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Abstract: Azodicarboxylates have found applications in
electrophilic amination reactions and in pericyclic reac-
tions. The nucleophilic trigger in Mitsunobu reactions,
that is, the zwitterion formed from triphenylphosphine
and dialkyl azodicarboxylate, has been utilized recently in
various heterocyclic constructions. This Focus Review

summarizes the potential utility of azodicarboxylates in
various carbon—nitrogen bond-forming reactions.

Keywords: amination reactions - azodicarboxylates -
C—N bond formation - heterocycles - Huisgen zwitterion

1. Introduction

Carbon-nitrogen bond-forming reactions assume great im-
portance in organic chemistry, since an overwhelming
number of biologically active compounds, natural as well as
nonnatural, are amino compounds or derivatives thereof.!!
Although a plethora of methods are known to accomplish
carbon-nitrogen bond construction,? there is the quest for
newer and more efficient methods, both from the synthetic
and mechanistic standpoints. In spite of the fact that azodi-
carboxylate has been known since the seminal work of Cur-
tius in 1894,” its application to organic synthesis, barring its
crucial role in the Mitsunobu inversion, has been limited
until recently. This is surprising since the work of Diels,
Kharasch,®! Huisgen, and Alder” had clearly pointed to
the usefulness of diethyl azodicarboxylate in carbon-nitro-
gen bond formation by radical, pericyclic, and electrophilic
reactions. This review is aimed at shedding light on the syn-
thetic potential of azodicarboxylates as reagents in organic
synthesis, beyond their role in the Mitsunobu reaction. Spe-
cial emphasis is given to the reactions of the Huisgen zwit-
terion,'! which shows different modes of reactivity towards
various electrophiles.

2. Dialkyl Azodicarboxylates

Dialkyl azodicarboxylates, with a central azo functionality
flanked by two carboalkoxy groups, are excellent electro-
philes and can readily participate in zwitterion formation.
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National Institute for Interdisciplinary Science and Technology
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They are commercially available, and some of the common
azodicarboxylates are listed in Figure 1.

o o] (o]
N)J\O/Et rTII)J\O/Me rTll)J\o/iPr
Il
Et/o N Me/o N lPr/O N
Y Y Y
1a 1b 1c
(o] (o]
N)J\O/tBu ’n)J\O/Bn
Il
(0] N ¢] N
Bu~" Bn”
Y Y
1d 1e

Figure 1. Common azodicarboxylates.

Diethyl azodicarboxylate (DEAD) is an orange liquid
readily prepared from ethyl chloroformate and hydrazine
followed by oxidation of the resulting diethyl hydrazine di-
carboxylate with chlorine [Eq. (1)].® It is sensitive to heat
and light and should be stored in a dark container under re-
frigerated conditions. Owing to the danger of explosion
during purification and handling, usage of DEAD is rapidly
declining and is being replaced by diisopropyl azodicarboxy-
late (DIAD).

(1) ag. Na,CO, CO,Et
Q EtOH N
HN-NH, . H:0 + Il gy I Q]
I~ o (2)H,0, Cl, Et0,C”
2 3 benzene 1a
www.chemasianj.org 811



www.chemasianj.org



FOCUS REVIEWS

3. Reactions of DEAD

As early as 1922, Diels reported™! the reaction of DEAD
with N,N-dimethyl aniline to afford a 1:1 adduct 5a; the
acid hydrolysis of the adduct afforded N-methyl aniline,
formaldehyde, and hydrazine dicarboxylate. Thus, DEAD in
principle acts as a demethylating agent. Huisgen proposed
the existence of zwitterionic intermediates Sb and Sc¢ almost
three decades later (Scheme 1).”! Interestingly, Huisgen sub-
sequently favored its formulation as the ion pair 5d.

o |
Ph N
H CO,Et
5a OB CO,Et
H* H,0 H z I HN
2 pre Nt ANTNH e H'/ H0 P;@N\Jf NO
EtO,C EtO,C
5d

Scheme 1. Demethylation using DEAD.

3.1. Mitsunobu Reaction

The Mitsunobu reaction,'” discovered in 1971, involves the
stereospecific reaction of an alcohol and a carboxylic acid in
the presence of triphenylphosphine and DEAD to give the
corresponding ester. The reaction of chiral secondary alco-
hol 6 gave the corresponding ester 8 with inverted configu-
ration [Eq. (2)].1"V

/©\cl>>\/\
MeO o
PPh;, DEAD MeO @

6 + 6H

o THF, RT, 1h O._Ph
PhAOH 701/

7 8

The Mitsunobu protocol has been utilized in aminations,
cyclodehydrations, deoxygenations, and dehydrative alkyla-
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tions, thereby allowing the formation of different functional
groups, and is an effective method for creating new carbon-
carbon bonds. It has received a lot of attention recently, and
a number of reviews have addressed various aspects of this
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reaction.['” In view of these reviews, especially a very recent
one, a detailed discussion of the Mitsunobu reaction is not
attempted here.

3.2. Amination Reactions

The history of electrophilic amination of carbonyl com-
pounds using azodicarboxylates dates back to 1954 when
Huisgen observed the a-aminated product upon treating cy-
clohexanone with DEAD."! The reaction involves the addi-
tion of the enolate anion or enol to the azoester, which is
catalyzed by potassium acetate or sulfuric acid [Eq. (3)].

o O COEt
_CO,Et
N2 KOAC or H,S0, N. - COE
e — b ®
EtO,C”
1a 10

Subsequent work by a number of research groups has
shown that dialkyl azodicarboxylates are excellent Michael
acceptors having widespread applications in the electrophilic
amination of carbonyl compounds.'” Recently this strategy
has been applied to enantioselective carbon—nitrogen bond-
forming reactions using metal complexes and organocata-
lysts.'") This methodology has emerged as a useful protocol
for the synthesis of amino acids and their derivatives. Enan-
tioselective amination of N-acyl oxazolidinone 11 with di-
tert-butyl azodicarboxylate (DTAD) was reported by Evans
and Nelson using the magnesium bis(sulfonamide) com-
plex.™) The reaction afforded the hydrazide 12 in 92 % yield
[Eq. (4)]. The same group also reported the catalytic enan-
tioselective amination of enolsilanes 13 using a C,-symmet-
ric copper(IT) complex as chiral Lewis acid [Eq. (5)].'%

Ph.  Ph
0,8-N. _N-S0,
Mg
O
i /C OJ(N o
tBu N 9 {
A o moc, (10 mol%) L/ “h )
I\/N& A 20 mol% p-TosNHMe  1Bu0,G-N
Ph CO,tBu (92%, 99% ee) N-CO,Bu
H
11 1d 12
i 0 5 mol% 14
1 + N NJ(O CF4CH,OH

TMSO™ "Ph C'sC\/O\n/N L (95%, 99% ee) )
13 o 1f
0
OMO )\\( o} j\
§/N; ,N\) P PN

u
Me,C" Ti0y oTf CMe,
14 15
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The direct organocatalytic a-amination of aldehydes with
dialkyl azodicarboxylates was reported independently by
Jgrgensen [Eq.(6)] and List [Eq. (7)].'") These reactions
proceed with excellent enantioselectivity, leading to the for-
mation of optically active a-amino aldehydes, a-amino alco-
hols, a-amino acids, and N-amino oxazolidinones. Proline-
catalyzed asymmetric a-amination of ketone 18 with azodi-
carboxylate afforded o-hydrazino ketone 19. which can be
easily functionalized to a-aminated ketones and alcohols
[Eq. (8)]."¥ Very recently, enantioselective o-amination of
aryl ketones with azodicarboxylates catalyzed by primary
amines derived from cinchona alkaloids has been report-
ed.l”] Enantioselective a-amination of functionalized indane
carboxaldehydes 20 using (R)-proline afforded the chiral
amino aldehyde 21 in excellent optical purity [Eq. (9)].%"

H
o) )
BnO,C. - % -N,
: 5 N L-Proline (10 mol%) o N CO,Bn ©)
H R NaBH,, 0.5 N NaOH o
iPr COBN (709%, 91% ee) iPr
16
OH CO,Bn
o BnO,C (S)-Proline (10 mol%) N _CO.Bn
~ _— . SN 2! (7)
H + N NaBH,, EtOH o N
iPr CO,Bn (99%, 96% ee) e
17
0 EoC O COft
2L L-Proline (10 mol%
N hl roline (10 mol%) \)J\_/N\N/COzEt (8)
N. CH,CN :H
COEt (799 94% o)
18 19
H one CO,tBu
o (R)-Proline ~ N~N,COztBu
BUOLC.\ T(75%, 99% ee) /@5 H ©
+ 11
Br
Br N\COZtBu
20 21

Enantioselective oa-amination reaction of a-ketoesters
with azodicarboxylates using a chiral bisoxazoline copper
complex with subsequent reduction leading to the synthesis
of syn-o-amino-f-hydroxy ester 23 was reported by Juhl and
Jgrgensen.?!! Compound 23, upon hydrolysis followed by
esterification, furnished N-amino oxazolidinone 24 in 56 %
yield after four steps [Eq. (10)]. DEAD serves as an excel-
lent Michael acceptor in the reaction with active methylene
compound 26 under catalysis by copper (II) bis-(5-tert-butyl-
salicylaldehyde) to afford 27 [Egs. (11) and (12)].% Jgrgen-
sen etal. reported the o-amination of a-substituted-p-ke-
toester 28 catalyzed by a chiral copper(Il) bisoxazoline
(box) complex with DEAD [Eq. (13)].?*! Enantioselective
organocatalytic amination of a-cyanoacetate 30 with dialkyl
azodicarboxylate catalyzed by a cinchona base afforded 31

www.chemasianj.org 813
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in excellent yield and optical purity [Eq. (14)].** Enantiose-
lective amination of B-keto phosphonate 32 with azodicar-
boxylate catalyzed by zinc bisoxazoline complexes has been
reported recently by Jgrgensen et al. [Eq. (15)].*

o
N u
on BnOLC. | PR TfO" oTf Ph B"\choza
Bn + 1
CO,Et -COzBn
2 Necogn  RT. 16N Bno,c N
22 (10}
OH i
L-Selectride Bn\‘/LCOZEt NaOH N
—=2"_ .+~ BnO, C 3
78°Ctt o N, COBn  TMSCHN, /—(
2 (88% ee) €O Me
H H
CMe.
e O\Oﬁj@ o
2 on  EtOH, NaHCO, Me,C oo
25
. 0
CO,Et
_CO,Et 25 é( H (12)
coEt + N _ toluene, RT NN e
Et0,C” 95% EtO,C :
2% 27
Om/'/Y’
VN
P O  CO,Et
Ph Ph : 7
o E10,C (S)Ph-box ©N. COLEt
COEt + N Cu(OTh),
) (13)
)K{ COLEt 87% >95% 06 COzE{_I
28 29
Et
HO 0
N
H Boq
Boc N=" (5 mol%)
Ph\( ? + E toluene, -78 °C COZ[BU

oc~
Ph

"Boc (99%, 98% ee) \\(

30 31

oj/'g/o

\ |

S/N\Z ,NJ e u _OEt
BnO,C. . Ph& {Oet

o o
I OEt i Ph (o1, Ph o8
~, + N = n
Ph/U\( OFt COBN a50, 92% ee) HN ’
CO,Bn

32 33
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The one-pot synthesis of -amino alcohol 34 can be ac-
complished from aldehydes and ketones using DEAD and
L-proline.®® This is a typical organocatalytic asymmetric as-
sembly reaction in which both aldehyde and ketone act as
donors in one pot [Eq. (16)]

o .CO,Bn
)j\ " HJ\H " N z L-Proline G OH CO,Bn
_N N. .CO,Bn
BnO,C CH4CN, RT N 2
(85%) H
d.r. (antilsyn) 54:46
% ee (anti/syn) >99:34 34

Kobayashi et al. reported the catalytic asymmetric amina-
tion of ene—carbamate 35 using azodicarboxylate catalyzed
by a chiral diamine—-Cu® complex. The reaction resulted in
the formation of optically active a-amino carbonyl com-
pound 37, which can be readily converted into 1,2-diamines
in excellent yield.”’* Very recently, the same group reported
the electrophilic amination of enesulfonamide 36 under sim-
ilar conditions [Eq. (17)].2"®

Ar, Ar B
NCOPT NHR BnHN  NHBn ’PrOZC\NA[rPh
i v = Cu(OTH), o NH O a7
iPro,c Ph then H* Fro.c
Ar = 3,5-xylyl 37

35 R = CO,Bn,94% yield, 95% ee
36 R = SO,PMP 70% yield, 91% ee

Enantioselective metal-free electrophilic y-amination of
alkylidene cyanoacetate 38 using azodicarboxylate in the
presence of the commercially available cinchona alkaloid
derivative (DHQ),PYR has been reported by Jgrgensen
etal. [Eq. (18)].%% Subsequently, the same group reported
the organocatalytic asymmetric y-amination of a,p-unsatu-
rated aldehydes and azodicarboxylates leading to the forma-
tion of 41 in good yield [Eq. (19)].2!

.CO,Bn (DHQ),PYR MeO,C = Et

MeO,C Et N [DHQ)PYR :
R l CH,Cl,, 24 °C CN N CO:B" (18)
CN BnO,C (84%, 98% ee) BnO,C H
38 39
OTMS
e} N Ar 0]
\ Et0,C. N A |
. N A | cost o
| Noogr AT 35(CFo), Cafls N ocog 19
z PhCO,H N
(56%, 89% ee)
40 41

3.3. Aza-Baylis—Hillman Reaction

The Morita-Baylis—Hillman®! reaction has been widely
used as a method for carbon—carbon bond formation. In the

Chem. Asian J. 2008, 3, 810 -820
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aza version of this reaction, the aldehyde component is re-
placed by nitrogen electrophiles like imines, azodicarboxy-
lates, etc. Synthesis of a-(N,N'-dicarboethoxy)hydrazino-a.,f3-
unsaturated ketone 43 can be achieved by treating DEAD
with alkyl vinyl ketones under DABCO catalysis in a
Baylis—Hillman reaction [Eq. (20)].F”

H
B Focy pABCO EO:Coy Nego oy
N DAY 20

o Nico,ee THF . 78% )\[(Et (20

0
42 43

3.4. Pericyclic Reactions

As early as 1925 Diels had reported the [4+2] cycloaddition
of cyclopentadiene and DEAD. Interestingly this constituted
the first definitive example of the “Diels—Alder” reac-
tion.[**3!! Similarly, pentafulvenes undergo facile [442] cy-
cloaddition with DEAD, leading to the formation of azabi-
cyclic olefin 45 [Eq. (21)].F

_CO,Et E> < n-COE @ A} _CO,Et
N 1 7 ,N
(A — N Et,0, reflux N (21)

N .
\ 0°C »>RT EtO,C \
CO,Et CO,Et

45 44

Kaufmann and co-workers observed the formation of hy-
droarylated bicyclic hydrazine 47 during the palladium-cata-
lyzed hydroarylation reaction of bicyclic hydrazine 44. In
this reaction, a small amount of 3,4-disubstituted cyclopen-
tene derivative 48 was also isolated [Eq. (22)].”*! Radhak-
rishnan and co-workers reported the palladium(0)/Lewis
acid mediated ring opening of azabicyclic olefin with orga-
nostannane, leading to the synthesis of 3,4-disubstituted hy-
drazinocyclopentene derivative 49 in excellent yield.*¥ The
reaction of phenyl boronic acid with bicyclic alkene in the
presence of a Pd(OAc),/PPhy/I, catalyst system afforded 3-
phenyl-4-hydrazino cyclopentene 48 [Eq. (23)].P

I
N
ﬁE\N/ “COEt ©/ Pd(OAc),, Ph:As
N Et,N, HCO,H
COEt DMF, 60°C, 16 h

44 46
l‘\lHCOzEt
Ph N .wNCO,Et
N “CO,Et *
N (22)
CO,Et Ph
47 (77%) 48 (5%)

DEAD reacts with a variety of conjugated dienes to yield
[4+2] cycloadducts. When the diene moiety is a vinyl aro-

Chem. Asian J. 2008, 3, 810-820
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NHCO,Et
.“NCO,Et _~.SnnBu, N
Lo 7 /7 CO,Et
a A
CO,Et

44

PhB(OH), | b 23)

NHCO,Et
a: [{Pd(allyl)Cl},] (5 mol%), ‘\\"\JCOZEt
dppe (10 mol%), Sc(OTf),, (2 mol%),
[bmim]PFg, RT, 1 h, 90%. Q

b: Pd(OAc),,PPh,, I, K,COs, Ph
THF/H,0(1:1), 93% 48

matic system, cycloaddition is a tool for the synthesis of an-
nulated tetrahydropyridazine derivatives.*® Thus, indole de-
rivative 50 on treatment with DEAD at room temperature
affords cycloadduct 51 in high yield [Eq. (24)].

OMe
©\/\€/\OTG N,COZEt 20°C U N’N CO,Et o
N 82% )
N Et0,C N H COEt
S0,Ph SO.Ph
50 51

The reaction of DEAD with alkenes possessing allyl hy-
drogen atoms to yield the allylic hydrazodicarboxylate has
been known from the pioneering work of Alder.* The re-
action proceeds with selectivity for the E alkene. A useful
application of the ene reaction with DEAD is in the synthe-
sis of allyl amine 53, which is readily available by reduction
of the initial adduct 52 with Li/NH; [Eq. (25)]." Allenes
with alkyl substituents react with DEAD to give ene prod-
uct 55 in excellent yield [Eq. (26)].*

.CO,Et CO,Et
o~ + NTTTTSnClL CHC _~_N.__CO,Et
X ; 60 °C, 87% SN N2
Et0,C H (25)
H 52 E/Z11:1
Li/ NH, _~_ _N.
s =~ O O Cok
53 EZ11:1
_CO,Et
>=.=< . N 70°C M (26)
eo.c N 94% N=NH
z EtO,C  CO,Et
54 55

3.5. Ring-Expansion Reactions

Methylene cyclopropane (MCP) in the presence of DEAD
as reagent and zirconium triflate as catalyst in acetonitrile

www.chemasianj.org 815
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undergoes a ring-expansion reaction to give cyclobutanone
derivative 57 in high yield.’ This method provides a safe
and convenient synthetic route for the synthesis of substitut-
ed cyclobutanones under mild conditions. A plausible mech-
anism for this ring-expansion reaction of MCPs promoted
by DEAD and zirconium triflate is shown in Scheme 2.

Ph. PR BO:LC Zr(OTH), o H
* N, _CHCN, 48h L L-Ph Eg o-Noy-COE
N. iCN, Et0,C” °N
CO,Et 96% Ph H
56 57

t H,0
Zr(OTf) A1,

g @%oa

Ph@Ph »OFt Y . §><N
CXN/N o Pon "

RN \
COEt CO,Et
CO,Et UE 2 ?

CO,Et

Scheme 2. Mechanism for the ring expansion of MCPs.

3.6. Phosphine-Azoester Zwitterions

Dialkyl azodicarboxylates, on reaction with nucleophiles,
have been known to readily participate in zwitterion forma-
tion. If the nucleophile is triphenylphosphine and the recep-
tor is a dialkyl azodicarboxylate, the resultant zwitterionic

intermediate is called the Huisgen zwitterion (58,
Scheme 3).11
@
ROLY PhR ,COZR} 1a,58a R=Et
PhP - 1 NN 1b,68b R=Me
coRr LROL O 1c,58c R=/Pr
1a-e 58a-e 1d,58d R ={Bu
1e,58¢ R =Bn

Scheme 3. Huisgen zwitterions.

Historically, the reaction of triethylphosphite with DEAD
leading to the formation of 60, an ethyl derivative of dieth-
ylphosphoric acid-1,2-dicarboethoxy hydrazide, presumably
via the zwitterion 59, was reported by Morrison
[Eq. (27)].1*) He also mentioned the formation of triphenyl-
phosphine oxide and diethyl hydrazodicarboxylate as the
products in the reaction of triphenylphosphine with DEAD.

Cookson and Locke reported the reaction of triphenyl-
phosphine and dimethyl azodicarboxylate with DMAD (di-
methyl acetylenedicarboxylate), affording the pyrazole de-
rivative 62, and it was postulated to occur via the intermedi-

EtO.__OEt
P
OEt
OEt CO,Et OEt CO,Et
- CO-E EO-p EtO-p_y
N - a _ — TR @7
N ~0) N-CO,Et N-CO,Et
Eo,C £ ) P 2 O £t 2
N4
59 60
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ate 61.1'! However, the correct structure of the zwitterion
was established as 58b by Huisgen [Eq. (28)].®! He demon-
strated the nucleophilicity of 58b by its reaction with
DMAD, leading to the formation of 62 in 71 % yield. The
zwitterion 58 is therefore called the Huisgen zwitterion. In
view of the facts outlined above, it is most appropriate that
the zwitterion be called the Huisgen zwitterion.

MeO._ N. .COMe
Y
0@8

MeO,C Fen OMe

Y 61 - DMAD MeO,C
PhsP+ N 28
N. ) | N (28)
CO,Me MeOC.. N. Me0,c” N
N CO,M¢| 62 CO,Me

@PPh,

58b

In general, the Huisgen zwitterion can be intercepted
with eletrophiles, resulting in the formation of a tetrahedral
intermediate. This intermediate undergoes a domino process
to deliver the product with efficient carbon-nitrogen bond
formation. In all the reactions of the Huisgen zwitterion
with electrophiles, triphenylphosphine oxide is isolated as a

by-product (Figure 2).

domino
process

Tetrahedral g
intermediate

Figure 2. General reaction pattern of Huisgen zwitterions.

Huisgen zwitterion

Electrophile

The reaction of isocyanates and isothiocyanates with the
Huisgen zwitterion affords the triazole derivatives 63 and 64
[Eq. (29)].1°® Interestingly, the reaction of the Huisgen zwit-
terion with two equivalents of methyl propiolate affords the
heterocyclic methylene phosphorane 65 in 58% yield
[Eq. (30)].") Recent work in our laboratory has uncovered
an interesting reactivity pattern of the zwitterion 58 in its re-
actions with electron-deficient allenes. The reactions led to a
facile synthesis of highly functionalized pyrazolines and fully
substituted pyrazole derivatives [Egs. (31) and (32)].% It is
interesting to note that electrophilic allenes like 68 are also
known to generate zwitterions when exposed to phos-
phines.¥ Our results, however, demonstrate the clear pref-
erence of triphenylphosphine for dialkyl azodicarboxylates
over such allenes.

The following mechanistic postulate may be invoked to
rationalize the formation of functionalized pyrazolines and
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Ph,p® N
\N\N/COZMe + PANGX \h[: N-CO,Me 29)
MeO,C O Ph
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fully substituted pyrazoles. The fully substituted pyrazoles
are formed by a unique nitrogen-to-carbon migration of the
ester group (Scheme 4).

PPh; +
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EtO,C W SoZ Etoc O
N/ -Ph;P=0 2 /N PPhy o EtO,C N @,
\ N N PPh
CO,R CO,R \
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Scheme 4. Tentative mechanism of pyrazole formation.

Kolasa and Miller™ reported the Mitsunobu reaction of
o-hydroxy esters with N-[(trichloroethoxy)carbonyl]-O-
benzyl hydroxylamine. In addition to the desired Mitsunobu
product 70, they isolated the enol adducts 71 and 72 as side
products. Evidently, the side products were derived from the
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o-hydroxy esters and azodicarboxylate. A mechanistic pos-
tulate for the formation of the adduct 71 is outlined in
Scheme 5.

OMe
Ph%
o]
oH Troc\N,OBn Pro C,N\N’
Troc. .OBn Fro; v
H  pph, N . 74 CO:Pr
CO,Me ;
Ph CO,iPr coMe . M
= 1 ~age NN
NN Ph 22N copr
iPro,C Ph.
70 CO,Me
72
® © 0 OH
OH PhsPo. No H
+ N CO,iPr CO.Me — *>CO,Me
CO.Me COLPr ? Ph
Ph z Ph “
o)
) on on
Ph OMe Ph\)ﬁ/OMe OMe
b _ X DIAD
iPro,C™ "N’ iPro,cNC Ph <O
. |
CO,iPr CO,iPr

. Ph,P. .N. D
S OMe N7 CO,Pr Ph,P. H

/\}/< Co,P &
PH o LIPr Ph/\}ﬁvoOMe .

i N P
iPro,C N /'PI’OQC’N\N

COiPr CO,iPr

Scheme 5. Mitsunobu reaction of a-hydroxy esters. Troc = trichloroethoxy
carbonyl.

A facile synthesis of vinyl hydrazine dicarboxylate from
ketones possessing a-hydrogen atoms by reaction with the
Huisgen zwitterion was reported by Liu®! and Lee.*” Inde-
pendent investigation in our laboratory has uncovered the
reaction of the Huisgen zwitterion with various cyclic and
acyclic ketones possessing o-hydrogen atoms to afford vinyl
hydrazine dicarboxylates (Scheme 6). It is interesting to
note that this reaction with conjugated ketones possessing
a-hydrogen atoms is an efficient method for the synthesis of
1,3-dienes containing nitrogen substituents.*”

COEt o THF, Ar, RT i
Peng + 0+l e B10:C\Noco,et
EtO,C” R (38-90%) .
| 73 T 74
GOoEt CO,Et
CO,E o @ 1 0,
D N~ D ph (E\N’COZE;,(GF‘JJ\N/COZB
PRP™NT * R < -Php=0 R
CO,Et 0" R LosPPh:
58a 73

Scheme 6. Synthesis of vinyl hydrazine dicarboxylate.

Recently Lee et al. reported the reactions of the zwitter-
ion 58 with carbonyl compounds like a-ketoesters, a-dike-
tones, and aliphatic aldehydes to afford various products
(Scheme 7). Interestingly, independent investigations in
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Scheme 7. Reaction of Huisgen zwitterion with a-ketoesters and aliphatic
aldehydes.

our laboratory showed that the reaction of 58 with diaryl-
1,2-dione 77 proceeded with rearrangement to afford dicar-
boethoxy monohydrazones 78 of the respective diones.*"
This novel rearrangement involves a unique nitrogen-to-ni-
trogen migration of a carboethoxy group (Scheme 8). Subse-

OEt
Et0,C 0.__OEt CO o @Y OFEt
PhP 4+ Il — Ne© Ph)%f . PhaP’N‘N o
PhoP™ N © 0~L__pn
CO, ! =
CO,Et S,
58a 77

‘ o Q CO,Et
ETOQC’N\N o ')N\ F)ha'w:G\l‘N—Co Et
th)LPh C)grph { (05 i’

S Ph
o
78

Scheme 8. Reaction of Huisgen zwitterion with diaryl-1,2-diones.

quent work revealed that the zwitterion generated from tri-
phenylphosphine and DIAD reacts with diaryl ketones to
afford two products, the hydrazone derivatives 79 and 80,
whose ratio depends on the concentration of the zwitterion
[Eq. (33)].

CIIOZIPr (IZOZIPr
o POC. HN. Pro,c NN
)J\ . N+ PPh, _toluene, )NL .
Ph” "Ph N-co,pr M0°C  pppp PRT P (39)
79 80
1 equiv 1.5equiv 1.5 equiv 15% 75%
1 equiv 25equiv 2.5 equiv 82% 16%

Very recent investigations in our laboratory showed that
the reaction of the Huisgen zwitterion with an aromatic al-
dehyde leads to a facile synthesis of acyl carbamate 82
(Scheme 9).5" Girard et al. reported the facile conversion of
salicylaldehyde to protected hydrazone derivative 84 (in
84 % yield) in the presence of triphenylphosphine and di-
tert-butyl azodicarboxylate.P!! It is noteworthy that this is an
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Scheme 9. Synthesis of acyl carbamate.

exception to the normal Mitsunobu reaction. Usually, phe-
nols afford the alkyl aryl ethers under Mitsunobu conditions
whereas hydrazones are formed from salicylaldehyde
(Scheme 10). It may be recalled that the reaction of DEAD
with aldehydes was known to afford acyl hydrazine dicar-
boxylates, presumably by a radical mechanism."”

®  pec H PPh,
PP MO ©j§o O ., Boc
Boc * H\"j@ o) OBu H
o
O 83
09 PPh
J PPh, : N
(N N‘Boc—» @Cgoc o
5 O[Bu o

84

Scheme 10. Reaction of Huisgen zwitterion with salicylaldehyde.

In related work, we examined the reactivity of the Huis-
gen zwitterion with various cyclic 1,2-diones. The zwitterion
on reaction with 3-methoxy-4, 6-di fert-butyl-1,2-benzoqui-
none afforded the dihydro-1,2,3- benzoxadiazole derivative.
The reaction of the zwitterion with N-substituted isatins re-
sulted in the formation of spirooxadiazolines in good yield
[Eq. (34)].F4

CMe;
0.
CMe,
o O CMe, EtO,C
; OMe N (34)
EtO,C—N, ~—————  PPhy+ |l
N CMe DME, 25 °C N
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A mechanistic rationalization for the formation of dihy-
dro-1,2,3-benzoxadiazoles from quinones is provided in
Scheme 11. Another interesting reactivity pattern was exhib-
ited by 58 in its reactions with chalcones and dienones. Re-
action of 58 with chalcones, under toluene reflux, afforded
pyrazoline derivatives 86 in good yields (Scheme 12).1%%!
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Scheme 11. Tentative mechanism of benzoxadiazole formation.
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Scheme 12. Reaction of Huisgen zwitterion with chalcones.

Interception of 58 with dienones affords the highly func-
tionalized pyrazolopyridazine derivatives 89 by a cycloaddi-
tion reaction of the initially formed vinyl pyrazoline deriva-
tive with the excess DIAD present in the reaction medium
(Scheme 13). The intermediate vinyl pyrazoline derivative

/COziPr
PIO,C
toluene, reflux NN
=, —
-Ph,P=0 S H N—N
/
PrO.C° co,pr

POC, L0
~ Y% \ P10,Cc~
\_s 88

Scheme 13. Reaction of Huisgen zwitterion with dienones.
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88 was isolated along with a trace amount of the pyrazolo-
pyridazine derivative by treating dienone 87 with 1.2 equiva-
lents of DIAD and triphenylphosphine.

Very recently, the reaction of 58 with acyl aziridines lead-
ing to the formation of pyrazolines in excellent yield was re-
ported by Wang and co-workers.’¥ Mechanistically, the re-
action proceeds with the formation of oxadiazoline by the
interception of 58 with the keto group of the acyl aziridine
followed by a domino sequence to furnish the pyrazoline
(Scheme 14).

G
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o) 1
.CO,R R N-N
PPh, * m . RZM T roHX \JNH
RO,C” NH O R
|
e
)
Ja OH ’\0R OR
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[~ Y R! RO™ g 5 RO O)RTZLﬁH\
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RO,C N,
N CO,R
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Scheme 14. Reaction of Huisgen zwitterion with acyl aziridines.

4. Conclusions

This Focus Review exposes the rich and fascinating chemis-
try of dialkyl azodicarboxylates, especially from the stand-
point of efficient carbon-nitrogen bond-forming reactions.
Some of these reactions result in the formation of nitrogen
heterocycles with potentially interesting biological activity.
Also azodicarboxylates have found use in amination reac-
tions leading to the formation of optically pure o-amino
acid derivatives. It is reasonable to assume that the great
synthetic potential of azodicarboxylates will attract the at-
tention of a broad range of organic chemists.

[1] Reviews: a) J.-P. Genet, C. Greck, D. Lavergne in Modern Amina-
tion Methods (Ed.: A. Ricci), Wiley-VCH, Weinheim, 2000; chap. 3;
b) K. Krohn in Organic Synthesis Highlights, VCH, Weinheim, 1991,
pp 45-53.

[2] a) C. Greck, J. P. Genet, Synlett 1997, 741-748; b) G. Boche in Ste-
reoselective Synthesis (Eds.: G. Helmchen, R.W. Hoffmann, J.
Mulzer, E. Schaumann, Thieme, Stuttgart, 1996; Vol. 9, pp 5133-
5157; ¢) H. Pellissier, Tetrahedron 2007, 63, 9267-9331.

[3] T. Curtius, K. Heidenreich, Ber. Dtsch. Chem. Ges. 1894, 27, 773 -
774.

[4] a) O. Diels, Justus Liebigs Ann. Chem. 1922, 429, 1-55; b) O. Diels,
J. H. Blom, W. Koll, Justus Liebigs Ann. Chem. 1925, 443, 242-262.

[5] M. S. Kharasch, P. C. White, F. R. Mayo, J. Org. Chem. 1938, 3, 33—
47.

[6] a) R. Huisgen in The Adventure Playground of Mechanisms and
Novel Reactions: Profiles, Pathways and Dreams (Ed.: J. 1. Seeman),

819

www.chemasianj.org





FOCUS REVIEWS

American Chemical Society, Washington DC, 1994, p.62; b)E.
Brunn, R. Huisgen, Angew. Chem. 1969, 81, 534-536; Angew.
Chem. Int. Ed. Engl. 1969, 8, 513-515; c) R. Huisgen, H. Blaschke,
E. Brunn, Tetrahedron Lett. 1966, 7, 405-409.

[7] a) K. Alder, F. Pascher, A. Schmitz Ber. Dtsch. Chem. Ges. 1943,
76, 27-53; b) K. Alder, H. Soll, Justus Liebigs Ann. Chem. 1949,
565, 73-99; ¢) K. Alder, T. Noble, Ber. Dtsch. Chem. Ges. 1943, 76,
54-57.

[8] N. Rabjohn, Organic Syntheses, Coll. Vol. 3, 1955, pp. 375.

[9] R. Huisgen, F. Jakob, Justus Liebigs Ann. Chem. 1954, 590, 37-54.

[10] O. Mitsunobu, M. Eguchi, Bull. Chem. Soc. Jpn. 1971, 44, 3427—
3430.

[11] a) Y. Ito, Y. Kobayashi, T. Kawahata, M. Takase, S. Tereshina, Tetra-
hedron 1989, 45, 5767-5790; b) D. A. Evans, J. A. Gauchet-Prunet,
E. M. Carreira, A. B. Charatte, J. Org. Chem. 1991, 56, 741-750.

[12] a) O. Mitsunobu, Synthesis 1981, 1-28; b) D. L. Hughes Org. React.
1992, 42, 335-656; c) D. L. Hughes, Org. Prep. Proced. Int. 1996, 28,
127-164; d) T. Watanabe, 1. D. Gridnave, T. Imamoto, Chirality
2000, 72, 346-351; e) T. Tsunoda, S. Ito, J. Synth. Org. Chem. Jpn.
1997, 55, 631-634; f)S. Dandapani, D.P. Curran, Chem. Eur. J.
2004, 70, 3130-3138; g) R. Dembinski, Eur. J. Org. Chem. 2004,
2763-2772; h) T. Y. S. But, P. H. Toy, Chem. Asian J. 2007, 2, 1340—
1355.

[13] a) C. Gennari, L. Colombo, G. Bertolini, J. Am. Chem. Soc. 1986,
108, 6394-6395; b) W. Oppolzer, R. Moretti, Helv. Chim. Acta 1986,
69, 1923-1926; c) D. A. Evans, T. C. Britton, R. L. Dorow, J. F. Del-
laria, Jr., J. Am. Chem. Soc. 1986, 108, 6395-6397; d) L. A. Trimble,
J. C. Vederas, J. Am. Chem. Soc. 1986, 108, 6397-6399; ¢) D. A.
Evans, T. C. Britton, R. L. Dorow, J. F. Dellaria, Jr., Tetrahedron
1988, 44, 5525-5540; f) R. O. Duthaler, Angew. Chem. 2003, 115,
1005-1008; Angew. Chem. Int. Ed. 2003, 42, 975-978; g) C. Greck,
B. Drouillat, C. Thomassigny, Eur. J. Org. Chem. 2004, 1377-1385;
h) E. Erdik, Tetrahedron 2004, 60, 8747—-8782; i) J. M. Janey, Angew.
Chem. 2005, 117, 4364—-4372; Angew. Chem. Int. Ed. 2005, 44, 4292 —
4300; j) G. Guillena, Tetrahedron: Asymmetry 2006, 17, 1465-1492;
k) H. Yamamoto, M. Kawasaki, Bull. Chem. Soc. Jpn. 2007, 80,
595-607.

[14] a) B. List, Tetrahedron 2002, 58, 5573-5590; b) D. Enders, T. Balen-
seifer, Acc. Chem. Res. 2004, 37, 534—541; c) B. List, Acc. Chem.
Res. 2004, 37, 548-557; d) 1. Seayad, B. List, Org. Biomol. Chem.
2005, 3, 719-724.

[15] D. A. Evans, S. G. Nelson, J. Am. Chem. Soc. 1997, 119, 6452—-6453.

[16] D. A. Evans, D. S. Johnson, Org. Lett. 1999, 1, 595-598.

[17] a) A. Bggevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K. A. Jgr-
gensen, Angew. Chem. 2002, 114, 1868—1871; Angew. Chem. Int. Ed.
2002, 41, 1790-1793; b) B. List, J. Am. Chem. Soc. 2002, 124, 5656 —
5657.

[18] N. Kumaragurubaran, K. Juhl, W. Zhuang, A. Bggevig, K. A. Jor-
gensen, J. Am. Chem. Soc. 2002, 124, 6254-6255.

[19] T.-Y. Liu, H.-L. Cui, Y. Zhang, K. Jiang, W. Du, Z.-Q. He, Y.-C.
Chen, Org. Lett. 2007, 9, 3671-3674.

[20] J. T. Suri, D. D. Steiner, C. F. Barbas III, Org. Lett. 2005, 7, 3885—
3888.

[21] K. Juhl, K. A. Jgrgensen, J. Am. Chem. Soc. 2002, 124, 2420-2421.

[22] J. Comelles, M. Moreno-Manas, E. Perez, A. Roglans, R. M. Sebas-
tian, A. Vallribera, J. Org. Chem. 2004, 69, 6834—-6842.

[23] M. Marigo, K. Juhl, K. A. Jgrgensen, Angew. Chem. 2003, 115,
1405-1407; Angew. Chem. Int. Ed. 2003, 42, 1367-1369.

[24] a) S. Saaby, M. Bella, K. A. Jgrgensen, J. Am. Chem. Soc. 2004, 126,
8120-8121; b) X. Liu, H. Li, L. Deng, Org. Lett. 2005, 7, 167-169.

[25] L. Bernardi, W. Zhuang, K. A. Jgrgensen, J. Am. Chem. Soc. 2005,
127, 5772-5773.

[26] N.S. Chowdari, D. B. Ramachary, C. F. Barbas III, Org. Lett. 2003,
5,1685-1688.

V. Nair et al.

[27] a) R. Matsubara, S. Kobayashi, Angew. Chem. 2006, 118, 8161-
8163; Angew. Chem. Int. Ed. 2006, 45, 7993-7995; b) R. Matsubara,
T. Doko, R. Uetake S. Kobayashi, Angew. Chem. 2007, 119, 3107-
3110; Angew. Chem. Int. Ed. 2007, 46, 3047-3050.

[28] a) T. B. Poulsen, C. Alemparte, K. A. Jgrgensen, J. Am. Chem. Soc.
2005, 127, 11614-11615; b) S. Bertelsen, M. Marigo, S. Brandes, P.
Diner, K. A. Jgrgensen, J. Am. Chem. Soc. 2006, 128, 12973-12980.

[29] a) D. Basavaiah, J. Rao, T. Satyanarayana, Chem. Rev. 2003, 103,
811-892; b) Y.-L. Shi, M. Shi, Eur. J. Org. Chem. 2007, 2905-2916.

[30] a) A. Kamimura, Y. Gunjigake, H. Mitsudera, S. Yokoyama, 7etra-
hedron Lett. 1998, 39, 7323-7324; b) M. Shi, G.-L. Zhao, Tetrahe-
dron 2004, 60, 2083 -2089.

[31] O. Diels, K. Alder, Justus Liebigs Ann. Chem. 1928, 460, 98—122.

[32] N. P. Marullo, J. A. Alford, J. Org. Chem. 1968, 33, 2368 -2370.

[33] M.-L. Yao, G. Adiwidjaja, D. E. Kaufmann, Angew. Chem. 2002,
114, 3523-3526; Angew. Chem. Int. Ed. 2002, 41, 3375-3378.

[34] a) K. V. Radhakrishnan, V.S. Sajisha, S. Anas, K. Syam Krishnan,
Synlett 2005, 15, 2273-2276; b) V. S. Sajisha, S. Mohanlal, S. Anas,
K. V. Radhakrishnan, Tetrahedron 2006, 62, 3997-4002; c) V. S. Saji-
sha, K. V. Radhakrishnan, Adv. Synth. Catal. 2006, 348, 924-930.

[35] J. John, V.S. Sajisha, S. Mohanlal, K.V. Radhakrishnan, Chem.
Commun. 2006, 3510-3512.

[36] U. Pindur, M.-H. Kim, M. Rogge, W. Massa, M. Molinier, J. Org.
Chem. 1992, 57, 910-915.

[37] a) H. M. R. Hoffmann, Angew. Chem. 1969, 81, 597-618; Angew.
Chem. Int. Ed. Engl. 1969, 8, 556—577; b) W. A. Thaler, B. J. Fran-
zus, J. Org. Chem. 1964, 29, 2226-2235; c) M. A. Brimble, C. H.
Heathcock, J. Org. Chem. 1993, 58, 5261-5263; d) S. E. Denmark,
O. Nicaise, J. P. Edwards, J. Org. Chem. 1990, 55, 6219-6223.

[38] a) C. B. Lee, D. R. Taylor, J. Chem. Soc. Perkin Trans. 1 1977, 1463 —
1467; b) C. B. Lee, J. J. Newman, D. R. Taylor, J. Chem. Soc. Perkin
Trans. 1 1978, 1161-1168.

[39] L.-X. Shao, M. Shi, Eur. J. Org. Chem. 2004, 426—430.

[40] D. C. Morrison, J. Org. Chem. 1958, 23, 1072-1074.

[41] R. C. Cookson, J. M. Locke, J. Chem. Soc. 1963, 6062 —6064.

[42] V. Nair, A.T. Biju, K. Mohanan, E. Suresh, Org. Lett. 2006, 8,
2213-2216.

[43] a) S. Ma, Chem. Rev. 2005, 105, 2829-2872; b) J. L. Methot, W. R.
Roush, Adv. Synth. Catal. 2004, 346, 1035-1050; c) X. Lu, C. Zhang,
Z. Xu, Acc. Chem. Res. 2001, 34, 535-544.

[44] T. Kolasa, M. J. Miller, J. Org. Chem. 1987, 52, 4978 —4984.

[45] Y. Liu, C. Xu, L. Liu, Synthesis 2003, 1335-1338.

[46] R.D. Otte, T. Sakata, I. A. Guzei, D. Lee, Org. Lett. 2005, 7, 495—
498.

[47] V. Nair, A. T. Biju, S. C. Mathew, Synthesis 2007, 697-704.

[48] a) V. Nair, A. T. Biju, K. G. Abhilash, R. S. Menon, E. Suresh, Org.
Lett. 2005, 7, 2121-2123; b) V. Nair, R. S. Menon, A. R. Sreekanth,
N. Abhilash, A. T. Biju, Acc. Chem. Res. 2006, 39, 520-530.

[49] V. Nair, S. C. Mathew, A. T. Biju, E. Suresh, Synthesis 2008, 1078 -
1084.

[50] V. Nair, S. C. Mathew, A. T. Biju, E. Suresh, Tetrahedron Lett. 2007,
48, 9018-9020.

[51] M. Girard, P. Murphy, N. N. Tsou, Tetrahedron Lett. 2005, 46, 2449 —
2452.

[52] V. Nair, A. T. Biju, A. U. Vinod, E. Suresh, Org. Lett. 2005, 7, 5139-
5142.

[53] V. Nair, S. C. Mathew, A.T. Biju, E. Suresh, Angew. Chem. 2007,
119,2116-2119; Angew. Chem. Int. Ed. 2007, 46, 2070-2073.

[54] S.-L. Cui, J. Wang, Y.-G. Wang, Org. Lett. 2008, 10, 13-16.

Received: October 15, 2007
Published online: April 15, 2008

820 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Asian J. 2008, 3, 810 -820






FULL PAPERS

DOI: 10.1002/asia.200700363

Self-Assembly of [B-SbW,0;]°~ Subunit with Transition Metal Ions (Mn’™,
Cu’*, Co*") in Aqueous Solution: Syntheses, Structures and Magnetic
Properties of Sandwich Type Polyoxometalates with Subvalent Sb™
Heteroatom

Jing-Ping Wang, Peng-Tao Ma, Jie Li, Hong-Yu Niu, and Jing-Yang Niu**!

S BWILEY 2
822 . InterScience® © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 822833

nnnnnnnnnnnnnnnnnnnnnn



www.interscience.wiley.com



Abstract: Rational self-assembly of
Sb,0; and Na,WO,, or
(NH,)3s[NaSbyW,,04] with transition-
metal ions (Mn?*, Cu**, Co’"), in
aqueous solution under controlled con-
ditions yield a series of sandwich type
complexes, namely, Na,H,[Mn,sW,;
(Hzo)x(B'ﬁ‘SbW9033)2]'32Hzo @,
Na,H;[Na;(H,0)sMn;(u-OAc),(B-a-

SbW,03;),]-20H,0 (OAc=acetate
anion) (2), NaHg[Na,Cu,Cl(B-a-
SbW,03;),]-21H,0  (3), NagK[Na,K-
(H,0),{Co(H,0)}5(B-0-SbW(Os3),]:

10H,0 (4), and NasH[{Co(H,0),};W-
(Hzo)z(B'ﬁ‘SbW9033)2]'11 SH,O 4.
These structures are determined by
using the X-ray diffraction technique
and further characterized by obtaining

analysis. Structure analysis reveals that
polyoxoanions in 1 and § comprise of
two [B-B-SbW,04]°~ building units,
whereas 2, 3, and 4 consist of two iso-
merous  [B-a-SbW,05;]°~  building
blocks, which are all linked by different
transition-metal ions (Mn**, Cu®*, or
Co*") with different quantitative nucle-
arity. It should be noted that com-
pound 2 represents the first one-dimen-
sional sinusoidal chain based on sand-
wich like tungstoantimonate building
blocks through the carboxylate-bridg-
ing ligands. Additionally, 3 is construct-

Keywords: antimony polyoxo-
metalates - sandwich complexes -
self-assembly - tungsten
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ed from sandwiched anions
[Na,Cu,Cl(B-a-SbW,03;),]°" linked to
each other to form an infinitely extend-
ed 2D network, whereas 5 shows an in-
teresting 3D framework built up from
offset sandwich type polyoxoanion
[{Co(H,0),};W (H,0),(B-B-SbW,Osy), ]~
linked by Co*™ and Na* ions. EPR
studies performed at 110 K and room
temperature reveal that the metal cat-
ions (Mn**, Cu’*, Co’") reside in a
square-pyramidal geometry in 2, 3, and
4. The magnetic behavior of 1-4 sug-
gests the presence of weak antiferro-
magnetic coupling interactions between
magnetic metal centers with the ex-
change integral J=—0.552 cm ' in 2.

IR spectra and performing elemental

Introduction

The current interest in polyoxometalate (POM) chemistry
not only stems from their potential applications in analytical
science, materials science, catalysis, and medicine, but also
from their enormous structural variety and multitude of fas-
cinating properties."? The design and synthesis of large in-
organic high(giant)-nuclear wheels or clusters with multi-di-
mensional pores,™¥ or biological modeling® have recently
constituted an emerging area of interest. Great efforts have
been taken toward the decoration of polyoxoanions using
organic ligands or transition-metal-complex cations, and the
discovery of new structural types with interesting topologies
and properties. Meanwhile, it should be pointed out that the
formation mechanisms of POMs still remain elusive arising
from the many species obtained by the “one-pot” synthesis-
commonly described as self-assembly. Therefore, the ration-
al design, synthesis, and characterization of novel POMs
with predetermined structures and functions offer an ongo-
ing challenge.
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In POM chemistry, transition-metal substituted POMs
(TMSPs) are well known, and to date, numerous such com-
plexes have been reported.’ Among the well-known class
of TMSPs, the sandwich type species represent the largest
subfamily.’? The Weakly-®l Hervé-! Krebs-'" and
Knoth-"sandwich type polyoxoanions have been obtained
to date. However, considering that TMSPs may be of inter-
est for their magnetism as well as their optical, electronic,
and catalytic properties,'>'¥ the incorporation of paramag-
netic transition-metal ions to the centre of sandwich type
polyoxoanions remains a focus of POMs. Furthermore, tri-
vacant Keggin type polyoxoanions [XW;Os3,34]" (X=P, As,
Si, Ge, Sb, Bi, Zn) are fundamental building units to con-
struct sandwich type polyoxoanions. The trivacant {SbW,}
unit is denoted as the B-type fragment derived from a
Keggin polyoxoanion. In this case, three edge-shared WOy
octahedra are removed because the central Sb™ heteroatom
owns a lone pair of electrons.””) Moreover, the B-type frag-
ment contains two isomers (o and f), which can be derived
from the a-Keggin and the B-Keggin framework, respective-
ly. This trivacant building block can be used for synthesis of
sandwich like complexes, for example, [(VO);(SbW,043),]"*~
in which two B-a-[SbW,05;]°~ moieties are linked by a belt
of three VO** ions.[')

The class of Sb™-containing polyoxotungstates has been
known for a long time.'”’ The presence of a lone pair of
electrons on the heteroatom precludes the closing of the
Keggin unit, allowing many novel POMs with unprecedent-
ed structure to be obtained. The first structurally character-
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ized tungstoantimonate [NaSbyW, O] displays a large
cryptand structure,’” and subsequently, Wang and co-work-
ers reported the extended 1D structural compound
(NH,),5Co, s(NH;);[Co(NH;),NaSbyW,, Og]- 15 H,O.l% In the
past decades, Yamase and co-workers described the forma-
tion and structure of K;gsH;5[Ces(CO3)(SbW,y0s;3)
(Ws05)]'14H,0 and  [Eus(H,0)3(SbWs033)(Ws0;5)5]" 1"
which are all based on a-[SbW,05]°~ and [WsO,4]° groups.
Recently, their group reported another two lanthanide-poly-
oxotungstates, [(Ws0;5)Ln(a-SbWyO53)Ln(H,0),(Ws0,5);]"~
(Ln=Eu, Dy, Er) and [Lu;(H,0),(SbW4O33),(W5O), "'~
In addition, they described the synthesis, structure, heat ca-
pacity, and magnetization of [(VO);(SbW,0;;),]"*".1%?! In
recent years, the group of Krebs reported the systematic
syntheses of large Sb™ containing heteropolyanions
[SbW,05]", [Na,SbsW;40,5,(H,0),]*", [Sb,W»,07,(OH),]"",
[Sb,W,0M,04,(H,0)e] -2 (M"+ =Fe**, Co?*, Mn**, NiZ*
), [(Mn(H,0))3(SbWO33),]'*", (Cs;HeNO,) o[ (Mn(H,0))s
(SbWO3)],  [My(H,0)(WO,),(SbWs035),]"""  (M=Zn",
Mn"), (NH,);o[Sb,W4,C0,05(H,0)s]-13H,0, and K¢NaH-
[Sb,W,Fe,044(H,0)4]-13H,0,*? which were all synthesized
from the [B-a-SbW,04]’" fragment. The manganese(Il)-
substituted polyoxometalate [(Mn(H,0));(SbW,Os;),]**~ has
been shown to be a highly efficient catalytic activator in the
epoxidation of alkenes.’? Subsequently, Kortz et al. report-
ed [(0-SbW403),M;5(H,0)]*"  (M=Cu’**, Zn**), K-
[Sb,W 5{Cu(H,0)};044], [Fe4(H,0)14(B-SbWoO33),]°", [Cs,Na-
(H,0),,Pd;(a-Sb™W,053),]°~,®! all of which are sandwich
type compounds based on two a- or f-type SbW,Os; subu-
nits. Very recently, the groups of Kortz and Proust, reported
on (CsNa,[{Sn(CH,)}5(H,0),(B-SbW,403;)]-7H,0) ., and
[Sb,W,00,0{p-cymene},]'~, ! respectively, being the first or-
ganotin derivative of B-[SbW,04]°, and the first ob-
tained organometallic heteropolytungstate related to
[Sb,W,,0,,(OH),]"*~ by self-assembly, respectively. Yamase
et al. have reported a Mng hexagon sandwiched polyoxo-
metalate [(MnCl),(SbW,03;),]">~ and discussed the ferro-
magnetic properties of five fold coordination Mng"** hexa-
gons. !

