-diols.

[¢; o Tech. Note (5)
HO OH cN HO QH Ref. (5)
/\VOAC KH NO, (10 mol%) /\('\(Y\
Me Me  THF:H,O (4:1, 1.6 M) Me Me Me
(100 mol%)  K;PO, (100 mol%) 62% Yield, 6:1 dr
70°C >99% ee

6. Catalyst used for the diastereo- and enantioselective carbonyl crotylation from the alcohol or aldehyde
oxidation level.

OH
%2y 1 N s
o b |~ Y Ph
< Me
OH
L NC RCHO  77% Yield, 10:1 dr, 98% ee ;e‘f‘h'emte (6)
ohc R| (5mol%)  NO, RCH,OH 72% Yield, 10:1 dr, 93% ce ef. (6)
=z or -
/\,\L o K3POy (50 mol%) OH OPMB
H,0 (500 mol %) =
R THF (1.0 M), 60 °C Me
(100 mol%) .
For RCHO RCHO 76% Yield, >20:1 dr, 99% ee

i-PrOH (200 mol%) RCH,0H 76% Yield, 15:1 dr, 97% ee

References:

1. J. Am. Chem. Soc., 2010, 132, 9153.
J. Am. Chem. Soc., 2010, 132, 1760.
J. Am. Chem. Soc., 2010, 132, 4562.
J. Am. Chem. Soc., 2009, 131, 6916.
J. Am. Chem. Soc., 2011, 133, in press.
J. Org. Chem., 2011, 76, 2350.
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New Products Introduced Since The Strem Chemiker Vol. XXV No. 1

LANTHANUM (Compounds)

57-5737 Lanthanum(lll) chloride, lithium chloride complex 0.6M
(15wt% *2wt%) in tetrahydrofuran [10099-58-8]
HAZ LaCly-LiCl; FW: 287.66; colorless to pale yellow lig.
moisture sensitive

0.05mole
0.25mole

Note: A product of Chemetall. Sold for R&D purposes only.
LUTETIUM (Compounds)

711050  Tris(N,N'-di-i-propylacetamidinato) (HsC),HC CHg
lutetium(lll), 99% H C)SH o *NA\
Lu(CgH17N,)s; FW: 598.67; 322y N-CH(CHg),
white to off-white pwdr. H C<J\‘//'|_u‘
Note: Product sold under, use subject to, 3 NY ;;U\‘_CH(CHs)z
terms and conditions of label license at (H3C)2HC NA
www.strem.com/harvard?2. (HC),HC CH3

MAGNESIUM (Compounds)

250mg
19

12-0815 Methylmagnesium bromide, 3.2M (35wt% £1wt%) 0.25mole
In 2-methyltetrahydrofuran [75-16-1] 1mole
HAZ CH3;MgBr; FW: 119.26; lig.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
12-0803 sec-Butylmagnesium chloride, lithium chloride complex 1.2M 0.25mole
(15wt% *1wt%) in tetrahydrofuran [15366-08-2] 1mole
HAZ CH3CH,CH(CH3)MgCI-LiCl; FW: 159.26; dark brown lig.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
12-0810 Ethylmagnesium bromide, 3.4M (40wt% *1wt%) 0.25mole
In 2-methyltetrahydrofuran [925-90-6] 1mole
HAZ C,HsBrMg; FW: 133.28; dark brown lig.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
12-0820 Phenylmagnesium bromide, 2.9M (45wt% *1wt%) 0.25mole
in 2-methyltetrahydrofuran [7100-58-3] 1mole
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
12-0825 i-Propylmagnesium bromide, 2.9M (35wt% £1wt%) 0.25mole
in 2-methyltetrahydrofuran [920-39-8] 1mole
HAZ (CH;),CHMgBr; FW: 147.30; liq.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
12-0827 i-Propylmagnesium chloride, lithium chloride complex 1.3M 0.25mole
(14wt% +1wt%) in tetrahydrofuran [1068-55-9] 1mole
HAZ (CH3),CHMgCI-LiCI; FW: 145.24; yellow-brown lig.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
12-0832 2,2,6,6-Tetramethylpiperidinylmagnesium chloride, lithium 0.05mole
0.25mole

chloride complex 1.0M (18wt% *2wt%) in toluene/tetrahydrofuran
HAZ [215863-85-7]
CoH1sNMgClI; FW: 200.00; brown lig.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
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MERCURY (Elemental forms)

80-1105

amp
HAZ

NANOMATERIALS (Compounds)

Sodium-Mercury Amalgam, 4-5% Na (99.9+%) [11110-52-4] 5g
spherical pellets 25¢g
air sensitive, moisture sensitive