It can be noted that most of the transition-metal-substitut-
ed tungstoantimonates are dimeric and sandwich like com-
pounds. Moreover, most of them are discrete structures. The
linking of sandwich type Sb—W—O clusters into extended

Abstract in Chinese:

LA Sb,0; HINa, WO, 5% (NH.) 5 [NaSbe Wy Oge) 24 fii ek 157 328 U 42 Ji 5 1 Mn®, Cu®,
COMFEARI P RRE, M R R &4 T 5 Ryc s ehnmih.
& 1 5 AETA[B-B-SOW,05 FINIG, T 2, 3, 4 HWAFHIN
[B-ct-SbWo O]t (A il ied A< RISt 00 3o 00 G Jo 5 1 HISE T PR A8 1 205
SN EEARRE T RN — 4R ESL HEIR A IO B 1h&1 3 26T
IRACIY Z 35 20N, T6 [N, Cuy CU(B- a-SbWoO33), ) Mk Cu-O-WHF L JE K, 2DHi#
&1 5 0 E AL Y0 B BT [{Co(H0):} s W(H,0)5(B- B-SbW,033),]5 If: JiE T3~
i 3DIRIRGE MINELS . EPRIFGTRY], &2, 3, 4 MY, Cu®, Co” T4
AT IUDTHER Y . RO EAR, ARE 1-4 MORE I N A7 A 55 1 SOk RERS
HER.
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structures remains largely unexplored. Hence, the exploita-
tion of assembling POMs into 1D, 2D, and even 3D frame-
works is still in its infancy. We have successfully prepared
some novel 1D, 2D, and 3D extended structures constructed
from TMSPs clusters. Herein, we describe the syntheses and
structural characterizations of the following five POMs
based on sandwich type tungstoantimonates clusters as
building  units:  Na,H,[Mn, W, 5(H,0)(B-B-SbW,Os;),]
32H,0 (1) = Na,H,-1a:32H,0, Na,H;[Na;(H,0):Mn;(p-
OAc),(B-a-SbW,0s33),]20H,0 (2) = NaH;-2a-20H,0
(OAc=acetate anion, CH;COO~), NaHg[Na,Cu,Cl(B-a-
SbW,03;),]-21H,0 (3) = NaHg-3a-21H,0, NagK[Na,K-
(Hy0),{Co(H,0)}5(B-0-SbWO3;),] 10H,O  (4) = NagK-
4a-10H,0, NasH[{Co(H,0),};W(H,0),(B-B-SbW,Os;),]-
11.5H,0 (5) = NasH-5a-11.5H,0. The solid-state structure
of 2 is the first example of a one-dimensional sinusoidal
chain based on sandwich type polyoxoanion 2a bridged by
an organic carboxylate ligand. 3a polyoxoanions connect to
each other to build a 2D network, a phenomenon reported
for the first time in antimony-containing sandwich POMs
chemistry. More interestingly, compound 5 is a sandwich
type complex with three cobalt atoms and a tungsten atom
incorporated into the belt of the polyoxoanion, which is
linked with an adjacent same framework, generating a 3D
network, by the linkage of cobalt and sodium atoms. To the
best of our knowledge, the example of 3D infinitely netlike
structures constructed from sandwich type tungstoantimo-
nate anions has rarely been reported.

Results and Discussion
Synthesis

Based on previous work, we further explored the synthetic
strategy of sandwich type tungstoantimonates. In our experi-
ment, we do not use the common [B-SbW,05;]°" lacunary
precursor, but directly employ some raw materials of Sb,0O;,
Na,WO,, and transition-metal ions (such as Mn?*). By heat-
ing the solution above 80°C in sodium acetate buffer, we
obtain the dominating product of trimanganese-substituted
polyoxoanion 2 and the by-product of dimanganese-substi-
tuted species 1. Intriguingly, the synthesis of 2 is accom-
plished by reaction of the component of acetate buffer with
the transition metal Mn**. In contrast to 1 and 2, the syn-
thetic strategy of 3-5 was developed. Compounds 3-5 were
all synthesized from a cryptate [NaSbyW,,Og]"®" precursor.
However, the sandwich type polyoxoanions presented in 3-5
contain the [B-SbW,05;]° building blocks, indicating that
during the course of the reaction, the following transforma-
tion must have taken place: [NaSbyW, Og]"® —[B-
SbW,0,;]°". 3 was obtained by directly heating the mixture
of [NaSbyW,,04]"® and Cu?* above 80°C. Whilst the syn-
thetic conditions of 4 and 5 were similar to 3, the addition
of KOH solution (see Experimental Section) is required in
the latter. Surprisingly, compounds 4 and § were synchro-
nously obtained in one system, which crystallize in the or-
thorhombic and triclinic systems, respectively. It should be

Chem. Asian J. 2008, 3, 822 -833





Self-Assembly of Sandwich Type Polyoxometalates

noted that the [B-a-SbW,04]°” fragment in 4 and [B-B-
SbW,0,,]°~ fragment in 5 are the two isomers of the [B-
SbW,0;,]°~ polyanion, which indicates the presence of the
isomerization equilibrium in the disassembly and reassembly
procedure of the cryptate polyoxoanion precursor. During
the course of our investigation of these transition-metal-sub-
stituted sandwich type tungstoantimonates, we discovered
that control of reaction conditions is more important than
precursor type. From the analyses on the synthetic condi-
tions mentioned previously, we can see that many factors
(temperature and time of heating, pH value, ionic strength,
concentration of reaction system) can influence the type of
building blocks, the amount of transition metal incorporat-
ing into the core of sandwich type complexes, and the ex-
tended structural fashion. Hence, further investigation on
this work is in progress.

Description of the Crystal Structures

The structures of compounds 1-5 were determined by using
the single-crystal X-ray diffraction technique and character-
ized by elemental analysis and FTIR spectroscopy. The se-
lected bond lengths are listed in Table S1 in the Supporting
Information.

The polyoxoanion of 1a is isomorphous to, but different
from the previously reported [SbyW,M,0;,(H,0)4]142"1- 221
mainly arsing from the site occupancy disorder of two W10
atoms (each of the two opposite W10 sites is occupied by a
W atom and an Mn atom with the site occupancy factor of
75% and 25%, respectively). The bond valence of all the
Mn and W atoms in 1 are +2 and + 6, respectively, which
were validated by the XPS results (see Figure S1 and S2 in
the Supporting Information). As a result, the polyoxoanion
framework of 1a with idealized C,, point symmetry is con-
structed from two trivacant [B-B-SbW,05;]°~ subunits linked
by 2.5 octahedral Mn" and 1.5 octahedral W"! ions leading
to a sandwich type structure (Figure 1). All Mn?* centers
are octahedrally coordinated, defined by three oxygen
atoms from two [B-B-SbW,05;]° moieties and other oxygen
atoms from water molecules. The W10 atom is also octahe-
drally coordinated by four oxygen atoms from two [B-f3-
SbW,0;,]°~ fragments and two water ligands. The bond
lengths of Mn—O vary from 2.115(8) to 2.217(9) A, whereas
the angles are in the range of 82.6(3)-96.9(4)°, which are all
in the common ranges. The four metal atoms lie at the cor-
ners of a rhombus with the adjacent two edges of 10.186 and
5.980 A. Additionally, the formation of infinite chain struc-
ture is formed of adjacent cluster anions of 1 alternating
with bridging [Na,(H,0),]" groups.

To our knowledge, compound 2 represents the first one-
dimensional sinusoidal chain based on sandwich like tung-
stoantimonate building blocks through the carboxylate-
bridging ligands (Figure 2¢ and Figure S3 in the Supporting
Information). Although 2 was obtained in the same system
as 1, it was clearly different in the structural construction.
The polyoxoanion 2a with the Dj, point symmetry is com-
posed of two [B-a-SbW,0;;]°~ fragments combined together
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Figure 1. Polyhedral and ball-and-stick representation of the polyoxoan-
ion 1a with the molecular formula [Mn,sW, s(H,0)s(B-B-SbW,035),]*"
The WOg octahedra are shown in red, and the balls represent Sb
(purple), Mn/W (cyan), Mn (green), O (red). The hydrogen atoms are
omitted for clarity.

Figure 2. a) Combined polyhedral/ball-and-stick representation of [Na;
(H,0)sMn;(m-OAc),(B-a-SbW,05;),]"~ (2a), the sodium counterions are
omitted for clarity. b) Ball-and-stick representation of the connection
mode in central belt of 2a. c¢) Polyhedral/ball-and-stick representation of
the structure of compound 2 down the c-axis. The WOy octahedra are
shown in red, and the balls represent Sb (purple), Na (yellow), Mn
(green), W (cyan), C (black), and O (red). The hydrogen atoms are omit-
ted for clarity.

by three [Mn(OAc)]* groups and three Na™ ions in an alter-
nating mode, resulting in the sandwich type structure (Figur-
es 2a and b). The structure is closely related to the previous-
ly reported trinuclear manganese(II)-substituted tungstoan-
timonate [(Mn(H,0));(SbW,05;),]>".?%®! A striking differ-
ence between them is that the acetate ligand replacing a
water molecule participates in the coordination to manga-
nese cations. Each Mn”* ion resides in the square pyramidal
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coordination geometry with the mean Mn—O distance of
2.086 A (Table S1 of the Supporting Information). It is
worth noting that every manganese ion coordinates to an
acetate ligand rather than a terminal water molecule in the
central sandwich layer. Moreover, the acetate ligands
employ two types of coordination patterns in the structural
construction: one is only coordinating to a manganese atom
(Mn2) by a carboxylate oxygen atom, and the other is by
acting as a bidentate ligand in simultaneous connection with
two manganese atoms (Mnl and Mn3) from different poly-
oxoanion framework (see Figures2a and b). By means of
this construction motif, adjacent cluster anions 2a are able
to construct an unprecedented one-dimensional sinusoidal
chain by the acetate bridges. In addition, the C2 atom in the
methyl group of the acetate ligand coordinating to the Mn2
atom is disordered with 50 % probability over two positions
(Figure 2b).

b)

Cu4/Na3 _gf

- -

Figure 3. a) Combined
[Na,Cu,Cl(B-a-SbW,05;),]°~ (3a). b) Ball-and-stick representation of the
central belt in 3a. The WOy octahedra are shown in red, and the balls
represent Cu (green), Sb (purple), Cu/Na (cyan), CI (black), and O (red).

polyhedral/ball-and-stick ~ representation  of

Figure 3a depicts the structure of polyoxoanion 3a. The
anion consists of a {CuyNa,} hexagon moiety sandwiched by
two [B-a-SbW,04;]°~ building blocks, which exhibits a sand-
wich type structure framework similar to recently reported
[(CuCl)(AsWyOs3),]*~ and [(MnCl)o(SbW,Os3),].* The
{Cu,Na,} hexagon moiety contains three square pyramidal
isolated Cu** ions and three disordered four-coordinate
Cu** ions as shown in Figure 3b, each of which is coordinat-
ed by two [B-a-SbW,O5;]°~ fragments. The square-pyrami-
dal-coordinated Cu®* centers can be grouped as two differ-
ent types: the two identical CuOs and a CuO,Cl group,
which are all coordinated by four interior oxygen atoms
from two [B-a-SbW,04,]°" ligands with the vertex position
occupied by O (for Cul) or Cl (for Cu3) atoms (see Figure-
s3a and b). The three five-coordinate Cu** ions were ar-
ranged in an approximately equilateral triangle with
Cul--Cul =4.896(3) A, Cul--Cu3=4.904(4) A, and
Cu-Cu--Cu=60°. The Cu—O bond distances are in the
range of 1.928(13)-2.323(16) A for Cul atoms, and
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1.920(14) A for Cu3 atom with the Cu3—Cl length of
2.605(13) A. (Table S1 in the Supporting Information) The
Cu2 and the Cu4 centers show highly disordered positions,
which are the preferential positions on the Na2 (60%) and
Na3 (80 %) sites, respectively. Moreover, the three positions
occupied by disordered copper atoms were arranged in a
bigger triangle, which were just bound by two [B-a-
SbW,04;]°" ligands with the average bond lengths of 2.217
and 2262 A for Cu2-O and Cu4—O, respectively (see
Table S1 in the Supporting Information). The XPS spectra
reveal the bond valences of all the Cu and W atoms in 3 as
+2 and +6, respectively (Figure S4 and S5 in the Support-
ing Information).

The solid-state structure of 3 reveals a beautiful 2D net-
work as shown in Figure 4, which can be thought of as the
structure of a tetra-copper-substituted cluster anion [Cu,K,

Figure 4. Combined polyhedral/ball-and-stick representation of the two-
dimensional arrangement of 3. The WO, octahedra are shown in red, and
the balls represent Cu (green), Sb (purple), Cu/Na (cyan), Cl (black),
and O (red).

(H,0)5(a-AsWo033),]* .2 Each polyoxoanion 3a is connect-
ed to four neighbours by four Cul-O4—W4 bridges, leading
to a 2D network. (see Figure 4 and Figure S6 in the Sup-
porting Information) The two equivalent copper centers
(Cul) in the belt region of 3a are linked to the tungsten
atoms (W4) in the “cap” sites from two neighbours through
the terminal oxygen atoms. Meanwhile, each of two symmet-
rically equivalent tungsten centers (W4) in the two “cap”
sites is covalently linked to the copper atoms (Cul) from
two adjacent polyoxoanions. In addition, compound 3 can
be described as double layers of 3a, with the Cu—Cl bond of
the central belt pointing at each other. Figure 4 shows the
solid-state arrangement of polyoxoanion 3a, which were ar-
rayed alternatingly vertical and horizontal. Each polyoxoan-
ion arranged vertically is completely offset with four periph-
eral polyoxoanions distributed in the horizontal layer. Aris-
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ing from the dint in this construction motif, adjacent cluster
anions 3a are able to construct an attractive 2D network
with the Cu—O4—W bridges (Figure 4). To the best of our
knowledge, the extended 2D-netlike-structure framework
based on sandwich type tungstoantimonate is reported for
the first time.

Polyoxoanion 4a is a dimer of two [B-a-SbW,05;]°~ subu-
nits linked by three Co**, two sodium, and a potassium ion
(see Figure 5a and b). The arrangement of nearly hexagonal

Figure 5. a) Polyhedral and ball-and-stick representation of [Na,K-
(H,0),{Co(H,0)}5(B-0-SbW,0s;),]"~ (4a). b) Ball-and-stick representa-
tion of the central belt in 4a. The clusters of 4a are shown in red; and
the balls represent Co (green), Sb (purple), W (light blue), Na (yellow),
K (carmine), and O (red).

{CosNa,K]} distribution in the belt region is sandwiched by
two [B-a-SbW,0;;]°~ moieties resulting in the idealized C,,
point symmetry. All cobalt ions have a five-coordinate
square-pyramidal geometry with the bond distances of Co—
O in the range of 1.984(15)-2.096(17) A (Table S1 in the
Supporting Information). The bottom plane is defined by
four O atoms from two [B-a-SbW,04;]°" moieties and the
axial position is occupied by a terminal water molecule.
Each of the two sodium ions in the belt region of 4a interact
with five oxygen atoms, whereas the potassium ion is only
chelated by two [B-a-SbW,0;;]°~ ligands with an average
bond length of 2.786 A. The structure of 4a is closely related
to the recently reported tripalladium-substituted tungsto-
antimonate(III) [Cs,Na(H,0),,Pd;(c-SbW,053),]*~.*Y The
prominent differences are: a) the palladium(II) ions have a
square-planar coordination geometry, and b) the Cs/Na mix-
alkaline metal cations are replaced by K*/Na* ions. More-
over, the polyoxoanion 4a is markedly different to the iso-
structural  tricobalt-substituted  tungstosilicate  species
[K,{Co(H,0),}5(SiW,405,),]*" isolated as a potassium salt.*")
In the polyoxoanion [K,{Co(H,0),};(SiW403,),]"*", each
cobalt ion is bound to two [SiW,05,]'" moieties by four ter-
minal oxygen atoms and two terminal water molecules, re-
sulting in an octahedral coordination geometry. Neverthe-
less, the three Co>* ions incorporated into the central belt
of the 4a framework all have square-pyramidal configura-
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tions, in such a way that the relevant Co—Co distances range
from 5.057(1) to 5.128(2) A in the triangular {Co;O,s} entity.

Compound 5 is of special interest as it contains an offset
sandwich type polyoxoanion with two different metals incor-
porated simultaneously, and is obtained together with 4 in
the same system. However, it was clearly different from the
structural construction of 4a, that consists of two [B-p-
SbW,035]°” subunits joined together by two Co** and two
disordered Co®*/W®7 ions into an assembly with a virtual
C,, point symmetry (Figure 6). The central belt of 5a con-

Figure 6. Polyhedral (left) and ball-and-stick (right) representations of
[{Co(H,0),}sW(H,0),(B-B-SbW,0s3),]°~ (5a). The clusters of Sa is
shown in red; and the balls represent Co (green), Sb (purple), Co/W
(cyan), and O (red).

tains a rhomblike {Co;W} group sandwiched by two screw
symmetric [B-B-SbW,0;;]°~ building blocks, meanwhile, the
adjacent Co** and disordered Co**/W®* ions are bridged by
the five-coordinate sodium ions. The separation of exterior
Co--Co (10.131(4) or 10.396(5) A) is clearly longer than the
interior two disordered Co-+Co (5.930(2) or 5.828(3) A). In
contrast to those in 4a, each cobalt atom is octahedrally co-
ordinated (2.031(15)-2.264(16) A) in 5a, coordinated by
four oxygen atoms from three different [B-B-SbWyO33]°" li-
gands and two terminal water molecules. Nevertheless, the
two disordered positions in the belt region of Sa are defined
by four O donors from two [B-B-SbW,0;,]°" ligands and
two terminal water molecules with distances of 1.89(2)—
2.113(17) A, each of which is occupied by a cobalt and a
tungsten atom with 50 % occupation factor for each. More-
over, the Sb atoms incorporated into the [B-B-SbW,04]""
building units are trigonal-pyramidal in geometry with an
average bond length of 1.985 A, (Table S1 of the Supporting
Information) and display a longer separation of 5.772(2) or
5.703(2) A arising from an offset of two [B-B-SbW,Os]’"
subunits.

The structure of 5a is likely to be similar to that of deca-
tungsto tungstoantimonate (NH,)10[SbyW,,C0,0+,
(H,0)4]-13H,0 described by Krebs and co-workers.’*! The
contrasting differences are: 1) two tungsten atoms in the
belt is replaced by a tungsten and a cobalt with disordered
distribution, 2) each cobalt atom is bound to two water in-
stead of three water molecules, and 3) the lacunae between
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the cobalt and antimony atoms in the belt are occupied by
four sodium ions rather than four transition metal atoms. In
addition, the solid-state arrangement of § deserves special
attention, exhibiting a remarkable 3D-extended packing. As
shown in the construction motif of 5a (Figure 7), each [B-f3-
SbW,05;]°~ subunit in Sa is joined together with another
two [B-B-SbW,04;]°~ moieties by two cobalt atoms. In this
case, an infinite extended 1D chain was generated by the
double W—O—Co—O—W bridges (see Figure 7). In addition
to the two Co" linkages, the four Na* ions incorporated
into the central belt also act as joints, linking the different
chainsand generating the 3D-extended network (see
Figure 8).

Figure 7. Ball-and-stick representation (top) and polyhedral view
(bottom) of the 1D chain in 5. The WO, CoO,, and disordered MO,
(M =Co/W) octahedra are shown in red, green, and cyan, respectively,
and the balls represent Co (green), Sb (purple), Co/W (cyan), and O
(red).

EPR spectra for compound 2-4

The samples studied in this work, which were doped into a
slim glass tube, were used in the form of polycrystalline
powders. The X-band polycrystalline-powder EPR spectra
measured at room temperature and 110 K for 2, 3, and 4
were shown in Figure 9, 10, and 11, respectively. As for 2,
the spin Hamiltonian used to represent the EPR spectra of
the Mn" ion is given by Equation (1):

H = gBHS + D[S,>~S(S +1)/3] + E(S,>~5,?) (1)

where H is the magnetic field vector, g is the spectroscopic
splitting factor, (3 is the Bohr magneton, D is the axial zero
field splitting term, E is the rhombic zero field splitting pa-
rameter, and S is electron spin vector.’ If D and E are very
small compared to gBHS, five EPR transitions are expected,
[+512>< 432>, |+32>«|+12>, |+12>«|-1/2>,
—12><|-3/2> and |-3/2>«|-5/2>. In the X-band
polycrystalline-powder EPR spectra of 2 at room tempera-
ture (Figure 10), a broad signal is observed with a g value of
2.28, which arises from the dipolar interactions and en-
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Figure 8. View of the 3D network along g-axis (top), b-axis (middle), and
c-axis (bottom) in 5. The WO;, CoOq, and disordered MOy (M =Co/W)
octahedra are shown in red, green, and cyan, respectively, and the balls
represent Co (green), Sb (purple), Co/W (cyan), O (red) and sodium-
(orange).

hanced-spin-lattice relaxation.” The spectrum of 2 at 110 K
consists of three resonance absorption bands with effective
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110K
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Figure 9. EPR spectra of 2 recorded at 110 and 300 K.
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2500 3000 3500 4000
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Figure 10. EPR spectra of 3 recorded at 110 and 300 K.

110K
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0 1500 3000 4500 6000
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Figure 11. EPR spectra of 4 recorded at 110 and 300 K.

g values of 5.49, 4.29 and 2.09. The resolution is considera-
bly improved compared to the spectra obtained at room
temperature, apparently arising from the signal sharpening
induced by the increasing spin-lattice relaxation time. Mean-
while, the EPR signals at g=5.49 and g=4.29 increase
whilst the signal at g=2.09 decreases. The increase of an iso-
tropic transition around g=4.29 arising from an S=5/2 tri-
nuclear Mn" system originates from the intermediate Kram-
ers doublet, which is caused by the zero-field splitting effect
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and the weak spin-orbit coupling.[*”)

The room-temperature spectrum for 3 displays an aniso-
tropic broad resonance centered at ca. 3226 G (Figure 10).
Moreover, two less intense signals are observed at about
2550, and 3800 G. Such spectra are usually associated with
well-isolated triplet spin states with relatively small zero-
field splitting. When the systems are cooled to 110 K, the
resolution of spectral line improves considerably as a result
of the signal narrowing induced apparently by the increasing
spin-lattice relaxation time. At 110 K, the central line began
to show an axial signal with partially resolved hyperfine
splitting in the low-field region originated by a spin doublet
S=1/2 interacting with a single /=3/2 nucleus. This type of
signal is characteristic of an isolated Cu" chromophore with
an axial g tensor (g, =2.21 and g, =2.09).*

The EPR results of 4 show that the Co®" ions are in the
high-spin state with three unpaired electrons. However, the
spectroscopic complexities of high-spin Co** with respect to
the orbital degeneracy of the ground state and coupling of
excited-state terms with changes in coordination environ-
ment permit only a qualitative characterization. To under-
stand the EPR results, consider the term-splitting diagram
for high-spin Co®* in crystal fields of different symmetry.
The influence of the crystal-field and spin-orbit coupling of
the electronic properties of transition-metal ions is discussed
in the literature.® Splitting of spectroscopic states of high-
spin Co?* in coordination complexes results in two general
patterns arising from the combined effects of the symmetry
of the crystal-field and spin-orbit coupling.*® They corre-
spond to a high-spin d’ configuration either in an orbitally
nondegenerate ground state (‘A,) or in an orbitally degener-
ate ground state (*7)), in which the orbital levels are sepa-
rated by spin-orbit coupling. At 110 K, the EPR spectra of 4
display a very broad band centered at an average g value of
2.07 with a very weak but distinct hyperfine splitting pattern
resulting from the interaction of the unpaired electron with
the *Co nucleus (/=7/2), and two narrow symmetric bands
centered at average g values of 4.15 and 7.36 that are attrib-
uted to the characteristics of high spin Co®*. The very broad
absorption band can occur from the ferromagnetic-spin-cou-
pling interactions confirmed by the magnetic susceptibility
measurement.?’”! However, when the temperature increases
to room temperature, the EPR signals centered at an aver-
age g=4.15 and 7.36 become weak, probably mainly caused
by the negative zero-field splitting between the M,=+1/2
and M, =+3/2 Kramers doublets, which is in accordance
with the ligand-field energy-level diagram of the ground
state *A, of high-spin Co?*.*®¥l As the temperature increases
from 110 K to room temperature, the Co** ions tend to pop-
ulate M,=+3/2 level, which is not EPR-active, so that the
EPR signals are almost undetectable at room temperature.

Magnetic Properties

The solid-state magnetic behaviors of 1-4 have been investi-
gated in the temperature range 1.8-300.0 K. The tempera-
ture dependence of the magnetic susceptibility of 1 is shown
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in Figure 12 in the form of a yyu7 and a y versus 7T plot.
The measured yy, T value of 10.20 emuKmol™' at room tem-
perature, is slightly lower than that expected for 2.5 §=5/2
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Figure 12. Plots of the temperature dependence of yy, yu7 for 1, record-
ed on a powder sample at an applied field of 0.1 T.

uncorrelated spins (10.94 emuKmol ™). As the temperature
is lowered, yu7 value decreases steadily to a minimum
value of 6.41 emuKmol ' at 1.8 K, indicating the presence
of weak antiferromagnetic coupling. The magnetic suscepti-
bility follows the Curie—~Weiss law over the entire tempera-
ture range with C=1.02 emuKmol™' and §=—-0.42 K (Fig-
ure S7 in the Supporting Information). This behavior indi-
cates the presence of the weak antiferromagnetic exchange
interactions between the Mn" ions.

Figure 13 shows the experimental data of 2 plotted as the
xm T versus T and y versus T. The effective moment y\7T
value of 12.51 emuKmol ™' at 300 K is in approximate agree-
ment with the spin-only value of 13.13emuKmol™ for
three noninteracting Mn" ions (g=2, S=5/2). Subsequently,
the effective moment y\,7 decreases continuously with de-
creasing temperature. Below 34 K, y\7T quickly decreases
and then reaches a minimum value of 4.82 emuKmol ' at
1.8 K. This behavior indicates the presence of relatively
strong antiferromagnetic interactions between the Mn" ions.
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Figure 13. Plots of the temperature dependence of yy, yu7 for 2, record-
ed on a powder sample at an applied field of 0.2 T. Solid line corresponds
to the best fit (see text).
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As seen from the structures (Figures 2a and b), to obtain an
operative expression for the magnetic susceptibility that
allows us to evaluate the strength of the exchange interac-
tions, some approximations are needed to decrease the large
number of adjustable parameters. Compound 2 can be con-
sidered as a uniform chain formed by Mn—(p-OAc)—Mn di-
nuclear units, rejecting the Mn--Mn exchange interaction
through the Mn—O—Na—O—Mn links. The analytical expres-
sion for the dimer model can be applied, which is derived
from the exchange Hamiltonian in Equation (2):

H=-25,JS;-S; @)

Because the acetate bridge leads to the long Mn--Mn sep-
aration of 6.177 A, it is believed that the magnetic exchange
interaction between the neighboring two Mn" ions is weak
with the exchange integral J. The corresponding energy ei-
genvalue E(St) from Equation (2) is given in Equation (3):

E(S1,51,5,) = E(S1,8) = =J[St(St + 1)-2S(S + 1)] (3)

The following Equation (4) was used for calculating the
molar magnetic susceptibility of the p-acetato dimangane-
se(IT) system in compound 2.

Ngp S8 (Sp 4 1)(28y + 1)e PET

_ s

Hdimer = g7 % ST (28, + 1)e ESO/KT 4)
s

So the expression of ygme, for 2 is given by Equation (5):

Xdimer =
2g2ﬁ2 {e(ZI/kT) + Se(éj/kT) 4 146(121/kT) 4 306(201/kT) 4 556(301/kT)}

KT {1 + 3e®/KT) 1 5¢(@/kT) 17 ¢(2I/KT) 4= QeCW/KT) 1= 11¢BW/kT)}

()

where N is the Avogadro number, g is the Landé factor, k is
the Boltzmann constant, § is the electron Bohr magneton,
and T is the temperature in Kelvin. Considering the molar
magnetic susceptibility contribution y;, = (Ng*8*/3kT)S(S+1)
of an isolated paramagnetic Mn*" ion, the total susceptibili-
ties of trinuclear Mn" species are presented as Equation (6):

XM = Xdimer + Xiso
{e(x) + 5B 4 14 4 3010 4 SSe(lsx)}
1+ 3et + 5e6%) + Te®x) 4 9e(10x) 4 11e(159) }

1.09375¢
+ fg 6)

= 0.75¢%
&7

withx=2J/k T

The experimental data were fitted using Equation (6), and
the value of the exchange interactions were determined as
J=-0.552cm™!, and g=1.901. This is in good agreement
with g=2.00, the expected value for a °’A ground state Mn"
and weak coupling mediated by a bridging carboxylate
ligand, which is comparable to those previously reported for
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carboxylate-bridged manganese(II) complexes with similar
bridging networks.[*)

As for compound 3, the variable-temperature magnetic
susceptibility data at 2 K was plotted in Figure 14. Figure 14
shows the yyT value to be about 1.56 emumol 'K at room
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Figure 14. Plots of the temperature dependence of yy, ym7 for 3, record-
ed on a powder sample at an applied field of 0.1 T.

temperature, close to that expected for four noninteracting
S=1/2 spins (1.50 emuKmol™). The yy7T value decreases
slowly with decreasing temperature, reaching a minimum of
1.53 emuKmol ™' at 50 K, then subsequently increases sharp-
ly to a maximum of 1.55 emuKmol ™ at 44 K and then falls
to the final minimum value 1.02 emuKmol™ at 1.8 K. The
data clearly implies that antiferromagnetic exchange interac-
tions occurr between the four Cu" ions with the spin-canting
phenomenon. The magnetic data obey the Curie-Weiss law
over the entire temperature range, the fitting gives values of
C=1.56 emuKmol™" and #=-0.37 K (see Figure S8 in the
Supporting Information), characteristic of an overall weak
antiferromagnetic interaction.

The thermal dependence (y,,7T) of 4 is shown in Figure 15.
The yuT value at 300 K is 8.82 emuKmol ™!, which is much
higher than the spin-only value of 5.63 emuKmol™' for
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Figure 15. Plots of the temperature dependence of yy;, yu7 for 4, record-
ed on a powder sample at an applied field of 0.2 T.
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three isolated Co" ions, which further indicates an apprecia-
ble spin-orbit coupling expected for the Co" ions.*”) As the
temperature is lowered, the y,T value decreases continuous-
ly to a minimum value of 4.85 emuKmol™' at 1.8 K. The de-
creasing region of y\7 indicates the presence of antiferro-
magnetic coupling interactions between the Co" ions. In the
temperature range of 80-300 K, the susceptibility data are
well-described by the Currie-Weiss expression with C=
9.63emuKmol ' and §=-2643 K (see Figure S9 in the
Supporting Information). This behavior indicates antiferro-
magnetic exchange interactions between the Co' ions.

Conclusions

Five sandwich type transition-metal-substituted tungstoan-
timonate have been synthesized by the rational method.
Compounds 2, 3, and 5 display intriguing extended struc-
tures. Compound 2 is the first example of a one-dimensional
sinusoidal chain based on sandwich type tungstoantimonate
by means of the organic acetate bridging ligand. Compound
3 indicates the 2D-netlike structure firstly observed in the
antimony-containing sandwich POMs chemistry. Notice that
polyoxoanion Sa maintains a sandwich type structure result-
ing from the fusion of two [B-B-SbW,0;,]’~ fragments by
the three cobalt and one tungsten atoms, further construct-
ing a 3D-netlike structure by the connectivity of Co** and
Na* ions. 1 and 2 were simultaneously accomplished from
the same system, showing that the lacunary polyoxoanion
precursor is not necessary for the preparation of TMSPs.
Successful syntheses of 3-5 reveal that the [NaSbyW, Og]"*~
precursor is metastable in a warm solution and tends to iso-
merise to [B-SbW,04;]°~ fragments. The new strategy of
design and assembly depicted in this paper may be a promis-
ing technique for the construction of many other extended
structures with sandwich type metal-oxo clusters, which will
open a new avenue in the exploration of sandwich type
polyoxometalates. EPR studies for 2, 3, and 4 at 110 K and
room temperature reveal that the square-pyramidal geome-
try of metal cations (Mn**, Cu®*, Co**) reside in the core
of sandwich like complexes. Magnetic behaviors of 1-4 dis-
play the presence of weak antiferro-magnetic coupling inter-
actions between magnetic metal centers.

Experimental Section
Materials and Methods

All reagents were used as purchased without further purification. The
(NH,),5[NaSbyW,,0g]-24 H,O precursor was synthesized as described in
ref. [27] Variable-temperature magnetic susceptibility data on polycrystal-
line samples with acceptable purity of compounds 1-4 were obtained on
a SQUID magnetometer (Quantum Design, MPMS-7) in the tempera-
ture region of 1.8-300 K with an applied field of 0.2 or 0.1 T. EPR experi-
ments of compounds 2, 3 and 4 were performed on a BrukerER-2000-
DSRCI10 spectrometer at the X-band at 300 and 110 K. IR spectra were
recorded in the range of 4004000 cm™ on an Alpha Centaurt FTIR
spectrophotometer by using KBr pellets. Elemental analyses (C and H)
were performed on a Perkin-Elmer 2400-CHN elemental analyzer. In-
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Table 1. Crystallographic data structure refinement for compounds 1--5.

J.-Y. Niu et al.

3

4

5

Compound 1 2
Empirical formula Hg,Mn, sNa,Sb,W,450,s  C,H,,Mn;Na;Sb,W 30y,
M, [gmol™] 5790.56 553517
Crystal system monoclinic orthorhombic
Space group P2,/n Pbcm
a[A] 12.9058(2) 15.2820(3)
b [A] 25.2780(4) 21.2003(4)
c[A4] 16.1759(3) 30.4213(5)
al’] 90 90

A1 94.144(10) 90

y [°] 90 90

VA7 5263.31(15) 9856.0(3)
Ocaa [gem ] 3.654 3.730

V4 2 4
u(Moy,) [mm™'] 22.124 21.961

T [K] 273(2) 273(2)
Reflns measured 47710 109928
Independent reflns 9250 8803
Observed reflns 5119 9800
Parameters 704 682

R, [I>20(1)] 0.0381 0.0377
WR, (all data) 0.0895 0.1032

H;,Cu,Na;Sb, W ;ClOg;
5353.78

H3,Co3K;Nay(Sb,W 130y
5363.93

HyCo3Na;sO45 5Sb,Wig
5436.71

orthorhombic orthorhombic Triclinic
PA2m Pnma P1
16.834(2) 30.579(10) 12.0974(14)
16.834(2) 15.073(5) 17.869(2)
13.729(3) 19.180(6) 20.323(2)
90 90 92.6870(10)
90 90 91.444(2)
90 90 107.111(2)
3890.5(11) 8840(5) 4190.6(8)
4.570 4.030 4.309

2 4 2

28.410 24.704 27.302
273(2) 273(2) 273(2)
12630 40011 19416
3492 7726 13517

4692 9364 4738

288 559 1108
0.0454 0.0536 0.0592
0.1032 0.1267 0.1442

ductively coupled-plasma (ICP) analysis was performed on a Jarrel-Ash
J-A1100 spectrometer. Room-temperature XPS experiments were con-
ducted using a Kratos Axis Ultra spectrometer with monochromatized
Al Ko radiation (1486.6 eV). The spectrometer was calibrated by using
the binding energy of the C 1 s line (284.8 eV).

Syntheses

1 and 2: MnSO,H,O (0.33 g, 1.96 mmol), Sb,0; (0.13 g, 0.444 mmol) and
Na,WO,2H,0 (2.64 g, 8.0 mmol) were successively dissolved in sodium
acetate buffer (40 mL, 0.5m, pH5.0) with stirring. The mixture was
heated at 80°C for two hours with constant stirring, then cooled to room
temperature, and filtered. Slow evaporation of the clear filtrate afforded
two different single crystals, Hg,Mn,sNa,Sb,W ;450,05 (1, 0.86 g, 36%
based on Na,WO,2H,0) and C,H;,,Mn;Na,Sb,WsOy (2, 1.06 g, 43%
based on Na,WO,2H,0), that were suitable for X-ray diffraction. IR
(KBr) of 1: =943 (s), 837 (vs), 769 (s), 710 (m), 669 (s), 493 (w),
469 cm™! (w); 2: #=1559 (s), 938 (s), 865 (vs), 779 (s), 729 (vs), 503 (w),
459 (m), 436 cm™ (w); elemental analysis calcd (%) for 1: Mn 2.37,
Na0.79, Sb4.21, W 61.91; found: Mn2.46, Na 0.84, Sb4.28, W 61.64.
Caled (%) for 2: C0.87, H1.30, Mn2.98, Na2.91, Sb4.40, W 59.79;
found: C 0.83, H 1.34, Mn 3.04, Na 2.97, Sb 4.54, W 59.34.

3: The precursor (NH,)3s[NaSbyW, Og]24H,0 (2.13 g, 0.3 mmol) was
first dissolved in distilled water (30 mL), to which CuCl,-2H,0 (0.16 g,
1.0 mmol) was added gradually with stirring. Then the mixture was
heated in a 80°C water bath for one hour, and subsequently cooled to
ambient temperature, filtered, and left to evaporate at room temperature.
H;,Cu,Na;Sb,W ,ClOg; @3, 1.05 g, 56 % based on
(NH,),5[NaSbyW,,0g]-24 H,0O) was afforded as green polyhedral crystals
several days later. IR (KBr): 7=943 (s), 892 (s), 840 (m), 728 (vs), 671
(m), 569 (w), 513 cm ™' (m); elemental analysis calcd (%) for 3: Cu 4.75,
Na 1.29, Sb 4.55, W 61.81; found: Cu 4.74, Na 1.34, Sb 4.51, W 61.54..

4 and 5: The precursor (NH,),5[NaSbyW,,04]-24H,0 (1.07 g, 0.15 mmol)
was first dissolved in distilled water (15mL), to which the solid
CoCly6H,0 (0.27 g, 1.0 mmol) was added gradually with stirring, there-
after a solution of KOH (10 mL, 0.2m) was added in drips. The mixture
was heated at 80°C for two hours, then cooled to room temperature, fil-
tered, and left to evaporate slowly at ambient temperature.
H;,Co;K,Na,;Sb,WsOg, (4, 0.57 g, 61% based on Na,WO,2H,0) and
H,,Co3NasOgs5Sb,W 4 (5, 0.21 g, 23 % based on Na,WO,2H,0) were af-
forded as greenish black and deep red crystals, respectively. Both types
of crystals were obtained simultaneously after several weeks, and were
manually separated and purified. Elemental analysis calcd (%) for 4:
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Co3.30, K146, Na4.29, Sb4.54, W61.69; found: Co3.25 K1.44,
Na 4.34, Sb 4.46, W 61.24. Calcd (%) for 5: Co3.25, Na2.11, Sb4.48,
W 64.25; found: Co 3.31, Na 2.14, Sb 4.53, W 63.88.

X-ray Crystallographic Studies of the Compounds

Intensity data were collected on a RigaKu RAXIS-IV diffractometer
with graphite-monochromated Moy, (A=0.71073 A) radiation at room
temperature. The structures were solved by direct methods and refined
using full-matrix least squares on F°. All calculations were performed
using the SHEL XL-97 program package.”® Empirical absorption correc-
tion was applied. All of the non-hydrogen atoms were refined anisotropi-
cally. The organic hydrogen atoms were generated geometrically, howev-
er the aqua hydrogen atoms were not located. A summary of crystal data
and structure refinement for compounds 1-5 is listed in Table 1.
CCDC 623893 (2) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre by using www.ccdc.cam.ac.uk/data_-
request/cif. Further details of the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crys-
tal@fiz-karlstruhe.de) and quoting the deposition numbers CSD 417113
(1), 417114 (3), 417115 (4), 417116 (5).

Acknowledgements

The authors thank the Natural Science Foundation of China, the Pro-
gram for New Century Excellent Talents in University of Henan Prov-
ince, the Foundation of Education Department of Henan Province, and
the Natural Science Foundation of Henan Province for financial support.

[1] a) Polyoxometalate Chemistry: From Topology via Self-Assembly to
Applications (Eds: M.T. Pope, A. Miiller), Kluwer, Dordrecht,
2001; b) R. Thouvenot, M. Michelon, A. Tézé, G. Hervé in Poly-
oxometalate: From Platonic Solids to Anti-Retroviral Activity (Eds:
M. T. Pope, A. Miiller), Kluwer, Dordrecht, 1994, pp.177-190.;
¢) N. Mizuno, M. Misono, Chem. Rev. 1998, 98, 199-217.

[2] a) M. T. Pope in Heteropoly and Isopoly Oxometalates, Springer,
Berlin, 1983; b) M. T. Pope, A. Miiller, Angew. Chem. 1991, 103,
56-70; Angew. Chem. Int. Ed. Engl. 1991, 30, 34-38; c) A. Miiller,

Chem. Asian J. 2008, 3, 822 -833



http://dx.doi.org/10.1021/cr960401q

http://dx.doi.org/10.1021/cr960401q

http://dx.doi.org/10.1021/cr960401q

http://dx.doi.org/10.1002/ange.19911030107

http://dx.doi.org/10.1002/ange.19911030107

http://dx.doi.org/10.1002/ange.19911030107

http://dx.doi.org/10.1002/ange.19911030107

http://dx.doi.org/10.1002/anie.199100341

http://dx.doi.org/10.1002/anie.199100341

http://dx.doi.org/10.1002/anie.199100341



Self-Assembly of Sandwich Type Polyoxometalates

F. Peters, M. T. Pope, D. Gatteschi, Chem. Rev. 1998, 98, 239-271;

d) A. Miiller, S. Roy, Coord. Chem. Rev. 2003, 245, 153-166.

a) A. Miiller, E. Krickemeyer, H. Bogge, M. Schmidtmann, C.

Beugholt, P. Kogerler, C. Lu, Angew. Chem. 1998, 110, 1278-1281;

Angew. Chem. Int. Ed. 1998, 37, 1220-1223; b) A. Miiller, S. Q. N.

Shah, H.H. Bogge, M. Schmidtmann, Nature 1999, 397, 48-50;

c) K. Wassermann, M. H. Dickman, M. T. Pope, Angew. Chem. 1997,

109, 1513-1516; Angew. Chem. Int. Ed. Engl 1997, 36, 1445-1448;

d) A. Miiller, P. Kogerler, C. Kuhlmann, Chem. Commun. 1999,

1347-1358; e) A. Miiller, C. Serain, Acc. Chem. Res. 2000, 33, 2-10;

f) J. Niu, P. Ma, H. Niu, J. Li, J. Zhao, Y. Song, J. Wang, Chem. Eur.

J. 2007, 13, 8739-8748; g) V. Soghomonian, Q. Chen, R. C. Haushal-

ter, J. Zubieta, Angew. Chem. 1993, 105, 601-603; Angew. Chem.

Int. Ed. Engl. 1993, 32, 610-612; h) M. I. Khan, L. M. Meger, R. C.

Haushalter, A. L. Schweitzer, J. Zubieta, J. L. Dye, Chem. Mater.

1996, 8, 43-53.

[4] C.D. Wu, C.Z. Lu, H. H. Zhuang, J. S. Huang, J. Am. Chem. Soc.
2002, 124, 3836-3837.

[5] A. Miiller, E. Beckmann, H. Bogge, M. Schmidtmann, A. Dress,
Angew. Chem. 2002, 114, 1210-1215; Angew. Chem. Int. Ed. 2002,
41,1162-1167.

[6] M. T. Pope in Polyoxo Anions: Synthesis and Structure. In Compre-

hensive Coordination Chemistry II: Transition Metal Groups 3-0,

Vol. 4 (Ed.: A. G. Wedd), Elsevier, New York, 2004, pp. 635-678.

a) M. T. Pope, Comp. Coord. Chem. II 2003, 4, 635-678; b) S.-T.

Zheng, M.-H. Wang, G. -Y, Yang, Chem. Asian J. 2007, 2, 1380—

1387.

a) T.J. R. Weakly, H. T. Evans, J.S. Showell, G. F. Tourné, C. M.

Tourné, J. Chem. Soc. Chem. Commun. 1973, 139-140; b) T.J. R.

Weakley, R. G. Finke, Inorg. Chem. 1990, 29, 1235-1241; c) L. H.

Bi, E. B. Wang, J. Peng, R.D. Huang, L. Xu, C. W. Hu, Inorg.

Chem. 2000, 39, 671-679; d) U. Kortz, S. Isber, M. H. Dickman, D.

Ravot, Inorg. Chem. 2000, 39, 2915-2922.

a) F. Robert, M. Leyrie, G. Hervé, Acta Crystallogr. Sect. B 1982, 38,

358-362; b) M. Bosing, A. Noh, I. Loose, B. Krebs, J. Am. Chem.

Soc. 1998, 120, 7252-7259; c) B. Botar, T. Yamase, E. Ishikawa,

Inorg. Chem. Commun. 2001, 4, 551-554.

[10] a) E. M. Limanski, D. Drewes, E. Droste, R. Bohner, B. Krebs, J.
Mol. Struct. 2003, 656, 17-25; b) D. Drewes, E. M. Limanski, M.
Piepnbrink, B. Krebs, Z. Anorg. Allg. Chem. 2004, 630, 58—62.

[11] a) W. H. Knoth, P.J. Domaille, R. D. Farlee, Organometallics 1985,
4, 62-68; b) F. B. Xin, M. T. Pope, J. Am. Chem. Soc. 1996, 118,
7731-7736; c) R. G. Finke, B. Rapko, T. J. R. Weakley, Inorg. Chem.
1989, 28, 1573-1579.

[12] a) E. Cadot, M. A. Pilette, J. Marrot, F. Sécheresse, Angew. Chem.
2003, 115, 2223-2226; Angew. Chem. Int. Ed. 2003, 42, 2173-2176;
b) S.S. Mal, U. Kortz, Angew. Chem. 2005, 117, 3843-3846; Angew.
Chem. Int. Ed. 2005, 44, 3777-3780; c) P. Mialane, A. Dolbecq, J.
Marrot, E. Riviere, F. Sécheresse, Angew. Chem. 2003, 115, 3647—
3650; Angew. Chem. Int. Ed. 2003, 42, 3523-3526.

[13] Polyoxometalate Chemistry for Nano-Composite Design (Eds: T.
Yamase, M. T. Pope), Kluwer, Dordrecht, 2002.

[14] Polyoxometalate Molecular Science (Eds.: J.J. Borras-Almeanar, E.
Coronado, A. Miiller, M. T. Pope), Kluwer, Dordrecht, 2003.

[15] A. Miiller, M. T. Pope, A. Merca, H. Bogge, M. Schmidtmann, J. V.
Slageren, M. Dressel, D. G. Kurth, Chem. Eur. J. 2005, 11, 5849—
5854.

[16] T. Yamase, B. Botar, E. Ishikawa, K. Fukaya, Chem. Lett. 2001, 56—
57.

[17] J. Fischer, L. Richard, R. Weiss, J. Am. Chem. Soc. 1976, 98, 3050 -
3052.

[18] L. H. Bi, E. B. Wang, R. D. Huang, C. W. Hu, J. Mol. Struct. 2000,
553,167-174.

[19] a) H. Naruke, T. Yamase, J. Alloys Compd. 1998, 268, 100-106;
b) H. Naruke, T. Yamase, Y. Sasaki, J. Chem. Soc. Dalton Trans.
1990, 1687-1696.

[20] a) H. Naruke, T. Yamase, Bull. Chem. Soc. Jpn. 2001, 74, 1289—
1294; b) H. Naruke, T. Yamase, Bull. Chem. Soc. Jpn. 2002, 75,
1275-1282.

3

[l

[7

—

8

=

[9

—

Chem. Asian J. 2008, 3, 822 -833

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

[21] T. Yamase, E. Lshikawa, K. Fukaya, H. Nojiri, T. Taniguchi, T.
Atake, Inorg. Chem. 2004, 43, 8150-8157.

[22] a) M. Bosing, I. Loose, H. Pohlmann, B. Krebs, Chem. Eur. J. 1997,
3, 1232-1237; b) M. Bosing, A. Noh, 1. Loose, B. Krebs, J. Am.
Chem. Soc. 1998, 120, 7252-7259; c¢) D. Volkmer, B. Bredenkétter,
J. Tellenbroker, P. Kogerler, D. G. Kurth, P. Lehmann, H. Schnableg-
ger, D. Schwahn, M. Piepenbrink, B. Krebs, J. Am. Chem. Soc. 2002,
124, 10489-10496; d) M. Piepenbrink, E. M. Limanskiu, B. Z
Krebs, Z. Anorg. Allg. Chem. 2002, 628, 1187-1191; e) 1. Loose, E.
Droste, M. Bosing, H. Pohlmann, M. H. Dickman, C. Rosu, M. T.
Pope, B. Krebs, Inorg. Chem. 1999, 38, 2688-2694.