26-0032 Iron(ll,1ll) oxide (Magnetite) aqueous magnetic fluid 2ml
[3.5 vol%, Ms = 15-16 kA/Im] [1317-61-9] 10ml
Fe;04; black solid (water suspension)
26-0036 Iron(ll,1ll) oxide (Magnetite) aqueous magnetic fluid 2ml
[7.0 vol%, Ms = 30-31 kA/m] [1317-61-9] 10ml
Fe;0,; black solid (water suspension
NITROGEN (Compounds)
96-7054 Cucurbituril Kit
See (page 67).
07-1310 Cucurbit[5]uril (CB[5]) ammonium Q /\ 0 100mg
sulfate hydrate, 99+% [259886-49-2] NT 4 N
C30H3aoN20010"NH4)2804-XH20; N N/\ N
FW: 962.83; white solid H H
Note: Sold for R&D purposes only. N_§ N
US 6365734. Cucurbitural Kit component. H h(
See (page 67). \f Oﬁ/
% N 0
\ /
&%—H
NTN
e}
07-1320 Cucurbit[6]uril (CB[6]) hydrate, 99+% Q O 500mg
[80262-44-8] }\N/\N%
CagHaN24012 XH,O; FW: 996.82; N%H H;S(N
white solid H NN H
Note: Cucurbitural Kit component. / /N\< )’N\ \\
See (page 67). =<N g N>= 0 0 :<N N N%
N H N\ O O /N H N
Y
e
N H H N
N—___—N
0 ‘Qo
Q [¢]
07-1325 Cucurbit[7]uril (CB[7]) hydrate, 99+% 50mg
[259886-50-5] >\N/\N/<

Cy2H42N28014-XH,0; FW: 1162.96;
white solid

Note: Sold for R&D purposes only.
US 6365734. Cucurbitural Kit
component. See (page 67).
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NITROGEN (Compounds)

07-1330 Cucurbit[8]uril (CB[8]) hydrate, 99+% 25mg
[259886-51-6] N/\N/<
CagH4sN32046-H,0; FW: 1329.10; white solid ;H\ ;S( \
Note: Sold for R&D purposes only. H N N, H H
US 6365734. Cucurbitural Kit component. Y \< % \//
See (page 67). )\ 2\
i A )
N)&/Y 0 o N
N N
o)\N TN N NAO
\H N-N H /
N THH1 N
%NvN&
(6] [6)
07-0385 N,N’'-Di-t-butyl-2,3-diaminobutane, 98% C(CH3)3 500mg
[1167987-07-6] | 29
(C4Hg)NHCH(CH3)CH(CH3)NH(C4Ho); H3C N
FW: 200.36; colorless, viscous lig. H
air sensitive H
HsC Nidl
C(CHa)3
07-0398 Diethylenetriaminepentaacetic acid, 98.5% DTPA (USP) [67-43-6] 50g
(HO,CCH,),N(CH_2),N(CH,CO,H)(CH,),N(CH,CO,H),; FW: 393.35; 2509
white xtl.
07-0412 Diethylenetriaminepentaacetic acid, 99% DTPA [67-43-6] 259
(HO,CCHy,),N(CH_),N(CH,CO,H)(CH,),N(CH,CO,H),; FW: 393.35; 100g
white xtl.
07-0610 Ethylene glycol-bis(2-aminoethyl)- (0] 25¢g
N,N,N',N'-tetraacetic acid, 99% 100g
EGTA [67-42-5] HO o
(HOOCCH,),N(CH,CH,0), HO A0~~~ N
CH,CH,N(CH,COOH);; N 0 OH
FW: 380.35; o S‘/OH
white xtl.
o
07-4017 1-(2,6-Di-i-propylphenyl)-3- 500mg

(2,4,6-trimethylphenyl)-4,5-dihydro- 2g
imidazolium chloride, min. 97% /[ \
[866926-59-2] N+ N
Co4H33CIN,; FW: 384.99; \(Cl-

white to pink solid H
air sensitive
071322 Perallyloxycucurbit[6]uril (AOCB[6]) \ ¢ / 25mg
potassium sulfate, 94+% \ NXN /
C72HggN24024-XK,SO4; FW: 1668.61;
white solid O N OO%OO N__O
Note: Sold for R&D purposes only. Y NKN N\N Y
US 7388099. Cucurbitural Kit component. N T )\ N
See (page 67). = g N OOO '\f O‘\ﬁ
(
0 NYO OO N O ~—
NG A /N7ZL Y
o NN v o
%0%—%0/\
N_ N
/ y Y l\ A\
(0]
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OXYGEN (Compounds)

96-7052 Paracyclophane Kit

See (page 69).

PALLADIUM (Compounds)

46-0255 Chloromethyl(1,5-cyclooctadiene)palladium(ll), 98% [63936-85-6] 250mg

PdCI(CH3)(CgH12); FW: 265.09; pale yellow pwdr. 19
air sensitive

46-1870 Palladium(ll) hexafluoroacetylacetonate, min. 98% [64916-48-9] 250mg

Pd(CF;COCHCOCF3;),; FW: 520.52; yellow pwdr. 19

59
PHOSPHORUS (Compounds)

96-4100  Garphos™ Ligand Kit

See (page 68).

15-1661 (R)-2,2'-Bis[bis(3,5-dimethylphenyl) HyC CH; 100mg
phosphino]-4,4',6,6"-tetramethoxybiphenyl, OCHs CH, 500mg
min. 97% (R)-Xyl-Garphos
CugHs204P,; FW: 754.87; white xtl. O
air sensitive H,CO P
Note: Sold in collaboration with KCT. 833
Patent US App No. 61/381,493. H3CO b N
Garphos  Ligand Kit component.
See (page 68). O
Technical Note: OCHg| CHg
1. See 15-1653 (page 58). HyC CHy
15-1662 (S)-2,2'-Bis[bis(3,5-dimethylphenyl)phosphino]-4,4',6,6'- 100mg
tetramethoxybiphenyl, min. 97% (S)-Xyl-Garphos " 500mg
CagHs5204P,; FW: 754.87; white xtl.
air sensitive
Note: Sold in collaboration with KCT. Patent US App No. 61/381,493.
Garphosw Ligand Kit component. See (page 68).
Technical Note:
1. See 15-1653 (page 58).
15-1672 (R)-2,2'-Bis[bis(4-methoxy-3,5-di-t-butyl- OCH;s 100mg
phenyl)phosphino]-4,4',6,6'-tetramethoxy-  (H:C);C C(CHa)s 500mg
biphenyl, min. 97% (R)-DTBM-Garphos OCHj3 C(CHa)3
C6H10808P2; FW: 1211.61; white xtl.
air sensitive, light sensitive O OCH,
Note: Sold in collaboration with KCT. P
Patent US App No. 61/381,493. HsCO C(CHs)s
Garphosw Ligand Kit component. H,CO. C(CHg)s
See (page 68). P
O \Q\OCHa
OCH C(CHa)s
Technical Note: (HC1C C(CHals
1. See 15-1653 (page 58). OCHs,
151673  (S)-2,2'-Bis[bis(4-methoxy-3,5-di-t-butylphenyl)phosphino]- 100mg
4,4',6,6'-tetramethoxybiphenyl, min. 97% (S)-DTBM-Garphos ™ 500mg

C.6H10808P2; FW: 1211.61; white xtl.
air sensitive, light sensitive
Note: Sold in collaboration with KCT. Patent US App No. 61/381,493.
Garphos™ Ligand Kit component .See (page 68).
Technical Note:
1. See 15-1653 (page 58).
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PHOSPHORUS (Compounds)
15-1666  (R)-2,2'-Bis[bis(4-methoxy-3,5-dimethyl- OCHS 100mg
phenyl)phosphino]-4,4',6,6'-tetramethoxy- HsC 500mg
biphenyl, min. 97% (R)-DMM-Garphos' OCHB
CszHeoOsP2; FW: 874.98; white xtl. ochs
air sensitive
Note: Sold in collaboration with KCT. H4CO
Patent US App No. 61/381,493.
Garphos™ Ligand Kit component. HyCO
See (page 68). _—
OCH
HsC
Technical Note:

OCH;
1. See 15-1653 (page 58).

CH,
CH,

15-1667 (S)-2,2'-Bis[bis(4-methoxy-3,5-dimethylphenyl)phosphino]- 100mg
4,4',6,6"-tetramethoxybiphenyl, min. 97% (S)-DMM-Garphos™ 500mg
Cs2HgoOsP2; FW: 874.98; white xtl.
air sensitive

Note: Sold in collaboration with KCT. Patent US App No. 61/381,493.
Garphos Ligand Kit component. See (page 68).

Technical Note:
1. See 15-1653 (page 58).

CugH28F2404P2; FW: 1186.64; white xtl.

15-1663 (R)-2,2'-Bis[bis(3,5-trifluoromethylphenyl) FsC 100mg
phosphino]-4,4',6,6"-tetramethoxybiphenyl, OCH, 500mg
min. 97% (R)-BTFM-Garphos” /@

air sensitive HyCO
Note: Sold in collaboration with KCT. CF
Patent US App No. 61/381,493. HaCO *

Garphos™ Ligand Kit component.
See (page 68).

OCH;3;
Technical Note: FaC

1. See 15-1653 (page 58).

15-1664 (S)-2,2'-Bis[bis(3,5-trifluoromethylphenyl)phosphino]- 100mg
4,4',6,6'-tetramethoxybiphenyl, min. 97% (S)-BTFM-Garphos ™ 500mg
CagH2sF2404P2; FW: 1186.64; white xtl.
air sensitive

Note: Sold in collaboration with KCT. Patent US App No. 61/381,493.
Garphos Ligand Kit component. See (page 68).

Technical Note:
1. See 15-1653 (page 58).

15-0166 (R,R)-(+)-1,2-Bis(di-t-butylmethylphosphino) (H3C)sC, 'CHa 50mg
benzene (R,R)-BenzP* [919778-41-9] “p 250mg

CqsH1gP2; FW: 282.34; white xtl.;
[a]lo +223° (c 0.54, AcOEt)
air sensitive
& \ C(CHy),
Technical Note:
1. The rhodium complex of BenzP is highly active in the asymmetric hydrogenation of various
functionalized alkenes ( ee >99%).

R1 N OOR3 H2 (3-5 atm) , RT, MeOH _ R1/\/COOR3
NHR? [Rh(BenzP*)(COD)SbFe] NHR?
>99% ee
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PHOSPHORUS (Compounds)
15-0166 (R,R)-(+)-1,2-Bis(di-t-butylmethylphosphino)enzene (R,R)-BenzP*

[919778-41-9]

(cont.)
Technical Note (cont.)

AcHN
H, (3-5 atm) , RT, MeOH AcHN
2 -
17 \,~COOR 17~ COOR?
[Rh(BenzP*)(COD)SbFg]
Reference: >95% ee
1. Org. Lett.,, 2010, 12, 4400.
15-0167 (S,S)-(-)-1,2-Bis(di-t-butylmethylphosphino)benzene (S,S)-BenzP* 50mg
CigH18P2; FW: 282.34; white xtl.; [a]p -223° (c 0.54, AcOEY); 250mg
m.p. 125-126°
air sensitive

Technical Note:
1. See 15-0166 (page 57).