[23] a) U. Kortz, N. K. Al-Kassem, M. G. Savelieff, N. A. Al Kadi, M. Sa-
dakane, Inorg. Chem. 2001, 40, 4742—-4749; b) P. Mialane, J. Marrot,
E. Riviere, J. Nebout, G. Hervé, Inorg. Chem. 2001, 40, 44—48; c) U.
Kortz, M. G. Savelieff, B. S. Bassil, B. Keita, L. Nadjo, Inorg. Chem.
2002, 41, 783-789; d) L. H. Bi, M. Reicke, U. Kortz, B. Keita, L.
Nadjo, R. J. Clark, Inorg. Chem. 2004, 43, 3915-3920.

[24] F. Hussain, M. Reicke, U. Kortz, Eur. J. Inorg. Chem. 2004, 2733 -
2738.

[25] D. Laurencin, R. Villanneau, P. Herson, R. Thouvenot, Y. Jeannin,
A. Proust, Chem. Commun. 2005, 5524 -5526.

[26] T. Yamase, K. Fukaya, H. Nojiri, Y. Ohshima, Inorg. Chem. 2006,
45,7698 -7704.

[27] G. Hervé, A. Tézé, Inorg. Synth. 1990, 27, 120-122.

[28] G. M. Sheldrick, SHELXTL 97, University of Gottingen Géttingen
(Germany), 1997.

[29] U. Kortz, S. Nellutla, A. C. Stowe, N. S. Dalal, J. V. Tol, B. S. Bassil,
Inorg. Chem. 2004, 43, 144—-154.

[30] N. Laronze, J. Marrot, G. Hervé, Inorg. Chem. 2003, 42, 5857 -5862.

[31] D.J. E. Ingram, Spectroscopy at Radio and Microwave Frequencies,
2nd ed., Butterworth, London, 1967.

[32] B.S. Garg, M. R. P. Kurup, S. K. Jain, Y. K. Bhoon, Transition Met.
Chem. 1988, 13, 92-95.

[33] a) J. Owen, E. A. Harris, Electron Paramagnetic Resonance (Ed.: S.
Geshwind), Plenum, New York, 1972, pp. 427-492; b) T. Howard, J.
Telser, V.J. DeRose, Inorg. Chem. 2000, 39, 3379-3385; c) S. Blan-
chard, G. Blondin, E. Riviere, M. Nierlich, J. J. Girerd, Inorg. Chem.
2003, 42, 4568-4578; d) C. Hureau, S. Blanchard, M. Nierlich, G.
Blain, E. Riviere, J.J. Girerd, E. A. Mallart, G. Blondin, Inorg.
Chem. 2004, 43, 4415-4426.

[34] S. Reinoso, P. Vitoria, J. M. Gutierrez-Zorrilla, L. Lezama, L. San
Felices, J. I. Beitia, Inorg. Chem. 2005, 44, 9731-9742.

[35] a) C.J. Ballhausen, Spin-Orbit Coupling;,McGraw-Hill, New York,
1962, chap. VI, p. 113; b) A. Abragam, M. H. L. Pryce, Proc. R. Soc.
London Ser. A 1951, 206, 173; c) J. S. Griffith, The Theory of Transi-
tion-Metal Ions, Cambridge University Press, London, 1961, p. 240.

[36] R.L. Carlin, A.J. von Duyneveldt, Magnetic Properties of Transi-
tion Metal Compounds, Springer, New York, 1977, chap. 1, p. 1.

[37] T. Hirotsu, A. Sonoda, H. Kanoh, K. Ooi, M. Seno, J. Phys. Chem.
B 1997, 101, 4498 -4507.

[38] E.M. El-Malki, D. Werst, P. E. Doan, W. M. H. Sachtler, J. Phys.
Chem. B 2000, 104, 5924-5931.

[39] a) K. F. Hsu, S.L. Wang, Inorg. Chem. 2000, 39, 1773-1778; b) W.
Lin, M. E. Chapman, Z. Wang, G.T. Yee, Inorg. Chem. 2000, 39,
4169-4173; ¢) L. Dubois, D.-F. Xiang, X.-S. Tan, J. Pécaut, P. Jones,
S. Baudron, L. L. Pape, J.-M. Latour, C. Baffert, S. Chardon-Noblat,
M.-N. Collomb, A. Deronzier, Inorg. Chem. 2003, 42, 750-760; d) S.
Durot, C. Policar, G. Pelosi, F. Bisceglie, T. Mallah, J. P. Mahy,
Inorg. Chem. 2003, 42, 8072-8080; ¢) R. L. F. Rardin, P. Poganiuch,
A. Bino, D. P. Goldberg, W. B. Tolman, S. Liu, S.J. Lippard, J. Am.
Chem. Soc. 1992, 114, 5240-5249.

[40] a) R. L. Carlin, Magnetochemistry, Springer, New York, 1983; b) O.
Kahn, Molecular Magnetism, VCH, Weinheim, 1993; c¢) B. Bassil, S.
Nellutla, U. Kortz, A. C. Stowe, J. van Tol, N. S. Dalal, B. Keita, L.
Nadjo, Inorg. Chem. 2005, 44, 2659-2665.

Received: October 30, 2007
Revised: February 20, 2008

www.chemasianj.org 833



http://dx.doi.org/10.1016/S0010-8545(03)00110-3

http://dx.doi.org/10.1016/S0010-8545(03)00110-3

http://dx.doi.org/10.1016/S0010-8545(03)00110-3

http://dx.doi.org/10.1002/(SICI)1521-3757(19980504)110:9%3C1278::AID-ANGE1278%3E3.0.CO;2-F

http://dx.doi.org/10.1002/(SICI)1521-3757(19980504)110:9%3C1278::AID-ANGE1278%3E3.0.CO;2-F

http://dx.doi.org/10.1002/(SICI)1521-3757(19980504)110:9%3C1278::AID-ANGE1278%3E3.0.CO;2-F

http://dx.doi.org/10.1002/(SICI)1521-3773(19980518)37:9%3C1220::AID-ANIE1220%3E3.0.CO;2-G

http://dx.doi.org/10.1002/(SICI)1521-3773(19980518)37:9%3C1220::AID-ANIE1220%3E3.0.CO;2-G

http://dx.doi.org/10.1002/(SICI)1521-3773(19980518)37:9%3C1220::AID-ANIE1220%3E3.0.CO;2-G

http://dx.doi.org/10.1002/ange.19971091311

http://dx.doi.org/10.1002/ange.19971091311

http://dx.doi.org/10.1002/ange.19971091311

http://dx.doi.org/10.1002/ange.19971091311

http://dx.doi.org/10.1002/anie.199714451

http://dx.doi.org/10.1002/anie.199714451

http://dx.doi.org/10.1002/anie.199714451

http://dx.doi.org/10.1039/a901436e

http://dx.doi.org/10.1039/a901436e

http://dx.doi.org/10.1039/a901436e

http://dx.doi.org/10.1039/a901436e

http://dx.doi.org/10.1002/chem.200700612

http://dx.doi.org/10.1002/chem.200700612

http://dx.doi.org/10.1002/chem.200700612

http://dx.doi.org/10.1002/chem.200700612

http://dx.doi.org/10.1002/ange.19931050423

http://dx.doi.org/10.1002/ange.19931050423

http://dx.doi.org/10.1002/ange.19931050423

http://dx.doi.org/10.1002/anie.199306101

http://dx.doi.org/10.1002/anie.199306101

http://dx.doi.org/10.1002/anie.199306101

http://dx.doi.org/10.1002/anie.199306101

http://dx.doi.org/10.1021/cm950249t

http://dx.doi.org/10.1021/cm950249t

http://dx.doi.org/10.1021/cm950249t

http://dx.doi.org/10.1021/cm950249t

http://dx.doi.org/10.1021/ja017782w

http://dx.doi.org/10.1021/ja017782w

http://dx.doi.org/10.1021/ja017782w

http://dx.doi.org/10.1021/ja017782w

http://dx.doi.org/10.1002/1521-3757(20020402)114:7%3C1210::AID-ANGE1210%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3757(20020402)114:7%3C1210::AID-ANGE1210%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3757(20020402)114:7%3C1210::AID-ANGE1210%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020402)41:7%3C1162::AID-ANIE1162%3E3.0.CO;2-8

http://dx.doi.org/10.1002/1521-3773(20020402)41:7%3C1162::AID-ANIE1162%3E3.0.CO;2-8

http://dx.doi.org/10.1002/1521-3773(20020402)41:7%3C1162::AID-ANIE1162%3E3.0.CO;2-8

http://dx.doi.org/10.1002/1521-3773(20020402)41:7%3C1162::AID-ANIE1162%3E3.0.CO;2-8

http://dx.doi.org/10.1002/asia.200700166

http://dx.doi.org/10.1002/asia.200700166

http://dx.doi.org/10.1002/asia.200700166

http://dx.doi.org/10.1021/ic00331a025

http://dx.doi.org/10.1021/ic00331a025

http://dx.doi.org/10.1021/ic00331a025

http://dx.doi.org/10.1021/ic990596v

http://dx.doi.org/10.1021/ic990596v

http://dx.doi.org/10.1021/ic990596v

http://dx.doi.org/10.1021/ic990596v

http://dx.doi.org/10.1021/ic000078g

http://dx.doi.org/10.1021/ic000078g

http://dx.doi.org/10.1021/ic000078g

http://dx.doi.org/10.1107/S0567740882002970

http://dx.doi.org/10.1107/S0567740882002970

http://dx.doi.org/10.1107/S0567740882002970

http://dx.doi.org/10.1107/S0567740882002970

http://dx.doi.org/10.1016/S1387-7003(01)00263-5

http://dx.doi.org/10.1016/S1387-7003(01)00263-5

http://dx.doi.org/10.1016/S1387-7003(01)00263-5

http://dx.doi.org/10.1016/S0022-2860(03)00340-5

http://dx.doi.org/10.1016/S0022-2860(03)00340-5

http://dx.doi.org/10.1016/S0022-2860(03)00340-5

http://dx.doi.org/10.1016/S0022-2860(03)00340-5

http://dx.doi.org/10.1002/zaac.200300245

http://dx.doi.org/10.1002/zaac.200300245

http://dx.doi.org/10.1002/zaac.200300245

http://dx.doi.org/10.1021/om00120a012

http://dx.doi.org/10.1021/om00120a012

http://dx.doi.org/10.1021/om00120a012

http://dx.doi.org/10.1021/om00120a012

http://dx.doi.org/10.1021/ja954045p

http://dx.doi.org/10.1021/ja954045p

http://dx.doi.org/10.1021/ja954045p

http://dx.doi.org/10.1021/ja954045p

http://dx.doi.org/10.1021/ic00307a029

http://dx.doi.org/10.1021/ic00307a029

http://dx.doi.org/10.1021/ic00307a029

http://dx.doi.org/10.1021/ic00307a029

http://dx.doi.org/10.1002/ange.200250663

http://dx.doi.org/10.1002/ange.200250663

http://dx.doi.org/10.1002/ange.200250663

http://dx.doi.org/10.1002/ange.200250663

http://dx.doi.org/10.1002/anie.200250663

http://dx.doi.org/10.1002/anie.200250663

http://dx.doi.org/10.1002/anie.200250663

http://dx.doi.org/10.1002/ange.200500682

http://dx.doi.org/10.1002/ange.200500682

http://dx.doi.org/10.1002/ange.200500682

http://dx.doi.org/10.1002/anie.200500682

http://dx.doi.org/10.1002/anie.200500682

http://dx.doi.org/10.1002/anie.200500682

http://dx.doi.org/10.1002/anie.200500682

http://dx.doi.org/10.1002/ange.200351486

http://dx.doi.org/10.1002/ange.200351486

http://dx.doi.org/10.1002/ange.200351486

http://dx.doi.org/10.1002/anie.200351486

http://dx.doi.org/10.1002/anie.200351486

http://dx.doi.org/10.1002/anie.200351486

http://dx.doi.org/10.1002/chem.200500284

http://dx.doi.org/10.1002/chem.200500284

http://dx.doi.org/10.1002/chem.200500284

http://dx.doi.org/10.1246/cl.2001.56

http://dx.doi.org/10.1246/cl.2001.56

http://dx.doi.org/10.1246/cl.2001.56

http://dx.doi.org/10.1021/ja00426a081

http://dx.doi.org/10.1021/ja00426a081

http://dx.doi.org/10.1021/ja00426a081

http://dx.doi.org/10.1016/S0925-8388(97)00599-9

http://dx.doi.org/10.1016/S0925-8388(97)00599-9

http://dx.doi.org/10.1016/S0925-8388(97)00599-9

http://dx.doi.org/10.1246/bcsj.74.1289

http://dx.doi.org/10.1246/bcsj.74.1289

http://dx.doi.org/10.1246/bcsj.74.1289

http://dx.doi.org/10.1246/bcsj.75.1275

http://dx.doi.org/10.1246/bcsj.75.1275

http://dx.doi.org/10.1246/bcsj.75.1275

http://dx.doi.org/10.1246/bcsj.75.1275

http://dx.doi.org/10.1021/ic049669n

http://dx.doi.org/10.1021/ic049669n

http://dx.doi.org/10.1021/ic049669n

http://dx.doi.org/10.1002/chem.19970030810

http://dx.doi.org/10.1002/chem.19970030810

http://dx.doi.org/10.1002/chem.19970030810

http://dx.doi.org/10.1002/chem.19970030810

http://dx.doi.org/10.1021/ja017613b

http://dx.doi.org/10.1021/ja017613b

http://dx.doi.org/10.1021/ja017613b

http://dx.doi.org/10.1021/ja017613b

http://dx.doi.org/10.1002/1521-3749(200206)628:5%3C1187::AID-ZAAC1187%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3749(200206)628:5%3C1187::AID-ZAAC1187%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3749(200206)628:5%3C1187::AID-ZAAC1187%3E3.0.CO;2-2

http://dx.doi.org/10.1021/ic981313m

http://dx.doi.org/10.1021/ic981313m

http://dx.doi.org/10.1021/ic981313m

http://dx.doi.org/10.1021/ic0101477

http://dx.doi.org/10.1021/ic0101477

http://dx.doi.org/10.1021/ic0101477

http://dx.doi.org/10.1021/ic000641v

http://dx.doi.org/10.1021/ic000641v

http://dx.doi.org/10.1021/ic000641v

http://dx.doi.org/10.1021/ic010855s

http://dx.doi.org/10.1021/ic010855s

http://dx.doi.org/10.1021/ic010855s

http://dx.doi.org/10.1021/ic010855s

http://dx.doi.org/10.1021/ic049736d

http://dx.doi.org/10.1021/ic049736d

http://dx.doi.org/10.1021/ic049736d

http://dx.doi.org/10.1002/ejic.200400059

http://dx.doi.org/10.1002/ejic.200400059

http://dx.doi.org/10.1002/ejic.200400059

http://dx.doi.org/10.1039/b510300b

http://dx.doi.org/10.1039/b510300b

http://dx.doi.org/10.1039/b510300b

http://dx.doi.org/10.1021/ic060666f

http://dx.doi.org/10.1021/ic060666f

http://dx.doi.org/10.1021/ic060666f

http://dx.doi.org/10.1021/ic060666f

http://dx.doi.org/10.1021/ic034697b

http://dx.doi.org/10.1021/ic034697b

http://dx.doi.org/10.1021/ic034697b

http://dx.doi.org/10.1021/ic0342752

http://dx.doi.org/10.1021/ic0342752

http://dx.doi.org/10.1021/ic0342752

http://dx.doi.org/10.1007/BF01087795

http://dx.doi.org/10.1007/BF01087795

http://dx.doi.org/10.1007/BF01087795

http://dx.doi.org/10.1007/BF01087795

http://dx.doi.org/10.1021/ic0000247

http://dx.doi.org/10.1021/ic0000247

http://dx.doi.org/10.1021/ic0000247

http://dx.doi.org/10.1021/ic0301066

http://dx.doi.org/10.1021/ic0301066

http://dx.doi.org/10.1021/ic0301066

http://dx.doi.org/10.1021/ic0301066

http://dx.doi.org/10.1021/ic035332u

http://dx.doi.org/10.1021/ic035332u

http://dx.doi.org/10.1021/ic035332u

http://dx.doi.org/10.1021/ic035332u

http://dx.doi.org/10.1021/ic051134m

http://dx.doi.org/10.1021/ic051134m

http://dx.doi.org/10.1021/ic051134m

http://dx.doi.org/10.1021/jp962944+

http://dx.doi.org/10.1021/jp962944+

http://dx.doi.org/10.1021/jp962944+

http://dx.doi.org/10.1021/jp962944+

http://dx.doi.org/10.1021/jp000540i

http://dx.doi.org/10.1021/jp000540i

http://dx.doi.org/10.1021/jp000540i

http://dx.doi.org/10.1021/jp000540i

http://dx.doi.org/10.1021/ic991340s

http://dx.doi.org/10.1021/ic991340s

http://dx.doi.org/10.1021/ic991340s

http://dx.doi.org/10.1021/ic000227v

http://dx.doi.org/10.1021/ic000227v

http://dx.doi.org/10.1021/ic000227v

http://dx.doi.org/10.1021/ic000227v

http://dx.doi.org/10.1021/ic020354m

http://dx.doi.org/10.1021/ic020354m

http://dx.doi.org/10.1021/ic020354m

http://dx.doi.org/10.1021/ic026130l

http://dx.doi.org/10.1021/ic026130l

http://dx.doi.org/10.1021/ic026130l

http://dx.doi.org/10.1021/ja00039a041

http://dx.doi.org/10.1021/ja00039a041

http://dx.doi.org/10.1021/ja00039a041

http://dx.doi.org/10.1021/ja00039a041

http://dx.doi.org/10.1021/ic048269x

http://dx.doi.org/10.1021/ic048269x

http://dx.doi.org/10.1021/ic048269x




FULL PAPERS

DOI: 10.1002/asia.200700240

Fabrication of Selenium/Carbon Core-Shell Submicrowires and Carbon
Submicrotubes by a Facile Solution Process

Weizhi Wang,"”! Sheng Qiu,™ Baojuan Xi,"" Liyong Chen,"” Shenglin Xiong,"”! and

Abstract: We show a facile one-step
surfactant-assisted solution process to
fabricate selenium/carbon (Se/C) co-
axial core-shell submicrowires and
their transformation into carbon submi-
crotubes by dissolution of the Se cores
at ambient temperature. The formation

Zude Zhang*!!

crowires was investigated. The results
of the investigation and further experi-
ments confirm that the thickness of the

Keywords: carbon - core-shell
structures - hydrothermal synthesis -
microtubes - selenium

carbon shell could be tailored by con-
trolling the experimental conditions.
The as-synthesized Se/C core—shell sub-
microwires and the carbon submicro-
tubes are potentially useful in applica-
tions such as in nanodevices or bio-
medicine.

process of the Se/C core—shell submi-

Introduction

Recently, one-dimensional (1D) nanomaterials such as
nanowires, nanorods, nanobelts, and nanotubes have
become the focus of intensive research owing to their scien-
tific importance and potential applications.'*! A significant
challenge in the research and synthesis of 1D nanomaterials
is how to control rationally their size, geometrical arrange-
ment, and composition to modify their properties towards
desired functions in nanodevices.”! For instance, nanowires
often display high chemical reactivity and are very sensitive
to air and moisture owing to their low dimensionality and
high surface-to-volume ratio, which degrades the perfor-
mance of nanodevices.”! Thus, nanowires should be protect-
ed to maintain good performance for a long time. Coaxial
core-shell nanowires, a new type of 1D nanocomposite
made of nanowires (core) wrapped with one or more outer
layers (shell), have emerged recently to meet such demands.
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Because nanowires are protected from contamination by the
outer shell as well as the core—shell heterostructures that are
formed, core—shell nanowires could exhibit superior multi-
functional properties relative to naked nanowires.!”’ More
importantly, it is believed that such 1D nanocomposites
might realize various tailor-made functions, as their intrinsic
properties could be easily tuned by changing the chemical
composition of both core and shell.l”

Among the various compositions of core-shell nanowires
available, semiconductor/shell 1D nanocomposites have
stimulated particular interest owing to their potential appli-
cations in nanodevices such as cell separation, coaxial-gated
transistors, and laser diodes.®¥ In recent years, much effort
has been made to synthesize 1D core-shell structures with a
semiconductor as core. For example, Si/SiO, core-shell
nanowires and the coaxial three-layer structures of SiC/
SiO,/BNC and Si/SiO,/C have been synthesized by laser
ablation,"*! and the three-layer sandwichlike structure of
C/BN/C has been prepared by means of arc discharging.'!}
Furthermore, carbothermal reduction and chemical vapor
deposition have also been employed to fabricate SiC/SiO,,
GaP/SiO,, GaP/C, and GaP/SiO,/C 1D core-shell struc-
tures.'>¥) Recently, several solution-based methods have
been developed to generate semiconductor/polymer, metal/
polymer, and polymer/polymer core-shell nanowires."* De-
spite these advances, few single-crystal semiconductor/
carbon 1D core-shell structures have been synthesized
through a mild solution route so far.'*! Therefore, the design
of simple and efficient solution-based methods to fabricate
single-crystal semiconductor/carbon 1D core-shell structures
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in a single step still remains a key research challenge. Re-
cently, we successfully synthesized flexible Ag/C core—shell
nanowires by a novel polymer-assisted one-step reduction
and carbonization process under mild hydrothermal condi-
tions,'®! which inspired us to attempt to produce semicon-
ductor/carbon 1D core-shell structures by a similar one-step
solution route. In this paper, we report a simple one-step so-
lution route to fabricate selenium/carbon (Se/C) core—shell
submicrowires.

We chose Se as the core because the fabrication of Se/C
1D core-shell structures by a one-step solution route is both
practically important and theoretically feasible. First, Se has
many excellent physical and chemical properties. As an im-
portant indirect gap semiconductor, Se has high photocon-
ductivity (8x10*Scm™), a relatively low melting point
(=490 K), and excellent photoelectrical properties.!"”! These
promising physical properties result in its extensive applica-
tion in the field of semiconductor rectifiers, solar cells, pho-
tographic exposure meters, and xerography.'¥! Because of
their high reactivity toward a wealth of chemicals, Se nano-
structures with certain morphologies can be used as efficient
templates to produce a series of other functional materials,
for example, Ag,Se, CdSe, ZnSe, and Bi,Se,.""! It is reasona-
ble to expect that the availability of Se in the form of core—
shell structures would bring in new types of applications or
enhance the performance of currently existing ones. Second,
Se has a unique crystal structure and is thus an ideal candi-
date for generating 1D nanostructures.’” Trigonal selenium
(t-Se) consists of helically arranged chains of Se atoms, that
is, infinite linear trigonal spirals along the c axis, which
makes t-Se suitable for growing into 1D nanostructures
even without the assistance of physical templates.”!] There-
fore, it is feasible to fabricate Se cores with 1D structures by
a simple solution-phase oxidation-reduction reaction. We
treated ascorbic acid with sodium selenite (Na,SeO;) to
obtain Se. Ascorbic acid, an excellent reducing agent,” can
reduce SeO;>" to Se metal in solution [Eq. (1)]. As opposed
to reducing agents that are difficult to handle and poisonous,
such as N,H,-H,O, the use of ascorbic acid is safer, greener,
and more environmentally friendly. More importantly, heat-
ing of a solution of ascorbic acid in autoclaves to 160-
180°C, much higher than the normal glycosidation tempera-
ture, leads to aromatization and carbonization.”” Thus, as-
corbic acid can act as both reducing agent and carbon
source to form a carbon shell.
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On the basis of the above motive and idea, we designed a
one-step surfactant-assisted solution route to fabricate Se/C
core-shell submicrowires by a mild hydrothermal process
with Na,SeO;, ascorbic acid, and the surfactant cetyltrime-
thylammonium bromide (CTAB) as the starting materials.
The experimental result is in good agreement with our ex-
pectations. Furthermore, in view of the high solubility of Se
in various solvents, the as-prepared Se/C submicrowires
were also used as templates to fabricate carbon submicro-
tubes by easily dissolving the Se core at room temperature.
As the approach is facile and low-cost, we believe that this
is a helpful paradigm for the preparation of other semicon-
ductor/carbon 1D core-shell structures and carbon tubes.

Results and Discussion
Characterization of Se/C Core-Shell Submicrowires

The crystallinity and phase of the products were examined
by powder X-ray diffraction (XRD). All the reflection
peaks of the XRD pattern can be readily indexed as a pure
trigonal selenium phase (t-Se) of high crystallinity (see Sup-
porting Information, Figure S1). The lattice constants calcu-
lated from the pattern are a=4.368 and c=4.954 A, which is
in good agreement with the literature values of 4.366 and
4953 A, respectively (JCPDS card file no. 73-0465).

The panoramic morphology and dimension of the as-pre-
pared products were examined by field-emission scanning
electron microscopy (FESEM). The general overview
FESEM image (Figure 1a) of the products shows exclusively
1D structures with lengths ranging from several tens to
about 100 pm. Figure 1b is a high-magnification FESEM
image that shows that the diameters of the product have a
wide size distribution. The size-distribution histogram of the
products reveals that their average diameter is 0.3-0.6 um
(see Supporting Information, Figure S2). The inset of Fig-
ure 1b is a higher-magnification FESEM image of the area
enclosed by the square in the main figure, which shows the
structural character of the core—shell structures with a bare
core head.

The microstructural features of the products were demon-
strated more clearly with transmission electron microscopy
(TEM) and high-resolution transmission electron microsco-
py (HRTEM) (Figure 2). Figure 2a—c reveals the distinct
dark/light contrast along the radial direction, which suggests
a different phase composition and character of the core—
shell structures. The inner dark part corresponds to Se nano-
wires core, which is about 0.2-0.3 pm in diameter. The light
part, outside of the core region, indicates a carbon shell
about 0.1 um in thickness. Figure 2d shows an HRTEM
image obtained at the edge of an individual core—shell sub-
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Figure 1. FESEM images of the products. a) General view of the prod-
ucts. b) Magnified FESEM image of the products. Inset of b): higher-
magnification FESEM image of the region in the white box, clearly
showing the core—shell structure of the products.

200 nm

Figure 2. a)—c) Typical TEM images of the Se/C core-shell submicrowires.
d) HRTEM image recorded on the edge of an individual Se/C core—shell
submicrowire. Inset of d): SAED pattern of this submicrowire.

microwire, which gives more details of the crystal structure
of the Se core. The two sets of fringe spacings of the lattice
planes observed in this image are 0.50 and 0.22 nm, which
corresponds well to the (001) and (110) lattice planes of t-
Se, respectively. The selected area electron diffraction
(SAED) image taken from this core-shell submicrowire is
shown in the inset of Figure 2d. The HRTEM and SAED
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pattern analyses demonstrate that the Se core of the as-ob-
tained composites is single-crystalline in structure and has a
preferential growth direction along the [001] direction (Fig-
ure 2¢ and d). The growth direction is consistent with the in-
herent helical chain of t-Se (c axis).

Further evidence for the surface composition of the core—
shell submicrowire was obtained by X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. The results
are shown in Figure 3. The XPS spectrum of the products
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Figure 3. a) XPS and b) Raman spectra of the Se/C core-shell submicro-
wires obtained at 170°C over 24 h.

obtained (Figure 3a) shows two very strong peaks at 284.84
and 531.15 eV, which corresponds to the binding energies of
the C 1s and O 1s orbitals, respectively. However, the bind-
ing energy at 54.45 eV for the Se 3d orbital is barely detect-
able. Figure 3b shows the Raman spectrum of the products,
in which the observation of a broad peak at 1372 cm™! and a
strong peak at 1599 cm™! can be attributed to the vibrations
of the carbon atoms of disordered amorphous carbon and
crystalline graphite, respectively.?! Similarly, the character-
istic resonance peak of t-Se at 235 cm ™' is also quite weak.
It can be concluded from these results that the products
have core-shell structures with an inner Se core and an
outer carbon shell.

UV/Vis spectroscopy was also used to characterize the Se/
C core-shell submicrowires obtained. The absorption spec-
trum shows a very broad absorption band with a maximum
at 502 nm and the absorption edge at around 670 nm (see
Supporting Information, Figure S3), which is consistent with
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previous reports for Se 1D nanostructures.”'™*! The result
indicates that the outer carbon shell of the as-prepared
core—shell submicrowires have little effect on the optical
properties of the inner Se nanowire core.

According to all the above analyses, it is confirmed that
Se/C 1D core-shell structures were successfully synthesized
by the mild one-step hydrothermal process. As the carbon
shell can protect the Se nanowire core from contamination
and has little effect on its optical properties, the Se/C core—
shell submicrowires might perform better in potential opto-
electronic nanodevices relative to naked Se nanowires.

Formation Process of Se/C Core-Shell Submicrowires

To understand the formation process of the Se/C core-shell
submicrowires, the products obtained at different stages
were examined by TEM. Figure 4a-d shows the TEM

RIIET

Figure 4. TEM images of the products obtained at 170°C after reaction
times of a) 3, b) 6, ¢) 12, and d) 20 h. Inset of a): high-magnification TEM
image of the edge of an Se nanowire.

images of the products obtained after different reaction
times (3, 6, 12, and 20 h). Figure 4a reveals that the sample
is composed of wirelike products, which indicates that a
large quantity of Se nanowires were formed in a short reac-
tion time (3 h). The inset of Figure 4a is a high-magnifica-
tion TEM image of the edge of a Se nanowire. From the
figure, no obvious shell can be observed on the outside of
the nanowires. When the time of the hydrothermal process
was prolonged to 6 h, carbon particles and a thin shell with
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a thickness of several nanometers appeared on the outside
of the Se nanowires (Figure 4b), which indicates that the
carbonization of ascorbic acid had taken place. With a fur-
ther increase in reaction time (12 and 20 h), the shell of the
products gradually became thicker (Figure4c and d). In
general, these TEM images demonstrate that the products
were only Se nanowires at the early stages of the reaction.
Later, the Se nanowires were enclosed by a carbon layer
whose thickness gradually increased through continuous car-
bonization of ascorbic acid.

Futhermore, it was proved that the presence of CTAB in
our reaction system is an important factor in the formation
of the Se/C core—shell submicrowires through a contrasting
experiment without CTAB. When ascorbic acid was added
to the solution of Na,SeO; with vigorous stirring, the liquid
changed rapidly from colorless to red, which indicates that
amorphous selenium (a-Se) was generated in the solution by
Equation 1. Interestingly, we obtained a clear red solution
and a turbid liquid (Figure 5a and b), which corresponds to
the presence and absence of CTAB in the liquid, respective-
ly. The two liquids were further stirred for 10 min. The solu-
tion with CTAB remained clear and transparent (Figure 5c).
However, the liquid without CTAB changed markedly from
red and turbid to colorless and clear, while a mass of brick-
red particles precipitated at the bottom of the beaker (Fig-

b)

W ——
. -
-

.

Figure 5. The state of the reaction mixture when ascorbic acid was added
to a solution of Na,SeO; under vigorous stirring in the a) presence and
b) absence of CTAB. c) and d) The respective mixtures after being stirred
for 10 min.
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ure 5d). This means that a-Se congregated into large parti-
cles and separated out from the liquid phase. The mixture
(liquid and precipitates) was further treated under the same
experimental conditions (170°C for 24 h). After the hydro-
thermal process, the resultant products were large particles,
not the wirelike floccules of the typical experiment. The
result reveals that the core—shell submicrowires could not be
obtained without CTAB in the reaction system. As a cation-
ic surfactant, CTAB was demonstrated to be easily adsorbed
onto the surfaces of nanoparticles.”! From previous reports
and our experimental observations, we believe that CTAB
adsorbed onto the surfaces of the initially formed a-Se nano-
particles and made them well-dispersed in solution. Thus,
the presence of CTAB prevented the aggregation of a-Se
nanoparticles into larger particles and assisted the formation
of a homogeneous and stable reaction system in the initial
stage. This homogeneous reaction system offered the right
circumstances for the transformation of a-Se nanoparticles
into t-Se nanowires. The transformation process has been in-
vestigated intensively in similar colloidal and emulsion sys-
tems, [102:21.27]

On the basis of the above
experimental results, it can be
rationally concluded that the
formation of the Se/C core-
shell submicrowires includes
three processes: 1) Initially, as-
corbic acid reacts rapidly with
SeO,” to generate red a-Se
nanoparticles at room temper-
ature. The a-Se nanoparticles
are homogeneously and stably
dispersed in water to form a
clear solution with the assis-
tance of CTAB, which has
been demonstrated in our
work to be an important factor
in the formation of the core-
shell submicrowires. 2) The a-Se particles are completely
transformed into t-Se nanowires under hydrothermal condi-
tions. Because the transformation is a less time-consuming
process, ascorbic acid is not fully carbonized to form the
carbon shell. Only Se nanowires are obtained in this stage.
3) With extension of the hydrothermal time, carbonization
of ascorbic acid takes place and leads to deposition of car-
bonaceous products on the surfaces of the Se nanowires to
form a carbon shell, thus resulting in the formation of the
Se/C 1D core-shell structures.

As the Se nanowires form first and the ascorbic acid mol-
ecules dispersed in solution then adsorb onto the surfaces of
the nanowires, the Se nanowires serve as templates for the
carbonization of ascorbic acid on their surfaces. Under hy-
drothermal conditions at 170°C, the ascorbic acid molecules
adsorbed onto the Se nanowires carbonized to form a
carbon shell, and then the ascorbic acid molecules dispersed
in solution gradually diffused to the neighborhood of the Se
nanowires and carbonized to increase the thickness of the

corbic acid.
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carbon shell. The presence of the Se nanowires in the car-
bonization process of ascorbic acid can effectively promote
the deposition of carbon that conforms to the surfaces of
the Se nanowires instead of the formation of random carbon
clusters. This process is similar to that in the literature, in
which Te nanowires were used as templates to fabricate uni-
form Te/C core-shell nanowires.”! As the formation of the
carbon shell occurs through continuous carbonization of as-
corbic acid and deposition of carbon on the surfaces of the
Se nanowires, we believe that the thickness of the carbon
shell can be easily adjusted by controlling the deposition
time or deposition quantity of carbon. Figure 4b—d confirms
that Se/C core—shell submicrowires with different shell
thicknesses can be obtained by changing the deposition time
of carbon. The deposition quantity of carbon on the surfaces
of the Se core can be adjusted by changing the concentra-
tion of ascorbic acid. Further experiments also confirmed
our hypothesis that the shell size of the Se/C core-shell sub-
microwires becomes more diverse when the concentration
of ascorbic acid is altered. Figure 6 shows the TEM images
of the products obtained under the same conditions except

b) c)

Figure 6. TEM images of the products prepared from 0.3 mmol Na,SeO; with a) 0.06, b) 0.8, and c) 1.2 g of as-

with different quantities of ascorbic acid. When 0.06 g of as-
corbic acid was used, we obtained only Se nanowires (Fig-
ure 6a), because not enough ascorbic acid was carbonized to
form the carbon shell. By increasing the amount of ascorbic
acid to 0.8 g, the shell thickness became close to that of the
products in the typical experiment (with 0.6 g ascorbic acid)
(Figure 6b). As expected, the shell was clearly thicker when
the amount of ascorbic acid was further increased to 1.2 g
(Figure 6¢). Because ascorbic acid was in excess, a large
amount of carbon was gained and deposited on the surfaces
of the Se nanowires. With the thickness of the carbon shell
continuously increasing, several Se nanowires nearby
became connected by the carbon shells to form Se/C core—
shell bundles in a parallel manner (Figure 6¢).

Synthesis and Characterization of Carbon Submicrotubes

Carbon submicrotubes were obtained by soaking the as-syn-
thesized Se/C core—shell submicrowires in pure liquid hydra-
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demonstrated that the shell thick-
ness of the Se/C core—shell submi-
crowires can be tuned by changing
the experimental conditions, such
as reactant concentration and re-
action time. Therefore, the size of
the carbon submicrotubes could
also be easily tailored by adjusting
the initial size of the Se/C compo-
sites. Furthermore, the presence of
large numbers of functional
groups may widen the application
of the carbon submicrotubes in
biochemistry and biomedicine.

Conclusions

In summary, a simple and environ-
mentally friendly one-step solution
process has been designed for the
synthesis of Se/C core—shell sub-
microwires. Carbon submicrotubes
can also be produced by dissolu-
i tion of the Se core of the as-pre-

e pared core-shell submicrowires at

c) AT
A
@ AW
g AR
b e 28C-H
= Pohac
£ e %Ec
@ by
& o
£
A
!
—NS =
g C-H
O-H
| . A L .
4000 3500 3000 2500 2000 1500
¥/cm™

Figure 7. a) TEM images and b) HRTEM images of the carbon submicrotubes after removal of the Se
nanowire core by soaking the Se/C core-shell submicrowires in pure N,H,-H,O for 3 h. Inset of b): EDX

ambient temperature. Investiga-
tion of the formation process of
the Se/C core—shell submicrowires

spectrum taken from the submicrotube. ¢) FTIR spectrum of the carbon submicrotubes.

zine monohydrate (N,H,-H,O, 85 %) for 3 h to eliminate the
Se core, because Se has high solubility in N,H,-H,O. The
typical TEM image in Figure 7a clearly displays the tubular
structure of the sample. In Figure 7b, the HRTEM image
further shows that there is nothing in the interior of the sub-
microtube, and that the thickness of the tube wall is about
0.1 um. The energy-dispersive X-ray (EDX) spectrum taken
from this submicrotube is also shown in the inset of Fig-
ure 7b. Because there are no characteristic peaks of Se
(Ly=138, Ly =1.42keV) in the EDX spectrum, it confirms
that the submicrotubes are composed of only carbon (the
Cu peaks came from the copper grid). Fourier transform in-
frared (FTIR) spectroscopy was used to detect the function-
al groups present in the carbon submicrotubes (Figure 7c).
The broad bands at about 3442, 2923, and 1458 cm™! could
be attributed to O—H bond vibrations and C-H bond-
ing.”*?! The absorption bands at 1710 and 1620 cm ™' are as-
cribed to the C=0 and C=C vibrations,”” respectively,
which also supports the concept of carbonization of ascorbic
acid during hydrothermal treatment.

The above analyses show that the carbon submicrotubes
retain the same morphology and shell size as the Se/C core—
shell submicrowires; this is because the carbon submicro-
tubes were acquired only by soaking the Se/C core-shell
submicrowires in N,H,H,O at room temperature. We have
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demonstrated that a-Se was first

formed and homogeneously dis-

persed in solution through the as-
sistance of CTAB, after which it was transformed into t-Se
nanowires in a short time with hydrothermal treatment. Fi-
nally, ascorbic acid carbonized on the surfaces of the Se
nanowires to form the Se/C core—shell structures. The results
of the investigation and the practical experiments confirmed
that the shell thickness of the Se/C core-shell submicro-
wires, as well as that of the carbon submicrotubes, could be
tuned by controlling the reaction conditions. The properties
of the Se/C core-shell submicrowires and the carbon submi-
crotubes are expected to find potential application in nano-
devices and biomedicine, among other fields. Moreover, be-
cause the synthetic approach is effective, we expect that it
could be extended to the fabrication of other semiconduc-
tor/carbon or metal/carbon core-shell structures. Further
work in this area is under way.

Experimental Section

Synthesis of Se/C Core—Shell Submicrowires

All reagents were of analytical grade (Shanghai Chemical Reagents, Co.)
and were used without further purification. A typical procedure is as fol-
lows: Na,SeO; (0.3 mmol) was dissolved in a solution of CTAB (5 mm,
40 mL) to form a clear solution. Ascorbic acid (0.6 g) was then added to
the solution under vigorous stirring. The mixture changed rapidly from
colorless to clear red, thus indicating the formation of a-Se. After the so-
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lution was stirred for a further 10 min, it was transferred into a teflon-
lined autoclave (55-mL capacity), which was maintained at 170°C for
24 h. After the mixture was cooled to room temperature, a large quantity
of black floccules was collected by centrifugation and cleaned by several
cycles of centrifugation/washing/redispersion in distilled water and abso-
lute ethanol. Finally, the products were dried in vacuum at 50°C for 6 h.

Synthesis of Carbon Submicrotubes

The as-synthesized Se/C core-shell submicrowires were dispersed in
N,H,-H,O (30 mL, purity: 85%). The mixture was left at room tempera-
ture for 3 h, after which it was centrifuged to isolate the products. The
products were washed by distilled water and absolute ethanol three
times, and were then dried in vacuum at 50°C for further characteriza-
tion.

Characterization

The products were characterized by powder XRD with a Philips X Pert
PRO SUPER X-ray diffractometer equipped with graphite-monochro-
mated Cuy, radiation (1=1.541781 A). FESEM images were taken on a
JEOL JSM-6700F scanning electron microscope. TEM images were
taken with a Hitachi H-800 transmission electron microscope at an accel-
erating voltage of 200 kV. HRTEM images and the corresponding SAED
patterns were recorded by using a high-resolution transmission electron
microscope operating at 200 kV (JEOL-2010). EDX spectra were record-
ed with a JEOL-2010 high-resolution electron microscope equipped with
an EX24095JGT energy-dispersion X-ray fluorescence analyzer. Raman
spectroscopy was performed at room temperature with a LABRAM-HR
Confocal Laser MicroRaman spectrometer with an argon ion laser at an
excitation wavelength of 514.5 nm. XPS spectra were collected on an ES-
CALAB 250 VG Lited X-ray photoelectron spectrometer with nonmono-
chromated Alg, (hv=1486.6 eV) X-rays as the excitation source. FTIR
spectra were recorded on a Bruker EQUINOXS5 FTIR spectrometer
over wavenumbers of 500-4000 cm™' at room temperature. The samples
were pressed into disks with KBr. Absorption spectra were collected on
a UV/Vis spectrophotometer (Shimadzu UV-240) at room temperature.
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Abstract: New fullerene—ferrocene
arrays, [Ru(CgMes)(C,HgFc)(CO),]
(Fc=ferrocenyl) and [Ru(C4Mes)
(CCFc¢)(CO),], in which the ruthenium
complex functions as a conjugative
bridge, were synthesized by the reac-
tion of [Ru(CgMes)CI(CO),] with
FcC,H MgBr and FcCCLi, respectively.
These compounds were investigated by
electrochemical measurement, single-

photophysical measurement. Upon
photoirradiation, the former compound
was converted rapidly into the corre-
sponding triplet state in toluene
(Tgnget=21 ps), whereas the charge-sep-
arated state was predominant in THF

Keywords: allenylidenes - charge
transfer - ferrocene . fullerenes -
ruthenium

(Toinget =10.5ps;  7cs=355ps).  The
latter compound, on the other hand,
formed the charge-separated state in
both toluene and THF (Tynge=3.0 ps;
Tes =152 ps). Thus, the structural differ-
ence between the phenylene and acety-
lene bridges in 1 and 2, respectively,
was found to change the outcome of
the photophysical processes.

crystal X-ray structural analysis, and

Introduction

Ever since the initial discovery of fullerenes, scientists
worldwide have studied the solid-state properties of these
molecules, which range from superconductivity to applica-
tions in nanostructure devices.'! The spherical structure of
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fullerenes, which consist exclusively of electron-rich hexa-
gons and electron-deficient pentagons, evoked lively interest
in relating their properties to conventional one-dimensional
m systems. The extraordinary electron-acceptor properties
of, for example, the most abundant fullerene, Cg,, which has
a diameter of 7.8 A, have led to the ingenious utilization of
such nanoscale architectures in light-induced electron-trans-
fer studies and solar-energy conversion.? It is mainly the
small reorganization energy, which fullerenes exhibit in elec-
tron-transfer reactions, that accounts for the noteworthy de-
velopments in these areas.”! In particular, ultrafast charge
separation together with very slow charge recombination
lead to the formation of unprecedented long-lived radical-
ion-pair states in high quantum yields.!! Ferrocenes are fre-
quently employed as either the terminal electron donor or
part of a redox chain in electron-transfer relay systems,
owing to their ease of oxidation. The combination of these
remarkable electron-accepting and -donating properties, re-
spectively, has resulted in noteworthy advances in photoin-
duced charge separation and has, thus, attracted interest in
the area of solar-energy-conversion systems.”!

Metallic bridges have, for instance, been implemented be-
tween the donor and acceptor moieties as mediators or ini-
tiators for photoinduced charge-separation processes. Metal-

] 7 pr_\'t_LE_eY r_Science* 841
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containing groups such as metalloporphyrins are known to
act as chromophores, which expedite/promote electron-
transfer processes from the ferrocene part to the fullerene
part under visible-light irradiation.”! Moreover, the use of
metalloporphyrins has been beneficial in achieving long-
lived radical-ion-pair states.”” However, reports of such
metal-connected arrays have been rather limited, and the re-
sults have been, in general, less clear-cut than desired.®! We
asked ourselves the question about the photophysical behav-
ior of a compound in which a metal atom is bonded to the
fullerene in an n’- manner.”!¥ Does the metal atom act as
a mediator, a suppresser, or cause unexpected behavior?
Another motivation for this investigation concerns the wide
diversity of n’-m-fullerene-metal complexes relative to the
numerous organometallic compounds containing fullerene
in which the metal and the fullerene moieties are connected
but also separated by organic groups, as exemplified by the
well-known fulleropyrrolidine unit.'Y! We therefore antici-
pated that such metal-n’-fullerene complexes would allow
us to create a new class of donor-metal-acceptor arrays.
Herein, we report the synthesis and charge-separation fea-
tures of new fullerene-ruthenium—ferrocene linked arrays,
[Ru(C4sMes)R(CO),] (R=C¢H,Fc and C=CFc; Fc=ferro-
cenyl). A detailed photophysical investigation revealed that
placing a ruthenium atom directly on the fullerene core ac-
celerates the singlet-to-intersystem crossing, and that the oc-
currence of the charge-separated state depends on the struc-
ture around the metal center.

Results and Discussion

Synthesis and Characterization of
[Ru(CqMes)(CH,Fe)(CO),] (1) and [Ru(CgMes)
(C=CF¢)(CO),] (2)

The synthesis of the dyads 1 and 2 was achieved by the
direct coupling of a ruthenium—-fullerene complex with a fer-
rocene-containing  magnesium  or lithium  reagent
(Scheme 1). Thus, the treatment of a ruthenium-penta-
(methyl)[60]fullerene—chloro complex, [Ru(CgMes)Cl(CO),]
(3),1 with a ferrocenylphenyl Grignard reagent in THF at
50°C afforded [Ru(CyqMes)(CH,Fc)(CO),] (1) as a red
powder in 34 % yield (Scheme 1a). Compound 1 was stable
in air as a solid for over 6 months. A direct bond between
the ruthenium atom and the ferrocenyl groups failed to

Abstract in Japanese:

TG =T =y AT 22 VERES T Ru(CepMes)R(CO), (R = CH Fe
and C=CFc; Fc = ferrocenyl) 2 &5 L, ERLFEIE, X S RHEERTEITV,
HMMER T2, THF FTH2EEOH T L biT, XRHE TRV TR
HOEHSBERERR AT LS, P UPTR, 7oL BB TFIRE
HIERERIE~, TRF L UBERL FIRIBHAMERE~EZZ AL L.
T OREDEVE, TRF LV UVBEBS IRV OERES LT =T AT L=
UFUHEERVBA IR, TEFLVE T 2= kY b EFHHEERER
ERFELLOTWI LICHRT S EELLRS.
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toluene, 25 °C
24%

Scheme 1. Synthesis of the ruthenium n’-pentamethyl[60]fullerene com-
plexes bearing the ferrocenyl group.

form without the phenylene bridge, which is probably due
to the steric bulk of the fullerene moiety. [Ru(C¢Mes)
(C=CFc¢)(CO),] (2) was synthesized by a similar procedure.
Reaction of 3 with ferrocenylethynyllithium in THF at 25°C
gave 2 in 72% yield (Scheme 1b). Both compounds were
soluble in aromatic solvents, carbon disulfide (CS,), chloro-
form, methylene chloride, and THF, and insoluble in aceto-
nitrile, alcohols, and water. These ruthenium—fullerene com-
plexes were purified by preparative HPLC equipped with
Cosmosil Buckyprep columns (Nacalai Tesque, Inc.) fol-
lowed by recrystallization from CS,, which gave black crys-
tals of 1 and 2.

Compounds 1 and 2 were characterized by combustion
analysis, atmospheric pressure chemical ionization mass
spectrometry (APCI-MS), UV/Vis, IR, and NMR spectros-
copy, and X-ray crystallographic analysis. The UV/Vis spec-
tra of 1 and 2 exhibited a spectral pattern characteristic of
neutral penta(organo)[60]fullerene derivatives™ with ab-
sorption maxima at A=350 and 390 nm, which indicates the
absence of ground-state intramolecular charge separation.
In the *C NMR spectrum of 2, signals due to the ethynyl
carbon atoms were observed in the typical ethyne region at
0=121.82 (Ru—C) and 106.42 ppm (Fc—C). The IR spec-
trum of 2 exhibited asymmetric and symmetric stretching vi-
brations of the carbonyl groups at 2040 and 1994 cm™ as
well as a C=C stretching vibration of the bridge at
2040 cm~!. The CO vibration frequencies are similar to
those found for the starting material 3 (2045 and 1999 cm™),
which indicates the absence of the inductive electron-donat-
ing effect of the ferrocenylethynyl group in the ground state
of 2. The C=C stretching frequency of 2 is comparable to
that of the related pentamethylcyclopentadienyl compound
[Ru(CsMes)(PPh;),(C=CFc)] (#(C=C)=2072 cm™").1"¥

Single crystals of 1 and 2 were obtained by the slow diffu-
sion of ethanol into a solution of 1 in carbon disulfide and a
solution of 2 in chlorobenzene, respectively. X-ray crystallo-

Chem. Asian J. 2008, 3, 841 -848





Fullerene—Ruthenium-Ferrocene Arrays

graphic analysis was performed to confirm the molecular
structures and to approximate the distances between the
fullerene and ferrocene parts (Figures 1 and 2). The average

<

Figure 1. Crystal structure of 1. a) ORTEP drawing with ellipsoids at the
30% probability level. b) Side view of the space-filling model. c) Top
view of the space-filling model.