15-1653 (R)-2,2'-Bis(diphenylphosphino)-4,4',6,6'- 100mg
tetramethoxybiphenyl, min. 97% (R)-Ph-Garphos™  OCH: 500mg

C4oH3s04P2; FW: 642.66; white xtl. Q
air sensitive

Note: Sold in collaboration with KCT. . H3CO
Patent US App No. 61/381,493. Garphos

Ligand Kit component. See (page 68). HsCO ‘ p\Q

Technical Note: OCH|
1. Chiral ligand used in the preparation of hydrogenation
catalysts with exceptionally high activity and selectivity.

A H,/Base
/ F

Garphos

>99% conversion

>98% ee

(0] (0] OH (0]
H,/Base
O/\ Garphos O/\

>99% conversion

Tech. Note. (1)
Ref. (1)

Tech. Note. (2)

o oH >08% ee Ref. (1)
.
o€ H,/Base FsC
_—
Garphos
CF.
3 CF3 Tech. Note. (3)
Ref. (1)

S:C = 100.000:1
>99% conversion

Reference: >99% ee

1. US Patent Application No. 61/381,493.
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PHOSPHORUS (Compounds)

15-1654 (8)-2,2'-Bis(diphenylphosphino)-4,4',6,6™-tetramethoxybiphenyl, 100mg
min. 97% (S)-Ph-Garphos 500mg
CyoH3604P2; FW: 642.66; white xtl.
air sensitive

Note: So!Md in collaboration with KCT. Patent US App No. 61/381,493.
Garphos  Ligand Kit component. See (page 68).

Technical Note:
1. See 15-1653 (page 58).

15-0415 4,5-Bis-(di-i-propylphosphino- A 50mg
methyl)acridine, 98+% [1101230-28-7] 250mg
Cu7H39NP2; FW: 439.55; yellow xtl. pZ

PCT/IL2009/000778.

air sensitive N
Note: Patents: US provisional 61/087,708,
P )P\

15-1657 (R)-2,2'-Bis(di-p-tolylphosphino)-4,4',6,6'- 100mg
tetramethoxybiphenyl, min. 97% (R)-Tol-Garphos " 500mg
C44H4404P2 FW: 698.77; white xtl. OCH3
air sensitive
Note: Sold in collaboration with KCT.
Patent U§ App No. 61/381,493.
Garphos ™ Ligand Kit component. H,CO
See (page 68). HaCO
OCH3©
Technical Note:
1. See 15-1653 (page 58).
15-1658 (S)-2,2'-Bis(di-p-tolylphosphino)-4,4',6,6™-tetramethoxybiphenyl, 100mg
min. 97% (S)-Tol-Garphos 500mg
C44H4404P; FW: 698.77; white xtl.
air sensitive
Note: Sold in collaboration with KCT. Patent US App No. 61/381,493.
Garphos Ligand Kit component. See (page 68).
Technical Note:
1. See 15-1653 (page 58).
15-0405 1,2-Bis(phenylphoshino)ethane [718899-64-4] 500mg
(CeHs)HPCH,CH,PH(CgHs); FW: 246.22; colorless to yellow lig. 29
amp pyrophoric
HAZ
NO UPS
- 4
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PHOSPHORUS (Compounds)

15-0570 Bis(3-sulfonatophenyl)(3,5-di-trifluoromethyl- SO3Na 100mg
phenyl)phosphine, disodium salt, 500mg
min. 97% DANPHOS [1289463-82-6]
CaoH13FsNa0sPS,; FW: 604.39; white pwdr.
Note: Sold under license from UAB FsC P SOsNa
for research purposes only.
PCT/EP2010/065531.
Technical Note:
1. Water soluble phosphine.
15-1086 2-(Dicyclohexylphosphino)-N,N-bis 100mg
500mg

(1-methylethyl)-1H-indole-1-carboxamide, \
min. 98% Amidole-Phos [1067175-36-3]

Co7Ha1N,OP; FW: 440.60; N~ POy

white to off-white pwdr.; m.p. 192.1-193.8° /&

PN

Technical Note:
1. Suzuki-Miyaura Coupling of Aryl Chlorides (low catalyst loading).

1 2

B(OH), 0.01-0.1 mol% Pd-L R R
_ KPOGHO
T TR 100

Tech. Note (1)

Ref. (1)
R' = Me, MeO, NH,, CO,Me, COMe, pyr; R? = Me, Np, Bu up to 99% yield
Reference:
1. J. Org. Chem. 2008, 73, 7803.
100mg
500mg

15-1087 1-(Dicyclohexylphosphino)-2- PCy,

(2-methoxyphenyl)-1H-indole, min. 98% O N
NPCy o-Andole-Phos [947402-60-0]

C,7H34sNOP; FW: 419.54

; FW: 419.54; S
white to off-white pwdr.;
m.p. 131.1-132.5°

Technical Note:
1. Suzuki-Miyaura Coupling of Aryl and Hetero-aryl Chlorides.