Figure 2. Crystal structure of a single molecule of 2-PhCl. Solvent mole-
cules are omitted for clarity. a) ORTEP drawing with ellipsoids at the
30% probability level. b) Side view of the space-filling model. c) Top
view of the space-filling model.

distance between the center of gravity of C4 and the iron
atom for 1 and 2 was estimated to be 10.40 and 9.67 A, re-
spectively, which implies that the donor—acceptor distance is
shorter in 2 than in 1. In the crystal packing of 1, a pairwise
arrangement of the molecules was observed (Figure 3). This
molecular arrangement suggests the presence of weak elec-
tronic interactions between the fullerene and the ferrocene
moiety in the solid state. This interaction may account for
the very dark color of these complexes.

Electrochemical Investigations

Cyclic voltammetric measurements were conducted to probe
the donor—acceptor properties of 1 and 2 in solution. Com-
pound 1 underwent one reversible one-electron-oxidation

Chem. Asian J. 2008, 3, 841848
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Figure 3. A pair of molecules of compound 1 as found in the crystal.

step of the ferrocene moiety at Ei, =—0.01 V and two rever-
sible one-electron-reduction steps of the fullerene moiety at
Ey,=-133 and —1.83 V (Figure 4). The two reduction po-
tentials of 1 are roughly comparable to those reported for
CgMes and CqPhs metal complexes.™ Of note is the stabili-
ty upon one-electron oxidation and one-electron reduction.
This stability offered an opportunity to study the photoin-
duced charge-separation processes. It was reported that
metal-fullerene complexes are often reduced irreversibly
because of cleavage of the metal-fullerene bonds upon re-
duction.>

11 uA

1 . . .
-1 -12 -14 -16 -18 -2 -22
E/V vs. FelFc'

Figure 4. Cyclic voltammogram of 1 in THF containing nBu,NCIO, as
the supporting electrolyte (scan rate 100 mV's™') recorded at 25°C.

Compound 2 exhibited a reversible one-electron-oxida-
tion step of the ferrocene moiety at £, =—0.02 V and a re-
versible one-electron-reduction step of the fullerene part at
E,=—1.35V, followed by an irreversible one-electron-re-
duction step of the fullerene part at E,=—1.84 V. The first
reduction potential of 2 is slightly higher than that for [Ru-
(CsMes)(C=CPh)(CO),], which has a PhCC group instead
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of the FcCC group (E,=-132V for 1 and —1.91V for
2).2 We estimated the HOMO-LUMO energy gaps on the
basis of the oxidation and reduction potentials of the ferro-
cene and fullerene moieties (E,*—E, ") to be 1.32 and
1.33 eV for 1 and 2, respectively. Despite the similar energy
gap, the photoinduced charge-separation behavior of the
two compounds were found to be quite different from each
other.

Photophysical and Intramolecular Charge-Separation
Properties

Both donor—acceptor conjugates 1 and 2 were examined by
steady-state fluorescence spectroscopy in toluene and THF
at room temperature (Table1). The penta(organo)-

Table 1. Photophysical properties of C¢oMesH, [Fe(C4Mes)Cp], 1, and 2.

Compound Fluorescence quantum  t(singlet) [ps]  z(radical ion
yield (¢) pair) [ps]
THF Toluene THF Toluene THF Toluene
CgMesH 22x107°  22x107% 650 705 al )
[Fe(CeMes)Cp] 1.6x107°  24x10° 0.7 0.8 28 35
1 08x10™*  1.0x10™* 105 21 355 M
2 11x10™*  12x10* 30 55 152 ~100

[a] No radical-ion-pair formation was observed.

hydro[60]fullerene CgMesH,!**1% with a fluorescence maxi-
mum at 615 nm and a fluorescence quantum yield of 2.2 x
107* (in toluene and THF), was used as a reference system.
The donor-acceptor conjugates 1 and 2 exhibited a signifi-
cant quenching of the fullerene-centered fluorescence rela-
tive to that of C¢,MesH (Figure 5). Such quenching is indica-
tive of an accelerated deactivation of the singlet excited
state. The fluorescence quantum yields for 1 and 2 were
1.0x10™* and 12x10™* in toluene and 0.8x107* and 1.1x
10~* in THF, respectively. These small differences may be as-
cribed to the variations in the donor—acceptor distances (see
above) and/or solvent-polarity dependences.

In the next step, transient absorption measurements were
carried out for 1 and 2 in toluene and THF to shed light on
the nature of the products evolving from the intramolecular
deactivation. Monitoring of the time evolution of the char-
acteristic features of the singlet excited state of Cy, is a con-
venient way to identify the spectral features of the resulting
photoproducts and to determine the absolute rate constants
for the intramolecular decay.

We first investigated the transient absorption spectra of
the fullerene reference, C¢MesH. As the corresponding
time—absorption profiles indicate, the singlet excited states
were formed nearly instantaneously, which is likely to in-
volve internal deactivation starting from the energetically
higher-lying excited states. Typical features of the singlet—
singlet transitions are maxima in the visible range at 580 nm
and at 900 nm in the near-infrared (NIR) region.!'”! Multiwa-
velength analysis of the singlet decay reveals singlet-excited-
state lifetimes of (705+10) ps. These lifetimes imply an effi-
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Figure 5. Room-temperature fluorescence spectra of CgMesH (dotted
line), 1 (dashed line), and 2 (solid line) in toluene recorded with solutions
that exhibit an optical absorption of 0.14 (a.u.) at an excitation wave-
length of 400 nm.

cient spin-forbidden intersystem crossing that transforms the
singlet excited states into the energetically lower-lying trip-
let excited states. The transient absorption spectra of the
corresponding triplet excited states show maxima at 665 nm.
This was confirmed independently by recording the spectra
at the end of the femtosecond experiment timescale and at
the beginning of the nanosecond experiment timescale.
Next, we examined the donor-acceptor complex 1. Of
particular importance is the observation of the fullerene sin-
glet excited state in all the experiments. This observation at-
tests to the successful photoexcitation of the fullerene core.
Regardless of the solvent polarity and donor—acceptor com-
position, the fullerene singlet excited state decayed with ac-
celerated dynamics, relative to the reference system. In 1,
the fullerene singlet excited state decayed with lifetimes of
21 and 10.5 ps in toluene and THF, respectively. Such a sol-
vent-dependent acceleration suggests, at first glance (kinetic
analysis), the presence of intramolecular charge-separation
processes. However, upon closer inspection of the spectro-
scopic changes, two different photoproducts were identified.
Figure 6 reveals that in toluene the spectroscopic marker of
the fullerene triplet excited state, namely, a maximum at
655 nm, evolved simultaneously with the decay of the singlet
excited state (maxima at 580 and 900 nm). This led us to
conclude that a heavy-atom effect by the ruthenium atom is
responsible for the rapid intersystem crossing. Notably, the
similarly bound ruthenocene [Ru(CgMes)Cp] (Cp=cyclo-
pentadienyl) ¥ was shown to lead to the same reactivity,
albeit with somewhat weaker impact (190 ps).” On the con-
trary, the spectral features in THF bear no resemblance with
those of the fullerene triplet excited state; the transient
maximum at 655 nm was not observed in THF. Instead, we
see in Figure 7 that a series of absorption bands with
maxima at 450, 555, 1025, and 1295 nm grew with kinetics
that are practically identical to that of the singlet decay. The
NIR fingerprint bears close resemblance to those seen for a
variety of fullerenes and fullerene derivatives.'”! In the visi-
ble region, on the other hand, the transient spectrum match-
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Figure 6. a) Differential absorption spectra (visible and NIR) obtained
upon femtosecond flash photolysis (387 nm, 150 nJ)) of 1 in nitrogen-sa-
turated toluene with several time delays between 0 and 100 ps at room
temperature. OD is the optical density. The arrows indicate the temporal
evolution. b) Time—absorption profiles of the spectra shown above at 655
(black) and 900 nm (orange), monitoring the singlet-to-triplet intersystem
crossing.

es completely that of the charge-separated state generated
in a series of buckyferrocenes."” It is safe to assume that
the driving force for the charge separation in toluene is in-
sufficient to compete with the accelerated intersystem cross-
ings (heavy-atom effect). This is apparently different in
THEF, in which the charge separation occurs twice as fast.
The radical-ion-pair state is, however, metastable and
decays on the timescale of several hundred picoseconds
back to the ground state. For THF as a solvent, we deter-
mined a decay lifetime of 355 ps.

An alternative strategy of accelerating the charge separa-
tion suggests better electronic coupling between the donor
and acceptor moieties. The reduction of the spatial separa-
tion, for example, is a probate approach. In fact, this is real-
ized in the ferrocenylethynyl derivative 2. Both THF and
toluene support intramolecular charge separation, as evi-
denced by the spectroscopic markers of the fullerene radical
anion® throughout the visible (450 and 555 nm) and NIR
region (1020 and 1195 nm) (Figure 8). In the context of the
dynamics of accelerated intersystem crossings, which appa-
rently dominate the photophysics of the aforementioned
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Figure 7. a) Differential absorption spectra (visible and NIR) obtained
upon femtosecond flash photolysis (387 nm, 150 nJ) of 1 in nitrogen-satu-
rated THF with several time delays between 0 and 100 ps at room tem-
perature. The arrows indicate the temporal evolution. b) Time-absorp-
tion profiles of the spectra shown above at 450 (brown), 900 (black), and
1200 nm (red), monitoring the charge separation.

compound 1, no spectroscopic evidence that would imply in-
volvement of the formation of a fullerene triplet excited
state was obtained for 2. Interestingly, both processes
(charge separation and charge recombination) were notably
accelerated. In particular, lifetimes of 3.0 ps for charge sepa-
ration and 152 ps for charge recombination, which were
measured in THF, reflect the closer spacing of the donor
and acceptor moieties.?!!

Conclusions

We have synthesized new fullerene—ferrocene dyads 1 and 2
by the coupling of a fullerene core with a ferrocene unit
through a Ru metal atom and a conjugative bridge, and
demonstrated, through photophysical measurements, the
competition between photoinduced charge separation and
accelerated intersystem crossing (heavy-atom effect). The
outcome of the photophysical processes depends on the
bridging motifs. Upon photoirradiation, compound 1 con-
verts rapidly into the corresponding triplet state in toluene,
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Figure 8. a) Differential absorption spectra (visible and NIR) obtained
upon femtosecond flash photolysis (387 nm, 150 nJ) of 2 in nitrogen-satu-
rated THF with several time delays between 0 and 25 ps at room temper-
ature. The arrows indicate the temporal evolution. b) Time-absorption
profiles of the spectra shown above at 470 (brown), 913 (black), and
1200 nm (orange), monitoring the charge separation.

whereas charge separation takes place only in the more
polar THE. Compound 2, on the other hand, formed the
charge-separated state in both toluene and THF.

On the basis of the charge separation caused by the intra-
molecular electron transfer from the iron atom to the fuller-
ene moiety of compound 2, one can draw two resonance
forms, namely, an ethynyl form A and an allenylidene®
form B (Scheme 2). This resonance stabilization provides a
reasonable explanation for the formation of the charge-sep-

Scheme 2. The ethynyl (A) and allenylidene (B) resonance forms of com-
pound 2.
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arated state. The feasibility of such an allenylidene rutheni-
um structure was previously demonstrated by the synthesis
and crystal structure of the cationic allenylidene complex
[Ru(n™-CqMes)((R)-prophos)(=C=C=CHC¢H,NMe,)][PF]
(prophos = 1,2-bis(diphenylphosphanyl)propane).?? The dif-
ferent effects of the acetylene and the phenylene bridges
must be due to the better electrochemical communication
through the former. The separations between the first and
second oxidation potentials in the symmetric bisferrocene
systems bearing phenylene®! and acetylene®! bridges were
reported to be 131 (Fe-C4H,~Fc)®¥ and 135 mV (Fc—C=C—
Fc),?* respectively, and this difference is considered to
show that the acetylene bridge is a better conjugative bridge
than the phenylene. The structural dependency of the photo-
physical properties in the present compounds illustrate how
a minor structure modification of these compact molecules
can change the molecular function. The availability of a va-
riety of 1’-CgRs ligands®™ 2" and their metal complexes®
provide diverse opportunities for creating organometallic
molecular wires and nanoscale organic devices.”””!

Experimental Section
General Considerations and Materials

All air- or moisture-sensitive reactions were carried out with standard
Schlenk techniques. HPLC analysis was performed on a Shimadzu LC-
10A system equipped with an SPD-M10A diode array detector and a
Buckyprep column (Nacalai Tesque, Inc., 4.6 mm i.d. x250 mm). Prepara-
tive HPLC was performed on a Shimadzu LC-6AD system equipped
with an SPD-6A UV detector (1=350 nm) and a Buckyprep column (Na-
calai Tesque, Inc., 20 mm i.d.x250 mm). NMR spectra were recorded on
a JEOL EX-400 (400 MHz) or ECA-500 (500 MHz) spectrometer.
Chemical shifts are reported in parts per million with tetramethylsilane
(6=0.00 ppm) as the internal reference for '"H and a carbonated solvent
(e.g., 6=77.00 ppm for chloroform) for *C. Infrared spectra and APCI
mass spectra were recorded on ReactIR 1000 and Waters ZQ2000 spec-
trometers, respectively. Elemental analysis was performed at the Organic
Elemental Analysis Laboratory in the Department of Chemistry, The
University of Tokyo. A solution of nBuLi in hexane was purchased from
Tokyo Chemical Industry Co. Ethynylferrocene (FcC=CH) was prepared
from acetylferrocene according to the literature procedure.’” 4-Bromo-
phenylferrocene (FcC¢H,Br) was prepared according to the literature
procedure.F!

Syntheses

1: Ferrocenylphenyl magnesium bromide (0.6 mL, 0.152 mmol) was
added to a solution of 3 (100 mg, 0.101 mmol) in THF (20 mL) at 25°C.
The reaction mixture was stirred for 1 h at 25°C. After removal of the
solvent under reduced pressure, the mixture was diluted with toluene and
filtered through a pad of silica gel. The crude product was analyzed by
HPLC (toluene/2-propanol=7:3, flow rate=2.0mLmin"', retention
time =4.95 min). Purification with silica-gel column chromatography (tol-
uene/hexane=2:1) and preparative HPLC (toluene/2-propanol=7:3;
flow rate=17 mLmin') afforded 1 (59.2mg, 24% yield) as a red
powder. '"H NMR (CDCl,;, 25°C): 6=2.31 (s, 15H, C¢Mes), 3.99 (s, 5H,
CsHs), 426 (s, 2H, CsH,), 428 (s, 2H, CH,), 7.24-7.26 (m, 2H, Ar),
7.79-7.81 ppm (m, 2H, Ar); “C{'H} NMR (CS,/CDCl;, 25°C): §=30.5
(5C, CgMes), 51.1 (5C, Cg(sp?)), 66.3 (2C, CsH,), 69.1 (2C, CsH,), 70.0
(5C, GsHs), 112.8 (5C, Cy), 1255 (2C, Ar), 1282 (1C, CHy), 1292 (1C,
Ar), 1355 (1C, Ar), 143.9 (10C, Cq), 144.0 (10C, Cy), 1462 (2C, Ar),
147.0 (5C, Cq), 1482 (10C, Cq), 148.7 (5C, Cq), 152.7 (10C, Cq),
200.9 ppm (2C, CO); HRMS (APCI+): m/z caled for CgH,FeO,Ru:
1215.0560 [M +H]*; found: 1215.0586.

Chem. Asian J. 2008, 3, 841 -848





Fullerene—Ruthenium-Ferrocene Arrays

2: A solution of nBuLi (0.099 mmol) in hexane (0.062 mL) was added to
a solution of ethynylferrocenyl (23.5 mg, 0.112 mmol) in THF (2.0 mL) at
—78°C. The reaction mixture was allowed to warm to room temperature
and was then stirred for 30 min at 25°C. The obtained reaction mixture
was added to a solution of 3 (81.4 mg, 0.0823 mmol) in THF (2.0 mL) at
25°C. The reaction mixture was stirred for 10 min at 25°C. After removal
of the solvent under reduced pressure, the mixture was diluted with tolu-
ene and filtered through a pad of silica gel. The crude product was ana-
lyzed by HPLC (toluene/2-propanol =7:3, flow rate =1.0 mL min "', reten-
tion time =10.7 min). Purification with silica-gel column chromatography
(toluene/hexane =2:1) and preparative HPLC (toluene/2-propanol=6:4;
flow rate=12mLmin"") afforded 2 (68.9mg, 72% yield) as a red
powder. M.p.: 220-230°C (decomp.); IR (diamond probe): 7=2040 (s)
(C=0), 1994 (s) (C=0), 2040 cm™'(s) (C=C); 'HNMR (CDCl;, 25°C):
0=2.53 (s, 15H, C4Mes), 4.04 (t, J=1.8Hz, 2H, CH,), 4.14 (s, 5H,
CsHs), 428 ppm (t, J=1.8 Hz, 2H, CsH,); *C NMR (CS,/CDCl,, 25°C):
0=30.5 (q, Ycu=130.8 Hz, 5C, CqMes), 50.4 (s, 5C, Cg(sp?)), 672 (d,
Yen=176.7Hz, 2C, 2,5-CsH,), 69.5 (d, Jeu=174.4 Hz, 5C, CsH;), 70.4
(d, Yeu=175.6 Hz, 2C, 34-CsH,), 106.4 (s, 1C, CCFc), 107.7 (s, 1C, 1-
CsH,), 111.7 (s, 5C, C4(Cp)), 121.8 (s, 1C, RuCC), 143.5 (s, 10C, Cy),
143.5 (s, 10C, Cg), 146.6 (s, SC, Cy), 147.8 (s, 10C, Cg), 1482 (s, 5C,
Ce), 152.0 (s, 10C, Cq), 196.5 ppm (s, 2C, CO); MS (APCI+): m/z=
1162 [M]*; elemental analysis: caled (%) for C,H,,FeO,Ru-(C;Hy): C
82.36, H 2.57; found: C 81.98, H 2.94.

X-ray Crystallographic Analysis

X-ray diffraction data of 1 and 2 were collected on a Rigaku RAXIS-
RAPID II imaging plate diffractometer with graphite-monochromated
Moy, radiation (1=0.71075 A). The structures of 1 and 2 were solved by
direct methods (SIR97). The positional and thermal parameters of the
non-hydrogen atoms were refined anisotropically on F* by the full-matrix
least-squares method with SHELXL-97. The hydrogen atoms were
placed at calculated positions and refined with a riding model on their
corresponding carbon atoms. CCDC-666251 (1) and -666252 (2) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/dad_request7cif.

Electrochemical Measurements

Electrochemical measurements were performed on a BAS CV-50W vol-
tammetric analyzer. A glassy-carbon electrode was used as the working
electrode, and the counter electrode was a platinum coil. All potentials
were measured against an Ag/Ag?t reference electrode and corrected
against Fc/Fc*. Cyclic voltammetry was performed at a scan rate of
100 mVs~™'. All half-wave potentials, Ey,, are given by (E,.+E,,)/2, in
which E,. and E,, are the cathodic and anodic peak potentials, respec-
tively.

Photophysical Studies

Femtosecond transient absorption studies were performed with 387-nm
laser pulses (1 kHz, 150-fs pulse width) from an amplified Ti/sapphire
laser system (Clark-MXR, Inc.). Nanosecond laser flash photolysis ex-
periments were performed with 337-nm laser pulses from a nitrogen laser
(8-ns pulse width) with front-face excitation geometry. Fluorescence life-
times were measured with a Laser Strobe fluorescence lifetime spectrom-
eter (Photon Technology International) with 337-nm laser pulses from a
nitrogen laser fiber-coupled to a lens-based T-formal sample compart-
ment equipped with a stroboscopic detector. Details of the Laser Strobe
systems are described on the manufacturer’s website. Emission spectra
were recorded with an SLM 8100 spectrofluorometer. The experiments
were performed at room temperature. Each spectrum represents an aver-
age of at least five individual scans, and appropriate corrections were ap-
plied when necessary.
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Exceptionally Long-Lived Luminescence Emitted from Tb"™ Ion Caged in an
Ag'-Tb"-Thiacalix[4]arene Supramolecular Complex in Water

Nobuhiko Iki,* Munehiro Ohta, Takayuki Horiuchi, and Hitoshi Hoshino'

Abstract: The compositions and photo-
physical properties of luminescent ter-
nary complexes of thiacalix[4]arene-p-
sulfonate (TCAS), Tb™, and Ag' ions
were determined. At pH 6,
Agl, Tb™, TCAS, formed. Moreover,
at pH 10, in the presence of a 20-fold
excess of Ag' and a 50-fold excess of
TCAS  with respect to Tb™,
Agl, Tb™ TCAS, formed as the main
luminescent species. The structure of
these complexes was proposed: two

each Tb™ jon in the former complex
accepts O7, S, O™ donation, whereas in
the latter, the Tb™ center accepts
eightfold O~ donation. The lumines-
cence quantum yield (@) of
Ag, Tb" TCAS, (0.16) was almost
equal to that of Tb"™-TCAS, but the lu-
minescence lifetime 7 of the former
(=1.09 ms) was larger than that of the
latter. For Ag', Tb™TCAS,, the yield

@ (=0.11) was small, which is attribut-
ed to the low efficiency of photosensiti-
zation (7=0.11). However, the 7 value
(4.61 ms) was exceptionally large and
almost equal to the natural lumines-
cence lifetime of Tb™ (4.7 ms), which
is due to the absence of coordinating
water molecules (¢=0.1). This is com-
patible with the proposed structure in
which the Tb™ ion is shielded by a
supramolecular cage that expels coor-
dinated water molecules responsible
for luminescence quenching.

. . Keywords: calixarenes - energy
TCIAS .hgands are linked by two S- transfer - luminescence - silver -
Ag-S linkages to adopt a double-cone terbium

supramolecular structure. Furthermore,

Introduction

Owing to its attractive features, such as long lifetime
(~600-1000 ps) and large Stokes shift (>200 nm), the sensi-
tized emission of the lanthanide(III) ion (Ln™) complexed
with a light-absorbing ligand draws much attention in the
field of bioanalysis, in which it can be applied to the lumi-
nescent labeling of biomolecules for the detection and imag-
ing of biological tissues with high signal-to-background-
noise ratios.'™ A key to obtaining long-lifetime emissions is
ligand design by introducing a sufficiently large number of
coordination sites to complete the first coordination sphere
of the Ln™ center to act as a shield from coordinating water
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molecules, the OH stretching vibration of which readily
quenches the excited state of Ln"". A frequently used molec-
ular scaffold for constructing such ligands is calix[4]arene
(CA; Scheme 1), to which a wide variety of ligating and an-

(Tb) -~ {OH2)a8

CA:X=CH,
TCAS:X =S, R=S05

Scheme 1. Structures of calixarenes and complex 1.

tenna functional groups have been covalently attached.’
Contrary to the covalent approach of designing ligands, we
recently found that thiacalix[4]arene-p-tetrasulfonate
(TCAS) forms the luminescent Tb™ complex 1 (Scheme 1)
by ligation of a bridging sulfur and its two adjacent phenox-
ide O donor atoms.”! Notably, TCAS does not require auxil-
iary ligating or antenna groups. The luminescence quantum
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yield was reasonably high (0.15), but the luminescence life-
time was somewhat short (0.71 ms) due to a large number of
coordinating water molecules (=5). While studying the
binding ability of the three sets of vacant O~, S, O~ coordi-
nation sites of complex 1 toward soft metal ions, we unex-
pectedly found a Ag'-Tb"™-TCAS ternary complex that had
an exceptionally long luminescence lifetime (4.6 ms). Herein
we report the composition and photophysical properties of
the complex to shed light on the way in which coordinating
water molecules are excluded by a supramolecular rather
than a covalent manner.

Results and Discussion

Typical excitation and emission spectra of aqueous solutions
containing Tb™-TCAS binary and Ag'-Tb"™-TCAS ternary
components are shown in Figure 1. As was reported previ-
ously,” the binary system exhibits energy-transfer lumines-
cence in the form of a broad excitation band at 313 nm aris-
ing from ligand-centered m—m* transition and Tb™-cen-
tered sharp emission bands at 488, 543, 583, and 618 nm as-
signed to transitions from °D, to "Fg, 'Fs, 'F,, and F;, respec-
tively (Figure 1, ——-). At pH 6.4, a complex was barely
formed between TCAS and Tb™ ion (see below). However,
with addition of an equimolar amount of Ag' ion relative to
Tb™ ion, luminescence from Tb™ was observed (Figure 1,
----- ). The difference in the excitation spectra of this and the
binary system shows that a ternary luminescent species con-
taining Ag' was formed. At pH 10.0, the luminescence inten-
sity increased and the excitation maximum shifted slightly
toward shorter wavelengths (Figure 1, —), which suggests
a change in the composition of the ternary species.

Figure 2 shows the pH dependence of the luminescence
intensity of bi- and ternary systems. The luminescence inten-

Abstract in Japanese:

FTAYV Y 7 AMT L —V-p-7 b T ALK VEE(TCAS) 23K B T
Tb™LAg-TCAS=J ik % BRMIER TS 2 L2 RWE L, 20k & F#E
RWEEZHA LA, v 27 bax 7 L—A A4 - EREIimikic X D pH 6Tl
Agl, TH™, TCASFEK(2)23, pH 10TIRTO™I K L 20f5 B DAg, S0f%5EDTCAS
Z I E B T L TAG, TH"TCAS SR A E 4SO & UTAEKT 5

Wbt FTAY I AMT L — v EBERZSE OGS TV a

— VIR LB 2 LS, HRICEE A2, 31 D DTCASHIS-Ag-STti &I
L hHEI Ny TN a— VRS EIN S L EZ T, E5I2TRZENEFND
Tb"A A DTCAS & D O-S,O BN Z 32V, 3TIXM A DTCASSH 5 F8fEH DO~
FLAZ 2320 2 BB L o, WA20FRNERTICEPIZ0L6E B D, Ik
TH"TCAS (DD @ = 0.15% FIZRAFTH o725, FHNFHarod1.09 ms & $Ek1D
=073 msk DEL Aoz, A3 DL TIB=0115/ME L, JIud gk
BP0 R WD TH T, TiFENFwidr= 461 mskIEHICANEL,

TH"OD HIRFEHFH 147 ms)IC PEFL L 72, TO"DRTGICH 5§ 5 ka5 %

MELEZA018 ko7, BEDZ & oiik3icB T EEY 202
RSO HFMCAIB L, WD T2 BlSN T oBERMES
D LR o NS,
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300 350 500 550 600 650
A/ nm

Figure 1. Typical excitation and emission spectra for the Tb"-TCAS
binary (——-) and Ag-Tb"-TCAS ternary systems (-----=pH 6.4,
——=pH 10.0). [Tb"];=1.0x10"°, [Ag'ly=0 or 1.0x107°, [TCAS];=
2.0x107°°%, [buffer];=2.0x10"m, pH 6.4, 82, or 10.0, A=320, A=
544 nm.

3 5 7 9 11

Figure 2. pH dependence of luminescence intensity for the Tb"-TCAS
binary (@) and Ag'-Tb"™-TCAS ternary systems (H). The conditions are
the same as those described for Figure 1.

sity of the binary system increased at pH 7.5 and reached a
plateau at pH 8.0, which implies that the phenol OH group
of TCAS dissociated to coordinate to Tb™. By using the
molar-ratio method (at pH 9.0), the luminescent complex
was determined to be the 1:1 complex Tb""TCAS (1).”? The
electrospray ionization (ESI) mass spectrum of a solution
containing complex 1 at pH 10.0 exhibited peaks assignable
to [Tb+4H+TCAS]™ at m/z=970.7144 (see Supporting In-
formation, Figure S1). In contrast to the binary system, the
ternary system gave a two-step increase at pH 5.5 and 9,
which indicates the presence of at least two types of lumi-
nescent species, the equilibria between which are pH-depen-
dent. Molar-ratio analysis of the ternary system with various
[Ag']+/[Tb™]; and [TCAS]/[Ag']  ratios at pH 6.5 (T =total)
revealed the complex species to be Ag' Tb™.TCAS; (in
which i is an integer) (see Supporting Information, Figur-
es S2 and S3). At pH 5.9, the ESI mass spectrum gave in-
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60 |- .
< [Ag +2Tb + Na + 6H + 2TCAS]
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20 |-
0 . .
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Figure 3. ESI mass spectrum of the Ag'-Tb"-TCAS ternary system at pH 6. [TCAS];=[Ag']l;=[Tb"];=4x10"°, [CH;COONH,];=5x10"*m, pH 5.9.

tense peaks at m/z=980-1020 assignable to [2Tb+nNa-+
(8—n)H4+2TCAS]* (n=1-3), 1030-1070 assignable to
[Ag+2Tb+Na+6H+2TCAS]*", and, importantly, 1070
1100 assignable to a 2:2:2 complex, [2Ag+2Tb+6H+
2TCAS]* (Figure 3; see also Supporting Information, Fig-
ure S4). No significant peaks were observed at m/z="700-
950, over which Ag"Tb"™ TCAS is expected to give peaks.
On the whole, it is reasonable to conclude that the main
species of the ternary system at pH=~6 was
Agh, Tb"™ - TCAS, (2), part of which dissociated to give frag-
ments such as Tb"™, TCAS, and Ag"Tb™, TCAS, during
MS.

Under the conditions shown in Figures 1 and 2, the lumi-
nescence of the ternary system at pH 6.5 underwent single-
exponential decay with a lifetime 7 of 1.09 ms, which con-
firms that complex 2 was the major species at pH~6. On
the other hand, the luminescence decay curve at pH 10 con-
sisted of two components (r=4 and 1 ms), which suggests
that the ternary system produced two luminescent species.
Hence, the concentration ratio of the solution that would
give the single luminescent species was explored by chang-
ing the [TCAS]/[Tb™]; and [Ag']+/[Tb™]; ratios (see Sup-

porting Information, Tables S1 and S2). As a result, a single
component with a 4-ms lifetime was obtained with
[Ag']/[Tb™]/[TCAS];=20:1:50, whereby the majority of
Ag' ions should form a nonluminescent Ag', TCAS, com-
plex.’l For ESI MS, an [Ag']{/[Tb™]/[TCAS]; ratio of
10:1:50 was chosen to avoid peaks from Ag', TCAS,, for
which the ratio of species with 4-ms/1-ms lifetimes was
89:11 (see Supporting Information, Table S2). As shown in
Figure 4, main peaks from [2Ag+Tb4+9H+2TCAS]* as
well as accompanying peaks due to Nat/H* exchange were
obtained, but no other notable peaks were observed at
m/z=_800-1200. From the above results, the component of
long-lifetime emission was assigned to a 2:1:2 complex,
Ag, Tb™-TCAS, (3). The question now is, what is the struc-
ture of complexes 2 and 3? In attempts to prepare single
crystals of the ternary complexes for X-ray analysis, we re-
cently obtained those of a 4:1:2 complex, Ag', T TCAS,
(4), rather than 2 or 3, by slow diffusion of N,N-dimethylfor-
mamide (DMF) into a  solution with an
[Ag']/[Tb™]/[TCAS]; ratio of 4:1:2. In a similar manner to
metal complexes of thiacalix[4]arene with a multimetal core
(Mn",, Co", Cu",, Zn";, Hg",, and Nd",) sandwiched by

100 |-

80 |-

60 |
R -
= [TCAS + mNa + (7-m)H]
T ow m=0

m=1
20 | m=>2

[2Ag + Tb + Na + (9-m)H + 2TCAS]>

850

900 950

1000
m/z

1050 1100 1150 1200

Figure 4. ESI mass spectrum of the AgTb"-TCAS ternary system at pH 10. [TCAS];=8x107%, [Tb™];=4x10", [Ag'l;=4x107, [(NH,),COs];=5x

107, [NH,OH]; =3x10"m, pH 10.0.
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two calixarene ligands,”! com-

N. Iki et al.

Table 1. Photophysical properties of complexes 1-3 determined under N, atmosphere.

plex 4 showed a typical double-  Complex pH em'em™] Ay [nm] @ 7 [ms] D, 7 q™
cone shape, in which two thia- Tb.TCASH (1) 91 21700 314 015+£002 073+001 016 098 484
calix[4]arenes  sandwich an Ag,Tb, TCAS, (2) 6.5 47200 323 0.164£0.02  1.09+£001 023 068 238

Ag;TbTCAS, (3) 100 50800 318 0.11+£001  461+005 098 011 008

Ag, Tb™ core by forming S—

Ag'-S and O-Tb™-O bridges
(Scheme 2).'" " An interesting

Scheme 2. Double-cone-type complexes of TCAS.

feature of 4 is the coordination environment of Tb™., which
is surrounded by eight phenoxide O donors from TCAS. Al-
though the composition is different, the structure of 4 sug-
gests that 3 may adopt the same double-cone structure but
with two silver bridges instead of four (Scheme 2). In an
analogous manner, the structure of 2 is tentatively assigned
as a double cone in which two TCAS molecules are bridged
through the formation of two S—Ag'-S linkages (Scheme 2).
Furthermore, the Tb™ ion sits between two TCAS ligands
and is coordinated to two O, S, O~ donor sets from each
TCAS molecule.

Photophysical properties, such as luminescent quantum
yield (@) and lifetime (7), of complexes 2 and 3 were deter-
mined and compared with those of 1 re-evaluated in this
study (Table 1). Luminescent quantum yield @ is a product
of the yields of the three steps involved in producing photo-
luminescence: intersystem crossing in TCAS (@), energy
transfer from TCAS to Tb™ (&g;), and terbium(III)-cen-
tered luminescence (@) [Eq. (1)].

852 www.chemasianj.org
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[a] Photophysical properties for 1 were re-evaluated in this study to show good agreement with the results ob-
tained in the previous study.” [b] For emission lifetimes in D,O, see Supporting Information, Table S3.

D= @ISC¢ET®Tb (1)

@1, can be calculated on the basis of [Eq. (2)], in which 7,
is the natural luminescence lifetime of terbium(III) (4.7 ms)
in water.

Dy, =1/ (2)

The value of @, enabled us to calculate the sensitization
efficiency # defined by [Eq. (3)].

N = PrscPer (3)

Also, the number of coordinating water molecules (g) was
estimated by using the Horrock equation [Eq. (4)], in which
Aqy is a constant (=4.19) for  in milliseconds.'

q=Am (Ti;leO - Tiﬁxo) (4)

Needless to say, the re-evaluated values of @ and 7 for 1
agree well with those reported previously."! As can be seen,
binary complex 1 gave a quantum yield @ (=0.15) as large
as that of complex 2. Compared with the @ values (0.002—
0.20) of the Tb™ complexes of chemically modified CA in
water,! the & value of 1 is relatively large. In terms of lumi-
nescence lifetime, 1 gave the smallest T value among the
complexes 1-3 owing to a large number of coordinating
water molecules (¢=4.8) responsible for quenching the ex-
cited state of the Tb™ center. Notably, the sensitization effi-
ciency n was almost unity, which means that the efficiencies
of triplet-state formation (i.e., @) and energy transfer
(®gr) are nearly unity to compensate for the quenching abil-
ity of the coordination environment of the Tb"™ center in
the excited state. As mentioned above, complex 2 had a lu-
minescence quantum yield @ almost similar to that of 1. Al-
though the two Tb™ centers of 2 doubles the chances of ac-
cepting triplet excited energy from TCAS, the sensitization
efficiency # was smaller than that of 1. This suggests that
the efficiencies @5c and/or @y are small in 2. The terbium-
(IIT) luminescence efficiency @, of 2 was larger than that
of 1 owing to the smaller g value (=2.4) in 2. Notably, the
Tb™ center of complex 2 has two or three coordinating
water molecules, which agrees with the model of 2 depicted
in Scheme 2. Thus, the Tb™ center of 2 was excited with less
efficiency than that of 1 but was deactivated to a lesser
extent to result in a similar @ value. Complex 3 gave the
smallest @ and # values among the complexes, which sug-
gests that the efficiencies for triplet-state formation and/or

Chem. Asian J. 2008, 3, 849 -853
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energy transfer were low. Surprisingly, the terbium(III) lu-
minescence efficiency @, was nearly unity. In other words,
the luminescence lifetime (7=4.61 ms) was as exceptionally
large as that of the natural emission lifetime 7, (=4.7 ms),
which can be rationalized by the fact that the estimated
number of coordinating water molecules, g, is almost zero.
This is compatible with the proposed structure of 3
(Scheme 2b): Tb™ is sandwiched between two TCAS li-
gands to accept eight O~ donors that shield it from water
molecules.

Conclusions

In summary, in the presence of Ag' and Tb™ ions, TCAS
gave ternary complexes Ag, Tb"™, TCAS, (2) and
Agl, Tb"™TCAS, (3) at pH6 and 10, respectively. Com-
plexes 2 and 3 should be regarded as supramolecular com-
plexes, because the soft Ag' ion, the hard Tb™ ijon, and
TCAS with its multicoordinating sites synergistically built
the complexes and provided longer luminescence lifetimes
than the binary complex Tb™TCAS (1). Importantly, the
exceptionally long lifetime of the Tb™-centered emission of
complex 3 is owed to the supramolecular cage that shields
the Tb™ center from coordinating water molecules. Applica-
tions of the formation of supramolecular complexes 2 and 3
for the determination of Ag' and near-infrared luminescence
are now underway.

Experimental Section
Materials and Methods

The tetrasodium salt of thiacalix[4]arene-p-tetrasulfonate (TCAS) was
prepared as described previously”! and dissolved in deionized water to
prepare the stock solution (5.0x107*m). Stock solutions of silver(I) and
terbium(IIl) ions (0.01m) were prepared by dissolving an appropriate
amount of the nitrate (Kanto Chemical Co., Inc., Tokyo) in 0.01m
HNO;. The pH buffers 2-morphorinoethanesulfonic acid (MES), N,N-
bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 2-hydroxy-3-[4-
(2-hydroxyethyl)-1-piperazinyl]propanesulfonic acid (HEPPSO), N-cyclo-
hexyl-2-aminoethanesulfonic acid (CHES), and N-cyclohexyl-3-amino-
propanesulfonic acid (CAPS) were purchased from Dojindo Laborato-
ries, Kumamoto. Buffer solutions (0.5M) were prepared by dissolving the
buffer in water, adjusting the pH with HNO; or NaOH, and making the
solution up to the appropriate volume with water. The pH ranges of the
buffers used are as follows: MES/NaOH (pH 5.5-6.6), BES/NaOH
(pH 6.6-7.5), HEPPSO/NaOH (pH 7.5-8.6), CHES/NaOH (pH 8.6-10.0),
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and CAPS/NaOH (pH 10.0-11.0). Doubly distilled water was used
throughout this study.

The ternary complex species were prepared by simply mixing appropriate
amounts of aqueous solutions of silver(I) nitrate, terbium(III) nitrate,
TCAS, and buffer. Before the absorption, luminescence, and mass spectra
were recorded, the sample solution was allowed to stand for 1 h at room
temperature to ensure equilibration. Luminescence spectra were record-
ed with a Hitachi F-4500 fluorescence spectrometer under nitrogen at-
mosphere. Luminescence quantum yields were estimated as described
previously.”! ESI MS experiments were performed by using a Bruker
APEX III Fourier transform ion cyclotron resonance (FTICR) mass spec-
trometer. Mass spectra were simulated with the program iMass for Mac
OS X version 1.1.1%
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Mesoporous Titania Thin Film with Highly Ordered and Fully Accessible
Vertical Pores and Crystalline Walls

Chol-Won Koh," U-Hwang Lee,'! June-Kyu Song,"” Hae-Rim Lee,"” Min-Hye Kim,"
Myungkoo Suh,'’! and Young-Uk Kwon*®" 9l

Abstract: We report the preparation of
mesoporous titania thin films with the
R3m pore structure derived from the
Im3m self-assembled ordering of the ti-
tania species and an EO;,PO;EO,
triblock copolymer. The films were

nal channels became vertical channels
upon calcination at 400°C, thus leading
to thin films with vertical channels. The
pores are ordered over a large area of
up to 1 um® The titania films can be
formed on various types of substrates.

By using a titania film formed on a Pt-
coated Si wafer as a template, we pro-
duced by an electrochemical-deposition
technique arrays of gold nanowires,
whose morphology suggests that most
of the pores of the titania thin films are

spin-cast and then aged at 18°C at a
relative humidity of 70 %, which led to
the orientation of the Im3m structure
with the [111] direction perpendicular
to the substrates. The [111] body-diago-

Introduction

Mesoporous titania thin films (MTTFs)!™ with ordered
pores are unique because they have many interesting and
useful features, such as homogeneous nanometer-sized
pores, large surface areas, the many useful physicochemical
properties of titania, and the thin-film form, all combined
into one body. These make MTTFs ideal candidates for the
development of novel nanomaterials and nanodevices.>
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accessible. The pore structure of verti-
cal channels is stable up to 600°C, at
which temperature the wall materials
crystallize into anatase.

rhombohedral

Functional hybrid materials with regular nanostructures can
be realized by incorporating various organic or inorganic
materials into the pores of MTTFs.

To use MTTFs for such purposes, several requirements
need to be satisfied. First, the pores must be accessible from
the outside."” Unlike powder, the internal space of a meso-
porous thin film may not be accessible unless there are pore
openings at the surfaces. Several different approaches have
been attempted to produce mesoporous thin films with ac-
cessible pores, including pore alignment with an applied
magnetic field'” or modification of the substrate surfaces.!!!
Wu et al. reported that MTTFs with a 3D hexagonal (P6,/
mmc) structure could be processed into a structure with ver-
tical pores.'”l However, it seems that a more general and
practical way is the formation of mesoporous thin films with
isotropic pore structures. In this regard, the synthesis of
cubic-structured MTTFs with oriented pores is an important
first step for the development of MTTF-based nanodevi-
ces.®l Second, crack-free thin films with large ordered do-
mains are important to ensure reproducible device perfor-
mance. Third, a high degree of wall crystallinity would be
desirable to make use of most of the physical properties of
titania. Fourth, it would be beneficial if an MTTF can be
formed on various substrates without changing the pore
structure for a wide range of applications. Although some
MTTFs reported in the literature show one or two of these
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properties, there has been no account of MTTFs that show
all these features simultaneously.

Herein, we report a new MTTF in which the pore struc-
ture can be described as an ordered array of vertical chan-
nels whose domains are larger than 1x1 pm? The vertical
channels with open ends ensure that all the pores are acces-
sible from the surface, thus allowing further fabrication into
nanostructured materials or nanodevices. Furthermore, our
MTTFs can be formed on various types of substrates, includ-
ing metallic substrates. This enabled us to form nanostruc-
tured materials inside the pores by electrochemical deposi-
tion. We demonstrate this possibility by growing nanostruc-
tured gold inside the pores of our MTTF. Because most of
the pores are accessible, we could synthesize high-density
arrays of nanomaterials, which may be the first step towards
the fabrication of nanostructured materials based on
MTTFs.

Results and Discussion

MTTFs with ordered channels were formed by spin-coating
a precursor solution of TiCl, and a Pluronic nonionic block
copolymer F-127 (EO,,xPO,EO,i, EO=ethylene oxide,
PO =propylene oxide) in ethanol onto substrates at 25°C,
followed by aging at 18°C for 72 h and calcination at 400°C.
For reproducible synthesis, we tried various combinations of
temperature and humidity levels and established the opti-
mum conditions for each step as described in the Experi-
mental Section. We used various types of substrates, includ-
ing glass slides, indium tin oxide, fluorine-doped tin oxide,
and Pt- or Au-coated Si wafers, and confirmed that the pore
structure and pore orientation were not influenced by the
nature of the substrate.

Figure 1 shows the scanning electron microscopy (SEM)
images of our MTTFs from various viewing angles. The film
thickness could be controlled from 150 to 500 nm (Figure 1b
and c) by using different spinning speeds during the spin-
coating step. The thicker film was obtained from 4000 rpm,
and the thinner one from 6000 rpm. Regardless of the film
thickness, the SEM images all show that the pores are well-
ordered over a large area (>1x1 pm?), which indicates the
preferential orientation of the pores. The top-view (Fig-
ure 1a) and tilted-view (Figure 1c) images show that there
are open pores at the film surface, which are ordered with
hexagonal symmetry. Both the side-view (Figure 1b) and
tilted-view (Figure 1c) images show that there are vertically

Abstract in Korean:

olabslE gk QA EOPOED s BFLRAY Im3m A7|ZHOZHE FE2H R3m
TEE 2 dREE ONSEE wrte AT, o e LT It
70%, 18°C 2} Zziof 1 sS4 A AH BT S4 g Fo) dwke [111] HEke]
12l 4 1A Y e Sk 00 ol A7 (1) A 2 gel A
72 A 9\- Q% FES 1 om’ FHA F wdE FES B, od
wehe o T& dol g9 4 vk $el g o] ¢l Aeld goiw 9o
| 2% Elgt Hure g4stn olg FYPor ojfste] Aoty wwos
v Aatieh o VxTx 3o PHoE wep olilsiEd wtute 7o mE
TEE AT ol He g Ao 2 ady o Mute] §F 7 £E 600°C R HEst =
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Figure 1. Field-emission SEM (FESEM) images of a mesoporous titania
thin film. a) Top view; b) side view; c) tilted view.

aligned parallel channels. These images collectively show
that our MTTFs have vertical channels with hexagonal sym-
metry.

There are only two possible ways to explain the pore
structure in Figure 1. One is a p6mm hexagonal mesoporous
structure with the channels standing vertically, and the other
is a cubic structure (or its rhombohedral derivative) with the
[111] direction oriented vertically. We can rule out the first
possibility on the basis of the following reasons: First, a per-
pendicular orientation of the channels of the p6mm struc-
ture relative to the substrate is highly unlikely because such
an orientation will create a large amount of surface energy
at the interface. To overcome this problem, Yamauchi et al.
applied a very strong magnetic field to align the channels,
but the alignment was not perfect.!'”! Koganti et al. showed
that modification of the substrate surface with a Pluronic
block copolymer could lower the surface energy and induce
the channels to tilt away from the substrate plane, but the
resultant channels were not perpendicular.'!l In the present
study, we did not use such measures to induce vertical align-
ment of the pores. Second, the channel walls are not straight
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as would be expected from the p6mm pore structure, but
are periodically modulated in such a way that each channel
can be described as being composed of periodically arranged
cages and connecting necks between the neighboring cages.
Therefore, we conclude that the pore structure of our
MTTFs are derived from a cubic structure with its [111] di-
rection oriented vertically.

As sol-gel thin films are bound to experience vertical
shrinkage during the aging and calcination steps, and the di-
rection of shrinkage coincides with the [111] direction of the
cubic structure in the present MTTFs, the pore structure is
thus likely to be rhombohedral.

Transmission electron microscopy (TEM) images taken
along various directions of our MTTF are shown in Figure 2.
These images can be well-explained with a rhombohedral
unit cell with a~12.5 nm and a~100°. The average pore-to-
pore distance measured from the [111]-view TEM image
(Figure 2¢) was 11 nm, which corroborates with the top-
view SEM image (Figure 1a). These images and the TEM
images of electrochemically grown nanostructured gold
inside the pores show that the pores are connected and
cagelike (Figure 5). With these observations, the parent
structure of the present rhombohedral structure was deter-
mined to be Im3m.l*! The contraction along the [111] di-
rection from the Im3m structure causes the loss of the four-
fold symmetry while preserving the threefold symmetry
along the [111] direction. Therefore, we singled out the
space group R3m, a maximal nonisomorphic subgroup of
Im3m, for our MTTFs. Choi et al. reported the formation of
an R3m-structured MTTE" However, the pores in their
films are isolated, in contrast to ours.

The low-angle XRD pattern of the -calcined film
(Figure 3) shows only three peaks with d=9.7, 4.9, and
2.3 nm. With the estimated lattice parameters and the rhom-
bohedral crystal system deduced from the SEM and TEM
data, these peaks could be indexed as (011), (022), and
(044), respectively. The appearance of only a series of (0kk)
peaks is consistent with the preferred orientation discussed
above. The absence of any (hhh) reflection can be explained
with the structure derived from the Im3m structure. Un-
fortunately, the limited number of XRD peaks prohibits any
further precise determination of the lattice parameters from
those estimated from the SEM and TEM data.

Figure 4 shows schematic drawings of how the vertical
channel structure of our MTTFs are formed. The surfactant
and titania precursor in the as-cast film self-assemble into
an Im3m structure. The surfactant micelles form cage pores.
The key factor of our synthesis is that the pores are ordered
with the [111] direction perpendicular to the film surface.
Calcination of this film not only removes surfactant but also
shrinks the film in the vertical direction. Because of the
[111] orientation, the direction of shrinkage coincides with
the [111] direction of the cubic unit cell. The contraction in-
duces a structural transformation into the rhombohedral
(R3m) structure. The contraction also connects the pores to
their neighbors along the [111] direction, thus producing
vertical channels. The various dimensions measured by the
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Figure 2. TEM images of a mesoporous titania thin film. a) [100] view;
b) [110] view; c) [111] view. Some pores are marked with white circles for
easy comparison with the simulated models in the insets. The models are
slightly tilted to match the images.

characterization methods mentioned above are all consistent
with this scheme.

Chem. Asian J. 2008, 3, 862 —-867
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Figure 3. Low-angle XRD pattern of a mesoporous titania thin film ob-
tained by calcination at 400°C.

Figure 4. Schematic representation of the structure of a mesoporous tita-
nia thin film before (left) and after calcination (right).

Through a similar approach, Crepaldi et al.” also report-
ed an MTTF whose structure was derived from the Im3m
ordering. However, in their case, the direction of preferred
orientation was [110]. The thermal contraction along the
[110] direction resulted in a C2m structure, which did not
have vertical channels. The pore accessibility was not men-
tioned in the paper. It is interesting that their synthesis and
ours both produced the same Im3m structure in the as-cast
states but with two different orientations. There may be
many factors that make such a subtle difference. We believe
that the most fundamental factor is the method of film for-
mation. We used the spin-casting method followed by aging
to obtain the ordered mesostructure, whereas Crepaldi et al.
used dip-coating. In the latter case, the evaporation-induced
self-assembly (EISA) mechanism"” is in operation, in which
mesoscale ordering is achieved almost instantly after the
film material is withdrawn from the solution. On the contra-
1y, spin-coating generally does not yield such a high degree
of mesoscopic ordering. This is probably because the faster
solvent evaporation in the spin-coating method makes the
film material more viscous, which in turn makes the move-
ment of the titania and surfactant species too sluggish to
achieve a high degree of ordering in a short period of time.
Therefore, even if the self-assembled structure may form by
spin-coating, the degree of ordering cannot be as high as in
the case with dip-coating. The ordering can be improved by
aging under controlled conditions of temperature and hu-
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midity. In our previous paper, we showed that the mesoscale
ordered structures could be tuned by employing different
temperatures for the aging step.®! This suggests that the
film materials in the aging step are liquid-crystal-like, and
that the ordering is achieved by the movement of titania
particles and surfactant molecules to attain the most ther-
modynamically stable ordering and orientation under the
given conditions. With the largest exposed surface of the mi-
celles facing the interfaces, the [111] orientation appears to
be the most thermodynamically favored orientation for the
Im3m mesostructured film, which explains the ordering of
our films. The [110] orientation from the dip-coating proce-
dure, therefore, appears to be a kinetically stabilized struc-
ture. The adaptability of our method to a wide range of sub-
strates appears to originate from the thermodynamic nature
of the process.

The vertical channels in large domains of our MTTFs,
combined with their ability to form on conducting sub-
strates, provide a unique opportunity to grow arrays of
nanomaterials with the electrochemical-deposition tech-
nique. Figure 5 shows the TEM images of one such example,
in which nanostructured gold was grown inside the channels
in high density and with a high degree of homogeneity. For
this, we formed an MTTF on a Pt-coated Si wafer and used
it as an electrode. As shown in these images, almost all the
pores were filled with gold, thus forming arrays of connect-
ed nanoparticles embedded inside the MTTF. However,
some pores are not filled with gold (Figure 5b). This may be
unavoidable, probably due to the stochastic nature of the
electrochemical deposition and the inaccessibility of some of
the pores. The high-magnification TEM image in Figure S5c
shows the lattice fringe patterns of the deposited gold,
which indicates high crystallinity. It also shows that the di-
mension of each gold nanoparticle is about 7 nm, which sets
the lowest limit of pore dimension for our MTTFs. The gold
spheres are connected with neighboring ones through
narrow necks, in agreement with the cagelike pore structure
described above. The unprecedented high density of gold
nanorod replicas inside the pores of the MTTF is a direct
consequence of the vertical open channels with large do-
mains of our MTTFs.

Additionally, we found that the calcination temperature
could be raised to 600°C without losing the pore ordering.
Figure 6 shows the wide-angle XRD and TEM data of an
MTTF calcined at 500°C. Figure 6a shows that the film ma-
terial is crystalline anatase. The TEM image in Figure 6b
shows that the long-range mesoporous structure of our
MTTF was maintained. Figure 6¢ shows that all the wall
material had turned into a crystalline phase, which was iden-
tified as anatase by the electron-diffraction pattern (Fig-
ure 6d). In general, crystallization of the titania wall re-
quires the calcination temperature to be higher than 400°C,
a temperature at which most non-silica mesoporous struc-
tures collapse. Special measures were employed to circum-
vent this problem.'®!! In this regard, it is remarkable that
our MTTF does not lose its mesoporous structure while at-
taining a high degree of crystallinity. On the other hand, the
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Figure 5. TEM images of various magnifications: a) 40000, b) 320000 and
¢) 2800000 of a mesoporous titania thin film with nanostructured gold
grown inside the pores.

low-angle XRD pattern does not show any peak, which indi-
cates the absence of mesoscopic periodicity in the vertical
direction. Therefore, the high-temperature calcination seems
to cause the collapse of the mesostructure, but the collapse
occurs only along the vertical direction so that the lateral or-
dering remains intact, which is possible because of the [111]
orientation. In fact, this high-temperature calcination may Figure 6. a) XRD pattern, b) low-magnification TEM image, c) high-mag-
be the way to pro duce truly 1D vertical channels, ap ossibili- nificat'ion.TEM iglage, a.nd d) electron-diffraction pattern of a mesopo-
. rous titania thin film calcined at 500°C.
ty we are currently working on.
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Conclusions

We have prepared mesoporous titania thin films that have
many desirable features for future applications of nanodevi-
ces. It has large domains of highly ordered arrays of vertical
channels. Most of the channels are accessible from the film
surface. High-temperature treatment can convert the wall
material from amorphous titania into anatase without losing
the ordered mesoporous structure. Most of these features
appear to originate from the [111] orientation of the Im3m
structure in the as-cast film. With all these features com-
bined, we believe that our mesoporous titania thin films can
find application in the fabrication of nanodevices.

Experimental Section

The MTTFs were formed by spin-coating a precursor solution, followed
by aging and calcination. The precursor solution was prepared by dissolv-
ing TiCl, and F-127 in ethanol with vigorous stirring under ambient con-
ditions. The composition of the solution was TiCl,/F-127/EtOH=
1:0.004:22. After being cast onto substrates at a spinning rate of 4000—
6000 rpm under a controlled atmosphere of 70 % relative humidity and
25°C, the spin-cast films were aged at 18°C for 72 h at a relative humidi-
ty of 80% to afford a self-assembled mesostructure. The films were cal-
cined at 400°C for 2 h to give mesoporous titania thin films free of organ-
ics. Electrochemical experiments were carried out in a conventional
three-electrode cell with an MTTF-modified electrode as the working
electrode, a standard Ag/AgCl electrode as the reference electrode, and
a platinum plate as the counter electrode. The procedure for making the
MTTF working electrodes have been described in the main text. The
electrodeposition was conducted in an aqueous solution of HAuCl,
(0.02m) under an applied potential of 0.02 V for 5s. Characterization of
the thin films by XRD was carried out with a Rigaku D/max-RC diffrac-
tometer. High-resolution TEM images (JEOL-3011, 300 kV) were ob-
tained on samples prepared by scraping off the films. Surface images of
the thin films were obtained by FESEM (JSM6700F).
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Rhodium-Catalyzed Oxidative Coupling between Salicylaldehydes and
Internal Alkynes with C—H Bond Cleavage To Produce 2,3-Disubstituted
Chromones

Masaki Shimizu, Hayato Tsurugi, Tetsuya Satoh,* and Masahiro Miura*!*!

Abstract: A direct oxidative coupling of salicylaldehydes with internal alkynes pro-

ceeds efficiently with cleavage of the aldehyde C—H bond to produce the corre-
sponding chromone derivatives. A rhodium catalyst in combination with a cyclo-
pentadiene ligand and a copper oxidant promote this straightforward annulation

Keywords: C—C coupling - C-H
activation - homogeneous catalysis -
oxidation - rhodium

reaction. Solid-state luminescence was observed for certain chromone products.

Introduction

Transition-metal-catalyzed organic reactions involving C—H
bond cleavage have attracted much attention from the point
of view of atom economy, and various catalytic processes
have been developed on the basis of different modes of acti-
vation of the ubiquitously available bond."! Among the
most promising activation strategies is the use of a metal-di-
recting group in an appropriate substrate to bring about re-
gioselective C—H functionalization. We demonstrated previ-
ously that some functionalized arenes undergo oxidative
coupling with alkenes in the presence of a Pd catalyst and a
Cw/air oxidant.”! For example, benzoic acids react with sty-
rene and an acrylate to afford isocoumarin and phthalide
derivatives, respectively, through ortho vinylation directed
by the carboxy functionality and subsequent oxidative or
nonoxidative cyclization.[z*‘] Furthermore, we discovered re-
cently a more efficient atom-economical synthesis of such
O-containing heterocycles through the oxidative coupling of
benzoic acids with alkynes and alkenes in the presence of a
Rh catalyst system (Scheme 1).F! Rh-based systems for oxi-
dative C—C coupling reactions'” have been explored less
than those with Pd.l'* In the course of our studies on Rh-
catalyzed C—H functionalization,*®! we discovered that sali-
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Scheme 1. Reactions of benzoic acids with alkynes and alkenes.

cylaldehydes also react with internal alkynes under similar
conditions in the presence of a Rh catalyst to produce 2,3-
disubstituted chromone derivatives through vinylation at the
aldehyde C—H bond®**” and subsequent oxidative cycliza-
tion. Chromone structures are found in a wide variety of
naturally occurring compounds that exhibit a broad range of
interesting biological activities.®! They are also of interest
for their fluorescence properties.”)” We describe herein a
method for the synthesis of 2,3-disubstituted chromones
through the rhodium-catalyzed oxidative coupling of salicy-
laldehydes with internal alkenes.

Results and Discussion

In an initial attempt to carry out the desired coupling reac-
tion, salicylaldehyde (1a; 0.5 mmol) was treated with diphe-
nylacetylene (2a; 0.5 mmol) under conditions similar to
those employed for the coupling of benzoic acids with 2a.5
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In the presence of [{Cp*RhCl,},] (0.005 mmol) and Cu-
(OAc),H,O (1 mmol) in o-xylene at 150°C (bath tempera-
ture) under N,, 2,3-diphenylchromone (3a) formed in only
6% vyield in 4h (Table 1, entry 1; Cp* =n’-pentamethylcy-

Table 1. Oxidative coupling of salicylaldehyde (1a) with diphenylacety-
lene (2a).1"!

0 0
H Fn [{RhCl(cod)},)/ligand Ph
cod)},)/ligan
* / Cu(OAC),*H,0 |
OH PH u(OAC)"H; 0~ “Ph
1a 2a 3a
Entry Ligand T [°C] t [h] Yield [%]®
10 - 150 4 6
2 - 150 2 2
3 CsH,Ph, 150 2 83
4 CsH,Ph, 150 7 43
5 CsHPh; 150 2 0
6! CsH,Ph, 150 2 0
7l CsH,Ph, 150 4 31
8 CsH,Ph, 140 2 92 (86)
9 CsH,Ph, 120 12 73

[a] Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), [{RhCl(cod)},]
(0.005 mmol), ligand (0.02 mmol), Cu(OAc),H,O (1 mmol), o-xylene
(2.5 mL), N, atmosphere. [b] The yield of 3a was determined by GC. The
value in parentheses indicates the yield after purification.
[c] [{Cp*RhClL},] was used in place of [{RhCl(cod)},]. [d] Cu(OCOCF;),
was used in place of Cu(OAc),H,O. [e] AgOAc (2 mmol) was used in
place of Cu(OAc),H,0.

clopentadienyl). A similar poor result was obtained when
[{RhCl(cod)},] was used in place of [{Cp*RhCl,},] (Table 1,
entry 2; cod=1,5-cyclooctadiene). Interestingly, the addition
of 1,2,3,4-tetraphenyl-1,3-cyclopentadiene (CsH,Phy;
0.02 mmol) as a ligand in combination with [{RhCl(cod)},]
led to a significant improvement in the yield of 3a to 88 %
(Table 1, entry 3).1" The phenylated cyclopentadiene ligands
CsH;Ph; and CsHPhs were less effective than CsH,Ph,
(Table 1, entries4 and 5). The replacement of Cu-
(OAc),'H,O with other oxidants, such as Cu(OCOCF;), and
AgOAc, led to a significant decrease in the yield (Table 1,
entries 6 and 7). The reaction did not proceed catalytically
in the presence of a catalytic amount of Cu(OAc),H,O in
air. Finally, the best result was obtained with the catalyst
system [{RhCl(cod)},]/CsH,Ph,/Cu(OAc), H,O at 140°C,
under which conditions 3a was produced in 92% yield
(Table 1, entry 8). A further decrease in the reaction tem-
perature to 120°C led to a decrease in the efficiency of the
reaction (Table 1, entry 9).

Under the optimized conditions (Table 1, entry 8), 2-hy-
droxy-4-methoxybenzaldehyde (1b) reacted effectively with

Abstract in Japanese:

FUYFATAFE FEENIT N X Y E OB A Y Ty Yy T F e F CCHEAYIN € o T L i
ATL. 7 v RERGASART S S e AL L. COEBRMERISE, B v Ml v ey sy =y
MATFH & CFBUHE et CHv s s C I PRERNEREE LS, CTBbR L2407 TE Vi,
E kst e L 2,
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2a to produce 7-methoxy-2,3-diphenylchromone (3b;
Table 2, entry 1). This protocol provides a simple and useful
route to 7-alkoxy- and 7-hydroxy-2,3-diphenylchromone de-
rivatives, which are of particular interest because of their
biological activities.®*! The 3-methoxy-, 5-chloro-, and 5-
nitro-2-hydroxybenzaldehydes 1lc-e underwent oxidative
coupling with 2a to afford the corresponding chromones
3c—e (Table 2, entries 2-4). The reaction of 2-hydroxy-1-
naphthaldehyde (1f) with 2a also proceeded smoothly, al-
though a separable mixture of the expected product 2,3-di-
phenyl-5,6-benzochromone (3f) and a decarbonylative cou-
pling product, 2,3-diphenylnaphtho[2,1-b]furan (4), was ob-
tained in this case (Table 2, entry 5).

Table 3 summarizes the results for the coupling of 1a with
several internal alkynes 2b-f. The methyl-, methoxy-, and
chloro-substituted diphenylacetylenes 2b—d and bis(2-thie-
nyl)acetylene (2e) were used in place of 2a to form the 2,3-
diaryl chromones 3g-j in good yields (Table 3, entries 1-4).
1-Phenylpropyne (2f) reacted with 1a to afford 3-methyl-2-
phenylchromone (3k) in moderate yield, along with a minor
amount of an isomer of 3k (Table 3, entry 5). Diphenylace-
tylene (1a) also reacted with 8-hexadecyne (2g) to give 2,3-
diheptylchromone (31; Table 3, entry 6). In contrast to these
internal alkynes, phenylacetylene underwent oxidative dime-
rization rather than cross-coupling with 1a under similar
conditions to form 1,4-diphenyl-1,3-butadiyne in 72 % yield.

Preliminary fluorescence analysis of the chromones indi-
cated that 3h and 3i show solid-state luminescence (Axcm-
(3h) =439 nm; A,y em(31) =485 nm). In particular, the emis-
sion of compound 3h was of a comparable strength to that
of tris(8-hydroxyquinolino)aluminum (Alq;), which is a
well-known green emitter. In contrast, 3a, 3g, and 3j were
not fluorescent.

A plausible mechanism for the reaction of salicylaldehyde
(1a) with alkynes 2 is illustrated in Scheme 2, in which neu-
tral ligands are omitted for clarity. The coordination of the
phenolic oxygen atom to an Rh™X; species gives a rhodium-
(IIT) phenolate A. Directed C—H rhodation to form a rho-
dacycle intermediate B is then followed by alkyne inser-
tion and reductive elimination to form a chromone 3. The
resulting Rh'X species is oxidized by the copper(Il) salt to

o 0
Rh”'X 1a H RhX
® HX o % HX g
A B

2Cu'X R?
7
R" 2
1
2Cu"X;} o .
Rh'X f \ R’
o—RhX

3

Scheme 2. Plausible mechanism for the reaction of 1a with alkynes 2.
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Table 2. Oxidative coupling of salicylaldehydes 1b—f with 2a.l"!

R* 0O
R " Ph
+ /
R? OH Ph
R’I
1b-f 2

a

{RhCl(cod)},)/CsH,Phy
Cu(OAc)»*H,0O
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ence of a rhodium catalyst, a
cyclopentadiene ligand, and a
copper oxidant to give selec-
tively the corresponding 2,3-dis-
ubstituted chromone derivatives
with cleavage of the aldehyde
C—H bond. Rh-based catalyst

° Ph

R? Ph

3b-f

[S

Entry t [h] Product

Yield [% ]  systems are less common than

OMe 3¢

Cl
o
4lel

4

o}
m%
MeO o Ph
3b
o}
Ph
o} Ph

Pd catalysts for oxidative C—C
coupling reactions. We expect
this and related catalyst systems
to be applicable to other cou-
pling reactions. Studies are
under way toward the further
development of this catalysis.

90 (84)

86 (70)

Experimental Section

93 (78) General

GC analysis was carried out with a sili-
con OV-17 column (i.d. 2.6 mmx
1.5m) or a CBP-1 capillary column
(i.d. 0.5 mmx25m). GC-MS analysis
was carried out with a CBP-1 capillary
column (i.d. 025 mmx25m). The
structures of all products were deter-
mined unambiguously by 'H and
BC NMR spectroscopy with the aid of
NOE, COSY, HMQC, and HMBC ex-
periments.

52 (46)

49 (45)

Diaryl acetylenes 2b—e!"! and 1,2,4-tri-
phenyl-1,3-cyclopentadienel™  were
prepared according to published pro-
cedures. Other starting materials and
reagents were purchased. Copies of
the "C NMR spectra of 3j and 31 are

[e]
Ph
[¢] Ph
3d
o}
Ph
o} Ph
3e
@]
Ph
@] Ph
3f
Ph
N 37 (34)
o}

[a] Reaction conditions: 1 (0.5 mmol), 2a (0.5 mmol), [{RhCl(cod)},] (0.005 mmol), CsH,Ph, (0.02 mmol), Cu-

(OACc),H,O (1 mmol), o-xylene (2.5 mL), 140°C, N, atmosphere. [b] The
The value in parentheses indicates the yield after purification. [c] The react

regenerate  Rh'™X,.["? Although the exact role of the
CsH,Ph, ligand is not clear at the present stage, it may sup-
port the unstable Rh' species during the reoxidation step to
prolong the lifetime of the catalyst. The C—H bond-cleavage
step from A to B may be promoted effectively by the metal-
directing hydroxy oxygen atom. We confirmed that an O-
protected salicylaldehyde, 2-methoxybenzaldehyde, did not
react with 2a at all. In the reaction of 1f with 2a (Table 2,
entry 5), partial decarbonylation occurred to form 4. Al-
though the specific details of the decarbonylation step are
not identifiable at present, steric peri repulsion appears to
promote the side reaction.

Conclusions

In summary, we have demonstrated that salicylaldehydes un-
dergo oxidative coupling with internal alkynes in the pres-

Chem. Asian J. 2008, 3, 881 -886
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provided in the Supporting Informa-
tion.

yield of 3 was determined by GC.

ion was carried out at 150°C. Syntheses

General procedure for the oxidative

coupling of salicylaldehydes with inter-
nal alkynes: The salicylaldehyde 1 (0.5 mmol), the internal alkyne 2
(0.5 mmol), [{RhCl(cod)},] (2.5mg, 0.005mmol), CsH,Ph, (7.4mg,
0.02 mmol), Cu(OAc),yH,O (199 mg, 1mmol), 1-methylnaphthalene
(~50 mg, as an internal standard), and o-xylene (2.5 mL) were placed in
a 20-mL two-necked flask. The resulting mixture was stirred under N, at
140°C (bath temperature) for 2-8 h. GC and GC-MS analysis of the mix-
ture confirmed the formation of 3 (and 4). The product was isolated by
chromatography on silica gel with hexane/ethyl acetate. Solid products
were recrystallized from hexane/ethyl acetate.
3a: 2,3-Diphenylchromone: m.p.: 151-153°C (lit.:!"¥ 152°C); 'H NMR
(400 MHz, CDCl,): 0=7.21-7.45 (m, 11H), 7.54 (d, /=8.0 Hz, 1H), 7.71
(ddd, J=88, 7.3, 1.4Hz, 1H), 830ppm (dd, /=80, 1.4Hz, 1H);
BCNMR (100 MHz, CDCLy): 6=118.0, 123.0, 123.5, 125.1, 126.4, 127.6,
128.1, 1282, 129.6, 130.0, 131.2, 1328, 133.3, 133.7, 156.1, 161.5,
1773 ppm; HRMS (EI): m/z caled for C,H,0,: 298.0994; found:
298.0987.
3b: 7-Methoxy-2,3-diphenylchromone: m.p.: 222-223°C (lit.:'*) 215°C);
"HNMR (400 MHz, CDCl;): 6=3.92 (s, 3H), 6.93 (d, J=2.2 Hz, 1H),
7.00 (dd, /=838, 22Hz, 1H), 7.20-7.39 (m, 10H), 8.19 ppm (d, J=
8.8 Hz, 1H); "CNMR (100 MHz, CDCl;): 6=55.8, 100.0, 114.5, 1174,
122.8, 127.5, 127.8, 128.0, 128.2, 129.5, 129.9, 131.2, 132.9, 1334, 157.8,
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Table 3. Oxidative coupling of 1a with alkynes 2b-g."

@ % {RCI(cod)},}CsHzPh,

Cu(OAc),*H,O
1a 2b-g

T. Satoh, M. Miura et al.

3d: 6-Chloro-2,3-diphenylchromone:
o m.p.: 175-180°C (lit.:'"” 178-179°C);
'HNMR (400 MHz, CDCl,): 6=7.19-
739 (m, 10H), 7.50 (d, J=88Hz,
| 1H), 7.65 (dd, /=88, 2.6 Hz, 1H),
825 (d, J=2.6Hz, 1H); CNMR
(100 MHz, CDCL): 6=119.7, 123.0,
3g-1 124.5, 125.7, 127.8, 128.1, 128.3, 129.5,

Entry 2 t [h] Product

Yield [%]" 130.3, 131.0, 131.1, 132.4, 132.9, 133.9,
o

Me .
| / .,

b
OMe
() i
2 // 2
() :
3h
MeO 2c
Cl
3[c] /! .
cl 2d
\ \
S
4 Vi 4
S
|\ \ 2e
Me
5
2f

C7H15

N :

CiHs ©
3l

154.4, 161.7, 176.2 ppm; HRMS (EI):
m/z caled for C,H;ClO,: 332.0604;
found: 332.0608.

3e: 6-Nitro-2,3-diphenylchromone:
m.p.: 214-216°C; '"HNMR (400 MHz,
CDClLy): 6=7.21-7.42 (m, 10H), 7.69
(d, /=92 Hz, 1H), 854 (dd, /=92,
Me 2.6 Hz, 1H), 9.16 (d, /=3.0 Hz, 1H);
BCNMR (100 MHz, CDCL): o=
119.7, 123.2, 123.5, 123.6, 128.0, 128.2,
128.3, 128.5, 129.6, 130.7, 131.0, 131.7,
132.3, 144.8, 158.9, 162.0, 176.0 ppm;
MS (EI): m/z=343 [M]*; elemental
analysis: caled (%) for C,;H;;NO,: C
73.46, H 3.82, N 4.08; found: C 73.29,
OMe H 3.82, N 4.12.

3f: 23-Diphenyl-5,6-benzochromone:
mp.: 192-194°C  (lit.:"™¥  188°C);
'"H NMR (400 MHz, CDCL;): §=7.27-
7.38 (m, 8H), 7.44-7.47 (m, 2H), 7.59-
7.64 (m, 2H), 7.73 (ddd, J=8.4, 7.0,
1.5Hz, 1H), 7.92 (d, J=7.7 Hz, 1H),
8.12 (d, J=9.2 Hz, 1H), 10.10 ppm (d,
J=84Hz, 1H); "*CNMR (100 MHz,
CDCL): 6=116.7, 117.6, 125.3, 126.5,
127.2, 127.7, 128.1, 128.2, 128.3, 129.3,
129.5, 130.0, 130.7, 130.8, 131.2, 132.9,
133.1, 135.6, 157.3, 159.0, 179.0 ppm;
HRMS (EI): m/z caled for C,sH;40,:
348.1150; found: 348.1135.

4: 23-Diphenylnaphtho[2,1-b]furan!'!
was obtained as an oil: 'HNMR
(400 MHz, CDCl;): 0=7.22-729 (m,
4H), 7.36-7.40 (m, 1H), 7.52-7.56 (m,
8H), 7.73 (dd, /=128, 8.8 Hz, 2H),
790ppm (d, J=80Hz, 1H);
SCNMR (100 MHz, CDCL): 8=
112.2, 119.5, 123.1, 123.6, 124.2, 125.9,

98 (88)

92 (90)

83 (75)

78 (73)

40 (36)1

CHss 126.0, 126.2, 127.8, 128.2, 128.3, 128.4,

27 (23) 128.9, 129.4, 130.5, 130.9, 130.9, 134.7,

CoHys 150.1, 151.4 ppm; HRMS (EI): m/z

caled for C,;H,,O: 320.1201; found:
320.1205.

[a] Reaction conditions: 1a (0.5 mmol), 2 (0.5 mmol), [{RhCl(cod)},] (0.005 mmol), CsH,Ph, (0.02 mmol), Cu-
(OAc),H,O (1 mmol), o-xylene (2.5 mL), 140°C, N, atmosphere. [b] The yield of 3 was determined by GC.
The value in parentheses indicates the yield after purification. [c] The reaction was carried out at 150°C.

3g: 2,3-Bis(4-methylphenyl)chromone:
m.p.: 145-146°C; '"H NMR (400 MHz,

[d] An isomer of 3k was also formed in 15% yield.

161.0, 164.1, 176.7 ppm; HRMS (EI): m/z calcd for C,,H;cO5: 328.1099;
found: 328.1089.

3c:  8-Methoxy-2,3-diphenylchromone: m.p.: 173-178°C; 'H NMR
(400 MHz, CDCL;): 6=4.01 (s, 3H), 7.18-7.36 (m, 10H), 7.42-7.45 (m,
2H), 7.84 ppm (dd, J=8.0, 1.5Hz, 1H); "CNMR (100 MHz, CDCl,):
0=56.4, 114.2, 117.1, 122.8, 124.5, 124.7, 127.6, 128.1, 128.2, 129.7, 130.0,
131.2, 132.9, 133.2, 146.5, 148.9, 161.1, 177.3 ppm; MS (EI): m/z=328
[M]*; elemental analysis: caled (%) for C,H,O;: C 80.47, H 4.91;
found: C 80.35, H 4.89.
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CDCL): 6=2.33 (s, 3H), 2.34 (s, 3H),
7.07-7.12 (m, 6H), 7.31 (d, J=8.1 Hz,
2H), 7.39-7.43 (m, 1H), 7.51 (d, J=
84 Hz, 1H), 7.68 (ddd, /=74, 7.0,
1.5Hz, 1H), 828 ppm (dd, J=8.0,
1.6 Hz, 1H); "*CNMR (100 MHz, CDCL): 6=21.3, 21.4, 117.9, 122.5,
123.5, 124.9, 126.4, 128.8, 129.0, 129.5, 130.0, 130.5, 131.0, 133.5, 137.2,
140.3, 156.0, 161.3, 177.5 ppm; MS (EI): m/z =326 [M]*; elemental analy-
sis: caled (%) for C3H 30,: C 84.64, H 5.56; found: C 84.44, H 5.51.

3h: 23-Bis(4-methoxyphenyl)chromone: m.p.: 158-161°C; 'HNMR
(400 MHz, CDCl;): 6=3.80 (s, 3H), 3.81 (s, 3H), 6.78-6.88 (m, 4H),
7.14-7.17 (m, 2H), 7.37-7.42 (m, 3H), 7.52 (d, J=8.4 Hz, 1H), 7.68 (ddd,
J=84, 7.0, 1.5Hz, 1H), 828 ppm (dd, /=8.0, 1.5Hz, 1H); "CNMR
(100 MHz, CDCL): 0=55.2, 55.3, 113.5, 113.9, 117.8, 121.6, 123.5, 124.8,

Chem. Asian J. 2008, 3, 881 -886
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125.4, 125.6, 1263, 131.2, 132.3, 133.4, 1559, 158.9, 160.8, 161.1,
177.6 ppm; MS (EI): m/z=358 [M]*; elemental analysis: caled (%) for
C,3HO,: C 77.08, H 5.06; found: C 76.87, H 5.02.

3i:  2,3-Bis(4-chlorophenyl)chromone: m.p.: 175-180°C; 'HNMR
(400 MHz, CDCl;): 6=7.14-7.17 (m, 2H), 7.26-7.35 (m, 6H), 7.41-7.47
(m, 1H), 7.53 (d, J=8.4Hz, 1H), 7.70-7.74 (m, 1H), 8.28 ppm (dd, J=
7.5, 1.3 Hz, 1H); "CNMR (100 MHz, CDCl,): 6=117.9, 121.9, 123.3,
125.4, 126.4, 128.6, 128.7, 130.8, 131.0, 131.4, 132.5, 133.9, 134.0, 136.6,
155.9, 160.4, 176.9 ppm; HRMS (EI): m/z caled for C,H;,ClL,0,:
366.0214; found: 366.0210; elemental analysis: caled (%) for
C,H,,CL0,: C 68.68, H 3.29, Cl 19.31; found: C 68.58, H 3.27, Cl 19.47.
3j: 2,3-Bis(2-thienyl)chromone: m.p.: 147-148°C; 'H NMR (400 MHz,
CDClLy): 6=7.02-7.07 (m, 2H), 7.18 (dd, J=5.1, 3.7 Hz, 1H), 7.40-7.57
(m, 5H), 7.68-7.73 (m, 1H), 8.24 ppm (dd, J=8.0, 1.7 Hz, 1 H); *C NMR
(100 MHz, CDCLy): 6=114.2, 117.7, 122.9, 125.2, 126.3, 127.4, 127.7,
128.4, 129.9, 131.6, 131.8, 132.8, 133.9, 134.6, 155.5, 157.1, 177.1 ppm;
HRMS (EI): m/z caled for C;H,,0,S,: 310.0122; found: 310.0117.

3k: 3-Methyl-2-phenylchromone!"! was obtained as an oil: 'HNMR
(400 MHz, CDCL): 6=2.17 (s, 3H), 7.37-7.41 (m, 1H), 745 (d, J=
8.0 Hz, 1H), 7.50-7.54 (m, 3H), 7.62-7.67 (m, 3H), 8.26 ppm (dd, J=8.1,
1.5 Hz, 1H); ®*CNMR (100 MHz, CDCLy): 6=11.7, 117.5, 117.8, 122.5,
124.7, 125.8, 1284, 1289, 130.2, 133.3, 133.4, 156.1, 161.0, 178.8 ppm;
HRMS (EI): m/z caled for C;sH,,0,: 236.0837; found: 236.0817.

31: 2,3-Diheptylchromone was obtained as an oil: 'H NMR (400 MHz,
CDCL,): 6=0.82-0.92 (m, 6H), 1.29-1.58 (m, 18H), 1.71-1.79 (m, 2H),
2.52 (t, J=7.8 Hz, 2H), 2.69 (t, /=7.8 Hz, 2H), 7.31-7.39 (m, 2H), 7.60
(ddd, J=84, 75, 17Hz, 1H), 819ppm (dd, J=7.7, 1.6 Hz, 1H);
BCNMR (100 MHz, CDCLy): =141, 14.1, 22.6, 22.7, 24.7, 27.6, 29.0,
29.2, 29.4 (overlapped), 29.8, 31.7, 31.8 (overlapped), 117.5, 121.4, 122.9,
124.3, 125.9, 132.8, 155.9, 165.6, 177.9 ppm; HRMS (EI): m/z caled for
Cy3H3,0,: 342.2559; found: 342.2555.

Acknowledgements

This research was partly supported by Grants-in-Aid from the Ministry
of Education, Culture, Sports, Science, and Technology, Japan and the Su-
mitomo Foundation.

[1] For reviews concerning the functionalization of C—H bonds, see:
a) F. Kakiuchi, Top Organomet. Chem. 2007, 24, 1; b) L. Acker-
mann, Top Organomet. Chem. 2007, 24, 35; c) T. Satoh, M. Miura,
Top Organomet. Chem. 2007, 24, 61; d) D. Kalyani, M. S. Sanford,
Top Organomet. Chem. 2007, 24, 85; e) D. Alberico, M. E. Scott, M.
Lautens, Chem. Rev. 2007, 107, 174; f) C.-H. Jun, E.-A. Jo, J.-W.
Park, Eur. J. Org. Chem. 2007, 1869; g) T. Satoh, M. Miura, Chem.
Lett. 2007, 36, 200; h) T. Satoh, M. Miura, J. Synth. Org. Chem. Jpn.
2006, 64, 1199; i) B.L. Conley, W. J. Tenn III, K. J. H. Young, S. K.
Ganesh, S. K. Meier, V.R. Ziatdinov, O. Mironov, J. Oxgaard, J.
Gonzales, W. A. Goddard III, R. A. Periana, J. Mol. Catal. A 2006,
251, 8; j) M. Miura, T. Satoh in Handbook of C-H Transformations,
Vol. 1 (Ed.: G. Dyker), Wiley-VCH, Weinheim, 2005, p. 223; k) M.
Miura, T. Satoh, Top Organomet. Chem. 2005, 14, 55; 1) M.S.
Sigman, M. Schults, Org. Biomol. Chem. 2004, 2, 2551; m) F. Kakiu-
chi, N. Chatani, Adv. Synth. Catal. 2003, 345, 1077; n) V. Ritleng, C.
Sirlin, M. Pfeffer, Chem. Rev. 2002, 102, 1731; o) M. Miura, M.
Nomura, Top. Curr. Chem. 2002, 219, 211; p) F. Kakiuchi, S. Murai,
Acc. Chem. Res. 2002, 35, 826; q) C. Jia, T. Kitamura, Y. Fujiwara,
Acc. Chem. Res. 2001, 34, 633; r) F. Kakiuchi, S. Murai, Top. Orga-
nomet. Chem. 1999, 3, 47; s) G. Dyker, Angew. Chem. 1999, 111,
1808; Angew. Chem. Int. Ed. 1999, 38, 1698; t) A. E. Shilov, G. B.
Shul’pin, Chem. Rev. 1997, 97, 2879.

a) M. Miura, T. Tsuda, T. Satoh, S. Pivsa-Art, M. Nomura, J. Org.
Chem. 1998, 63, 5211; b) M. Miura, T. Tsuda, T. Satoh, M. Nomura,
Chem. Lett. 1997, 1103.

2

—

Chem. Asian J. 2008, 3, 881 -886

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

[3] a) K. Ueura, T. Satoh, M. Miura, J. Org. Chem. 2007, 72, 5362; b) K.
Ueura, T. Satoh, M. Miura, Org. Lett. 2007, 9, 1407.

[4] For the Rh-catalyzed oxidative coupling of benzene with ethylene,

see: a) T. Matsumoto, R. A. Periana, D.J. Taube, H. Yoshida, J.

Catal. 2002, 206, 272; b) T. Matsumoto, H. Yoshida, Chem. Lett.

2000, 1064; for the Rh-catalyzed oxidative arylation of 2-aryl pyri-

dines and an imine, see: ¢) T. Vogler, A. Studer, Org. Lett. 2008, 10,

129; for examples of rhodium-catalyzed aerobic oxidation, see:

d) A. K. Fazlur-Rahman, J.-C. Tsai, K. M. Nicholas, J. Chem. Soc.

Chem. Commun. 1992, 1334; e) M. Bressan, A. Morvillo, Inorg.

Chim. Acta 1989, 166, 177; f) H. Mimoun, Angew. Chem. 1982, 94,

750; Angew. Chem. Int. Ed. Engl. 1982, 21, 734; g) H. Mimoun,

M. M. Perez-Machirant, 1. Sérée de Roch, J. Am. Chem. Soc. 1978,

100, 5437.

J. Tsuji, Palladium Reagents and Catalysts, 2nd ed., John Wiley &

Sons, Chichester, 2004.

a) K. Kokubo, K. Matsumasa, M. Miura, M. Nomura, J. Org. Chem.

1997, 62, 4564; b) K. Kokubo, K. Matsumasa, Y. Nishinaka, M.

Miura, M. Nomura, Bull. Chem. Soc. Jpn. 1999, 72, 303; c) K.

Oguma, M. Miura, T. Satoh, M. Nomura, J. Am. Chem. Soc. 2000,

122, 10464; d) T. Sugihara, T. Satoh, M. Miura, M. Nomura, Adv.

Synth. Catal. 2004, 346, 1765; e) K. Ueura, T. Satoh, M. Miura, Org.

Lert. 2005, 7, 2229; f) T. Katagiri, H. Tsurugi, A. Funayama, T.

Satoh, M. Miura, Chem. Lett. 2007, 36, 830; g) T. Uto, M. Shimizu,

K. Ueura, H. Tsurugi, T. Satoh, M. Miura, J. Org. Chem. 2008, 73,

298.

For a Pd-catalyzed arylation, see: a) T. Satoh, T. Itaya, M. Miura, M.

Nomura, Chem. Lett. 1996, 823; for an Ir-catalyzed arylation, see:

b) Y. Nishinaka, T. Satoh, M. Miura, H. Morisaka, M. Nomura, H.

Matsui, C. Yamaguchi, Bull. Chem. Soc. Jpn. 2001, 74, 1727; for Rh-

catalyzed alkylation, see: ¢) M. Imai, M. Tanaka, S. Nagumo, N. Ka-

wahara, H. Suemune, J. Org. Chem. 2007, 72, 2543, and references

therein; d) R. T. Stemmler, C. Bolm, Adv. Synth. Catal. 2007, 349,

1185.

See, for example: a) A. K. Soni, G. L. D. Krupadanam, G. Sriman-

narayana, Synth. Commun. 2007, 37, 795; b) P. Valenti, A. Bisi, A.

Rampa, F. Belluti, S. Gobbi, A. Zampiron, M. Carrara, Bioorg.

Med. Chem. 2000, 8, 239; c) A. Lévai, T. Patonay, Monatsh. Chem.

1995, 126, 219; d) A. Saeed, A.P. Sharma, N. Durani, R. Jain, S.

Durani, R. S. Kapil, J. Med. Chem. 1990, 33, 3210; e) E. S. C. Wu,

J. T. Loch III, B. H. Toder, A. R. Borrelli, D. Gawlak, L. A. Radov,

N. P. Gensmantel, J. Med. Chem. 1992, 35, 3519.

a) M. I. Lvovskaya, A.D. Roshal, A. O. Doroshenko, A.V. Kyry-

chenko, V. P. Khilya, Spectrochim. Acta Part A 2006, 65, 397; b) W.

Sato, T. Nakai, T. Yoneyama, Mitsubishi Chemical Copr., Japan

Japanese Patent JP 2004155665, 2004; c) R. Schipfer, O. S. Wolfbeis,

A. Knierzinger, J. Chem. Soc. Perkin Trans. 2 1981, 1443.

[10] A similar promotional effect of this ligand was observed in the reac-
tion of triaryl methanol compounds with alkynes; see reference [6g].

[11] For the preparation and characterization of a similar rhodacycle,
[Cp*Rh(C(O)C,F,0)(PMes)], see: R.P. Hughes, D.C. Lindner,
L. M. Liable-Sands, A.L. Rheingold, Organometallics 2001, 20,
3519.

[12] The participation of another sequence, in which the Rh'-catalyzed
hydroacylation of the alkyne (see reference [6a,b]) is followed by
oxidative cyclization, cannot be excluded. However, it is known that
dialkyl acetylenes, such as 2g, undergo hydroacylation smoothly
under Rh' catalysis. Under the present oxidative conditions, 2g un-
derwent sluggish coupling with 1a, and no hydroacylation product
was formed in a detectable amount. Thus, the predominant active
species in the present reaction seems to be different from that in the
hydroacylation.

[13] Z. Novék, P. Nemes, A. Kotschy, Org. Lett. 2004, 6, 4917.

[14] S.S. Hirsch, W. J. Bailey, J. Org. Chem. 1978, 43, 4090.

[15] T. C. Chadha, H.S. Mahal, K. Venkataraman, J. Chem. Soc. 1933,
1459.

[16] A. Saeed, A. P. Sharma, N. Durani, R. Jain, S. Durani, R. S. Kapil, J.
Med. Chem. 1990, 33, 3210.

5

—

6

—_

[7

—

8

=

[9

—

www.chemasianj.org 885



http://dx.doi.org/10.1021/cr0509760

http://dx.doi.org/10.1002/ejoc.200600846

http://dx.doi.org/10.1246/cl.2007.200

http://dx.doi.org/10.1246/cl.2007.200

http://dx.doi.org/10.1016/j.molcata.2006.02.035

http://dx.doi.org/10.1016/j.molcata.2006.02.035

http://dx.doi.org/10.1039/b409127m

http://dx.doi.org/10.1002/adsc.200303094

http://dx.doi.org/10.1021/cr0104330

http://dx.doi.org/10.1021/ar960318p

http://dx.doi.org/10.1021/ar000209h

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V

http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V

http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6

http://dx.doi.org/10.1021/cr9411886

http://dx.doi.org/10.1021/jo980584b

http://dx.doi.org/10.1021/jo980584b

http://dx.doi.org/10.1246/cl.1997.1103

http://dx.doi.org/10.1021/jo070735n

http://dx.doi.org/10.1021/ol070406h

http://dx.doi.org/10.1006/jcat.2001.3471

http://dx.doi.org/10.1006/jcat.2001.3471

http://dx.doi.org/10.1246/cl.2000.1064

http://dx.doi.org/10.1246/cl.2000.1064

http://dx.doi.org/10.1021/ol702659a

http://dx.doi.org/10.1021/ol702659a

http://dx.doi.org/10.1039/c39920001334

http://dx.doi.org/10.1039/c39920001334

http://dx.doi.org/10.1016/S0020-1693(00)80808-7

http://dx.doi.org/10.1016/S0020-1693(00)80808-7

http://dx.doi.org/10.1002/anie.198207341

http://dx.doi.org/10.1021/ja00485a031

http://dx.doi.org/10.1021/ja00485a031

http://dx.doi.org/10.1021/jo9709458

http://dx.doi.org/10.1021/jo9709458

http://dx.doi.org/10.1246/bcsj.72.303

http://dx.doi.org/10.1021/ja002601w

http://dx.doi.org/10.1021/ja002601w

http://dx.doi.org/10.1002/adsc.200404145

http://dx.doi.org/10.1002/adsc.200404145

http://dx.doi.org/10.1021/ol050590b

http://dx.doi.org/10.1021/ol050590b

http://dx.doi.org/10.1246/cl.2007.830

http://dx.doi.org/10.1021/jo7022087

http://dx.doi.org/10.1021/jo7022087

http://dx.doi.org/10.1246/cl.1996.823

http://dx.doi.org/10.1246/bcsj.74.1727

http://dx.doi.org/10.1021/jo062501u

http://dx.doi.org/10.1002/adsc.200600583

http://dx.doi.org/10.1002/adsc.200600583

http://dx.doi.org/10.1080/00397910601133581

http://dx.doi.org/10.1016/S0968-0896(99)00282-5

http://dx.doi.org/10.1016/S0968-0896(99)00282-5

http://dx.doi.org/10.1021/jm00174a018

http://dx.doi.org/10.1021/jm00097a009

http://dx.doi.org/10.1039/p29810001443

http://dx.doi.org/10.1021/jo00415a022

http://dx.doi.org/10.1039/jr9330001459

http://dx.doi.org/10.1039/jr9330001459

http://dx.doi.org/10.1021/jm00174a018

http://dx.doi.org/10.1021/jm00174a018



Fu LL PAPE Rs T. Satoh, M. Miura et al.

[17] G. Wittig, F. Bangert, H. E. Richter, Justus Liebigs Ann. Chem.

[19] S. Gobbi, A. Cavalli, A. Rampa, F. Belluti, L. Piazzi, A. Paluszcak,
1925, 446, 155. R. W. Hartmann, M. Recanatini, A. Bisi, J. Med. Chem. 2006, 49,
[18] C. Pan, J. Yu, Y. Zhou, Z. Wang, M.-M. Zhou, Synlett 2006, 1657. 4771.

Received: February 5, 2008
Published online: April 2, 2008

886 www.chemasianj.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 881886



http://dx.doi.org/10.1021/jm060186y

http://dx.doi.org/10.1021/jm060186y




FULL PAPERS

DOI: 10.1002/asia.200700343

Van der Waals and Polar Intermolecular Contact Distances: Quantifying

Supramolecular Synthons

Parthasarathy Ganguly*™ and Gautam R. Desiraju*!

Abstract: Crystal structures are viewed
as being determined by ranges and
constraints on interatomic contact dis-
tances between neighboring molecules.
These distances are considered to arise
from environment-dependent atomic
sizes, that is, larger sizes for isotropic,
van der Waals type contacts and small-
er sizes for more-polar, possibly ionic
contacts. Although the idea of differ-
ent, or anisotropic, radii for atoms is
not new, we developed a method of ob-
taining atomic sizes that is based on a

zene with the Pbca structure may be
described in terms of two types of
C--H interactions: a longer contact
largely of the van der Waals type, and
a shorter, structure-determining type
(C>H*), which we term “n-polar”.
Our approach is illustrated with three
examples: 1) the equivalence in crystal
packing of fluorobenzene, benzonitrile,
pyridine N-oxide, and pyridine/HF 1:1
molecular complex, all of which take
the not-so-common tetragonal P4,2,2
space group and are practically isomor-

phous; 2) the similarity of the Pa3 acet-
ylene and Pbca benzene crystal struc-
tures; and 3) the equivalence between
an increase in pressure and an increase
in the “n-polar” contacts in Pbca ben-
zene; in other words, the equivalence
between hydrostatic pressure and
chemical pressure. In the context of
crystal engineering, we describe a
method whereby the topological infor-
mation conveyed in a supramolecular
synthon is recast in a more quantitative
manner. A particular synthon, and in

theoretical framework. Using different
atomic sizes for the same atom in dif-
ferent environments, we were able to
rationalize some structural observa-
tions and anomalies. For example, ben-

Introduction

The packing of organic molecules in crystals is a subject that
cannot be restricted to a particular domain of condensed-
matter science."?’ The crystal structure of the simple and
symmetrical molecule benzene poses, in itself, a considera-
ble challenge, although it has been many years since it was
determined experimentally.”] The approach initiated by Ki-
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turn the crystal structure to which it
leads, is viable within small ranges of
distances of its constituent atoms, and
these distances are determined by
chemical factors.

taigorodskii treats organic molecules geometrically as
spheres or oblate particles with characteristic radii and
close-packs them in the densest-possible manner.** A
second, more chemical approach uses the concept of supra-
molecular synthons, which are substructural units constitut-
ed by specific structure-directing interactions, and considers
the crystal as a confluence of these synthons.® The geo-
metrical approach relies on energy-landscape scenarios in
discriminating between potential structures, whereas the
synthon approach requires a real-space examination of mo-
lecular features to provide a packing direction.’! These two
views are not necessarily incompatible: an oblate molecule
leads to directional packing, whereas the directionality in-
herent in a synthon requires close-packing in its final crystal
structure.

The crystal structure of benzene can be understood with
either the geometrical-close-packing approach or the chemi-
cal-synthon approach, depending on whether the character-
istic geometrical features of the C—H---;t contacts are taken
as consequences or causes of the packing. Differences be-
tween the two approaches seem to surface when simple sub-

Chem. Asian J. 2008, 3, 868 —880
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stituted benzenes are considered. Dunitz and Schweizer
noted that different patterns of pair energies between mole-
cules can still give the same crystal-structure type.'” They
stated that C—H--F interactions in fluorobenzene and C—
H--H interactions in one of the hypothetical high-pressure
forms of benzene seem to have the same “structure-direct-
ing ability”. The subsequent implication of their study—that
close-packing considerations rather than anisotropic interac-
tions are important—does not, however, override well-docu-
mented observations that clearly relate the crystal structures
of substituted benzenes to the nature of the substituents.
Indeed, many such consistent observations, across a wide va-
riety of compounds and functional groups, constitute state-
of-the-art experimental crystal engineering today.""

At the heart of the problem of crystal-structure prediction
(CSP) is the quantification of weak intermolecular interac-
tions."””! These are not negligible; they seem to have specific
structural and functional roles in systems that range from
the simplest molecules to complex biological systems.™™ The
energy surface itself is flat with many local minima of simi-
lar energy; small errors in the atom potentials may com-
pletely change the energy landscape and give a wrong pre-
diction."¥ The mathematical complexity in arriving at the
global energy-minimized, density-optimized state is a reali-
ty: the process is lengthy and by no means reliable.>7)

An attractive, alternative way of considering this problem
is to use information on interatomic distances.'®! We define
interatomic distances in terms of core atomic sizes, 7.
(which are much less than the corresponding Pauling atomic
sizes“g]). Transferable atomic sizes, CR, which could be ionic
or van der Waals sizes, contribute effectively to interatomic
distances; for each interaction type P, the atomic size CR,

Abstract in Hindi:

UG Fh{edh TREHT BT ferea JTUaT & AL seaRuRAmTas ¥ef & & themal g
witareAl g fefRa 8 8 Sk T & | 3 R arERer gRT IR o= 6
IHRI F Ieqe Feht 7 £ | fafe w9 & A wrgadt, van der Waals TaR & wugif
% forg Arg & o<l a1 Ue amengd orfdie g, dyaa: smafie vt & forg w1
BIEt B & | Tl wrAngett & forg frer g s Prearett a1 faR 7ar 98 8,
& Sl 39 uRo A IR o R & 98 37 IRAI0AS MHRT BT UTH B dhi
Hgrfam e 1R anenia ve Ay 2 | e & g=AT) % forg e areraxor 3 fire sneR
AT 3 TANT A & AT gl st R SR B T8 5 O IRRgH B H
e I8 & | SaTER & foY, Phca benzene IReFT &1 quiq Wad: & YbR &F
C---H FHHUI & SR R T ST FevelT & : U orveit g3f a7 waef &) i @1feres v
J van der Waals TR T & T U $F o 1, IRaAT HafRd 3= arer, ¢
--H® Tuef, RRY & "n—polar” vusf BT & | g9R1 g0 i Sarevol 2
yfeufea &ar 2 ¢ (9) fluorobenzene, benzonitrile, pyridine N—oxide T
pyridine:HF % 9:9 3TUTRI® FdR & ThichH & AP § T, A Tt 7 JHg
tetragonal P4,2 2 space group &R & & 3R 98T ¥ 3 T &,

() Pa3 acetylene T Phca benzene % Th{ee SRSl & THIGT ; (3)
Pbca benzene ¥XaAT # "n—polar" wuef iR 219 H gfg & Ae awwuan | 3
ereal 3 Gavtfe a9 qeT TS I & Hed TR | ThieE iyt & waf
# &9 o Ut ughT 1 aviT 9 @ & Y @ supramolecular synthon RT
TR It wrelt (topological) FaHT Bt GRATONCHE ST F G: @loTl 74T &
| 3% synthon, 3R Fwee FxamT Ry a8 PRI o 2, Hoes et & Jeg
ey A1 6t Rt ga a1l 8, 31k A <R wRfe BRel grT Fafka B €|
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may be expressed as a simple linear function of 7.
[Eq. (D)]:

CRP = CPrcore + DP (1)

in which Cp, and D, are atom-independent universal con-
stants for the given bonding environment. From the formu-
lation of Equation (1), one expects Dy to be the property of
the atom (hydrogen) for which r,,.=0; in this way, any
atomic property has an atom-specific contribution and a
contribution from the fundamental atom, hydrogen. By its
reductionist nature, Equation (1) is quite different from ear-
lier empirical or theoretical approaches to atomic sizes. It
demands, first, that the atomic size, r.,., is fixed for any
given state of rest, even if Cp and Dp change with the nature
of the bonding interaction for the given environment. This
requires, in turn, a special universal condition on the chemi-
cal potential. 2>

We envisage crystallization as a process in which mole-
cules undergo translational, rotational, and conformational
changes as they approach their energy-minimized state of
rest. Molecules that satisfy these local contact-distance con-
straints “stick together” to form a stable cluster with local
(point group) symmetry. These clusters then grow and con-
nect and eventually become viable when there is a space-
group symmetry onto which they can be mapped. The prob-
lem of the crystallization of molecules may then be looked
upon as one that involves finding the set of orientation of
molecules and synthons that gives the intermolecular con-
tacts allowed by Equation (1).