_/ 1 2
R! | B(OH):  0.02-1 mol% Pd(OAc), R R
\ + Ligand
-
A K3POy, toluene
¢] | R? 100°C
=
R' = Me, MeO, NH,, CO,Me, COMe, pyr; R? = Me, Np, Bu up to 99% yield
Reference:

1. Org. Lett. 2007, 9, 2795.

Tech. Note (1)
Ref. (1)
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PHOSPHORUS (Compounds)

15-1088 2-[2-(Dicyclohexylphosphino)phenyl]-1- 100mg
methyl-1H-indole, min. 98% CM-Phos 500mg
[1067883-58-2]
Co7H34NP; FW: 403.54;
white to off-white pwdr.;
m.p. 171.9-174.9°
Technical Notes:
1. Suzuki-Miyaura Coupling of Aryl Mesylates bearing alkyl, methoxy, aldehyde, keto, nitrile, ester,
and heteroaryl substitution.
2. Sonogashira Coupling of Aryl Mesylates, R' = alkyl, aryl; R = C(O)R, COOMe, CHO, CN.
3. Buchwald-Hartwig Amination of Aryl Mesylates, R = cyano, chloro, methoxy, keto, ester and etc.
4. Additional catalyzed reactions include Cyanation of functional Aryl Mesylates and Chlorides
(Ref. 4,5); Hiyama Coupling of Aryl Mesylates (Ref. 6); Direct Arylation of Heterocycles with
Aryl Mesylates (Ref. 7); Borylation of Aryl Mesylates (Ref. 8).
R R2
7z ‘
_ 0.5-4 mol% Pd(OAc),
~ ‘ Cemenes C / I\ /TN Tech. Note (1)
K3F‘O4 £BUOH Ref. (1)
o — -
OMs
2.0 mol9 R
R / .0 mol% Pd(OAc),
CM-Phos
R—— | / \ o Tech. Note (2)
|| R =—R Ref. (2)
K3POy, t-BuOH -
110 °C
H OMs
R
HN(
R"  0.5-4 mol% Pd(OAc), Tech. Note (3)

=4 CM-Phos = ~ ;
R |+ —0m — R | or QNG Ref. (3)
X t-BuOH or water N _R R = -
HNQ K;COs N o
OMs R"
T 110°C

References:

1. Angew. Chem. Int. Ed., 2008, 47, 8059.
Chem. Eur. J., 2010, 16, 9982.
Angew. Chem. Int. Ed., 2008, 47, 6402.
Angew. Chem. Int. Ed., 2010, 49, 8918.
Org. Lett.,, 2011, 13, 648.
Org. Lett., 2009, 11, 317.
Chem. Eur. J., 2011, 17, 761.
Chem. Eur. J., 2011, 17, 6913.

ONO O WN

15-9159 2,4,6-Tripropyl-2,4,6-trioxo-1,3,5,2,4,6- 0 0 109
trioxatri-phosphorinane (Propylphosphonic | oll 50g
HAZ acid anhydride 50% solution in N,N- P~ |,p\
dimethylformamide) [68957-94-8] CaHy O B N\ G
(CsH70,P)s; FW: 318.20; o— 0
slightly yellow to brown lig. CsH7

15-9160 2,4,6-Tripropyl-2,4,6-trioxo-1,3,5,2,4,6-trioxatriphosphorinane 10g
(Propylphosphonic acid anhydride 50% solution in ethyl acetate) 50g
HAZ [68957-94-8]
(C3H;0,P)3; FW: 318.20; slightly yellow to brown lig.
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PHOSPHORUS (Compounds)
15-9155 -03-
CH,=CHP(O)(OH); FW: 108.00; colorless to pale-yellow liq

Vinylphosphonic acid, min. 90% [1746-03-8]

50g
2509
HAZ
15-9158 Vinylphosphonic acid dimethyl ester, min. 90% [4645-32-3] 509
CH,=CHP(O)(OCHjs),; FW: 136.10; colorless liq. 250g
HAZ (store cold)

RHODIUM (Compounds)

45-2160

Tris(acetonitrile)pentamethylcyclopenta-
dienylrhodium(lll) hexafluoroantimonate,

50mg
250mg
min. 98% [59738-27-1] 19
[RN(C1oH15)(CHsCN)s] "(SbFe )2
FW: 832.79; light yellow pwdr.
(SbFg),

HaCCN™ NCCH3
NCCH3
Technical Notes:
1.

Catalyst used for the oxidative, cross-coupling/cyclization of aryl aldimines and alkynes
2. Catalyst used for the intermolecular hydroarylation of alkynes
3.

Catalyst useful for the Fagnou Indole/Pyrrole Synthesis.

Rh cat. (2.5 mol%)
. _tBu N
o @AN/ o pa CU(OADH0 (21 equiv) Rl N
i - DCE, 83 °C, 16 h Tech. Note (1)
Z I Ref. (1)
\ Rh cat. (5 mol%) %
PivOH (5 equiv)
N Me—=——=—Ph ( a Ph
o

zZ

Tech. Note (2)
lPrOAc 90°C, 15h

o Ref. (2)

7/

MeoN
MeoN

R
Rh cat. (5 mol%) R"
‘ ‘ Cu(OAc),°H,0 (2.1 equiv) | N /
_— R Tech. Note (3)
toluene, 60 °C N
AN

Ref. (3)
Me,N o \ﬁ\o
R"

Me,N
References:
1. J. Am. Chem Soc., 2009, 131, 12050.
2. J. Am. Chem Soc., 2010, 132, 6910.
3.  Angew. Chem. Int. Ed., 2011, 50, 1338.
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RUTHENIUM (Compounds)

44-0217  Chloro{(R)-(+)-2,2"-bis
[di(3,5-xylyl)phosphino]-1, xyl OCH;,
1'-binaphthyl}[(2R)-(-)-1-

(4-methoxyphenyl)-1’-(4-meth- =
oxyphenyl-kC)-3-methyl- P N24\H
1,2-butanediamine] | | xyl CH(CHa);
ruthenium(ll) an co

(R)-RUCY "-XyIBINAP 3

C71H73CIN,O,P,Ru,; FW: 1184.82; yellow to dark brown/green solid

air sensitive

Note: Manufactured under license of Takasago patent application no.
JP2010-104552. Takasago BINAP Ru Diamine Catalyst Kit

component . Takasago ATH Catalyst Kit component.
Visit www.strem.com.

Technical Note:
1. Catalyst used for the rapid, and highly selective hydrogenation of ketones.

o Ru cat. ?H
Ho, t-BuOK
H, 50 atm, 0.001mol%, 6 min ;2‘13“(1“;;9 U]
Hy 7 atm, 0.0001mol%, 15 min >99% yield I
>99% ee
"trans-RuCl,(xylbinap)(daipen) 0.002%, 120 min"
OH
Ru cat. (0.05mol%) R OH
H2(10 atm), DBU
Tech. Note (2)
Ref. (1,2)
>99% yield
>95% ee
(e} OH

Ru cat. (0.05mol%)
Cii H, (10 atm), t-BuOK O‘
i i 0.1mole%, Tech. Note (3)

"trans-RuCly(xylbinap)(daipen)

42% yield, 90% ee" >99% yield Ref. (1,2)

97% ee
O Ru cat. (0.002mol%) _OH
g H (10 atm), t-BuOK @/ Tech. Note (&)
N N ’
"trans-RuCl,(xylbinap)(daipen) 0.005mole%, >99% vyield
50% yield, 86% ee" 95% ee
References:

1. Patent Application No. JP2010-104552.
2. J.Am. Chem. Soc., 2011, 133, 10696.

While supplies last, with any purchase of a Takasago product, receive 100mg of 44-0217 at
no additional charge. Supplies are limited. This Bonus Offer is limited to one bonus per
customer order. Please add 100mg of 44-0217 at the time your order is placed.
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RUTHENIUM (Compounds)

44-0525 Chlorocarbonylhydrido[4,5-bis- 25mg
(di-i-propylphosphinomethyl)acridine] 100mg

ruthenium(ll), min.98%

Milstein Acridine Catalyst [11071230-25-4]
CsH40CINOP,Ru; FW: 605.09; orange solid
air sensitive

Note: Patents: US provisional 61/087,708,
PCT/IL2009/000778.

i-Pr

Technical Notes:
1. Useful ruthenium catalyst for the direct conversion of alcohols to acetals and esters.

O.
catalyst, A R \/\R
' tHHO rech, Note (1)

R/\/OH ] O\/\R Ref. (1)

O.
catalyst/base, A R/\”/ \/\R + 2H;

6]
2. Useful ruthenium catalyst for the selective synthesis of amines directly from alcohols and ammonia.

0,
OH cat. (0.1 mol%), heat NH,
+ NH;(7.5atm) ——— »
toluene, reflux, -H,O ;:(f:.h(.zt;me (2)

References:
1. J. Am. Chem. Soc., 2009, 131, 3146.
2. Angew. Chem. Int. Ed., 2008, 47, 8661.

44-7712 Trifluoroacetato[4,5-dihydro- 100mg
1,3-bis(2,4,6-trimethylphenyl) 500mg
imidazol-2-ylidene]tetra

(2,2-dimethylpropanenitrile)

ruthenium(ll) trifluoroacetate H-C)-CCN NCC(CH
[1034198-65-6] (H:Chs " uly (CHals
CasHs2FsNsO4RuU; FW: 966.08; (H3C);CCN NCC(CH3)3
yellow xtl. OCOCF3

Note: Sold under license from
ITCF for research purposes only. DE 102008008299, US 12/866.806.

Technical Note:

1. Cationic ruthenium(ll) complex useful for UV-induced, ring-opening metathesis
polymerization.

Reference:

1. Angew. Chem. Int. Ed., 2008, 47, 3267.
SODIUM (Elemental forms)

80-1105 Sodium-Mercury Amalgam, 4-5% Na (99.9+%)
SEE MERCURY SECTION (page 54)
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SODIUM (Compounds)

11-1007 Sodium oxide/sodium on alumina, Olefin Isomerization Catalyst
(Na.O 11.5-13.5%, Na 1.8-3.0%) 509
Na,O/Na; white solid
HAZ ; o
moisture sensitive

R* R*
Na,O/Al,O5 Catalyst
) )
N .
C—C—R?® <|:—<|3—R
Ly O

Catalyst benefits:
+ Very active and highly selective olefin isomerization catalyst
» Highly resistant to catalyst poisons (tetrahydroindene, cyclopentadiene, etc.)