As a consequence of the Sanderson principle of electrone-
gativity equalization,® it is well-known that the chemical
potential is constant for all components of a system at rest.
We may exploit this condition for a universal chemical po-
tential, u,,, for an energy-minimized state of rest of the
molecule in a crystal. It has been further shown from the
density-functional definition of electronegativity that the
chemical potential is required to be zero for an energy-mini-
mized, density-optimized state.”>*! This =0 condition is
distinguished from the u##0 condition, which prevails in
non-equilibrium situations.”?*?%2! Because of the constant
chemical potential within the molecule, the atoms in a mole-
cule at rest are also required to have u=0 as in a free
atom.” It is assumed that Equation (1) scales the atomic
sizes, 7., characteristic of the free atom to the size CRp
such that the 4=0 condition is maintained in the molecule.
The advantage of such a u=0 state for a molecule, which
occurs when attractive and repulsive forces cancel each
other, was used effectively to obtain 1,3-nonbonded distan-
ces in gas-phase MX,, compounds.”?! From Equation (1), it
is clear that the 4 =0 state may be reached in different ways
(effectively, P) represented by different atomic sizes, CRp
We believe that these sizes hold the key to understanding
nonbonded intermolecular distances (packing) in crystals,
because they represent different physicochemical situations
possible for a given interatomic contact.
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The simplifying feature in the =0 condition is that one
needs only the core size of an atom, r.,., that satisfies this
condition.”? It is then especially helpful if these core sizes
are obtained from a classical stationary point (see below). A
molecule is then assembled atom by atom and bond by
bond by using ., as well as atomic sizes CR [Eq. (1)], con-
sistent with the u=0 condition. Complex quantum-chemical
computations, which are necessary to find the balance be-
tween positive (repulsion, kinetic energy) and negative (at-
traction) multipart (internal energy, the entropy term, elec-
trostatic, polarization and van der Waals interactions) con-
tributions to the energy from different charged particles, are
not required. The Gordian knot®” of energy-landscape sce-
narios may be cut without substantial loss of quantitative
rigor.

Results and Discussion

Atomic Sizes, Interatomic Distances, and the Nature of
Intermolecular Interactions

Of crucial importance in the context of identifying synthon
directors in crystals of organic molecules is a method that
allows the distinction between strong and preferably aniso-
tropic, structure-directing distances against weaker contacts
of variable-to-poor directionality. Such information would
be dependent on the way Cp and D; in Equation (1) vary
with changes in the nature of the intermolecular contacts
(e.g., polar or neutral). The important parameter in Equa-
tion (1) is, therefore, CR, and not the core size, r.,.. The
heart of our approach is to differentiate between “neutral”
and “n-polar” intermolecular contacts and to show that syn-
thon directors normally have “n-polar” contacts.

Core atomic sizes, r,z, for first-row elements from a classi-
cal stationary point have been obtained with a new ap-
proach (Appendix 1)."! Such sizes are consistent with a u=
0 condition for chemical potential and satisfies the transfera-
bility condition.*! These sizes are close to the theoretically
calculated Zunger—Cohen valence-s-electron orbital radii,*”)
r, as well as the empirical sizes, r¢.?"! The core sizes rg were
previously used to obtain 1,2- and 1,3-intramolecular distan-
ces.[?22271 The next challenge is to obtain insight into non-
bonded intermolecular distances, in other words, coefficients
Cp and Dy in Equation (1), for such contacts. Supramolec-
ular synthons are qualitatively defined in terms of the con-
nectivity of nonbonded atoms. The present work attempts to
quantify synthons in terms of nonbonded distances, as de-
scribed above. In effect, this amounts to obtaining intermo-
lecular distance descriptors based on simple and chemically
sensible transferable atomic sizes.

In earlier efforts??*! charge-transfer sizes, CR*(M)
and CR™(X), associated with positive and negative charges,
respectively, were used (Appendix 2) to describe the chemi-
cal-bond distance, dyx.!! Accordingly, we used the charge-
transfer sizes of atoms, which are given by Equation (2):
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CRi = geff(clircore + Dli) (23)

Here ¢ (~1.0) is an environment-dependent dielectric
constant, and C* and D* are universal constants for charge-
transfer bonds (Appendix 2). Both CR* and CR™ are sizes
that are required for the (free-atom-like) u=0 state in
which attractive and repulsive contributions cancel. Using
arguments related to the probability of charge transfer with
conservation of spin near the insulator-metal transition, we
propose that C;* =7?*~2.145 and C,”=x**/222.300 when
Feore ="z (Appendix 1, Table 3), as opposed to C,*=2.13
and C,”=2.37 obtained empirically for r.,.=rs (Appen-
dix 2, [Eq. (A102)]).”? The values of D* (=—2ay/3) and D~
(=2ay) are discussed in Appendix 2. We find these empiri-
cal values sufficient for the present. Of particular interest
here are the observed nonbonded intermolecular interatom-
ic C-C, C+X, and XX distances in the (CsYH;)-X com-
pounds (Y=C, X=H, F, CN; Y=N, X=0, HF) derived
from benzene (Y =C) or pyridine (Y=N) and the way in
which these distances may be related to the atomic sizes
CR. For values of r,, for the elements of interest, see Ap-
pendix 1, Table 3.

Van der Waals and ““n-Polar” Radii

Van der Waals (vdW) interactions underpin all intermolecu-
lar contacts in organic crystals. Typically, intermolecular
contact distances are estimated as sums of vdW radii, 7,qw,"")
such as those given by the Bondi values.The drawback in
the above real-space strategy is that empirical distances such
as Bondi radii are fixed and environment-independent: this
does not provide the flexibility needed to account for ob-
served variations in intermolecular distances for a given pair
of nonbonded atoms. What constitutes a vdW contact may
be quite different from that implied by Bondi sizes.

Van der Waals forces originate from London dispersion
forces.’¥ The creation at some instant of an instantaneous
dipole due to excitation increases charge separation (usually
considered to be a small quantity, |0|<1) and causes an at-
tractive interaction between temporarily induced dipoles in
another atom. In such London forces, the charge or electron
density is obtained probabilistically. The instantaneous or
rapidly fluctuating charges involved in induced-dipole—in-
duced-dipole interaction are different from more-static
charges. For the purpose of obtaining intermolecular distan-
ces, one associates the faster fluctuation associated with
vdW forces with a characteristic nonpolar or vdW size, r,qw.

An additional useful perception is the idea of a character-
istic “n-polar” (n=negative) size associated with the more-
static charge.® We identify this “n-polar” size with the size
CR™ [Eq. (2a)] of an atom expressed in terms of r,, (Appen-
dix 1) by Equations (2b) and (2c):

CR™ = 2300, + 2ay (2b)

CR™ =2.300r,; + 105.8 (in pm) (2¢)
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Here 105.8 in pm is 2ay, the Bohr radius of the hydrogen
atom (Appendix 2, Equations (A7)-(A10)). The assumed
values of C;* (=7*°~2.144) and C,” (=a**/2~2.300) are
close to those in Equation (A10b). The actual values of C,*
were obtained from geometrical arguments on the basis of
the probability of spin conservation. These arguments are
not included herein, and the values of C,* are used in an
empirical sense to establish the viability of using “n-polar”
and vdW sizes as an aide for synthon identification.

In general, for the intermolecular interatomic distances
between two atoms X and Y, dxx, it is sufficient to use

[Eq. (3)] (from [Eq. (2¢)]):

dyx = gxx'Ci{ernZ(X) + Kx'rnz(Y)} (3)

The term exx (/1) may be viewed as an effective dielec-
tric constant for the nonbonded intermolecular distances,
which takes into account fine changes in the environment
due to changes in molecular size or electric polarizability.
Importantly, all the sizes described in Equations (2) and (3)
are to be used only in the context of intermolecular non-
bonded distances for a =0 condition.[2*-227:28]

The XX distance in Equation (3) when Kyy=K.g.=1
is given by the sum of the “n-polar” sizes, CR™ [Eq. (2¢)],
associated with a negative charge. When Kyy=K 4w~1.125
(see below), the sizes correspond to the “vdW?” sizes, ryw
When the attractive force associated with the static charge is
stronger than the instantaneous dispersion interactions, one
expects CR™ to be less than 7,4y (Kepopr < Kyaw). The possi-
ble existence of two different values of K in Equation (3)
was found in a study of 1,3-nonbonded distances in X—M—X
linkages of gas-phase MX, compounds (n<4).2?! In that
study, it was observed that there are two sets of 1,3-distances
that could be explained in terms of K=1 and 1.08 (with
Teore=Tg). The value K=1.08 was associated with Bondi or
vdW sizes. Clear evidence of such variations has also been
observed consistently by structural chemists; for example,
there are two well-demarcated populations for Br---N=C and
Cl-“N=C contact distances in crystals that correspond to
longer van der Waals separations, and polar Br**--N°~ and
CI°*---N°~ contacts corresponding to shorter separations.[*!

The value of K,w may be obtained on empirical
grounds.®!! Van der Waals forces determine the binding be-
tween rare-gas atoms in the solid state. Because of this, the
nearest-neighbor interatomic spacing, dxx(RG), in rare-gas
crystals may be assumed to be 2r4w From fits of Equa-
tion (3) to dxx(RG), we find as a first approximation that
K,qw=1.125. Thus, we may write [Eq. (4)]:

Fvaw = KuawCR™(X) & 1.125(2.307 oo (X) + 2ay) 4)

in which K 4w=1.125. We plotted in Figure 1 the calculated
values of CR™ [Eq (2b)] and r.qw [Eq. (4)] versus the empiri-
cal Bondi radii obtained from nearest-neighbor nonbonded
intermolecular distances, which are regarded as a reliable
benchmark for vdW sizes.
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Figure 1. Plot of calculated “n-polar” size CR™ [Eq. (2¢)] (circles), and
van der Waals size rqw [Eq. (4)] (squares), versus the Bondi size.*”
Filled symbols=rare-gas elements, symbols with cross inset =first-row in-
sulator elements (B, C, N, O, F), open symbols=other elements. The di-
agonal line represents CR™ or r,qw=Bondi size. B and Si show large devi-
ations.

One may now examine the alternative interpretations of a
crystal structure in which the intermolecular X--X' distances
are represented either by vdW sizes (Kxx = K,qw) Or by “n-
polar” (Kxx = K.y =1) sizes in [Eq. (3)]. The distinction
between “n-polar” and vdW nonbonded intermolecular con-
tacts is a new tool that we exploit to understand the subtle
differences in the crystal structures of benzene and some
monosubstituted benzenes. We were able to analyze effec-
tively the directionality of the supramolecular synthons and
discriminate between alternative crystal structures for a
given molecule. Some conclusions from Figure 1 are:

1) The distinguishing feature of crystals of first-row insula-
tor elements (C, N, O, F) in organic compounds is that
the intermolecular distances at ambient pressures and
temperatures correspond predominantly to longer vdW
contacts. This justifies the notion that organic compounds
are soft materials.

2) A decrease in volume on applying external pressure
could result in some intermolecular contacts becoming
“n-polar” as CR™ < rqw

3) There could also be changes from vdW contacts to “n-
polar” contacts as a function of internal, namely, chemi-
cal, pressure. The substitution of the H atoms of the ben-
zene molecule by other (necessarily larger) atoms would
cause an expansion of the lattice. This could result in in-
ternal pressure as intermolecular contacts that involve
other H atoms would resist such an expansion. One
would expect this internal pressure to be localized
around the central atom.

4) The only constraint on atomic sizes is that they satisfy
the =0 condition. This may be achieved in different
ways for different contacts in different directions for the
same atom. It is not necessary, in our model, to associate
an atom with the same size (say, either 74w or CR™) for
all intermolecular contacts with it, and this is borne out
by common experience. For example, the occurrence of
longer head-on collinear C—Cl--CI—C linkages (type I) in
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halogenated compounds as opposed to shorter side-on
contacts (type IT)"! is a neat manifestation of these ef-
fects.

5) The above method of distinguishing between “n-polar”
and “neutral” vdW contacts is general and may eventual-
ly be applied to all atoms once a proper core atomic size
is obtained for each atom. This is already under consider-
ation by us. For the present, we considered mainly atoms
of second-row elements as the synthon concept has so
far been mainly applied to the crystal engineering of or-
ganic molecules.

Benzene and Substituted Benzenes

The understanding of the crystal packing of molecular solids
requires an elucidation of criteria that control different in-
teractions and the conditions in which they might prevail in
the final crystal structure. We described the pattern-forming
characteristics of functional groups, or the hierarchy of
supramolecular synthons, in terms of both the so-called
strong and weak interactions.®** An area-filling tiling of a
two-dimensional surface by hexagons is one of the simplest
examples of the tessellation of a plane. Such a tessellated
2D lattice is used as a projection of a 3D packing of spheres
when spheres (in contact) are located at each point of the
lattice.

Benzene does not form a planar 2D honeycomb lattice
whereby the H atoms are arranged in a triangular lattice in
which the orientations of all the benzene rings are identical

H, synthon

Figure 2. Ideal tessellation of a plane with hexagonal benzene tiles. The
black circles are benzene rings. The H; synthon is indicated.

(Figure 2). Such a structure is characterized by the H; syn-
thon (similar to, say, an I; synthon in iodobenzenes®™)),
which is a triangular supramolecular motif. The actual struc-
ture of benzene at ambient and higher pressures is more
complex and is distinct from the structure in Figure 2.4
What are the features that bring about such a change? It is
apparent that stereoelectronic features associated with the
size of atoms are important. An examination of intermolec-
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ular distances in terms of r.4w and CR™ gives a wealth of
quantitative insight not noted before.

On the Structure of Benzene

As stated above, the experimental Pbca structure of ben-
zene (phase I) is different from the symmetrical tessellated
hexagonal structure in Figure 2 with H; synthons. As the
layer structure in itself seems to be unproblematic, the diffi-
culty in its adoption would appear to arise in the stacking of
layers. The intermolecular C--C contacts in Pbca benzene
are much longer than 2r4w(C) =340 pm; the shortest C---C
contact is > 370 pm > 2r,qw(Cyom)- The absence of C--C vdW
contacts is surprising in a supposedly geometry-controlled
structure; in such a structure, the probability of C--C vdW
contacts should be high because the C atom is larger than
the H atom. The propensity for forming C---C contacts is ex-
pressed in the traditional dictum that “like prefers like” for
vdW forces.™ Indeed, such structures, which emphasize
C--C (and not H---H) contacts, are seen in some higher con-
densed aromatic hydrocarbons. Dunitz and Gavezzotti also
found that the best pairwise interactions in benzene occur
when the two neighboring rings are parallel with a center-
of-mass separation of 341 pm.””! Despite this, C-~H interac-
tions are preferred in crystalline Pbca benzene. It would
seem then that space-filling rather than better interactions is
the more important constraint (“nature abhors a vacuum”),
and this concern is valid at the molecular level, now ex-
pressed as Casimir forces (quantum vacuum).™!

As ryaw(C) > rvaw(N) > raw(O) > rvaw(F) > raw(H), the for-
mation of a layered structure with m--m stacking in CzXg
compounds with X=N, O, F, H would necessarily ignore
X-+C and XX contacts. To the extent that these latter con-
tacts are significant, the benzene molecules must reorient
themselves. Furthermore, such reorientation is expected to
be most prominent when the size difference between C and
X is the greatest, namely, when X=H, that is, in benzene
itself. One of the more frequently discussed contact patterns
in benzene is the so-called C—H:-m geometry in which one
H atom is approximately equidistant from the six C atoms
of a neighboring molecule (dotted lines in Figure 3).4l How-
ever, the C—H--C, distance of 305 pm is much larger than
the value expected (290 pm) for a vdW contact (Table 1).
On the other hand, C---H contacts in benzene that are short-
er than the vdW value do exist, with distances of about
285 pm (ryqw(H) 4 ryqw(C) =289 pm; Table 1) and nearly par-
allel to the b axis (Figure 2). Accordingly, two types of C—
H---C contacts are present: a longer one, which may be clas-
sified as a weak vdW interaction, and a shorter one, which
has more “n-polar” character and is structure-determining.

In acetylene, in which the notion of a directed C—H--x in-
teraction might find more favor, the relevant distance is
greater than 309 pm. To reconcile this with the idea of a
structure-directing C—H---wt synthon, one would have to as-
sociate a larger “vdW” size with a C atom that has m elec-
trons or is part of an aromatic ring, r,qw(C,)=180-185 pm.
It could also be that there is considerable thermal motion
(or wobbling; see below) of the atoms so that the intermo-
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Py \) 278 P
Figure 3. a) Structure of benzene (Pbca) at ambient temperature and
pressure. The dotted lines indicate X:X' contacts (mainly 90° C—H--xt
contacts of 307-310 pm) longer than the sum of the vdW radii (r,qw(X)+
raw(X')). The bold lines indicate distances (285 pm) less than r,gw(X)+
raw(X'). b) Hypothetical Pbca structure of benzene at 1.1 GPa in which
the atomic coordinates at 1 atm have been changed but the intramolecu-
lar distances are retained. The bold and dotted lines have the same
meaning as in a). The bold dashed lines indicate H--H contacts of 235-
245 pm (2r,qw(H) =238 pm). Distances are in pm.

Table 1. “N-polar” and van der Waals radii of some elements.

Atom 1y [au] CR™ [pm] Foaw [PM]  Fgong; [pm]™?
nV[“] =0 nV[“] =1
H 0.00 106 90 119 120
C 0.37 151 128 170 170
N 0.32 145 123 163 155
O 0.28 140 119 157 152
F 0.26 137 116 155 147
Cl 0.53 170 144 192 175
Br 0.62 181 154 204 185
1 0.74 196 165 220 198

[a] n, is the number of “extra-bonding” valence electrons that contribute
to a decrease in the size CR by a term Fg=[14 {S(S+1)}"?] 253036381 jp
which §=n,/2. The term Fs accounts for the decrease in bond length with
an increase in bond order (=n,+1). Thus, Fs ~1, 1.18, 1.25, 1.31, 1.38,
1.42 for n,=0, 1, 2, 3, 4, 5, respectively. The term F could also account,
for example, for short intermolecular distances less than 2CR".

lecular distances effectively increase. In the end, one may
ascribe the packing equally well to structure-directing C—
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H--m contacts of 300-305 pm or to the need to optimize
space-filling.

At room temperature and pressure, the Pbca structure of
benzene has a molar volume of 118.5 A’mol™!, but this
volume decreases quickly to 114 and 107.8 A’mol ™" at 0.3
and 1.1 GPa, respectively, while retaining the same space
group.””! We calculated the intermolecular distances in these
hypothetical high-pressure Pbca structures by retaining the
relative molecular orientations of normal-pressure Pbca
benzene and without changing the intramolecular geometry.
The new intermolecular contacts in the hypothetical 1.1-
GPa structure of Pbca benzene are shown in Figure 3. As
expected, the number of molecules in close contact increases
with pressure. The C---H distances of 271-275 pm at 1.1 GPa
are close to {ruw(H)+CR (C)} (270 pm) and {r,,w(C)+
CR™(H)} (=276 pm) (Table 1). The H-H distance (235 pm)
in this high-pressure phase is also just under 2rw(H)=
238 pm (Table 1). The interatomic distances in phase I of
benzene at 1.1 GPa are thus close to a transition to a phase
with “n-polar” C---H or H-H contacts. The structure of ben-
zene between 1.4 and 4.5 GPa is described as a yet-unre-
fined phase II structure.[*”

In the experimental high-pressure phase III (Figure 4),
there are intermolecular C--C distances (indicated by thin
and thick lines) that are 346-350 pm long; these distances

Figure 4. Packing of benzene molecules in the high-pressure P2 /c struc-
ture.****! The shaded and unshaded hexagons correspond to different in-
clined layers. The solid lines indicate “n-polar” H--H contacts, the dotted
lines represent C--H contacts. Distances are in pm. Parts (a) and (b)
show two different perspectives of the unit cell for clarity. In (b) the hori-
zontal molecules lie along [110].
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are just over 2r,w(C)=340pm (Table1). Close-packed
layers are discernible (Figure 4) in the (010) planes of pha-
se III of benzene, and these layers are stacked. What is in-
teresting is that the H--H contact distances (215 pm) are
much less than 2rw(H) (240 pm); rather, these distances
are close to 2CR™(H) (211 pm). This feature is in accord
with the notion (see above) that in such anisotropic systems,
increasing pressure introduces “n-polar” intermolecular con-
tacts. This conclusion is actually not inconsistent with the
observation by Dunitz and Schweizer™” that “the C—H--F—
C interactions in the fluorobenzene crystal have about the
same structure-directing ability and influence on the inter-
molecular energy as a typical C—H--H—C interaction in crys-
talline benzene”, except that we would suggest that these
contacts are anisotropic in both cases. In other words, their
possible innuendo that the C—H:-F—C interaction is not
polar and that it is not the cause of the structure-directing
synthon is not sustained by our analysis. We would rather
assert that the nature of the H-H interaction in benzene
has changed from isotropic to anisotropic in going from the
normal-pressure form to the high-pressure form. Notably,
the high-pressure form they allude to is a hypothetical form,
isomorphous to PhF, obtained by simulation. However, our
comment that the nature of some interactions change from
vdW to “n-polar” upon going from normal to higher pres-
sures is a general one and is borne out by our analysis of an
experimental high-pressure form of benzene (phase III). It
is therefore no surprise to us that some H--H contacts in the
(hypothetical and simulated) high-pressure form of benzene,
which is isomorphous to PhF, are rather short.

Monosubstituted Benzenes and the C—H--F—C Hydrogen
Bond

Thalladi et al. provided arguments for an “ionic” C—H--F—C
structure-directing synthon based on the close similarities
(almost isomorphic) between the crystal structures of fluoro-
benzene (PhF; 231 K), pyridine/HF 1:1 molecular complex
(Py-HF; 223 K), pyridine N-oxide (PyO; 338 K) and benzo-
nitrile (PhCN; 259 K).*"! As the N--H-F, C—H--O, and C—
H--N hydrogen bonds in Py-HF, PyO, and PhCN, respective-
ly, are well-known structure directors, it was argued that the
C—H:-F—C contact in fluorobenzene is also of similar char-
acter. Among these four molecules, we may distinguish be-
tween the single-atom-substituent PhF and PyO and the
two-atom-substituent Py-HF and PhCN.

The packing of PhF and PyO is shown in Figure 5. The
C—F distance (136 pm) in C¢HsF is marginally longer than
the N—O distance (133 pm) in pyridine N-oxide. The short-
est H---F distance in PhF (260 pm) and H--O distance in
PyO (247 pm) involves H atoms adjacent to the substituent.
In PhF, this contact (260 pm) is shorter than the sum of the
vdW radii (270 pm), and it is comparable to {r. w(H)+
CR (F)}=256 pm or, alternatively, {r w(F)+CR (H)}=
259 pm. In PyO, the 247-pm contact is close to the sum of
the “n-polar” radii of H and O {(CR " H)=106, CR™(O)=
140 pm)}. The O1--C6 contact of 327 pm (the so-called or-
thogonal contact) is of the vdW type, being exactly equal to
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Figure 5. Near-neighbor contacts in a) fluorobenzene (P4;2,2) and b) pyr-
idine N-oxide (P4,2,2). Distances are in pm. The substituent position is
at Cl in both cases.

the sum of the vdW radii. This could indicate that it is
O1-H6 that is structure-directing, whereas the O1--C6 con-
tact fulfils a space-filling role.

A feature of the packing in these monosubstituted ben-
zenes is the presence of four distinct rows of molecules
along [001]. In PyO there are inter-row C4--HS5 distances
(Table 2 and Figure 5b) of 284 pm that resemble the short-
est C---H contacts in Pbca benzene. In PhF the shorter inter-
chain C---H contacts of 304 pm (Table 2 and Figure 5a) are
close to the C—H:m distance in Pbca benzene. We suggest
that the “n-polar” H--O distance in PyO results in internal
pressure that favors other short interatomic contacts. Ac-
cordingly, one might assert that the H:--O contact in PyO
(m.p.: 338 K) is more ionic (R,,,qw=0.89) than the H-F
contact in PhF (m.p.: 231 K; R,,,aw=0.95) and is compara-
ble to the short H--H distance in 1.1-GPa Pbca benzene
(Robvaw=0.90). Significantly, all these contacts are best de-
scribed by “n-polar” atomic sizes.

We now consider the structures of the two-atom-substitu-
ent Py-HF and PhCN™ (Figure 6). The shorter intermolecu-
lar contact distances are given in Figure 6 and Table 2.
There are C-H--F-C and C-H-N contacts from C-H
groups adjacent to the substituent, similar to the corre-
sponding features in PhF and PyO, which accounts for the
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Table 2. Comparison of the intermolecular distances (dyx) from a refer-
ence molecule to its near neighbor (n.n.) with the sum of calculated r,qy
for the two atoms.

Atom labell® Tz [a0] dux(0bs)  duw  Ropyaw!™
Ref. n. n. Ref. n.n. [pm] [pm]
PyO
o1 H6 0282 0 247 277 0.89
01 Co6 0.258 0366 327 323 1.01
H4 01 0 0.282 328 277 1.19
C4 H5 0366 0 284 288 0.99
PhF
F1 Hé6 0258 0 260 273 0.95
H4 F1 0 0.258 318 273 1.16
C3 H5 0366 0 304 288 1.05
C4 H5 0366 0 309 288 1.07
PhCN
N1 Hé6 0318 0 276 282 0.98
N1 H5 0318 0 283 282 1.00
C1r H5 0366 0 287 288 1.00
H4 N1 0 0.318 266 282 0.95
C3(C4D) C1(C4) 0366 0366 350 338 1.03
Py-HF
F1 Hé6 0258 0 258 273 0.94
H4 F1 0 0258 233 273 0.85
C3 C6 0366 0366 368 338 1.09

[a] For numbering of atoms, see Figures 5 and 6. [b] Observed distance in
vdW units (R,.qw=ratio of observed distance and calculated vdW dis-
tance). Interatomic distance is “n-polar” when Ry, qw=1/1.125~0.888;
R,aw~0.944 indicates the average of “n-polar” and r,qy distances.

isostructurality of the four compounds. The ortho-F--H2 (or
H6) distance of 258 pm in Py-HF is close to the correspond-
ing F--H2 (or H6) distance of 260 pm in PhF (Table 2). Be-
cause of the presence of an additional atom in the two-
atom-substituent compounds, there is internal pressure that
compresses the longer intermolecular contacts involving H4
atoms (H4---F1; Table 2) along the C1—C4 axis. The intramo-
lecular C1--F distance of 247 pm in Py-HF is shortened (by
125 pm) to 122 pm in PhF. The intermolecular H4--F1 dis-
tance in Py-HF (233 pm) is shortened by 86 pm relative to
PhF. The additional 39-pm shortening (125-86 pm) can, in
principle, be accommodated by a decrease in the tetragonal
lattice a parameter of 39/,/2~28 pm. The actual a unit-cell
parameter is 606 pm for Py-HF and 580 pm for PhCN. Ac-
cordingly, the shortening of the intermolecular H4---F1 dis-
tance in Py-HF relative to PhF can be almost-wholly ex-
plained by the lengthening of the intramolecular C1--F dis-
tance in the former.

Similar considerations apply in PhCN, in which the two-
atom substituent also imposes internal pressure on the
H4--N1 distance. The intramolecular C1-~-N distance of
253 pm in PhCN is 131 pm longer than the C1-F distance in
PhF. The longer a unit-cell parameter of PhCN (636 pm) rel-
ative to that in PhF (580 pm) should account for 79 pm
{(+/2)(636-580)} of this lengthening. Accordingly, the
H4--N1 distance in PhCN should be 52 pm shorter (131-
79 pm) than the corresponding distance in PhF (318 pm;
Table 2). The observed H4—N1 distance of 266 pm is in ex-
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Figure 6. Important near-neighbor distances (pm) in a) pyridine/HF 1:1
molecular complex and b) benzonitrile.

cellent agreement with this estimate. This value is considera-
bly shorter than the vdW distance and must be considered
to have more “n-polar” character than the ortho-H:N1 con-
tact. Thus, in comparison to the single-atom substituent, the
two-atom substituent introduces internal pressure.

A difference between PhCN and Py-HF is that the inter-
vening sp-hybridized C atom (C1’) in the nitrile linkage of
PhC=N has a larger rqw value than the terminal N atom,
whereas the intervening H atom in the C1-HF linkage of
Py-HF is smaller than the terminal F atom. As a result, the
CN group is involved in extra contacts. The most prominent
of these are the vdW contacts of the CN group in PhCN
with near neighbors (e.g., N1---H5 or C1'---HS5; Table 2 and
Figure 6b). Among the four compounds considered here,
the shortest intermolecular C--C contact of 350 pm (still
longer than 2r,qw(C) =340 pm) is found in PhCN. Even so,
PhCN has an ortho-H--N=C distance (276 pm) that is short-
er than expected for a vdW contact. Therefore the ortho-
N1-+H2 (or H6) contacts may be considered as synthon di-
rectors. Interestingly, the “n-polar” ortho-H--F contacts in
PhF and the ortho-H:--N contacts in PhCN, which are syn-
thon directors in these compounds, also seem to play the
same role in 1-fluoro-4-cyanobenzene (Figure 7), which has
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Figure 7. Crystal packing in 1-fluoro-4-cyanobenzene, showing ortho-
H---F and ortho-H--N contacts with distances in pm.

activated H atoms, although its crystal structure is differ-
ent.*

Distance analysis therefore helps in associating contacts
shorter than the sum of the vdW radii with the synthon di-
rectors proposed by Thalladi et al. for monosubstituted ben-
zenes. All the elements in the four molecules considered
(PhF, PyO, Py-HF, and PhCN) are either hydrogen or insula-
tor first-row elements. The introduction of “ionic” character
as in PyO or Py-HF decreases contact distances to “n-polar”
and results in a concomitant contraction of cell volume.
Equivalently, the number of shorter “n-polar” contacts is ex-
pected to increase as external pressure is applied. For aniso-
tropic molecules such as these, a decrease in volume may be
accompanied by a preferred contraction in just one direc-
tion, and this would increase the anisotropy in the crystal. In
effect, the number of equivalent orientations is expected to
decrease.

Equivalence of Benzene and Acetylene

A further interesting analogy is provided by the equivalence
of Pbca benzene and Pa3 acetylene. The packing in these
structures are dominated by C--H contacts because the C
atom is much larger than the H atom. One may examine, in
this context, the effect of pressure on the number of differ-
ent orientations in a unit cell for rodlike molecules.
O’Keeffe and Andersson showed that the densest packing
of rods is hexagonal close-packing,™! a recent example
being Gd,TeO.." Long linear hydrocarbon chains align
themselves close to such hexagonal close-packing. Linear
molecules such as N, and CO, (but not Cl,), which do not
have a dipole moment, are less densely packed, being at the
nodes of a face-centered cubic lattice. Solid Cl, has a lay-
ered structure characteristic of anisotropy. In acetylene, the
intermolecular contacts (7~140 K) are long with all H--C
distances greater than 309 pm (rygw(H) +7yqw(C) =290 pm),
all C---C distances greater than 385 pm (2r,4w(C) =340 pm),
and all H-+H distances greater than 325 pm (2rw(H)=
240 pm) (Table 1). The acetylene molecules are therefore
rather loosely packed, and any structure-directing synthon
seemingly requires the C—H--m interaction with the C--H
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distance close to that in benzene. One may recognize four
symmetry-equivalent directions along [111].5**? Nagai and
Nakamura associated such an arrangement with the lowest
quadrupole energy.” At lower temperatures, the crystal
structure of acetylene becomes orthorhombic.F! As low
temperatures are equivalent to high pressures, this transition
is similar to the phase I—phase III transition in benzene at
high pressures.[*”

The orientation vectors in crystals of acetylene and ben-
zene are equivalent. This is seen when the unit-cell dimen-
sions of benzene and acetylene are normalized. By this we
mean that we change the dimensions of the crystals of ben-
zene to cubic (Pbca benzene is quasi-face-centered-cubic),
thus keeping the unit-cell volume the same, and that we
next contract the cell to that of acetylene. The atomic posi-
tional coordinates of benzene are concomitantly revised.
Figure 8 is the projected view down the [111] direction of

Figure 8. Superposition of the [111] orientations of Pbca benzene (“pseu-
docubic”) and cubic acetylene, showing the near coincidence of the nor-
mals of the benzene-ring planes with the axes of the acetylene rods.

the superimposed unit cells of the two compounds (experi-
mental cell for acetylene, contracted “cubic” cell for ben-
zene). It can be immediately seen that the axes of the acety-
lene molecules are nearly perpendicular to the planes of the
benzene rings. Examination of Figure 8 shows that the C---H
interactions in benzene are replaced by H--C interactions in
acetylene at somewhat similar locations. Pbca benzene and
Pa3 acetylene are therefore equivalent, but the latter is a
“looser” structure. This similarity, like that between PhF,
PyO, PhCN, and Py-HF, illustrates that crystal structures are
found in domains that may be populated by molecules that
can have intermolecular contact distances within certain
ranges.’” The C--H contacts in acetylene are of the vdW
type, whereas some of the C---H contacts in Pbca benzene
tend to have ionic character; however, this does not prevent
both molecules from adopting what is essentially the same
structure. A recent study on the crystal structure of the 1:1
benzene/acetylene molecular complex is pertinent in that
it illustrates this “looseness” of the acetylene molecule rela-
tive to benzene. In this 1:1 solid, the acetylene molecules
are literally inserted in the benzene lattice and undergo a
“wobbling” motion so that the molecular axis of acetylene is
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perpendicular to the benzene planes in a time-averaged
sense.

Conclusions

Similarities in supramolecular synthons may be quantified
with a new (even if currently phenomenological) method of
obtaining intermolecular distances based on atomic sizes. It
was found that intermolecular interactions in solids range
from van der Waals to a shorter, more polar variety. The in-
termolecular distances are derived from different atomic
sizes, CR [Eq.(1)]. The smaller distances are associated
with smaller “n-polar” atomic sizes, whereas the longer are
associated with van der Waals sizes. Our scheme for atomic
sizes is thus able to accommodate chemical distinctions be-
tween interactions. Van der Waals interactions are associat-
ed with geometry-based close-packed structures, whereas
the shorter “ionic” interactions are characteristic synthon
descriptors and may be termed “structure-determining”. We
conclude by stating that equivalences between crystal struc-
tures of different molecules, as revealed through these dis-
tance descriptors, are strongly suggestive of chemical simi-
larities between the participating interactions.

At the heart of the issue for a molecular crystal—as op-
posed to, say, an inorganic crystal, which may be viewed as
an assembly of spherical objects of different sizes—is the
notion of anisotropy or synthon directionality, which follows
from the arbitrary shape of the typical organic molecule.
This directionality introduces an element of polarity in the
intermolecular contacts, the so-called “n-polar” contacts. Al-
ternatively, external (hydrostatic) or internal (chemical)
pressure increases “n-polar” contacts in crystals, which ac-
counts for the similarity, say, between PhF and the computed
high-pressure structure of benzene. Such correlations be-
tween “polar” contacts and anisotropic molecular shape are
expressed naturally and effectively in terms of synthon di-
rectionality. This methodology was illustrated by the follow-
ing examples: 1) comparison between PhF and the group of
compounds constituted by PhCN, PyO, and Py-HF, all of
which have very similar crystal structures in the tetragonal
P4,2,2 space group; 2) comparison between Pa3 acetylene
and Pbca benzene; 3) comparison between experimental
ambient-pressure Pbca benzene and hypothetical high-pres-
sure Pbca crystals.

We emphasize that the values of Cp and Dy which con-
tribute to atomic sizes in Equation (1) and add to give in-
teratomic distances, change with the nature of the interac-
tion. In this study, we have only addressed intermolecular
contact distances of the “n-polar” and “neutral” type. This
general classification is also applicable to other compounds,
including inorganic ones. There are, however, other
common interactions such as bonding (charge-transfer or
neutral) interactions, hydrogen bonds, nonbonded interac-
tions, multiple bonds, and 1,3-nonbonded interactions, all of
which require (different but fixed) changes in Cp as ob-
served empirically.*-?2272)
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Appendix 1
Atomic Sizes

Our model for atomic sizes delineates core regions from va-
lence regions differently.'”” The arguments given below
for the size r,, are valid for main-group elements, including
rare-gas elements but excluding Li, Na, Ca, Sr, and Ba. The
model is based on the notion that atomic sizes, 7, are im-
portant only in the context of external interactions; hence,
models for such sizes must incorporate such interactions.
The novelty in the method is to assume that such interac-
tions are described by emission and absorption of a virtual
photon” or by a virtual electron-hole pair, e h*. This ex-
ternal interaction is represented by adding an electron-hole
pair to the atom [Eq. (A1)]:

Z(n) + (e h") = (Z)h"—e = [na + Zray-nlh'e’)  (Al)

Z is the atomic number for an atom in the nth row of the
periodic table (y=n—1, in which #n is the principal quantum
number of the outermost valence electron). n,, is the
number of electrons in the “valence shell”, and Zgg,_1) is
the atomic number of the rare-gas element in the (y—1)th
row. The actual strength of the interaction represented by
e —h* (positronium atom) is not critical in our model for
the atomic size. We only require the additional interaction
of h* (“virtual positron”) with the “valence-shell” electrons
and the “inner-shell” electrons with the rare-gas configura-
tion.

Valence Size

The n,, electrons of the “valence shell” is treated together
as a negative charge (n,,)” that interacts with A% with mass
M., > my,~m,, in which m, and m, are the mass of A% and
free electron, respectively. The additional interaction energy,
E.,", of the light external hole A" with (n,,)” is given in an
(“inverted”; heavy negative charge and light hole) Bohr-like
model by Equation (A2):

E‘ValJr = (”/r)z/zmoinvalez/r (AZ)

It is sufficient to visualize Equation (A2) as a one-dimen-
sional equation (see Equation 3.12 of reference [59] and dis-
cussions thereon). The 1D first “Bohr size”, r,,, is obtained
by Equation (A3):

Ty = aH/nval = 1/nval (ln a'u') (A3)

in terms of the first Bohr size, ay, for principal quantum
number n, =1 of the hole. The size r,, is thus obtained for
a classical stationary state, consistent with the transferability
condition 4=0 for the chemical potential. Effectively, all
atoms are treated as pseudo-hydrogen atoms in a manner
reminiscent of the pseudopotential method.!”!
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Inner Size, rrgg-1

We make the simple statement that for a 1D number densi-
ty, Nip, of inner-shell electrons interacting with the external
hole, A™, in the direction of interaction, dN,p/N,p, is the rate
of growth in 1D size per particle of the “inner shell” due to
such interactions. The total change, ANp, is given by Equa-
tion (A4):

NH)
ANpp = ﬁ (dN]D/NlD) =In(Npp) = ln(Zinner)1/3 (Ad)

in which Z; . is the appropriate number of “inner-shell”
electrons in the given direction.

The logarithmic dependence is reminiscent of the Beer—
Lambert relationship between absorption coefficient and
number of particles (photons) absorbed. The AN, inner-
shell electrons occupy in pairs a “Bohr” size, ag,,, such that
the size per electron 7y, = &agay, in Which & could arise as a
statistical factor. Thus, we may expect for Z...=Zrg(-1)

[Eq. (AS)]:

'RG(y-1) = Eapon AN p = gﬂBohrln{(ZRG(;H))m} (AS)

Total Core Size, 1,y

From Equations (4) and (6), we obtain, to a first approxima-
tion [Eq. (A6)]:

Toz = 1/ny + &an/2)In(Zrgy1)'°)] (A6)

Equation (A6) for r,, has no adjustable parameter (when
£=1), does not depend on the nature (s or p) of the valence
electron, is consistent with the spherical symmetry of an iso-
lated atom, and is simply related to its row number, 7, and
its atomic number, Z (=ny,+ Zrg-1))-

The calculated values of r,, from Equation (A6) are
shown for the first-row main-group elements (except Li),
the halogens, and the rare-gas elements and are compared
in Table 3 with the values of r; and the Zunger—Cohen va-

Table 3. Atomic radii for various elements.

Atom (77) Nyl Zr6(-1y Atomic radii [a.u.]

Tuz T rG
H 0 0
Be (2) 2 2 0.616 0.64 0.59
B (2) 3 2 0.449 0.48 0.41
C(2) 4 2 0.366 0.39 0.32
N (2) 5 2 0.316 0.33 0.26
O () 6 2 0.282 0.28 0.22
F(2) 7 2 0.258 0.25 0.18
Cl (3) 7 10 0.527 0.5 0.52
Br (4) 7 18 0.625 0.58 0.62
1(5) 7 36 0.74 0.76 0.78
Ne (2) 8 2 0241 0.22
Ar (3) 8 10 0.509 0.46
Kr (4) 8 18 0.607 0.56
Xe (5) 8 36 0.722 0.75
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lence-s-electron orbital radii, 7, (from reference [27]). The
values of r,, are given to three decimal places as no adjusta-
ble parameters are involved in Equation (A6).

Appendix 2
Interatomic Distances

The M—X bond distance, dyx, for charge-transfer interac-
tions is empirically given by Equations (A7)—(A9):!

dyx = CR*(M) + CR™(X) (A7)
dMX = C+rcore (M) + c Tcore (X) + D+(M) + D~ (X) (A8)
dyx = 2.24rg(M) + 2.49r5(X) + 74 (in pm) (A9)

Equation (A9) is interesting as interatomic distances at
NTP may be written®?? simply in terms of a core atomic
size and the bond length of the H, molecule (dy_y~74.2 pm
at NTP) when the charge-transfer description is applica-
ble.”! It has been shown that the bond length of the H, mol-
ecule may be expressed in terms of the Bohr radius, ay, of
the hydrogen atom with dy_y=¢x4ay/3, in which e
(~1.05) is the effective dielectric constant.”? We may now
rewrite Equation (A9) as Equations (Al0a)and (A10b):

dyx = e[CiTr6M) + C,7rg(X) + D" + D7) (Al0a)

dyx ~ 1.05[2.13r6 (M) + 2.37r6(X) + 4ay /3] (A10b)

in which C;* and D;* are the values of C* and D* when
ge=1. It has been found that D* =—2a,/3 and D™ =2ay, so
that dyy_y(e.;=1) =4ay/3. We may thus write (assuming rg~
rz; Appendix 1) Equation (A10a) as Equation (A11):

dyx = €ct[Cr T raz(M) + Cy 1z (X) + 4ay /3] (A11)
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Hexagonal-Shaped Tin Glycolate Particles: A Preliminary Study of Their
Suitability as Li-Ion Insertion Electrodes

See-How Ng,** Sau-Yen Chew,"”! Dayse L. dos Santos,™ Jun Chen,'*! Jia-Zhao Wang,"
Shi-Xue Dou,” and Hua-Kun Liu'*

Abstract: Tin glycolate particles were
prepared by a simple, one-step, polyol-
mediated synthesis in air in which tin
oxalate precursor was added to ethyl-
ene glycol and heated at reflux. Hexag-
onal-shaped, micron-sized tin glycolate
particles were formed when the solu-
tion had cooled. A series of tin oxides

cles (80-120 nm), encapsulated within
a tin glycolate shell. XRD, TGA, and
FT-IR measurements were conducted
to account for the three-dimensional
growth of the tin glycolate particles.
When applied as an anode material for
Li-ion batteries, the synthesized tin gly-
colate particles showed good electro-

chemical reactivity in Li-ion insertion/
deinsertion, retaining a specific capaci-
ty of 416 mAhg' beyond 50 cycles.
This performance was significantly
better than those of all the other tin
oxides nanoparticles (<160 mAhg™)
obtained after heat treatment in air.
We strongly believe that the buffering

was produced by calcination of the syn-
thesized tin glycolate at 600-800°C. It
was revealed that the micron-sized,
hexagonal-shaped tin glycolate now
consisted of nanosized tin-based parti-

lithium -
late

Introduction

Technological improvements in rechargeable solid-state lith-
ium ion batteries are being driven by an ever-increasing
demand for portable electronic devices and the enormous
interest in the hybrid-electric-vehicle market."! The search
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of the volume expansion by the glyco-
late upon Li-Sn alloying is the main
factor for the improved cycling of the
electrode.

for materials that provide higher storage capacity, longer op-
erating times, and faster recharging times, as well as safety,
environmental compatibility, and low production costs for a
large variety of applications is a challenging task today. This
has become a continuous driving force behind the search for
alternative anode materials to both lithium and lithiated
graphite that have capacities much higher than that of lithi-
ated graphite (372 mAhg™!),® but also acceptable safety
features (i.e., much better than metallic lithium).

Lithium alloys, which can be reversibly formed and de-
composed electrochemically in non-aqueous electrolyte sol-
utions, are natural alternative candidates to Li anodes in re-
chargeable Li batteries. Indeed, there are many reports on
binary and ternary Li alloys that have been tested as Li bat-
tery anodes.*! Of special importance in this respect are the
Li-Sn compounds, because lithium can be inserted into tin
to form alloys of high Li content up to Li;;Sn,, correspond-
ing to a theoretical capacity of 790 mAhg [ It appears
that the insertion of lithium in many alloys, including Li-Sn
compounds, is accompanied by pronounced volume changes
(>300%). This leads to an intrinsic instability of the lithiat-
ed alloys in solutions: cracking, loss of passivation, intensive
reduction of solution species by surface of the lithiated
alloy, and electrical disconnection of active mass owing to
the formation of surface films.” In recent years, it has been
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suggested that tin oxides (SnO, SnO,) could be used as pre-
cursors for Li-Sn alloys. The lithiated tin alloys are formed
while embedded in a Li,O matrix.* 'l Although the use of
tin oxides as precursors clearly adds a considerable irreversi-
ble capacity, required for the formation of Li,O, the forma-
tion of Li-SnO matrices seems to stabilize the repeated for-
mation of the lithiated alloys.'"') It was also found that as
the active mass of these systems is comprised of smaller par-
ticles, they perform better as anode materials for rechargea-
ble batteries in terms of stability during discharge—charge
(lithiation—delithiation) cycling."®} Large absolute volume
changes can be avoided when the metallic host particles are
kept small. In this case, even a large volume expansion of
the particles does not lead to their cracking, as the absolute
changes in their dimensions are small enough.

The morphological control of thermodynamically stable
SnO, has been widely studied, and many forms of SnO,,
such as tubes,™ rods,™! spheres,'® and plates,'” have been
prepared by chemical vapour deposition*!*¥ as well as by
sol-gel,"! hydrothermal,”?! and non-aqueous methods.”*!
Previously, our group demonstrated the possibility of fabri-
cating SnO, nanoparticles by spray pyrolysis®! and also
SnO, nanowires by a self-catalyzed ball-milling process.*!
Recently, we also successfully synthesized ultrafine (<5 nm)
SnO, nanoparticles by a polyol-mediated synthesis.”! Al-
though the ultrafine SnO, nanoparticles exhibited good cy-
clability, retaining 400 mAhg™" after 100 cycles, the extreme-
ly high first cycle irreversible capacity loss of 72% would
hamper the practical use of this material. The high irreversi-
ble capacity loss was mainly due to the high specific surface
area of the nanoparticles, which resulted in an increase in
surface-decomposition products with the electrolyte. There-
fore, nanosized tin oxide particles will have to be protected
from direct contact with the electrolyte, which was the main
motivation for our study described herein.

Ethylene glycol has been widely used in the so-called
polyol synthesis of metal (both pure and alloyed) nanoparti-
cles owing to its strong reducing power and relatively high
boiling point (~197°C).””! Owing to the high temperatures
that can be applied (>150°C), highly crystalline oxides are
often obtained. Moreover, the synthesis is easy to perform
and can be scaled up accordingly. Recently, Xia and co-
workers successfully synthesized SnO, nanowires by means
of a polyol-mediated synthesis, followed by calcination in
air, from tin oxalate precursor and poly(vinylpyrrolidinone)
(PVP) as the growth-directing agent.’®*! Meanwhile, Ozin
and co-workers also suggested the use of tin alkoxide pre-
cursors for the synthesis of self-assembled, micro-structured
tin oxide materials."™"!

Herein, we report for the first time the mass synthesis of
hexagonal-shaped and micro-sized tin glycolate particles
through a one-step, polyol-mediated process in air from a
tin oxalate precursor. The synthesized tin glycolate particles
were also further calcined in air for 2 h at 600-800 °C to pro-
duce a series of tin oxides for comparison purposes. All
these materials were characterized electrochemically as
anode materials for Li-ion batteries. To the best of our
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knowledge, there is no report so far of the mass synthesis of
any hexagonal-shaped organo-tin structure based on the
polyol method or of its Li-ion storage capability.

Results and Discussion
The phase and purity of the powder samples were deter-

mined by X-ray diffraction (XRD), and the diffraction pat-
terns are shown in Figure 1. Figure 1 reveals products com-

e)

0(202)
o(321)

20/ degrees ——

Figure 1. XRD patterns of the obtained samples: a) synthesized tin glyco-
late, b) tin glycolate after undergoing calcination at 600°C for 2 h in air,
c) tin glycolate after undergoing calcination at 700°C for 2 h in air, d) tin
glycolate after undergoing calcination at 800°C for 2 h in air, and e) the
standard JCPDS for SnO2 (No. 41-1445). * =orthorhombic SnO,, #=gly-
colate compounds.

prising tin glycolate crystallites (Figure 1a) and nanocrystal-
line SnO, (Figure 1b-d). For the synthesized tin glycolate
particles, the emergence of diffraction peaks at low angles
(<20°) were characteristic of the glycolate compounds.®="!
These peaks were attributed to the packing of building
blocks associated with the glycolate polymer structure.
Meanwhile, all the other patterns for the calcined samples
could be readily indexed to the tetragonal phase of SnO,
(JCPDS Card No. 41-1445), with lattice constants of a=
4738 A and ¢=3.187 A, which were found to match well
with the standard XRD pattern (Figure 1e). However, tin
glycolate powders that were calcined in air for 2 h at 600°C
(Figure 1b) and 700°C (Figure 1c) also show peaks corre-
sponding to the orthorhombic phase of SnO, (JCPDS Card
No. 29-1484). As the calcination temperature increases
(from Figure 1b to d), the intensity of the tetragonal SnO,
phase increases significantly, whereas the intensity of the or-
thorhombic SnO, phase decreases. Tin glycolate powders
calcined in air for 2 h at 800°C (Figure 1d) revealed only
peaks corresponding to the tetragonal SnO, phase, with no
impurities detected. The well-known Debye—Scherrer for-
mula was used to estimate the approximate average crystal
size for the tin oxides using crystalline silicon as the refer-
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ence material. On the basis of the diffraction peak (110),
the estimated average crystal size increased from 28 to
120 nm when the temperature increased from 600 to 800°C.

The compositional and structural changes associated with
the calcination process were also monitored by thermogravi-
metric analysis (TGA) and Fourier transform infrared (FT-
IR) spectroscopy methods. Figure 2a shows the TGA curve

a) 1054

100 4

Mass Retained
1% (wi/w) 90

<ur ok

854

80

T L] L) ) T L} T 1
0 100 200 300 400 500 600 700 800

T/°C ——

)

b) . 0
Tin Glycolate (800 "C)

Synthesized Tin Glycolate 800 700 60 g
o0
o I I
. I B o
Transmittance -~ g o
$nC,0, e}

i

o o 092
¢ 8 g8
2 2 (o]

T L Ll T T T L T
3600 3200 2800 2400 2000 1600 1200 800

Wavenumber / cm™

Figure 2. a) TGA curves of the synthesized tin glycolate ([]) and the tin
glycolate after calcination at 800°C for 2 h in air (solid line), and b) FT-
IR spectra for the tin oxalate precursor powder, the synthesized tin gly-
colate, and the tin glycolate after undergoing calcination at 800°C for 2 h
in air. For the sample calcined at 800°C, a magnified view (inset) of the
region corresponding to the Sn—O stretching band is also given.

recorded under a flow of oxygen gas, indicating a two-step
pattern for weight loss in the temperature ranges of 25 to
100°C and 250 to 320°C, respectively. The first weight loss
could be attributed to the desorption of physically adsorbed
water and ethylene glycol molecules, and the second could
be ascribed to the removal of ethylene glycol units chemical-
ly bonded to the tin element in the glycolate crystals.”*="
Typically, we observed a weight loss of ~3.0% for the first
step and ~13.0% for the second step. Furthermore, the
mass increased at temperatures above 500°C and reached a
steady mass at temperatures above 700°C. This was due to
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the complete oxidation of residual SnO, (for example SnO
and Sn;0,) to SnO,. This is a very common feature for Sn-
based oxide materials.”*="! Finally, the calcined sample did
not show any weight loss for the temperature range up to
800°C. This confirms that the calcined sample consists of
only SnO, crystallites.

Figure 2b shows FT-IR spectra recorded from the tin oxa-
late precursor powder, the synthesized tin glycolate parti-
cles, and also from the calcined sample at 800°C. After the
polyol-mediated process, the O—C=0O vibrational bands
from the oxalate group at ~785 cm™' disappeared, whereas
bands for the CH, and C—OH groups from the ethylene
glycol unit at ~2900 cm™" and ~1050 cm™', respectively, were
present. The peaks corresponding to physically absorbed
water or ethylene glycol units (the O—H stretching mode at
~3310cm™' and the C—OH bending mode at ~1050 cm™")
disappeared after calcination at 800°C in air for 2 h. At this
temperature, only the Sn—O stretching band still remained
at ~610 cm™!, indicating the formation of nanocrystalline
Sn0,.*"3 These observations were consistent with previous
studies in which conventional alkoxides were used as sol-gel
precursors to prepare various phases of tin oxides.””

Scanning electron microscopy (SEM) images of the syn-
thesized tin glycolate particles and the corresponding cal-
cined products, tin oxide particles, are shown in Figure 3. As
can be seen from Figure 3a, the synthesized tin glycolate

38kU X1,000

aku  X35000° “OSpm @80

Figure 3. SEM images of the obtained samples: a) synthesized tin glyco-
late, b) tin glycolate after undergoing calcination at 600°C for 2 h in air,
c) tin glycolate after undergoing calcination at 700°C for 2 h in air, d) tin
glycolate after undergoing calcination at 800°C for 2 h in air, e) corre-
sponding higher magnification image of c) revealing encapsulation of tin
oxide nanoparticles inside the hexagonal-shaped tin glycolate shell, and
f) corresponding higher magnification image of e) confirming the nano-
size nature of the tin oxide particles.
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particles have hexagonal-shaped microstructures, with parti-
cle sizes up to 50 pm. However, after the synthesized tin gly-
colate powders were calcined in air for 2 h at 600-800°C
(Figure 3b-d), the hexagonal-shaped microstructures were
destroyed, revealing nanosized particles encapsulated within
hexagonal-shaped glycolate shells (Figure 3e). The extent of
the destruction of the encapsulation becomes worse when
the calcination temperature increases from 600 to 800°C.
The average particle sizes observed in Figure 3f were be-
tween 80-120 nm, which matches well with the prediction
from XRD measurements earlier (see Figure 1).

The closely packed nature of the nanoparticles supports
the formation of a two-dimensional aggregation of the nano-
particles into hexagonal-shaped tin glycolate microstruc-
tures, as illustrated in Figure 4. At the initial stage of reflux-
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e 0% o o
09 o® Oy
LI 00

‘..‘.O @

—

Figure 4. A plausible organizing scheme for the self-construction of com-
plex geometrical structures (e.g., polyhedra) by oriented attachment of
nanostructures.

ing, the oxalate groups from SnC,0O, were replaced with eth-
ylene glycol units, which is also supported by FT-IR meas-
urements (Figure 2b) with the appearance of bands for CH,
and C—OH and the disappearance of the O—C=0O vibration-
al bands.”'** Further refluxing results in further reactions
of tin glycolate and eventually relatively large polymer-like
particles are formed, which are then self-assembled into
hexagonal-shaped microstructures through a two-dimension-
al aggregation of the nanostructures. The key step is the
polymerization of tin glycolate, a process that has been dis-
cussed in a number of publications for the same or similar
metal alkoxides.

The electrochemical Li-storage properties of the synthe-
sized tin glycolate and the corresponding calcined products,
tin oxide nanoparticles, were systematically investigated.
Generally, SnO, reacts with lithium in a two-step pro-
cess, B 13162420 a5 follows [Eq. (1)] and [Eq. (2)]:

SnO, + 4Li* +4e~ — Sn + 2Li,O (1)
Sn +xLi" +xe” < Li,Sn, (0 <x <44) (2)

The first process is an irreversible reaction [Eq. (1)] in
which SnQ, is reduced to tin with the formation of a Li,O
matrix. This reaction normally occurs at a potential below
0.9 V vs. Li/Li*.”*! This reaction could contribute an irrever-
sible capacity as high as 710 mAhg . Meanwhile, the
second reaction [Eq. (2)] corresponds to the reversible for-
mation of Li,Sn alloys (0<x<4.4). The theoretical reversi-
ble capacity from this reaction is 790 mAhg~'. The Li-Sn al-
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loying process normally occurs at a potential below 0.6 V.

Therefore, the total discharge capacity for the first cycle
could be as high as 1500 mAhg'.

Cyclic voltammograms (CVs) in the potential range of
0.01-1.50 V vs. Li/Li* were used to analyze the electrochem-
ical Li-ion insertion properties of all the obtained samples
(Figure 5). As can be seen from all the CVs, a strong and
broad cathodic peak occurred at potentials above 0.6V,
which corresponds to the formation of Sn metal in a Li,O
matrix. However, each sample exhibited a different poten-
tial region for this reaction. There is a distinct contrast be-
tween the synthesized tin glycolate electrode (Figure 5a)
and the other calcined products, tin oxide electrodes (Fig-
ure 5b-d). The higher reduction peak (~1.2V vs. Li/Li*)
observed for the synthesized tin glycolate electrode was due
to the lower valence state (4+2) of the tin element in the
compound, and also the contribution from the glycolate part
in the surface film formation process.[*!1"2311 Meanwhile,
the calcined products, tin oxide electrodes, gave a broad
cathodic peak at 0.8V vs. Li/Li*. Moreover, tin glycolate
samples calcined in air at 600°C (Figure 5b) and 700°C
(Figure 5c¢) also show a small cathodic peak at 0.68 V, which
was due to traces of orthorhombic SnO,, as confirmed by
the XRD measurements in Figure 1. Further cycling led to
well-defined and almost identical reduction and oxidation
peaks at 0.2 and 0.5V vs. Li/Lit* for all the electrodes. Fur-
thermore, the cycling kinetics for the synthesized tin glyco-
late electrode seems to be fairly stable over the first
10 cycles, whereas the calcined products, the tin oxide elec-
trodes, suffer rapid decay in the redox kinetics.

Figure 6 summarizes the 1st, 2nd, 10th, 20th, and 50th
electrochemical lithiation (discharge)/delithiation (charge)
capacity data for the synthesized tin glycolate electrode
(Figure 6a) and the calcined samples, that is, the tin oxide
electrodes (Figure 6b—d). The calculated capacities were
based solely on the active materials, either tin glycolate or
tin oxide particles in the electrodes. The first cycle discharge
capacities were 1541, 1441, 1223, and 1377 mAhg™! for the
synthesized tin glycolate electrodes and the electrodes of tin
glycolate powders calcined in air at 600, 700, and 800°C, re-
spectively, with the corresponding first cycle charge capaci-
ties 832, 741, 742, and 738 mAhg~'. Therefore, the first cycle
couloumbic efficiencies were 54 %, 51 %, 61 %, and 54 % for
the synthesized tin glycolate electrode and the electrodes of
tin glycolate powders calcined in air at 600, 700, and 800°C,
respectively. The large irreversible capacity loss could be at-
tributed to the formation of Li,O and also to irreversible
trapping of lithium by the solid electrolyte interface (SEI)
passivation layer. All electrodes show capacity fading behav-
ior upon prolonged cycling. However, the synthesized tin
glycolate electrode still maintained fairly high Li-ion inser-
tion/deinsertion capacities, even after 50 cycles, relative to
the other tin oxide electrodes.

Figure 7 shows the cycling behavior of the synthesized tin
glycolate electrode and the corresponding calcined samples,
the tin oxide electrodes. When using a nonrestricted cycling
procedure, on cycling between 0.01 and 1.50 V vs. Li/Li* at
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a cycling rate of 50 mA g, the initial reversible capacities
(2nd discharge capacity) were 934, 758, 758, and
756 mAhg™! for the electrodes composed of the synthesized
tin glycolate and of tin glycolate powders calcined in air at
600, 700, and 800°C, respectively. Subsequently, the reversi-
ble capacities beyond 50 cycles were maintained at 416, 155,
90, and 108 mAhg' for the as-synthesized tin glycolate
electrode and the electrodes of tin glycolate powders cal-
cined in air at 600, 700, and 800 °C, respectively, correspond-
ing to the ratios of the specific capacities retained after 50
cycles to the first discharge capacities, which are 44 %, 20 %,
12%, and 14 %, respectively. The superior capacity retention
of the synthesized tin glycolate electrode over that of the
other tin oxide electrodes suggests the beneficial effect of
the encapsulation by the glycolate microstructures in buffer-
ing the volume expansion during the alloying reactions.

Figure 8 shows the cycling behavior of the synthesized tin
glycolate electrode, which was cycled between 0.01 and
1.50 V vs. Li/Li* at a cycling rate of 50 mAg~'. The synthe-
sized tin glycolate electrode shows moderate capacity fading
in the first 20 cycles, followed by a relatively flat and low ca-
pacity fading for the next 30 cycles. The synthesized tin gly-
colate electrode shows an irreversible capacity 10ss (Qjyey)
of less than 1.2% per cycle. However, the discharge capaci-
ties for the first ten cycles (>800 mAhg™") were far beyond
our expectation. SnO, has a theoretical specific reversible
capacity of 790 mAhg'. According to the thermogravimet-
ric analysis (TGA) results shown earlier in Figure 2a, SnO,
was 84 % (w/w) in the tin glycolate compound. This means
that the specific capacity from SnO, should not exceed
664 mAhg '. Where do the excess capacities come from?

It has been reported in the literature that transition metal
oxides show reversible Li-storage behaviour.® In those
cases, a transition metal can react with Li,O upon Li extrac-
tion. This means that the reaction in [Eq. (1)] is reversible,
which contributes to a very high reversible capacity. Up to
now, no experimental evidence has shown whether the reac-
tion in [Eq. (1)] for Sn-based oxides is completely irreversi-
ble or not. However, Courtney et al. reported that Li—O
bonds are not stable when the charging voltage is above
1.3 V.1 Recently, Li et al. also indicated that the reaction in
[Eq. (1)] is reversible for most metal compounds in view of
their thermodynamic properties. The reversibility of the re-
action in [Eq. (1)] from LiX (e.g., Li,O) and metal (e.g., Sn)
back to metal compounds is mainly influenced by the intrin-
sic conductivity of the MX compound, the grain size of the
LiX and the metal, the separation distance between LiX
and the metal, and the electronic contact with the conduc-
tive additive.’ For the synthesized tin glycolate microstruc-

Figure 5. Cyclic voltammograms in the first 10 cycles for all the obtained
samples: a) synthesized tin glycolate, b) tin glycolate after undergoing
calcination at 600°C for 2 h in air, c) tin glycolate after undergoing calci-
nation at 700°C for 2 h in air, and d) tin glycolate after undergoing calci-
nation at 800°C for 2h in air (with the numbers indicating the cycle
number). Cycling took place between 0.01 and 1.50 V vs. Li/Li* at a scan
rate of 0.1 mVs™. I=current density, E=cell potential.
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Figure 7. Cycling behavior of electrodes for all the obtained samples (- M-
synthesized tin glycolate; -[J- tin glycolate after undergoing calcination
at 600°C for 2 h in air; -@- tin glycolate after undergoing calcination at
700°C for 2 h in air; and -O- in glycolate after undergoing calcination at
800°C for 2h in air): a)reversible capacities as a function of cycle
number, and b) the corresponding percentage of reversible capacity re-
tained as a function of cycle number. Cycling took place between 0.01 V
and 1.50 V vs. Li/Li* at a cycling rate of 50 mAg~'. Cgx=reversible ca-
pacity, C,=retained capacity.

tures, the Sn-based nanoparticles are embedded in a glyco-
late capsule, which ensures that the Li,O and Sn element
formed are in good contact, without any distinct separation.
This provides a kinetic advantage for the reversible reaction
in [Eq. (1)]. We believe that the reaction in [Eq. (1)] is at
least partially reversible for the first few cycles (in our case),
which contributes to the unusually high reversible capacity.

Figure 6. Charge-discharge profiles of all the obtained samples: a) syn-
thesized tin glycolate, b) tin glycolate after undergoing calcination at
600°C for 2h in air, c)tin glycolate after undergoing calcination at
700°C for 2 h in air, and d) tin glycolate after undergoing calcination at
800°C for 2 h in air (with the numbers indicating the cycle number). Cy-
cling took place between 0.01 V and 1.50 V vs. Li/Li* at a cycling rate of
50 mA g'. C=capacity, E=cell potential.
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The morphologies of the electrodes after prolonged cy-
cling were examined by scanning electron microscopy
(SEM). Figure 9 shows SEM images for the synthesized tin
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X100 00ym 2880 18 38 SEI 3@ky  X20,000 iim @880 18 a5 SElL..

Figure 9. SEM images of the electrodes after 50 cycles for the synthesized
tin glycolate: a) low-magnification image and b) the corresponding high-
magnification image; and for tin glycolate after undergoing calcination at
800°C for 2 h in air: ¢) low-magnification image and d) the corresponding
high-magnification image.

glycolate electrode (Figure 9a,b) and the electrode com-
posed of tin glycolate powder calcined in air for 2h at
800°C (Figure 9c,d) after 50 electrochemical lithiation/deli-
thiation cycles. Huge cracks were observed in the calcined
sample, with the crack width estimated to be approximately
3 um. The reason for the creation of the cracks is the pro-
nounced changes in the volume of the host material under
alloying/dealloying processes.’!! These cracking phenomena
upon cycling indicate problems associated with the integrity
of the active mass. Cracking causes obvious problems relat-
ed to the passivation of these electrodes by stable surface
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films. It is very likely that part of the active mass becomes
isolated by surface films formed on the fresh active surface
that the cracks expose, by reactions of Li-Sn compounds
and solution components. Thereby, the capacity of the elec-
trodes fades rapidly during cycling. Meanwhile, the synthe-
sized tin glycolate microstructured electrode still maintained
the integrity and good contacts between the Sn-based nano-
particles after Li-ion insertion. This proves that the encapsu-
lation of the Sn-based nanoparticles in the glycolate micro-
structures played an important role in maintaining the integ-
rity of the electrode upon prolonged cycling.

The cyclic performance of the synthesized tin glycolate
crystals is still not satisfactory and may benefit from further
optimization. Despite that, this result illustrates the good
prospect that the capacity of glycolate anodes may be signif-
icantly enhanced by an optimized microstructure. Moreover,
because many tin-based compounds have been demonstrat-
ed as promising high-capacity negative-electrode materials
for use in lithium-ion batteries,'>212#231 there still exists
plenty of room for the improvement of tin glycolate struc-
tures with respect to their Li-storage properties. Further re-
search is now in progress.

Conclusions

In summary, micron-sized, hexagonal-shaped tin glycolate
with encapsulation of electrochemically active tin-based
nanoparticles has been successfully prepared by a one-step,
polyol-mediated synthesis route. The synthesis is based on
the two-dimensional aggregation of the organo-tin nanocrys-
tallites giving an overall quasi-hexagonal microstructure in
the presence of ethylene glycol after continuous refluxing in
air at 195°C for 5 h. This synthetic procedure is straightfor-
ward and inexpensive, and consequently can be readily
adopted to produce large quantities of uniform, hexagonal-
shaped tin glycolate. Furthermore, when applied as an
anode material for lithium-ion batteries, the synthesized tin
glycolate exhibit promising Li-ion storage capability, retain-
ing a specific capacity of 416 mAhg™' beyond 50 cycles. The
encapsulation of the electrochemically active tin-based
nanoparticles in the hexagonal-shaped tin glycolate was the
main reason for the improved electrochemical cycling, be-
cause they buffered volume expansion and decreased solid/
electrolyte interphase formation in the electrode. Further in-
vestigations will enable us to elucidate the Li-ion-insertion
mechanism and lead to a better understanding of the capaci-
ty-fading behavior of the tin glycolate electrode.

Experimental Section
Synthesis

In a typical procedure, SnC,0,2H,0 (Sigma-Aldrich, 98%) (0.5 g) was
added to ethylene glycol (EG, Sigma-Aldrich, anhydrous, 99.8%)
(50 mL) in a round-bottomed flask and heated at reflux at 195°C under
ambient pressure. The reaction can be easily followed through its distinc-
tive colour changes. During the following 45 min, the cloudy mixture
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turned into a clear solution. After the solution had been heated at reflux
under constant stirring for 5 h, a white precipitate began to appear in the
light yellow solution, indicating the formation of the tin glycolate crystals.
After the reaction had been stopped by cooling down the solution to
room temperature, the white precipitate was collected by centrifugation
at 4400 rpm, followed by washing with ethanol and acetone to remove
physically adsorbed ethylene glycol. Finally, the synthesized tin glycolate
powder was dried for 30 min at 80°C in a vacuum oven. To compare the
electrochemical properties of the synthesized tin glycolate crystals with
standard tin oxides, a series of tin oxide powders were produced by cal-
cining the synthesized tin glycolate crystals in air for 2 h at 600, 700, and
800°C.

Characterization

X-ray diffraction (XRD) data were collected from powder samples on a
Philips PW1730 diffractometer (with Cuy, radiation, A=1.54056 A) at a
scanning rate of 2°min~"! for 26 in the range 10-80°. Thermogravimetric
analyses (TGA) were carried out on a TA Instruments Q500 (USA) at a
heating rate of 10°Cmin ' under a flow of oxygen gas. Fourier-transform
infrared (FT-IR) spectra were acquired under ambient conditions on a
Nicolet Avatar 360 Fourier Transform Infrared Spectrophotometer with a
resolution of 0.5 cm™'. Scanning electron microscopy (SEM) images were
captured on a scanning electron microscope (JEOL, JSM 6460 A) operat-
ed at an acceleration voltage of 30 kV.

Electrochemical Measurements

The anode was prepared by mixing synthesized tin glycolate crystals or
calcined tin glycolate powders (at 600, 700, and 800°C) as active materi-
als with 20% (w/w) carbon black (Super P, Timcal, Belgium) and 10%
(w/w) poly(vinylidene fluoride) (PVDF, Sigma-Aldrich) binders in N-
methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, anhydrous, 99.5%) sol-
vent to form a homogeneous slurry, which was then spread onto a copper
foil. The coated electrodes (average thickness ~50 um) were dried in a
vacuum oven at 110°C for 24 h and then pressed. Electrochemical meas-
urements were carried out by using coin-type cells. CR 2032 coin-type
cells were assembled in an argon-filled glove box (Mbraun, Unilab, Ger-
many) by stacking a porous polypropylene separator containing liquid
electrolyte between the composite electrodes and a lithium foil counter-
electrode. The electrolyte used was LiPFg (1m) in a 50:50 (w/w) mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC), provided by
MERCK KgaA, Germany. The cells were galvanostatically discharged
and charged in the range 0.01-1.50 V vs. Li/Li* at a constant current den-
sity of 50 mA g™ by using a Neware battery tester. Cyclic voltammetry
(CV) measurements were performed at a scanning rate of 0.1 mVs™' on
a CHI 660C electrochemical workstation system (CH Instrument, Cordo-
va TN).
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Synthesis of Novel Monodentate Phosphoramidites and Their Application in
Iridium-Catalyzed Asymmetric Hydrogenations
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Abstract: New monodentate Hg-binaphthol based phosphoramidites 6b-i have
been prepared. Starting from (S)-3,3'-dibromo-5,5,6,6',7,7',8,8'-octahydro-1,1’-bi-

naphthyl-2,2’-diol 3, a general protocol for the synthesis of ligands 6 is presented.
A small ligand library bearing aryl substituents in the 3,3’-position of the binaph-
thol core was synthesized and successfully tested in the iridium-catalyzed asym-

Keywords: asymmetric catalysis
homogeneous catalysis - hydrogena-
tion - iridium - P ligands

metric hydrogenation of 2-amidocinnamates to obtain different a-amino acid de-

rivatives in up to 99 % ee.

Introduction

Enantioselective hydrogenation is the most important cata-
lytic asymmetric method with respect to industrial applica-
tions. Nevertheless, the development of improved and more
general hydrogenation catalysts is a quest for both academia
as well as the pharmaceutical industry. Until now, several
hundred transition-metal-based catalysts have been applied
for such reactions, for example, Rh, Ru, and Ir complexes,
the latter being the most rarely used metal in asymmetric
hydrogenation of a-amino acid precursors.

From chemical and economical points of view, one of the
major factors that influence the asymmetric reaction is the
choice of chiral ligand coordinated to the transition metal;
therefore, the design of new ligands for asymmetric hydro-
genation is an important research goal. In general, phospho-
rus ligands have been effectively employed in catalytic hy-
drogenation reactions.! Recently, in particular monodentate
phosphoramidites (e.g. the MonoPhos family) have attracted
significant attention owing to their convenient synthesis and
wide applicability.”! The MonoPhos-type ligands were first
applied in asymmetric hydrogenations by Feringa, de Vries,
and co-workers®! and are now commercially available. The
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catalytic potential of this ligand class has been investigated
in detail during the last decade.! Various types of olefins
like a- or B-dehydroamino acid ester,”! enamides, a,B-disub-
stitued unsaturated acids,®” and p*-amino acids® are hydro-
genated highly selectively in the presence of phosphorami-
dites or mixtures of them with other chiral or achiral li-
gands. Most recently, these ligands have also found applica-
tion in the iridium-catalyzed hydrogenation of methyl o-
acetamidocinnamate.”

Although several MonoPhos derivatives have been syn-
thesized and tested, only a limited number of sterically hin-
dered derivatives with substitution in the 3,3'-position of the
binaphthol backbone is known.'%!!l Catalytic applications of
bulky 3,3'-disubstituted phosphoramidites include a range of
addition reactions to C=C double bonds, for example, the
copper-catalyzed conjugated 1,4-addition of diethylzinc, the
[242+2] cycloaddition of alkenyl isocyanates and terminal
alkynes,"? and others.'” Hydrogenation of the binaphthyl
backbone leads to another class of active phosphoramidite
ligands, such as the Hi-MonoPhos 6a.l'! These partially hy-
drogenated phosphoramidites have also been mainly investi-
gated in asymmetric hydrogenations®™!*!* and addition reac-
tions.'>17 ¥ However, to the best of our knowledge, there is
no example known on the synthesis of bulky phosphorami-
dites with partially hydrogenated Hg-binaphthol backbone
and 3,3’-substitution.

Our interest in this class of ligands resulted from the
recent development of an improved procedure for the prep-
aration of Hg-binaphthyl-substituted phosphates §, which
are chiral Brgnsted acids."”! Partially hydrogenated binaph-
thol underwent selective bromination in the 3,3'-position

. HWILEY 3
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OO on PUCH: ‘O on H K.CO, RB(OH),
Sl —a” e )
R
1 2

P(NMe,),
toluene,
reflux

6a:R=H;R'=CH,
6b:R=Br,R'=CH,

6c: R = 4-CH,0-C,H, R = CH,
6d: R = C,H,; R' = CH,

6e: R = 2-naphthyl; R' = CH,

6f: R =2,4,6-CH,),CeHy; R' = CH,
6g: R = 4-F-C;H, R' = CH,

6h: R = 4-vinyl-C;H,; R' = CH,

6i: R=Br; R' = CH,CH,

Scheme 1. Synthesis of Hg-binaphthol based phosphoramidites 6.

without protection and deprotection of the phenolic groups,
which resulted in a straightforward, multi-gram scale synthe-
sis of a number of new Hg-binaphthyl-substituted diols. Be-
cause of the availability of 3'-aryl substituted binaphthols 4
and our work in the area of asymmetric hydrogenation with
monodentate ligands,”! we became interested in using these
intermediates for the preparation of novel Hg-binaphthol
based phosphoramidites 6.

Herein, we report on the synthesis of these new ligands
and their application in the iridium-catalyzed asymmetric
hydrogenation of different a-amino acid derivatives.

Results and Discussion
Preparation of Ligands

The overall synthesis of phosphoramidites 6 proceeds in
four steps and starts with the selective hydrogenation of
enantiomerically pure 2,2"-binaphthol 1% in the presence of
catalytic amounts of Pd/C (Scheme 1).%2%) The correspond-
ing 5,5,6,6',7,7,8,8-octahydro-1,1"-binaphthyl-2,2’-diol 2 is
obtained in excellent yield, which allows for subsequent bro-
mination in the 3,3"-position with Br, at —30°C in a selective
manner. Subsequent Suzuki coupling with arylboronic acids

Abstract in German: Die Synthese und die katalytische An-
wendung neuartiger monodentater Phosphoramidite (6b-i)
basierend auf einem Hg-Binaphthol-Geriist wird vorgestellt.
Ausgehend von (§)-3,3’-Dibromo-5,5,6,6',7,7',8,8 -octahydro-
1,1"-binaphthyl-2,2"-diol (3) konnte eine allgemeine Synthe-
seroute fiir die Darstellung der Ligandenklasse 6 entwickelt
werden. Die 3,3'-diaryl-substituierten Liganden wurden er-
folgreich in der Iridium-katalysierten asymmetrischen Hy-
drierung verschiedener 2-Amidozimtsdureester eingesetzt,
wobei Enantioselektivititen von bis zu 99% ee erzielt
wurden.
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Pd(OAc),/BuPAd,

toluene, reflux  toluene,

or reflux

‘ a)P(NMe,);  P(NMe,),
b) PCI,(NEt,)

(T, :
o R ‘O 0. OH

P-N Ps

in the presence of Pd(OAc),/BuPAd, (n-butyl-di-1-adaman-
tylphosphine) gave the corresponding 3,3'-disubstituted bi-
naphthols 4a-i in good to excellent yield.***! The resulting
diols 4a-i are treated with P(NMe,); or Et,NPCI/NEt; in
refluxing toluene to obtain 6a-i in moderate to good
yields.!

The ligands were purified by crystallization in diethyl
ether or by column flash chromatography in a mixture of n-
hexane/ethyl acetate. The reaction sequence is shown in
Scheme 1 and has several advantages compared with the
synthesis of known 3,3'-disubstituted phosphoramidites.
Owing to the partial hydrogenation of the binaphthol core,
an extremely regioselective bromination is possible, which
does not require protection (and later deprotection) of the
hydroxy groups. Thus, a variety of 3,3'-disubstituted binaph-
thols are more easily accessible, which can be utilized as ver-
satile chiral building blocks. The molecular structures of
compounds 6b and 6g were confirmed by X-ray crystallog-
raphy and are depicted in Figure 1.

Catalytic Applications

Preliminary catalytic experiments showed that hydrogena-
tion of a-amino acid derivatives in the presence of rhodium
complexes had impaired catalytic activity with these novel
ligands. Therefore, we directed our efforts to iridium-cata-
lyzed hydrogenation reactions. Following the excellent
recent work of de Vries,”) we started out with a catalyst
in situ formed by mixing [{Ir(cod)Cl},] and one equivalent
of phosphoramidite 6g per metal in dichloromethane at
5 bar. Under these conditions methyl a-acetamidocinnamate
7b is hydrogenated with particularly high enantioselectivi-
ties (94-95 % ee), whereas methyl acetamidoacrylate 7a and
itaconic acid dimethylester 7¢ produced only low to moder-
ate results (Table 1, entries 1-3).

Running the hydrogenation experiments with 7b at at-
mospheric hydrogen pressure (Table 1, entry 4) resulted in
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Figure 1. Molecular structures of Hg-binaphthol based phosphoramidites
6b (a) and 6¢g (b). The thermal ellipsoids correspond to 30 % probability.
Hydrogen atoms and one position of the disordered parts are omitted for
clarity.

Table 1. Asymmetric hydrogenation of a-amino acid derivatives 7a and

7b and itaconic acid dimethylester 7¢.[*!
(0] O
H,
R*/ﬁ)kOR2 R‘%ORZ
R? 112 {Ir(cod)CI},] / 6g R
Ta—c 8a—c
7a: R'= H; R’= Me; R*= NHAc
7b: R'= Ph; R’= Me; R*= NHAc
7¢: R'= H; R’= Me; R*= CH,COOMe

Entry Substrate Sub./Cat. p(H,) TOF t Conv. ee

(1 [h] [%]  [%]

1 7a 25:1 Sbar - 16 >99 40 (R)
2 7b 25:1 Sbar - 16  >99  94(R)
3 7c 25:1 Sbar - 16 >9  13(S)
410l 7b 25:1 lTatm 14 6  >9  95(R)
5ol 7b 50:1 latm 22 6  >9  95(R)
6l 7b 100:1 latm 14 24 >99  95(R)
70 7b 1000:1 latm 27 72 >99 94 (R)

[a] Reaction conditions: substrate 7 (0.25 mmol); [{Ir(cod)Cl},] (5x
107 mmol); Ir/L(6g)=1:1; CH,Cl, (2mL); 25°C. Conversion and enan-
tioselectivity were determined by GC (for 8a: Chirasil Val, 120°C iso-
therm; for 8b: Lipodex E, 150°C isotherm; for 8¢: Lipodex E, 80°C iso-
therm). [b] Substrate 7b (1 mmol); [{Ir(cod)Cl},] (2x 1072 mmol); Ir/L
(6g)=1:1; CH,Cl, (10 mL); 25°C. [c] Average time of flight (TOF) esti-
mated from H, consumption curve.

an improvement in the ee value to 95% and the reaction
showed complete conversion within six hours. Advanta-
geously, a decrease in the catalyst concentration had no neg-
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ative influence on the enantioselectivity (Table 1, entries 5
7). Still at a substrate/catalyst ratio of 1000:1, the phosphor-
amidite 6g produced 94 % enantioselectivity, albeit the re-
quired reaction time for a complete conversion is signifi-
cantly longer.

Next, we set out to study the influence of various substitu-
ents attached to the aryl groups in the 3,3'-position of the
H;-binaphthol backbone on the asymmetric hydrogenation
of methyl a-acetamidocinnamate 7b. For this purpose, a
number of ligands bearing different aryl substitutions were
tested, but also those derived directly from the bromide pre-
cursors 3.

With respect to structure—activity relationships and finally
a more rational ligand design, we were looking for a simple
test to assess the electronic properties of the new ligands
and similar phosphoramidites.” In this case, the measure of
the first-order coupling constant between the phosphorus
and selenium atoms of the corresponding selenides seemed
to be suitable to us?! The corresponding selenides are
easily prepared by mixing the ligands with elemental seleni-
um in refluxing chloroform. The readily measured Jpsg,
values are summarized in Table2 together with their
P NMR spectroscopy chemical shifts. In general, the great-
er the coupling constant between *'P and ”’Se becomes, the
stronger the o bond between the two, which in turn indicates
a low electron density of the phosphorus lone-pair orbital.

As shown in Table 2, it is apparent that disubstitution at
the 3,3’-position of the binaphthol backbone is essential to
achieve high catalyst activity and enantioselectivity (Table 2,
entry 1). The bromide-substituted ligands 6b and 6i showed
a marked acidic character of the phosphorus and this is ac-
companied by a slight decrease in the enantioselection
(Table 2, entries2 and 9). Many aryl-substituted ligands

Table 2. Asymmetric hydrogenation of methyl a-acetamidocinnamate
7b.12

0] (0]
H.
PR OMe —— ™ Ph 7 “OMe

NHAc 1/2 [{Ir(cod)Cl},] NHAG

7b L 8b
Entry Ligand Sub/Cat. TOF  Conv. ee sp Jp.se

' [%] %] [ppm]®  [Hz]"

1 6a 25:1 - 15 37(R) 853 958.4
2 6b 25:1 11 >99 91 (R) 813 990.0
3 6¢ 25:1 17 >99 94 (R) 79.9 965.4
4 6od 25:1 25 >99 96 (R) 80.1 968.9
5 6e 25:1 22 >99 95 (R) 804 969.7
6 6f 25:1 24 >99 98 (R) 84.6 952.9
7 6g 25:1 14 >99 95 (R) 80.1 971.0
8 6h 25:1 20 >99 94 (R) 80.0 968.9
9 6i 25:1 16 >99 89 (R) 804 981.0
10 6f 50:1 37 >99 98 (R) - -
10 6f 50:1 37 >99 99 (R) - -

[a] Reaction conditions: substrate 7b (1 mmol); [{Ir(cod)Cl},] (2x
102 mmol); Ir/L=1:1; CH,Cl, (10 mL); 25°C, 1 atm H,. [b] L/Ir=2:1.
Conversion and enantioselectivity were determined by GC (Lipodex E,
150°C isotherm). [c] Values pertain to selenides of the corresponding li-
gands. [d] Average TOF estimated from H, consumption curve.
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scored similar electronic values and stereoselection in spite
of electron-donating or -withdrawing substitution (6c—d and
6g-h, Table 2, entries 3-5, and 7-8). Notably, ligand 6d at-
tained comparable results with those reported by de Vries
et al.’! and its parental ligand had an aromatized backbone
(>99% conv., 93% ee). The only exception is the mesityl-
substituted aryl ligand 6 f, which had a distinct basic charac-
ter and induced a noticeable improvement of enantioselec-
tion (Table 2, entry 6). A correlation graph between cou-
pling constants of the 3,3'-disubstituted phosphoramidite se-
lenides and the enantioselectivity of the related ligands is il-
lustrated in Figure 2. Notably, a rough relationship between
catalyst activity and the respective coupling constant seems
to be possible. It can be seen that basic character of the
ligand favors rapid hydrogenation (compare ligands 6 f and

Beller et al.

Table 3. Asymmetric hydrogenation of different a-aminoacid derivatives

7 with ligand 6 £

6b).

100

96

92

A

T T T T T T T
% ee
Linear regression

- 80

100

I 60

o
S & A N
s 88+ =
. F40 3
84 \"gg Se
6¢c Ta i 20
® TOF ® o' .6 &
8o — Linear regression h \'\\,\\

T T T T T T T T T T
945 950 955 960 965 970 975 980 985 990 995
J, . JHz

P-Se

Figure 2. Enantioselectivity and catalyst activity versus coupling constants
Jp.s. for selenides of ligands 6b—i.

The most selective ligand 6 f was also tested by applying a
lower catalyst loading, which yielded similar results
(Table 2, entry 10). Remarkably, the addition of two equiva-
lents of the ligand did not affect the outcome of the reaction
significantly (Table 2, entry 11), which is a strong indication
for monosubstitution of the iridium complex.

Finally, after optimization, we demonstrated the generali-
ty of our ligands with several o-amino acid derivatives
(Table 3). Various amidocinnamates were synthesized fol-
lowing literature procedures,® and they were hydrogenated
under 5 bar of H, for 4 h at room temperature in the pres-
ence of ligand 6 f. Enantioselectivities greater than 97 % and
full conversion within 4 h are observed for different esters,
amido, and aryl-substituted derivatives. For example, when
the ethyl ester of 7b is employed, enantioselectivity up to
99 % is achieved. The catalyst system is rather stable even at
a lower hydrogen pressure (Table 3, entry 9) and lower cata-
lyst loading (Table 3, entry 10).

Hydrogenation of the precursor of L-Dopa 7e confirmed
the high selectivity of the catalyst. With respect to function-
al-group tolerance, it is noteworthy that benzamidocinna-

890
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o]
Ha
RS “orR? RTYJ\OW
NH(CO)R® 12 [{Ir(cod)Cl}] NH(CO)R?
7Ta-c of 8a—c

7b: R'= Ph; R%= Me; R3= Me

7d: R'= Ph; R?= Et; R®= Me

7e: R'= 3,4-OCH,0-CgH3; R?= Me; R%= Me

7. R'= Ph; R>= Et; R®= Ph

7g: R'= Ph; R?= Me; R®= Ph

7h: R'= 4-Cl-CgH,; R?= Me; R®= Ph

7i: R'= 4-F-CgH,; R?= Me; R®= Ph

7k: R'= 4-MeO-CgHa; R?= Me; R%= Ph
Entry Substrate Sub./Cat. p(H,) Conv. [%] ee [%]
1 7b 25:1 5 bar >99 98.0 (R)
2 7d 25:1 5 bar >99 99.0 (R)
3 Te 25:1 5 bar >99 97.0 (R)
4 7t 25:1 5 bar >99 97.0 (R)
5 7g 25:1 5 bar >99 97.5 (R)
6 7h 25:1 5 bar >99 97.0 (R)
7 7i 25:1 5 bar >99 97.5 (R)
8 7k 25:1 5 bar >99 97.0 (R)
9 7d 25:1 1 atm >99 99.0 (R)
10 7d 50:1 1 atm >99 98.5 (R)

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Reaction conditions: substrate 7 (0.125 mmol); [{Ir(cod)Cl},] (2.5x
10~ mmol); Ir/L (6f)=1:1; CH,Cl, (1.5 mL); 25°C, 1 atm H,, 4 h. Con-
version and enantioselectivity were determined by HPLC (Chiralcel OD-

H, heptane/ethanol 95:5, 1mLmin™' or heptane/ethanol 90:10,
1 mLmin™").

mates are tolerated without problems. Again, different aryl
amino acid esters, either with electron-withdrawing (7h and
7i, Table 3, entries 6-7) or electron-donating substituents
(7k, Table 3, entry8), gave high enantioselectivity values
(97-99 %) under those hydrogenation conditions.

Conclusions

In summary, eight Hg-binaphthol based phosphoramidites
with substituents in the 3,3’-position have been easily pre-
pared in high yields. Owing to the partially hydrogenated bi-
naphthol core, selective bromination in the 3,3'-position is
possible without protection and deprotection of the phenolic
groups. Hence, these ligands are available on a multi-gram
scale from inexpensive starting materials. The novel ligands
have been successfully used in iridium-catalyzed hydrogena-
tion of different acetamido- and benzamido-cinnamates. Re-
duction took place at low H, pressure and in less than
4 hours, and all substrates were hydrogenated with high
enantioselectivity (97-99 % ). Substitution in the 3,3'-position
of the binaphthyl core was proven to be essential to obtain
high enantioselectivity. The effect of different types of func-
tionalization in this position was studied in detail, and a
rough correlation with the catalyst activity was observed. In
selected cases, a higher selectivity is obtained compared
with similar known iridium-catalyzed hydrogenations. We
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believe that the presented ligand and catalyst systems might
also serve as a promising tool for other catalytic transforma-
tions.

Experimental Section

'H, *C, and *'P NMR spectra were recorded on Bruker spectrometers
AVANCE 300 (‘H: 300.13 MHz, “C: 75.5 MHz, *P: 121.5 MHz) and
AVANCE 500 (compounds 4f, 4g and 6f, 6g; 'H: 500.13 MHz, “C:
125.8 MHz, *'P: 202.5 MHz). The calibration of 'H and *C spectra was
carried out based on solvent signals (6 (CDCl;)=7.25 and 77.0). The
3P NMR chemical shifts are referenced to 85% H;PO,. The multiplicity
of ®*C NMR signals was determined by DEPT spectra. Furthermore, for
compounds 4f, 4g and 6f, 6g two-dimensional NMR spectra (COSY,
NOESY, HMBC, and HSQC) were recorded, which confirmed the as-
signment of NMR signals. The numbering of atoms corresponds to the
given formula. Mass spectra were recorded on an AMD 402 spectrome-
ter. Chemical shifts are given in ppm, and coupling constants are report-
ed in Hz. Elemental analyses were performed at a Leco CHNS-932. Opti-
cal rotations were measured on a Gyromat-HP polarimeter. IR spectra
were recorded as KBr pellets or Nujol mulls on a Nicolet Magna 550. All
manipulations were performed under argon atmosphere by using stan-
dard Schlenk techniques. The octahydro binaphthol 2 and (S5)-3,3'-dibro-
mo-5,5,6,6',7,7',8,8"-octahydro-1,1"-binaphthyl-2,2"-diol 3 were prepared
according to literature procedures.”>*!

3'-Diaryl-substituted Hg-binaphthols 4

General procedure: (S)-3,3'-Dibromo-5,5,6,6',7,7',8,8"-octahydro-1,1’-bi-
naphthyl-2,2’-diol 3 (2g, 4.4 mmol), an appropriate boronic acid
(13.1 mmol), K,CO;, (1.8 ¢,
13.1 mmol), palladium(II) acetate
(20 mg, 0.09 mmol), and diadamantyl-
n-butylphosphine (40 mg, 0.1 mmol)
were dissolved in 1,2-dimethoxyethane
(20mL) and refluxed for 24h or
longer. After the reaction mixture was
cooled to room temperature, a saturat-
ed solution of NH,Cl was added and
extracted with dichloromethane (2x
100 mL). The organic phase was
washed with water and dried over
Na,SO,. The solvent was removed and
the residue was purified by column chromatography (eluent: CH,Cl,/n-
hexane).
(85)-3,3'-Di(4-methoxyphenyl)-5,5,6,6',7,7',8,8"-octahydro-1,1"-binaphthyl-
2,2'-diol (4¢): Yield: 98% (colorless foam); R;=0.1 (CH,Cl/n-hexane
4:1); [a]Z=804.7 (c=0.5, CH,CL); 'HNMR (300 MHz, CDCL): 6=
7.55-7.50 (m, 4H; 0-C¢H,), 7.11 (brs, 2H; 4-H), 6.98-6.93 (m, 4H; m-
CsH,), 4.88 (s, 2H; OH), 3.83 (s, 6H; CH;0), 2.79 (t, 4H; 5-H), 2.44-2.18
(m, 4H; 8-H), 1.80-1.65 ppm (m, 8H; 6-H, 7-H); “C NMR (75 MHz,
CDCly): 0=158.7 (p-C¢H,), 148.0 (C2), 136.0 (C8a), 131.4 (C4), 130.3 (o-
CsH,), 130.2, 130.0 (C4a, i-C4H,), 125.6 (C3), 120.1 (C1), 113.8 (m-CsH,),
55.3 (CH;0), 29.2 (C5), 27.1 (C8), 23.1, 23.0 ppm (C6, C7); IR (KBr):
7=3505m, 2925m, 2835m, 1724 w, 1663 w, 1608 m, 1514 s, 1458 m,
1398 m, 1289 m, 1245s, 1178s, 1132 m, 1111 m, 1034 m, 945 w, 915 w,
833 m, 813 m, 785 w, 757 w, 733 w, 633 w, 553 cm ' w; MS (EI): m/z (%):
506 (100) [M*], 253 (12), 57 (10), 44 (21); HRMS calcd for C3H3NO,:
506.24516; found: 506.245369.
(85)-3,3-Diphenyl-5,5',6,6',7,7',8,8"-octahydro-1,1"-binaphthyl-2,2"-diol
(4d): Yield: 85% (off-white solid); R;=0.28 (CH,Cl,:n-hexane 1:1);
m.p.: 186-190°C. [a]?=27.8 (c=0.122, CHCL;); 'HNMR (300 MHz,
CDCly): 6=17.61-7.57 (m, 4H; 0-C¢H,), 7.47-7.41 (m, 4H; m-C,H,), 7.35—
7.29 (m, 2H; p-CsH,), 7.15 (brs, 2H; 4-H), 4.90 (s, 2H; OH), 2.80 (t, 4H;
5-H), 2.46-220 (m, 4H; 8-H), 1.81-1.67ppm (m, 8H; 6-H, 7-H);
BCNMR (75.5 MHz, CDCl,): 0 =148.1 (C2), 137.9 (i-C¢H,), 136.6 (C8a),
131.7 (C4), 130.2 (C4a), 129.2, 128.4 (o-, m-C¢H,), 127.1 (p-C¢H,), 126.0
(C3), 120.1 (C1), 29.2 (C5), 27.1 (C8), 23.1, 23.0 ppm (C6, C7); IR (KBr):
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7=3450 s, 3387 s, 3058 w, 3034 w, 2926 s, 2857 m, 2831 m, 1718 w, 1607
m, 1498 w, 1461 s, 1432 m, 1409 m, 1353 w, 1316 m, 1278 m, 1236 s, 1186
m, 1133 s, 1073 w, 1033 w, 1008 w, 946 w, 911 w, 894 w, 880 w, 823 w, 805
w, 775 s, 739 m, 696 s, 669 w, 654 w, 625 w, 591 w, 560 m, 435 cm™" w; MS
(EIL): m/z (%): 446 (100) [M™], 400 (6), 356 (3), 289 (3), 181 (11), 119 (6),
77 (4); HRMS calcd for C;,H;,0,: 446.22403; found: 446.224120.
(8)-3,3'-Dinaphthyl-5,5',6,6',7,7',8,8' -octahydro-1,1"-binaphthyl-2,2"-diol
(4e): Yield: 50% (colorless needles); m.p.: 207-212°C; [a]Z =154.9 (c=
0.324, CHCl;); '"H NMR (300 MHz, CDCL;): §=38.06 (d, J=1.8 Hz, 2H),
7.91-7.83 (m, 6H), 7.76 (dd, J=8.5 Hz, 1.8 Hz, 2H), 7.51-7.44 (m, 4H;
2CH;), 7.27 (brs, 2H; 4-H), 5.02 (s, 2H; 20H), 2.84 (t, 4H; 5-H), 2.52—
226 (m, 4H; 8H), 1.84-1.71 ppm (m, 8H; 6-H, 7-H); “CNMR
(75.5 MHz, CDClL;): 6=148.3 (C2), 136.8 (C8a), 135.4, 133.5, 132.5 (C,,
CyH,), 132.0 (C4), 130.4 (C4a), 128.1, 127.9, 127.8, 127.6 (2), 126.1, 125.9
(CH, C,H,), 126.0 (C3), 120.1 (C1), 29.3 (C5), 27.2 (C8), 23.1, 23.0 ppm
(C6, C7); IR (KBr): 7=3504 w, 3360 w, 3051 w, 3014 w, 2920 m, 2854 w,
2834 w, 1724 w, 1628 w, 1602 w, 1505 w, 1473 w, 1454 m, 1431 w, 1409 w,
1353 w, 1316 w, 1297 w, 1242 m, 1232 m, 1187 m, 1135 m, 1117 m, 1065 w,
1015 w, 951 w, 937 w, 905 w, 858 m, 821 s, 785 w, 754 s, 738 s, 675 m,
659 cm™' m; MS (EI): m/z (%): 546 (100) [M*], 500 (2), 436 (2), 403 (2),
355 (1), 300 (2), 273 (11), 231 (6), 148 (2), 121 (6), 91 (6), 57 (5), 44 (23);
HRMS caled for C,yH3,0,: 546.25533; found: 546.255376.
(8)-3,3'-Di(2,4,6-trimethylphenyl)-5,5',6,6',7,7',8,8'-octahydro-1,1'-bi-
naphthyl-2,2'-diol (4 f): Yield: 60 % (colorless foam); R;=0.48 (CH,Cl,/n-
hexane 1:1); m.p.: 141-143°C; [a]5 =24.1 (¢=0.26, CH,Cl,); 'H NMR
(500 MHz, CDCl3): 6=6.98 (brs, 2H), 6.96 (brs, 2H; m-CH,), 6.84 (s,
2H; 4-H), 4.50 (s, 2H; OH), 2.80 (t, 4H; 5-H), 2.39 (m, 4H; 8-H), 2.33
(s, 6H; p-Me), 2.12 (s, 6H), 2.05 (s, 6H; 0-Me), 1.84-1.73 ppm (m, 8H; 6-
H, 7-H); "CNMR (125.8 MHz, CDCl;): 6=147.9 (C2), 137.0 (2), 136.9
(o-, p-CH,), 1359 (C8a), 133.6 (C9), 131.1 (C4), 129.7 (C4a), 128.3,
128.1 (m-C¢H,), 124.6 (C3), 120.3 (C1), 29.2 (C5), 27.1 (C8), 23.2, 23.1
(Ce6, C7), 21.1 (p-Me), 20.5, 20.4 ppm (0-Me); IR (KBr): #=3527 m, 2997
w, 2921 m, 2855 m, 1609 m, 1570 w, 1447 s, 1376 w, 1315 w, 1276 m, 1230
s, 1173 m, 1123 m, 1070 w, 1058 w, 1032 w, 1012 w, 938 w, 913 w, 878 w,
846 s, 823 w, 797 m, 765 w, 736 w, 653 cm™' w; MS (EI): m/z (%): 530
(100) [M*], 490 (6), 410 (2), 367 (2), 292 (2), 265 (10), 223 (4), 184 (3),
133 (2), 91 (2), 69 (2), 44 (5)); HRMS calcd for CyH,,0,: 530.31793;
found: 530.317323.