Uses:
» Diene monomer in the production of EPDM rubber.

» Scent carrier for flavors and fragrances.
STRONTIUM (Compounds

38-3840  Strontium hydride (99.5%-Sr) [13598-33-9] 1g
SrH,; FW: 89.64; -60 mesh gray pwdr. 59
38-3860 Strontium nitride (99.5%-Sr) [12033-82-8] 19
Sr3Ny; FW: 290.87; -60 mesh tan pwdr. 59

TIN (Compounds)

50-1150 N,N’-Di-t-butyl-2,3-diamidobutanetin(ll), 98% C(CH3); 250mg
[1268357-44-3] | 19
- Ci2H26N2Sn; FW: 317.06; white to off-white pwdr.  HsC N\
(store cold) S
Note: US Patent Application 61/320,069 filed /
April 1, 2010. Product sold under, use subject to, H;C N
terms and conditions of label license at |
www.strem.com/harvard3. C(CHs)s
50-1815 Tetrakis(dimethylamino)tin(IV), 99% TDMASn [1066-77-9] 19
SN[N(CH3)sls; FW: 295.01; colorless lig.; b.p. 51° (15mm) 59
amp moisture sensitive
HAZ
98-4050 Tetrakis(dimethylamino)tin(lV), 99% TDMASN, 50-1815, contained 10g
in 50 ml Swagelok® cylinder for CVD/ALD [1066-77-9]
HAZ Sn[N(CHg),]s; FW: 295.01; colorless lig.; b.p. 51° (15mm)
moisture sensitive
50-3015 Tributyl(1-ethoxyvinyl)tin, 97% [97674-02-7] 19
(C4Hg)3SN(C4H;0); FW: 361.16; colorless lig. 59
25¢g

Technical Note:
1. Versatile tin reagent used for the introduction of a 1-ethoxyvinyl group via a Stille cross-coupling reaction,
(palladium-catalyzed coupling of an organohalide (or pseudohalide) with an organotin compound).

- -
NN 5% Pd(PPhg), NN Tech. Note (1)
A L ech. Note
\ RSnBug, LiCl, THF  EtO | Ref. (1)

TfO 120°C, microwave
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TIN (Compounds)

50-3015
(cont.)

Tributyl(1-ethoxyvinyl)tin, 97% [97674-02-7]

Technical Note (cont):

= N OEt
\ (PPh3),PdCl,/DMF N N\ Tech Note (1)
Br _—
RSnBU; S Ny Ref. (2)
N

Br

References:

Ph Ph
o) Q R
A \\S:N/
_‘\\\\\\T*N Pd,(dba)s (1 mol%), BINAP (2 mol%) B i Tech. Note (1)

CHs CH3 Ref. (3)
RSnBuj3 (1.2 equiv) EtO.
toluene, reflux

1. J. Org. Chem., 2009, 74, 6390.
2. J. Org. Chem., 2007, 72, 8577.

3. J. Org. Chem., 2005, 70, 2346.
YTTERBIUM (Compounds)

70-1000

ZINC (Compounds)

Tris(ll;l,N'-t(ilil]i)-pgrggylacetamidinato) (HsC)HC, CHj 250mg
ytterbium(lil), o N 19
Yb(CgH17N2)s; FW: 596.74; (HsC)HG ¥ NTCH(CHa),

white to off-white pwdr. H30< hn va

Note: Product sold under, use subject to, = JN—CH(CH3),

terms and conditions of label license at (H3C)2HC /N{

www.strem.com/harvard2. (HsC)oHC CH;

30-3020 2,2,6,6-Bis(tetramethylpiperidine)zinc, lithium chloride complex .025mole
0.35M (12wt% *2wt%) in toluene/tetrahydrofuran [207788-38-3]
HAZ CigH36Zn; FW: 317.87; amber to brown lig.
air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
30-3050 Zinc arsenide (99.5%-Zn) [12006-40-5] 59
ZnzAs,; FW: 346.01; 1/8" gray pieces 259
30-3012 Zinc chloride 2.2M (25wt% *1wt%) in 2-methyltetrahydrofuran 0.25mole
[7646-85-7] 1mole
HAZ ZnCl,; FW: 136.28; liq.

air sensitive, moisture sensitive
Note: A product of Chemetall. Sold for R&D purposes only.
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CUCURBITURIL KIT

96-7054 Cucurbituril Kit
Components available for individual sale.

Contains the following:
Q
N

g Yol L
%N ~>S< LR e O%Q”g
*& % RS

Voo NN " \H '\\IYO SLNT
H N o H 0 Q I
)g;“'( DKN oA - o
~— — N N N H'N
P N/go \H&MN%H/
H H
¢ \NTN/ N%NEN«N
o
07-1325 50mg | 07-1330 25mg
07-1310 Cucurbit[5]uril (CB[5]) ammonium sulfate hydrate, 99+% See page 54
[259886-49-2]
07-1320 Cucurbit[6]uril (CB[6]) hydrate, 99+% [80262-44-8] See page 54
07-1325 Cucurbit[7]uril (CB[7]) hydrate, 99+% [259886-50-5] See page 54
07-1330 Cucurbit[8]uril (CB[8]) hydrate, 99+% [259886-51-6] See page 55
07-1322 Perallyloxycucurbit[6]uril (AOCB[6]) potassium sulfate, 94+% See page 55
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Garphos™ Ligand Kit

96-4100  Garphos™ Ligand Kit

Sold in collaboration with KCT.
Patent US App No. 61/381,493.
Components available for individual sale.
Contains the following:

CHs HaC CH,
OCH, OCH3 CHj
OCH;
T NS
HyCO ! HyCO CH,
H;CO Feco HCO. . CHs
O P\Q H;CO
(O (.
CHs OCHj CHs
OCH, OCH, HsC CH,
100m CHs 100mg 100mg
15-1653 (R)-Ph-Garphos 15-1657 (R)-Tol- Garphos 15-1661 (R)-Xyl-Garphos
15-1654 (8)-Ph-Garphos™ | 15-1658 (S)-Tol-Garphos™ | 15-1662 (S)-Xyl-Garphos™
OCH3 OCH;
FsC H3C (H3C)3C. C(CHy)3
OCHj3 OCH. OCH, C(CHa)3
givel Qm @w
HCO HsCO CH, HaCO C(CHa)s
H3CO. H5;CO. s H,CO. C(CHa)s
\Q OCH, OCH;
OCHg ?‘Cg3 OCHg C(CHa)s
F3C 3 (HsC)sC C(CHg)3
OCHs
100mg 100mg OCHs .
15-1663 (R)-BTFM-Garphos 15-1666 (R)-DMM-Garphos 15-1672 (R)-DTBM-Garphos
15-1664 (S)-BTFM-Garphos™ | 15-1667 (S)-DMM-Garphos” | 15-1673 (S)-DTBM-Garphos ™
15-1653 (R)-2,2'- Bls(dlphenylphosphmo) -4,4',6,6'-tetramethoxybiphenyl, See page 58
min. 97% (R)-Ph-Garphos”
15-1654 (S)-2,2'-Bis(diphenylphosphino)-4,4',6,6'-tetramethoxybiphenyl, See page 59
min. 97% (S)-Ph-Garphos™
15-1657 (R)-2,2'-Bis(di- p-tolylphosphmo) -4,4',6,6'-tetramethoxybiphenyl, See page 59
min. 97% (R)-Tol-Garphos'
15-1658 (S)-2,2"-Bis(di- p-tolylphosphlno) -4,4',6,6'-tetramethoxybiphenyl, See page 59
min. 97% (S)-Tol-Garphos”
15-1661 (R)-2,2'-Bis[bis(3,5-dimethylphenyl)phosphino]-4,4',6,6'-tetramethoxy- See page 56
biphenyl, min. 97% (R)-Xyl-Garphos™
15-1662 (8)-2,2'-Bis[bis(3,5-dimethylphenyl)phosphino]-4,4',6,6'-tetramethoxy- See page 56
biphenyl, min. 97% (S)-Xyl-Garphos™
15-1663 (R)-2,2'-Bis[bis(3,5-trifluoromethylphenyl)phosphino]-4,4',6,6'- See page 57
tetramethoxy-biphenyl, min. 97% (R)-BTFM-Garphos "
15-1664 (8)-2,2"-Bis[bis(3,5-trifluoromethylphenyl)phosphino]-4,4',6,6'- See page 57
tetramethoxy-biphenyl, min. 97% (S)-BTFM- Garphos
15-1666 (R)-2,2'-Bis[bis(4-methoxy-3,5-dimethylphenyl)phosphino]-4,4',6,6"- See page 57
tetramethoxybiphenyl, min. 97% (R)-DMM-Garphos
15-1667 (S)-2,2"-Bis[bis(4-methoxy-3,5-dimethylphenyl)phosphino]-4,4',6,6'- See page 57
tetramethoxybiphenyl, min. 97% (S)-DMM-Garphos
15-1672 (R)-2,2'-Bis[bis(4-methoxy-3,5-di-t-butylphenyl)phosphino]-4,4',6,6"- See page 56
tetramethoxybiphenyl, min. 97% (R)-DTBM- Garphos
15-1673 (S)-2,2'-Bis[bis(4-methoxy-3,5-di-t-| butylphenyl)phosphlno] -4,4',6,6'"- See page 56

tetramethoxybiphenyl, min. 97% (S)-DTBM- Garphos
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PARACYCLOPHANE KIT

96-7052 Paracyclophane Kit
Components available for individual sale.
Contains the following:

] Br ] Br I OH O OH

Br OH
06-0104 500mg | 06-0460 250mg | 08-0700 100mg | 08-2027 250mg
06-0104 racemic-4-Bromo[2.2]paracyclophane, min. 95% [1908-61-8] Visit www.strem.com
06-0460 racemic-4,12-Dibromo[2.2]paracyclophane, min. 95%
[23927-40-4]
08-0700 racemic-4,12-Dihydroxy[2.2]paracyclophane, min. 97%
[612492-27-0]

08-2027 racemic-4-Hydroxy[2.2]paracyclophane, min. 97% [157018-15-0

AVAILABLE BOOKLETS

Phosphorus L Other Ligands
and C s . AL

MOCVD, C
A Precurse
Nanomaterials ¥y

New Products
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