(8)-3,3'-Di(4-fluorophenyl)-5,5',6,6',7,7',8,8 -octahydro-1,1’-binaphthyl-
2,2'-diol (4g): Yield: 99 % (colorless needles); R;=0.22 (CH,Cl,/n-hexane
1:1); m.p.: 176-178°C; [a]f =21.4 (¢=0.13, CH,CL,); '"H NMR (500 MHz,
CDCly): 0=7.58-7.54 (m, 4H; o-CH,), 7.12 (br s, 2H; 4-H), 7.12-7.07
(m, 4H; m-CH,), 4.85 (s, 2H; OH), 2.79 (t, 4H; 5-H), 2.41-2.34 (m,
2H), 227-220 (m, 2H; 8-H), 1.80-1.68 ppm (m, 8H; 6-H, 7-H);
BCNMR (125.8 MHz, CDCly): 6=162.0 (d, Jpc=246 Hz, p-C¢H,), 148.1
(C2), 136.6 (C8a), 133.8 (d, Jgc=3.2 Hz, i-C,H,), 131.8 (C4), 130.8 (d,
Jrc=82Hz, 0-CH,), 130.4 (C4a), 125.1 (C3), 119.8 (C1), 115.2 (d, Jgc=
21.5 Hz, m-C¢H,), 29.2 (C5), 27.1 (C8), 23.0 ppm (2) (C6, C7); IR (KBr):
7=3501 m, 3378 m, 2929 m, 2859 m, 2836 m, 1601 m, 1510 s, 1456 s, 1437
m, 1393 m, 1319 m, 1277 m, 1219 m, 1188 w, 1158 m, 1132 m, 1095 w,
1016 w, 946 w, 915 w, 836 s, 793 w, 753 w, 659 w, 631 w, 544 cm™' m; MS
(ED): miz (%): 482 (100) [M™*], 462 (4), 436 (5), 292 (4), 241 (13), 220 (5),
199 (9), 149 (9), 57 (9), 44 (8); HRMS calcd for Cy,H50,F,: 482.204906;
found: 482.20519.
(8)-3,3'-Di(4-vinylphenyl)-5,5',6,6',7,7',8,8"-octahydro-1,1"-binaphthyl-2,2"-
diol (4h): Yield: 59% (colorless solid); R;=0.17 (CH,Cl,/n-hexane 1:1);
m.p.: 155-157°C; [¢]5 =167.4 (¢=0.25, CH,CL); 'HNMR (300 MHz,
CDCly): 6=7.59-7.44 (m, 8H; C,H,), 7.15 (br s, 2H; 4-H), 6.75 (dd, *J =
17.7 Hz, 11.0 Hz, 2H; CH=CH,), 5.77 (dd, *J=17.7 Hz, ’J=1.0 Hz, 2H),
5.25 (dd, *J=11.0 Hz, 2J=1.0 Hz, 2H), (CH=CH,), 4.90 (s, 2H; OH),
2.80 (t, 4H; 5-H), 2.45-2.19 (m, 4H; 8-H), 1.81-1.66 ppm (m, 8H; 6-H, 7-
H); “CNMR (75.5 MHz, CDCl;): §=148.1 (C2), 137.4 (i-C¢H,), 136.7,
136.3 (C8a, p-C¢H,), 136.5 (CH=CH,), 131.6 (C4), 130.3 (C4a), 129.3,
126.2 (o-, m-C¢H,), 125.6 (C3), 120.0 (Cl1), 113.8 (CH=CH,), 29.2 (C5),
27.2 (C8), 23.0 ppm (C6, C7); IR (KBr): #=3501 s, 3085 w, 3011 w, 2925
s, 2852 m, 2369 w, 1683 w, 1628 m, 1607 m, 1576 w, 1512 m, 1456 m, 1436
m, 1395 m, 1320 m, 1291 m, 1237 m, 1181 m, 1133 m, 1070 w, 1017 w, 989
m, 946 w, 901 m, 843 s, 764 w, 668 w, 653 w, 635 w, 550 w, 460 cm~' w; MS
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(EX): miz (%): 498 (3) [M™], 457 (63), 313 (13), 283 (14), 172 (46), 143
(18), 115 (15), 77 (14), 60 (11), 57 (15), 44 (100); HRMS calcd for
C36H3,0,: 498.25533; found: 498.255415.

Hg-binaphthol based phosphoramidites 6

General procedure: Diol 3 or 4 (2.1 mmol) and (Me,N);P (0.6 mL,
3.2 mmol) were dissolved in toluene (20 mL) and refluxed for 16 h (for
ligand 6¢ and 6h a catalytic amount of
NH,Cl was added). The solvent was
removed and the residue was purified
by crystallization in diethyl ether or by
column chromatography (eluent: ethyl
acetate/n-hexane).

6b: Yield: 95%; m.p.: 191-194°C;
[a]5 =4339 (c=0.14, CH,Cl,);
'HNMR (300 MHz, CDCl,): 6=7.32
(brs, 1H), 7.27 (brs, 1H; 4-H, 4-H),
2.85-2.68 (m, 4H; 5-H, 5-H), 2.61-
2.44 (m, 2H), 2.29-2.12 (m, 2H; 8-H,
8-H), 2.50 (d, *Jpy=9.4 Hz, 6H; N-
(CH3),), 1.81-1.67 (m, 6H), 1.60-
1.45 ppm (m, 2H; 6-H, 6-H, 7-H, 7-H); *C NMR (75.5 MHz, CDCl,):
0=145.3, 145.2 (d, Jpc=2.8 Hz, C2, C2'), 137.3 (d, Jpc=1.8 Hz), 136.9,
135.5 (d, Jpc=1.3 Hz), 134.5 (C4a, C4a’, C8a, C8a’), 132.6 (2) (C4, C4'),
130.7 (d, Jec=4.5Hz), 129.5 (d, Jpc=1.8Hz, Cl1, C1’), 113.0 (d, Jpc=
3.0 Hz), 112.6 (C3, C3'), 35.3 (d, Jpc_21.0 Hz, N(CH,),), 28.9, 28.8 (C5,
C5'), 27.6, 27.4 (C8, C8'), 22.5, 22.4, 22.4, 22.2 ppm (C6, C6', C7, C7');
*PNMR (121.5MHz, CDClL): 6=141.4ppm; IR (KBr): #=2926 m,
2857 w, 2838 w, 2803 w, 1479 w, 1419 s, 1387 m, 1353 w, 1292 m, 1245 m,
1233 m, 1188 m, 1061 m, 1015 m, 979 m, 970 m, 944 s, 910 w, 877 w, 863
m, 810 s, 717 w, 693 m, 667 m, 657 cm™' 1; MS (ESI): m/z (%): 525 (100)
[MT], 482 (77), 446 (25), 401 (45), 383 (5), 322 (10), 298 (5), 247 (7), 202
(10), 189 (6), 82 (6), 60 (4), 44 (7); HRMS caled for C,,H,,Br,NO,P:
522.99114; found: 522.99059.

6¢: Yield: 47% (off-white foam); R;=0.81 (ethyl acetate/n-hexane 1:2);
[@)Z=3222 (c=0.46, CH,Cl); 'HNMR (300 MHz, CDCly): 6=7.59-
7.48 (m, 4H; m-m'-CiH,), 7.12 (brs, 1H), 7.09 (brs, 1H; 4-H, 4-H),
6.94-6.87 (m, 4H; 0-C¢H,, o’-CiH,), 3.82 (s, 3H; CH;0), 3.81 (s, 3H;
CH;0), 2.89-2.81 (t, 4H; 5-H, 5-H), 2.73-2.61 (m, 2H), 2.42-2.30 (m,
2H; 8-H, 8-H), 1.91 (d, Jpy=9.4 Hz, 6H; N(CHj3),), 1.87-1.77 (m, 6H),
1.72-1.56 ppm (m, 2H; 6-H, 6-H, 7-H, 7-H); *CNMR (75.5 MHz,
CDClLy): 6=158.5, 158.4 (p-C¢H,, p'-CH,), 145.4, 144.7 (d, Jpc=1.3 Hz,
C2, C2), 136.6 (d, Jpc=1.5Hz), 136.4 (C8a, C8a’), 133.6 (d, Jpc=
1.2 Hz), 133.1 (C4a, 4a’), 131.3 (d, Jpc=2.5 Hz), 130.9 (C3, C3'), 130.7,
130.7 (i-C¢H,, i'-C¢Hy), 130.7, 129.4 (C4, C4), 130.6, 130.4 (o- CH,, 0'-
C¢H,), 130.4 (d, Jpc=4.5Hz), 129.9 (d, Jpc=1.3 Hz, C1, Cl’), 1134, 1133
(m-CH,, m'-C¢H,), 55.3, 55.2 (OCHs;), 34.3 (d, Jp=20.0 Hz, N(CH;),),
29.3, 29.2 (C5, C5'), 27.8, 27.7 (C8, C8), 23.0, 22.9, 22.9, 22.8 ppm (C6,
C6', C7, C7'); P NMR (121.5 MHz, CDCl;): 0=140.1 ppm; IR (KBr):
7=2990 w, 2930 m, 2837 m, 2799 w, 1609 m, 1578 w, 1515 s, 1450 m, 1434
m, 1399 m, 1287 m, 1247 s, 1197 m, 1179 s, 1135 m, 1111 w, 1065 w, 1035
m, 1001 w, 982 m, 943 m, 914 w, 877 w, 831 s, 777 m, 733 m, 733 m, 688
m, 598 w, 559 w, 527 cm™' w; MS (ESI): m/z (%): 579 (68) [M™*], 536
(20), 457 (39), 422 (41), 283 (12), 262 (18), 246 (14), 172 (27), 83 (12), 77
(11), 71 (10), 57 (20), 44 (100); HRMS calcd for C;H3;xNO,P: 579.25330;
found: 579.253043.

6d: Yield: 99%; R;=0.8 (ethyl acetate/n-hexane 1:4); [a]5 =376.4 (c=
0.14, CHCl3); "H NMR (300 MHz, CDCl;): 6 =7.66-7.56 (m, 4H; 0-C¢Hs,
0'-C¢Hs), 7.41-7.33 (m, 4H; m-CHs, m'-C¢Hs), 7.31-7.23 (m, 2H; p-C,Hs,
p'-C¢Hs), 7.17 (brs, 1H), 7.13 (brs, 1H; 4-H, 4-H), 2.90-2.85 ('t', 4H; 5-
H, 5'-H), 2.78-2.64 (m, 2H), 2.46-2.34 (m, 2H; 8-H, 8-H), 1.89 (d, Jp=
9.2 Hz, 6H; N(CH,),), 1.86-1.78 (m, 6 H), 1.73-1.61 ppm (m, 2H; 6-H, 6'-
H, 7-H, 7-H); "*CNMR (75.5 MHz, CDCl;): 6=145.4, 144.8 (d, Jpc=
1.8 Hz, C2, C2'), 138.3 (2) (i-C¢Hs, i'-C¢Hs), 137.0 (d, Jpc=1.3 Hz), 137.0
(C8a, C8a’), 133.7 (d, Jpc=1.2Hz), 133.2 (C4a, C4a’), 131.8 (d, Jpc=
2.5 Hz), 130.9 (C3, C3'), 130.7, 129.6 (C4, C4'), 130.3 (d, Jpc=4.5 Hz),
129.9 (d, Jpc=1.8Hz, Cl1, CI’), 129.7, 129.5, 127.9, 127.8 (0-C¢Hs, o'-
C¢Hs, m-C¢Hs, m'-C.Hs), 126.7, 126.6 (p-C.Hs, p’-C¢Hs), 34.2 (d, Jpc=
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20.0 Hz, N(CHs),), 29.3, 29.2 (C5, C5'), 27.8, 27.7 (C8, C8), 23.0, 22.9,
22.9, 22.7 ppm (C6, C6, C7, C7'); P NMR (121.5 MHz, CDClL): 6=
140.6 ppm; IR (KBr): #=3428 w, 3056 w, 3019 w, 2921 s, 2856 m, 2794 w,
1602 w, 1579 w, 1559 w, 1499 m, 1481 w, 1449 s, 1412 s, 1396 m, 1349 w,
1289 m, 1230 s, 1198 s, 1156 m, 1135 w, 1066 m, 1006 m, 981 s, 943 s, 911
w, 877 w, 830 s, 783 s, 757 s, 744 m, 698 s, 676 m, 642 w, 629 w, 599 m, 560
w, 511 w, 486 cm™" w; MS (EI): m/z (%): 519 (100) [M*], 475 (28), 399
(2), 371 (2), 279 (5), 216 (11), 193 (2), 167 (8), 149 (21), 113 (2), 91 (1),
57 (2); HRMS calcd for C;,H3NO,P: 519.23217; found: 519.232218.

6e: Yield: 82%; [a]Z=3433 (c=0.14, CHCL); 'HNMR (300 MHz,
CDCly): 0=8.09 (d, J=1.3 Hz, 1H), 8.02 (d, J=1.5Hz, 1H), 7.87-7.81
(m, 7H), 7.74 (dd, J=8.5 Hz, 1.8 Hz, 1H), 7.48-7.41 (m, 4H; C,,H,), 7.30
(brs, 1H), 7.25 (brs, 1H; 4-H, 4-H), 2.97-2.86 (m, 4H; 5-H, 5'-H), 2.80-
2.71 (m, 2H), 2.51-2.43 (m, 2H; 8-H, §8'-H), 1.91-1.84 (m, 6 H), 1.75-1.66
(m, 2H; 6-H, 6-H, 7-H, 7-H), 1.81 ppm (d, Jp;;=9.2 Hz, 6 H; N(CH,),);
BC NMR (75.5 MHz, CDCly): 6=145.7, 145.0 (d, Jpc=1.3 Hz, C2, C2),
137.3 (d, Jpc=1.3 Hz), 137.2 (C8a, C8a’), 136.0, 136.0, 133.4 (2), 132.3,
1322 (C,, CyH,), 133.8 (d, Jpc=1.5Hz), 133.3 (C4a, C4a’), 131.8 (d,
Jpc=2.5Hz), 130.8 (C3, C3'), 130.8, 130.0 (C4, C4), 1304 (d, Jpc=
4.5 Hz), 130.1 (d, Jpc=1.5Hz, C1, C1’), 128.3 (d, Jpc=2.7 Hz), 128.3 (d,
Joc=3.7Hz), 128.2, 1282, 128.1, 127.9, 127.5, 127.5, 127.2, 127.1, 125.8,
125.7, 125.6, 125.6 (CH, C,H;), 34.3 (d, Jpc=20.2 Hz, N(CH,),), 29.3,
29.3 (C5, C5'), 27.8, 27.0 (C8, C8), 23.0, 22.9, 22.9, 22.8 ppm (C6, C6', C7,
C7); *'P NMR (121.5 MHz, CDCl): 6 =140.6 ppm; IR (KBr): #=3432 s,
3052 m, 2929 s, 2856 m, 2798 w, 2284 w, 1630 m, 1600 w, 1559 w, 1506 m,
1479 w, 1448 m, 1414 m, 1337 w, 1290 m, 1270 w, 1230 s, 1190 m, 1148 m,
1119 m, 1065 m, 1020 w, 984 m, 975 s, 959 m, 938 s, 907 m, 887 m, 856 m,
844 m, 818 s, 807 s, 779 s, 745 s, 695 s, 677 m, 592 m, 501 w, 477 s,
418 cm™' w; MS (EI): m/z (%): 619 (100) [M*], 576 (44), 499 (3), 439 (3),
346 (3), 266 (20), 228 (4), 141 (4), 84 (3), 44 (6); HRMS calcd for
C,,H3NO,P: 619.26347; found: 619.263289.

6f: Yield: 80%; R;=0.88 (ethyl acetate/n-hexane 1:4); m.p.: 205-207°C;
[@]Z=219.9 (¢=0.1, CH,CL,); '"H NMR (500 MHz, CDCl,): 6=6.90 (brs,
2H), 6.87 (brs, 3H), 6.80 (s, 1H; 4-H, 4'-H, 2-C¢H,), 2.85-2.61 (m, 6H),
2.40-2.20 (m, 2H; 5-H, 5-H, 8-H, 8-H), 2.30 (s, 3H), 2.28 (s, 6H), 2.15
(s, 3H), 2.05 (s, 3H), 2.04 (s, 3H; 6-CH;), 2.11 (d, Jp3=9.0 Hz, 6 H; N-
(CHy),), 1.88-1.62ppm (m, 8H; 6-H, 6-H, 7-H, 7-H); CNMR
(125.8 MHz, CDCly): 6=146.1 (d, Jpc=1.0Hz), 145.4 (d, Jpc=4.0 Hz)
(C2, C2), 138.0, 137.0, 136.5, 136.0, 135.9 (0-C.H,, o'-C;H,, p-C.H,, p'-
CeH,), 136.1 (d, Jpc=1.5Hz), 135.7 (d, Jpc=0.8 Hz, C8a, C8a’), 135.1,
135.0 (C9, C9'), 134.5,133.3 (d, Jpc=1.0 Hz, C4a, C4a’), 131.3, 130.5 (C4,
C4'), 1304 (d, Jpc=2.5Hz), 130.1 (d, Jpc=5.0Hz), 1288 (d, Jpc=
2.3 Hz), 1288 (C1, C1’, C3, C3'), 128.1, 128.0 (2), 127.5 (m-CiH,, m'-
CeH,), 35.1 (d, Jpc=19.7 Hz, N(CH,),), 29.3, 29.2 (C5, C5'), 27.9, 27.5
(C8, C8), 23.2, 23.1, 23.0, 22.9 (Co, C6', C7, CT7'), 21.4 (p-CH;, p'-CHs),
21.1, 209, 20.6, 20.3ppm (0-CH;, o-CH;); *'PNMR (202.5 MHz,
CDCly): 0=138.7; IR (KBr): #=3530 w, 2998 w, 2922 m, 2856 w, 1611 w,
1572 w, 1448 m, 1435 m, 1418 m, 1375 w, 1354 w, 1283 w, 1230 m, 1198 m,
1132 w, 1064 w, 1002 w, 980 m, 957 w, 937 s, 914 w, 879 w, 848 m, 829 s,
784 s, 741 m, 700 s, 685 cm ™' s; MS (EI): m/z (%): 603 (21) [M*], 558 (9),
530 (19), 512 (100), 455 (2), 349 (1), 302 (5), 247 (2), 149 (6), 83 (2), 44
(3); HRMS calcd for C,H,sNO,P: 603.325887; found: 603.32607.

6g: Yield: 80%; m.p.: 185-188°C; [«]Z=323.9 (c=0.14, CH,CL);
"H NMR (500 MHz, CDCl;): 6 =7.63-7.58 (m, 2H), 7.55-7.51 (m, 2H; o-
C¢H,, 0'-CH,), 7.13 (brs, 1H), 7.10 (brs, 1H; 4-H, 4-H), 7.10-7.03 (m,
4H; m-C¢H,, m'-CiH,), 2.92-2.81 (m, 4H; 5-H, 5'-H), 2.74-2.64 (m, 2H),
2.43-2.33 (m, 2H; 8-H, 8-H), 1.93 (d, Jpz=9.1 Hz, 6H; N(CHs),), 1.88—
1.78 (m, 6H), 1.70-1.62 ppm (m, 2H; 6-H, 6-H, 7-H, 7'-H); “C NMR
(125.8 MHz, CDCly): 6=162.0 (d, Jgc=246 Hz), 161.9 (d, Jp-=246 Hz,
p-CH,, p-CcH,), 145.4, 1447 (d, Jpc=2.0Hz, C2, C2'), 137.2 (d, Jpc=
1.5 Hz), 137.1 (C8a, C8a’), 134.4 (d, Jpc=3.2 Hz), 1342 (d, Jpc=3.2 Hz,
i-C¢H,, i'-C¢H,), 133.8 (d, Jpc=1.0 Hz), 133.3 (C4a, C4a’), 131.2 (dd,
Jrc=7.8Hz, Jpc=3.2 Hz), 131.0 (d, Jrc=7.8 Hz, 0-C¢H,, 0'-C¢H,), 130.8
(d, Jpc=2.5Hz), 129.8 (C3, C3'), 130.5, 129.5 (C4, C4'), 130.3 (d, Jpc=
4.5 Hz), 129.9 (d, Jpc=1.5Hz, C1, C1'), 114.9 (d, Jrc=21.1 Hz), 114.7 (d,
Jrc=21.1Hz, m-CgH,, m'-C¢H,), 343 (d, Jpc=20.2 Hz, N(CH;),), 29.3,
29.2 (C5, C5'), 27.8, 27.7 (C8, C8), 22.9, 22.8, 22.8, 22.7 ppm (C6, C6', C7,
C7); *P NMR (121.5 MHz, CDCl,): 6=140.2 ppm; IR (KBr): #=3041
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w, 3002 w, 2929 m, 2884 w, 2855 w, 2839 w, 2796 w, 1906 w, 1883 w, 1782
w, 1666 w, 1601 w, 1511 s, 1448 m, 1432 m, 1394 m, 1347 w, 1289 m, 1226
s, 1195 m, 1155 m, 1095 w, 1065 w, 1005 w, 977 m, 943 s, 913 w, 897 w, 871
w, 843 m, 822 s, 798 m, 776 s, 746 w, 735 m, 726 w, 690 cm~' s; MS (EI):
mlz (%): 555 (100) [M*], 512 (56), 494 (8), 464 (5), 436 (3), 407 (3), 314
(2), 257 (5), 234 (13), 211 (2), 149 (6), 109 (2), 44 (6); HRMS calcd for
CyH3,O,F,PN: 555.21387; found: 555.21332; Anal.: caled (%) for
C3H;,0,F,PN: C 73.50, H 5.81, N 2.52, found: C 73.29, H 5.81, N 2.39.
6h: Yield: 27%; R;=0.83 (ethyl acetate/n-hexane 1:4); [a]s =369.9 (c=
0.1, CH,CL,); "H NMR (300 MHz, CDCl,): 6=7.61-7.59 (m, 2H), 7.56—
7.53 (m, 2H), 7.42 (m, 4H; 2-C,H,), 7.16 (brs, 1H), 7.13 (brs, 1H; 4-H,
4-H), 6.72 (dd, *J=17.7Hz, 11.0 Hz, 2H; 2CH=CH,), 5.76 (dd, /=
17.7Hz, *J=1.0Hz, 1H), 5.75 (dd, *J=17.7 Hz, J=1.0Hz, 1H), 5.23
(dd, *J=11.0 Hz, J=1.0 Hz, 1H), 5.22 (dd, *J=11.0 Hz, 2/=1.0 Hz, 1H;
2-CH=CH,), 2.92-2.80 (m, 4H; 5-H, 5'-H), 2.73-2.64 (m, 2H), 2.43-2.36
(m, 2H; 8-H, 8-H), 1.90 (d, Jpy=9.5Hz, 6H; N(CHy;),), 1.86-1.77 (m,
6H), 1.70-1.61 ppm (m, 2H; 6-H, 6'-H, 7-H, 7"-H); *C NMR (75.5 MHz,
CDCly): 6=145.5, 144.8 (d, Jpc=1.3 Hz, C2, C2'), 137.9, 137.9 (i- C¢H,,
i'-C¢H,), 137.1 (d, Jpc=1.9 Hz), 137.1 (C8a, C8a’), 136.7, 136.7 (2CH=
CH,), 135.9, 135.8 (p-C¢H,, p'-C¢H,), 133.7 (d, Jpc=1.3 Hz), 133.3 (C4a,
C4a’), 1314 (d, Jpc=2.5Hz), 130.5 (C3, C3'), 1304 (d, Jpc=5.0 Hz),
130.0 (d, Jpc=1.5Hz) (C1, Cl’), 130.4, 129.5 (C4, C4), 129.8 (d, Jpc=
3.2 Hz), 129.6 (0-C¢H,, 0'-CiHy), 125.9, 125.8 (m-C¢H,m'-CH,), 113.5,
113.4 (2CH=CH,), 34.3 (d, Jp=20.0 Hz, N(CHs;),), 29.3, 29.2 (C5, C5'),
27.8, 271.7 (C8, C8'), 23.0, 22.9, 22.8, 22.7ppm (C6, C6', C7, C7');
3P NMR (121.5 MHz, CDClL): 6 =140.1 ppm; IR (KBr): 7=3440 w, 3080
w, 3007 w, 2925 s, 2852 m, 2790 w, 1908 w, 1628 m, 1607 w, 1551 w, 1513
m, 1495 m, 1481 w, 1448 m, 1433 w, 1391 m, 1350 w, 1312 w, 1290 m, 1253
w, 1229 m, 1198 m, 1186 m, 1156 m, 1135 w, 1116 w, 1065 m, 1030 w, 1017
w, 1003 m, 983 s, 943 s, 907 m, 879 w, 843 s, 831 s, 776 s, 755 m, 730 m,
689 s, 596 w, 556 w, 504 w, 482 w, 451 w, 401 cm™' w; MS (EI): m/z (%):
571 (100) [M™*], 528 (38), 510 (13), 263 (17), 242 (17), 97 (11), 83 (12), 69
(15), 55 (17); HRMS caled for CyHiNO,P: 571.26347; found:
571.263825.

6i: (5)-3,3'-Dibromo-5,5',6,6',7,7',8,8' -octahydro-1,1'-binaphthyl-2,2'-diol 3
(2g, 44mmol), NEt; (7mL, 48 mmol) and (Et,N)PCl, (0.65mL,
4.4 mmol) were dissolved in toluene (20 mL) and refluxed for 16 h. The
solvent was removed and the sticky residue was purified by flash column
chromatography (eluent: ethyl acetate: n-hexane 1:4). Yield: 60%; R;=
0.78 (ethyl acetate/n-hexane 1:4); m.p.: 153-157°C; [a]%=-363.9 (c=
0.15, CH,Cl,); '"H NMR (300 MHz, CDCL;): =7.33 (brs, 1H), 7.28 (brs,
1H; 4-H, 4-H), 3.06-2.83 (m, 4H; 2NCH,), 2.78-2.68 (m, 4H; 5-H, 5'-
H), 2.59-2.42 (m, 2H), 2.27-2.07 (m, 2H; 8-H, 8-H), 1.78-1.66 (m, 6H),
1.58-1.41 (m, 2H; 6-H, 6-H, 7-H, 7-H), 1.06 ppm (t, /=7.1 Hz, 6H;
2CH;); "CNMR (75.5 MHz, CDCly): 6=145.5 (d, Jpc=3.2 Hz), 145.2
(C2, C2), 1371 (d, Jpc=1.6 Hz), 136.7, 1352 (d, Jpc=1.5Hz), 133.9
(C4a, C4a’, C8a, C8a’), 132.4 (2) (C4, C4), 130.6 (d, Jpc=5.0 Hz), 128.9
(d, Jpc=2.0Hz, C1, C1"), 113.1 (d, Jpc=2.8 Hz), 112.6 (C3, C3'), 38.8 (d,
Jpc-22.0 Hz, NCH,), 28.8, 28.7 (C5, C5'), 27.6, 27.3 (C8, C8), 22.5, 22.4,
22.4,22.2 (C6, C6', C7, C7'), 14.9 ppm (d, Jpc=3.5 Hz, CH;); *'P NMR
(121.5 MHz, CDClL;): 6=142.3 ppm; IR (KBr): #=2976 w, 2928 m, 2865
w, 1685 w, 1575 w, 1419 m, 1379 m, 1353 w, 1245 m, 1205 m, 1172 m, 1065
w, 1015 m, 940 m, 921 w, 864 m, 808 s, 784 m, 746 s, 718 w, 659 cm™" m;
MS (EX): m/z (%): 553 (17) [M*], 538 (50), 510 (5), 481 (64), 401 (11),
371 (5), 282 (12), 274 (11), 255 (7), 246 (8), 231 (10), 215 '(15), 202 (14),
189 (12), 104 (11), 86 (33), 72 (100), 58 (72), 44 (32); HRMS calcd for
C,,H,4Br,O,PN: 551.02244; found: 551.02189; Anal.: caled (%) for
C,,HysBr,O,PN: C 52.10, H 5.10, Br 28.88, N 2.53; found: C 51.88, H
5.10, Br 30.1, N 2.36.

Hydrogenation experiments

In a typical experiment, a solution of the a-dehydroamino acid precur-
sors 7 (0.25 mmol) in 1.0 mL solvent was transferred through a syringe
into an autoclave charged with argon. The catalyst was generated in situ
by stirring [{Ir(cod)Cl},] (5 pmol) and the corresponding ligand (10 pmol)
in solvent (1.0 mL) for a period of 10 min and afterwards transferring the
solution through a syringe into the autoclave. Then, the autoclave was
charged with hydrogen at the required pressure and stirred at 25°C.
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After the predetermined time, the hydrogen was released and the reac-
tion mixture was analysed.

Hydrogenation experiments were performed at normal pressure at 25°C
as follows: A mixture of [{Ir(cod)Cl},] (0.02 mmol), ligand 6 (0.04 mmol),
and methyl o-acetamidocinnamate 7 (1 mmol) was stirred for 10 min in
solvent (10 mL). The hydrogenation flask was flushed several times with
hydrogen. The solution was transferred to the reaction vessel and the
progress was followed by a volumetric measurement at 25°C £0.5°C.

Crystal structure analysis

Diffraction data were collected on a STOE-IPDS diffractometer. The
structures were solved by direct methods (G. M. Sheldrick, SHELXS-97,
Program for Crystal Structure Solution, University of Gottingen, Germa-
ny, 1997) and refined by full-matrix least-squares techniques on F> (G. M.
Sheldrick, SHELXL-97, Program for Crystal Structure Refinement, Uni-
versity of Gottingen, Germany, 1997). XP (BRUKER AXS) was used for
graphical representations. All non-hydrogen atoms except the atoms of
the disordered parts were refined anisotropically. H atoms were included
at calculated positions and refined by using the riding model.

X-ray crystal structure analysis of 6b: crystal dimensions 0.50x0.35x
0.10 mm’, monoclinic, space group P2,, a=9.4482(6), b=17.7201(3), c=
15.4135(9) A, f=107.769(5)°,V =1070.6(1) A>, Z=2, peyca=1.629 gecm™,
Mok, radiation 1=0.71073 A, T=200(2) K, 26, =>52.00°, 15333 reflec-
tions measured, 4120 were independent of symmetry of which 3623 were
observed, absorption correction: numerical («=3.879 mm~', min/max
transmission=0.2706/0.7779, R1(I> 20(I))=0.0292, wR2 (all data)=
0.0555, min/max residual electron density —0.280/0.452 eA3, 252 param-
eters. The absolute configuration was determined by the Flack parameter
x=0.006(7).

X-ray crystal structure analysis of 6g: crystal dimensions 0.40x0.35x
0.20 mm’, orthorhombic, space group P2,2,2;, a=10.246(2), b=14.635(3),
c=18.655(4) A, V=2797.5(10) A3, Z=4, p.yeq=1.319 gem™>, Moy, radia-
tion 1=0.71073 A, T=2002) K, 20,,,,=52.00°, 39768 reflections mea-
sured, 5495 were independent of symmetry, of which 3657 were observed,
#=0.144 mm™', R1(I> 20(I))=0.0386, wR2 (all data)=0.0707, min/max
residual electron density —0.255/0.225 ¢ A=, 360 parameters, Flack pa-
rameter, x=—0.01(10). The absolute configuration corresponds to the
known chirality of the starting compound.

CCDC 670284 and 670285 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_-
request/cif.
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Pd" and Pt" Complexes with Amphiphilic Ligands: Formation of Micelles
and [S]Rotaxanes with a-Cyclodextrin in Aqueous Solution

Toshiaki Taira, Yuji Suzaki, and Kohtaro Osakada*!*!

Abstract: [3]Pseudorotaxanes [1(a-
CD),][X] (X=Cl, NOs;), prepared from
reaction of an N-alkylbipyridinium
[4.4"-bpy-N-(CH,),i0CsH;-3,5-(OMe),]
[X] ([1][X]) and a-CD, react with M-
(NOj),(en) (M=Pd, Pt; en=1,2-ethyl-
enediamine) in a 2:1 molar ratio to
afford [5]rotaxanes [M{(4,4"-bpy-N-
(CH,)1,0C¢H;-3,5-(OMe),)(a-CD).},

(em][NOsJ; ([2(a-CD),][NO,],, M =Pd;
[3(a-CD),][NO;],, M=Pt). A similar

(M=Pd, Pt) produces amphiphilic Pd
and Pt complexes, [2][NO;], and [3]-
[NO;],. Complexes [2][NO;], and [3]-
[NO;], form micelles in the presence of
small amounts of dyes (Nile red and
pyrene) in water. The critical micelle
concentration (CMC) was determined
by the absorption peak of the dye,

Keywords: amphiphiles - micelles -
palladium - platinum - rotaxanes

which is encapsulated in the micelles in
solution. Micelle formation
firmed by dynamic light scattering
measurement of the solution and TEM
(transmission  electron  microscopy)
images of the micelles deposited from
the solution. Addition of a-CD to the
aqueous solution containing these am-
phiphilic complexes results in degrada-
tion of the micelle structure and the
formation of [S]rotaxanes, [2(a-CD),]

is con-

reaction of [1][Cl] with [M(NO;),(en)]

Introduction

Amphiphilic compounds composed of a hydrophobic long
alkyl chain and a hydrophilic functional group behave as
surfactants that form aggregates, such as micelles and vesi-
cles, in water.['l Transition-metal complexes having a cation-
ic metal center and a ligand attached to the hydrophobic
group also show an amphiphilic character.”! Dialkyl-2,2’-bi-
pyridine-coordinated Ru complexes form normal micelles in
water™ and inverted micelles in toluene.*! Aggregation of
such metallosurfactants is flexible and is influenced by the
temperature of the solution and by the new additive added
to the solution. Addition of cyclodextrins (CDs) to the
aqueous solution of micelles causes inclusion of the long
alkyl chain of the amphiphilic compounds within the cavity
of CD, forming pseudorotaxanes."®

Recently, we prepared new amphiphilic compounds [4,4'-
bpy-N-(CH,),00C:H;-3,5-X,][Cl] (X=0OMe ([1][Cl]), Bu),
having an N-alkylbipyridinium and an oligomethylene group
as the hydrophilic and hydrophobic groups, respectively.
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[NO;], and [3(a-CD),][NOs],.

They form micelles in aqueous solutions at concentrations
higher than the critical micelle concentration (CMC,
0.65 mm of [1][C]] at 25°C;Scheme 1)."" Addition of a-CD
to the solution converts the micelles into a pseudorotaxane
of [1][Cl]. The molar ratio between [1] in the micelle and
that in the pseudorotaxane is controlled reversibly by chang-
ing the temperature of the solution. A neutral Pt" complex
with analogous amphiphilic bipyridinium as the ligand,
[(dmso)PtCl,{4,4"-bpy-N-(CH,),;0OC¢H;-3,5-1Bu,}]|[PtCl;(dmso)],
forms [2]rotaxane with a-CD in the presence of DMSO. The
reaction involves activation of the Pt—N bond caused by
DMSO and inclusion of the liberated alkylbipyridinium by
a-CD.®! Herein, we report the facile preparation of new am-
phiphilic palladium(II) and platinum(II) complexes contain-
ing N-alkylbipyridinium ligands and conversion of micellar

ne—_e ™
[1]IC1 [[][Cl]] > 0.65 mm
25°C
cr OMe
—o= NC}'_QN"(CHZ)WOQ
(e OMe

Scheme 1. Micelle formation of [4,4-bpy-N-(CH,),iOC¢H;-3,5-(OMe),]
[y (yreap.
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aggregates of the complexes to the rotaxanes with a-CDs. A
part of this work has been reported in a preliminarily
form.”)

Results and Discussion

An N-alkylated bipyridinium compound [1][Cl] (or [1]-
[NO;]) forms a [3]pseudorotaxane with a-CD, as shown in
Equation (1).

. X OMe
OOty - ()
OMe
[MICI]: X =CI a-CD
[M]INOs]: X = NO3

X OMe
A = — +
ho N:/>—<\:N‘€CH2)1OO>< 2
OMe

[1(a-CDY][CI]: X = CI, 60%
[1(a-CD),][NO3): X = NO5 59%

Q)

Heating an aqueous solution of a-CD and [1][Cl] at 60°C
for 0.5 h then cooling to 3°C causes precipitation of [{4,4-
bpy-N-(CH,);00C¢H3-3,5-(OMe),}(a-CD),][Cl]  ([1(a-CD),]
[CI]) as a white solid from the solution (60 % yield). A simi-
lar reaction using [1][NOj;], obtained by anion exchange of
[1][C]] with AgNO;, afforded [1(a-CD),][NO;] in 59%
yield. Figure 1 compares the *C CP/MAS NMR spectra of
a-CD, [1(a-CD),][C]], and [1][C]]. Free a-CD shows small
signals at 0 =81 and 98 arising from the C-4 and C-1 carbon
atoms of the conformationally strained glycosidic linkage
(Figure 1a)." The absence of the corresponding signals in
the spectrum of [1(a-CD),][Cl] (Figure 1b) suggests the
symmetrically cyclic conformation of a-CD and release of
the strain of the CD ring because of pseudorotaxane forma-
tion.""'? The signals from the alkylbipyridinium in [1(a-
CD),][C]] are broadened more significantly than those of [1]

Abstract in Japanese:

N-7 XN EEY P =0 AFEEE[4,4°-bpy-N-(CH,)100CsH;-3,5-
(OMe)][X] (X =CLNOs) L a-> 7 B 7% 2 kY 2(a-CD)I3/K AP T
B XH o 2ER LI, BHER Y XX Oo0a-CD BT LF
NMERY V=g AR AL HELE L. Z O M(NO;s)(en) (M =Pd, Pt,
en=12-=F L ITIV) LD 2l DRET, ZODBHER & 24
PNER—EBEMNBERICL > TEREEIhZSIn ¥ X2 3B bhd,
ISR S XY UE, TOBRSFIHEETH7 VY LB DIVNEA
&bk L a-CD L DEBREICL > THLAERTE S, ZORBICA W
ER (VY P2 h) AT ABLUASEIIKBRPTIE
NEFRTHOT, LED[S]|0 ¥ X4 U EREEOBEIZEV T,
FERIEE & RIS T 5 I EAMEN, a-CD L Do ¥ ¥4 Bk
IZE bl TEDAL TV Z B bnolz, ZOBSFOMEERK
IS & AR R~ bz L > TEBF LT,
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Figure 1. ®C CP/MAS NMR spectra (100 MHz, RT) of a) a-CD, b) [1(a-
CD),][C]], and c) [1][C]]. Peaks with an asterisk are assigned to C-1 and
C-4 with a conformationally strained glycosidic linkage.

[Cl]. These results, as well as elemental analyses of [1(a-
CD),]J[C]] and [1(a-CD),][NO;], indicate formation of
[3]pseudorotaxanes in the solid state. The X-ray powder dif-
fraction pattern (XRD) of [1(a-CD),][Cl] differs from that
of [1][C]] and a-CD (Figure 2). The diffraction peak at 260=

) 8000

& 4000
o

0
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o
~
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cps —=

1000

2000

1000

cps —»

0 20 40 60
20/° —»
Figure 2. X-ray diffraction pattern of a) a-CD, b) [1(a-CD),][Cl], and
¢) (€] (Cug. RT).

11.1° (Figure 2b) is observed also in the XRD of the poly-
pseudorotaxanes composed of -CDs with poly(e-caprolac-
tone) and with poly(propylene glycol), and is characteristic
of channel-type structures of CDs and their rotaxanes.!

A D,O solution of the [3]pseudorotaxane contains [1(o-
CD)][C]] and a-CD as the major species. The *C{'H} NMR
spectrum of the solution, obtained by dissolution of [1(a-
CD),][C]] in D,O, exhibits two sets of the signals of a-CD
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(Figure 3b). One is assigned to those of the inclusion com-
plex [1(a-CD)][Cl] (0=62.1, 74.1, 745, 764, 837,
104.6 ppm), and the other arises from free a-CD (6=62.9,

” LA
|

b)i

c) OCH,
‘ Cg-l'i;; xNCF{z JA OCH,
l J.‘ Nt A
T T T
100 80 60

-«—— §/ppm

Figure 3. "C{'H} NMR spectra of the D,O solution obtained by dissolu-
tion of a) a-CD, b) [1(a-CD),][Cl], and c) [3(a-CD),][NO;], at room tem-
perature (100 MHz). Sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS)
was used as an external standard.

74.2, 74.5, 75.9, 83.7,
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ous solution, while the interaction becomes less significant
in organic solvents such as [Dg]DMSO. The bulky 3,5-dime-
thoxyphenyl and ionic bipyridinium end groups of the axle
molecule also kinetically stabilize the pseudorotaxane struc-
ture.!"

Reaction of [1][NO;] with [M(NO;),(en)] (M=Pd, Pt)
produces  [M{4,4'-bpy-N-(CH,),,OC¢H;-3,5-(OMe),},(en)]-
[NOsls ([2][NOs)y, M=Pd, 79%; [3][NO;],, M=Pt, 70%),
as shown in Scheme 2. [1(a-CD),][NOs] with a [3]pseudoro-
taxane structure also reacts with the Pd and Pt complexes to
form transition-metal-containing [S]rotaxanes [M({(4,4-bpy-
N-(CH,),00C¢H;-3,5-(OMe),)(a-CD),},(en)][NOs], (M=Pd
[2(a-CD),][NO;],, 24 %; M=Pt, [3(a-CD),][NO;],, 60 %).06!
Figure 3¢ shows the “C{'H} NMR spectrum of [3(a-CD),]
[NO;],, which shows two sets of signals of a-CD (0=61.4
and 62.1; 73.4 and 73.5; 73.7 (2C); 75.1, and 75.6; 82.9 (2C);
103.1 and 103.7 ppm). The signal at 6 =82.9 ppm is observed
at a different position from the corresponding signal of free
a-CD, and the liberation of a-CD from the rotaxane does
not occur.

The [S]rotaxane [2(a-CD),][NO;], is also formed from the

103.9 ppm). Signals of [1][CI CNH2 2 b o d e OMe
that sli)lr())uld sh§w peaks E\t][dz] Hz“ﬂ N:’>_<\:N (CH2)100

95.0, 959 ppm were not ob- \Nl o OMe
served. Small signals in Fig- » — en M_( = A 3

ure 3b (0=63.1,75.3, 76.7, 82.9, Aoy ( l Ny

84.2 ppm) may be assigned to (JZHz)m

an isomer, such as [2]pseudoro- b [2]NOs]4, M = Pd, 79%
taxane ([1(a-CD)][CI]) with dif- HZ NOs @\ [3INOslq, M = Pt, 70%
ferent orientations of a-CD. o MeQ = "OMe

The 'H NMR peak positions of N, N (NH2 g b o g e OMe
[1(a-CD)][CI]] (0=5.94, 6.04, M = Pd, Pt N M —N, C:H2 )100

7.73, 8.22, 8.58, 8.80 ppm) differ (en)M _00{ OMe
distinctly from the correspond- + -0-( P % 4(NO3)

ing signals of [1][Cl] (0=5.47, [(0-CD),JINO3] Pan

5.63, 7.62, 8.15, 8.53, 8.74 ppm). A

The 'H NMR spectrum in D,O (Pm

does not change significantly % EE ; }{Egg}: m if 62;,2’
even at 80°C.

The formation of [1(a-CD)]
[Cl] was confirmed by electro-
spray ionization mass spectrum
(ESI-MS), which shows a peak
arising from [1(a-CD)]* at m/z 1422. All these results indi-
cate that [1(a-CD),][Cl] keeps the [3]pseudorotaxane struc-
ture in the solid state and that dissolution of [1(a-CD),][Cl]
in D,O yields an equilibrated mixture containing a-CD and
[1(a-CD)][CI]. The solution may contain [3]rotaxane [1(a-
CD),][C]] as well.’*l Unfortunately, the spectroscopic data
are not sufficient to distinguish between [3]- and [2]rotaxane
and, hence, also the actual ratio between them. Dissolution
of [1(a-CD),][NO;] in [Dg]DMSO at room temperature
gives a 1:2 mixture of [1][NO;] and a-CD. A hydrophobic
interaction between a-CD and the axle molecule stabilizes
the interlocked structure of the [2]pseudorotaxane in aque-
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Scheme 2. Synthesis of [2][NOs],, [3][NO;],, [2(a-CD),4][NOs],, and [3(a-CD),][NO;],.

reaction of [2][NOs], with a-CD in D,O as shown in Equa-
tion (2). Figure 4 shows the '"H NMR spectra of [2][NO;],
and of mixtures containing [2][NO;], and a-CD ([[2]-
[NO;],]=10 mM, [a-CD]=20 mm and 40 mm). Quantitative
formation of [2(a-CD),][NOs], was observed within 10 min
after addition of a-CD (4 equiv) to the solution of [2][NO;],
at room temperature. A similar reaction of [3][NO;], with
a-CD at room temperature does not give [3(a-CD),][NO;],
but a mixture of unreacted [3][NO;], and a-CD. Heating the
mixture at 60°C for 21 h yields [3(a-CD),][NOs],. The Pt—N
bond is less labile than the Pd—N bond, and the bipyridini-
um ligand of [3][NO;], does not undergo partial dissociation
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Figure 4. '"H NMR spectra of a) [2][NO;], (10 mm), b) a mixture of [2]-
[NO;]; (10mm) and a-CD (20 mm), and c)a mixture of [2][NO;],
(10 mm) and a-CD (40 mm). For assignment of the signals, see Scheme 2.

at room temperature, although it is required for rotaxane
formation via a “magic rod” procedure.’®!""*

Micelle formation of the Pd and Pt complexes with am-
phiphilic ligands and their rotaxanes is examined by using

i X

+ 4
D0 > @
o-CD A

[2][NO3]4, M = Pd [2(a-CD)4][NOs]4, M = Pd
[3]NOg4, M = Pt [3(a-CD),]INO3]s, M = Pt

Nile red (4,,,,=564 nm) as the hydrophobic pigments. Disso-
lution of [2][NO;], and Nile red ([Nile red]=10 um) in
water leads to the aggregation of [2][NOjs], to form micelles
with encapsulated Nile red molecules in their core. Fig-
ure Sa shows the absorption spectra of the solutions with
different concentrations of [2][NOs], (from 5x107° to 1.5x
102 gmL™"). The solutions with [2][NO;], below 6.3x
10~* gmL™" do not show any significant peak at 564 nm, but
increasing the concentration above 1.3x107° gmL™"' causes
the appearance of a new absorption peak at the position as-
signed to the dye encapsulated within micelles. The CMC of
[2][NO;], was determined to be 6.3x10™*gmL™"' (0.48 mm)
at 25°C on the basis of plots of absorbance at 564 nm versus

a) b)
20 10p
T T 0.8}
£ 06l
< 1.0 T £ cue
g o4l \
®
< 0.2F
0 0 1 |
300 500 700 -3 - 1

Alnm —> log([[2][NOs]s/mM) —>

Figure 5. a) Absorption spectra of aqueous solutions of Nile red and [2]-
[NO,], with various concentrations of [2][NOs], (from 5x107° to 1.5x
1072 gmL™"). b) Plots of absorbance at 564 nm versus concentration of
[2][NO;]..
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[2][NOs]4 (Figure 5b). The CMC of [3][NO;], was similarly
determined to be 6.0x10*gmL™" (0.43 mm) at 25°C. Dy-
namic light scattering (DLS) showed the average hydrody-
namic radius of micelles in aqueous solution (10 mm, 21°C)
to be 16 nm for [2][NO;], and 5.9 nm for [3][NO;],. Trans-
mission electron microscope (TEM) images of [2][NO;], and
[3][NO;], deposited from aqueous solution (1 mm) show the
presence of spherical micelles (Figure 6), although the latter
micelles aggregated to form larger particles during the
sample preparation and measurement.

AL b) o |

100 nm 100 nm

Figure 6. TEM images of the aggregates of a) [2][NO;], and b) [3][NOs],.

Addition of a-CD to the micellar solution of [2][NO;],
containing pyrene ([[2][NO;],]=0.6 mm) at 25°C decreased
absorption at 341 nm (Figure 7a) depending on the amount
of a-CD. Figure 7b shows a decrease of the absorbance at
341 nm from 0.65 to 0.41 caused by addition of a-CDs up to
4 equiv of the complex. Further addition of a-CD does not
cause significant changes in the spectra.

&
o
=
o
[

A at 341 nm —~
o
S

0 T8
Amount of a-CD/equiv -

0
300 400 500
Alnm —

Figure 7. a) Absorption spectra of pyrene and [2][NOs], ([pyrene]=
10 pm, [[2][NO;],]=0.6 mm) in aqueous solutions with various concentra-
tions of a-CD (from 0 (0 equiv) to 6.0 mm (10 equiv)). b) Plots of absorb-
ance at 341 nm versus amount of added a-CD.

Scheme 3 depicts a plausible mechanism which accounts
for [S]rotaxane formation from [2][NO;], and a-CD in D,O
(Figure 4). [2][NO;], is equilibrated with a mixture of [1]-
[NO;] and  [Pd(L)(D,O)(en)][NOs];  (L=4.4"-bpy-N-
(CH,),i0C¢H;-3,5-(OMe),) via partial dissociation of the bi-
pyridinium ligand and its recoordination, while the equilibri-
um is favored to [2][NOs],. Once liberated, [1][NO;] and a-
CD produce pseudorotaxanes [1(a-CD),][NOs] (n=1, 2),
which are end-capped by [Pd(L)(D,O)(en)][NOs]; to form
the [n+ 1]rotaxane. Repetitive dissociation and formation of
the metal-N bond accompanied by complexation with o-
CD leads to the [S]rotaxane. Each step in the reaction is ap-
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Scheme 3. Proposed mechanism for the formation of [2(a-CD),][NO;],.

parently reversible, although high stability of the [S]rotaxane
structure arises from the hydrophobic interaction between
the cavity of a-CD and alkylbipyridinium ligands, making
the reaction formally irreversible in D,0O. Heating of the so-
lution (60°C) is required for the reaction of [3][NO;], with
a-CD to activate the Pt—N bond, which is stronger than the
Pd—N bond.®**"

The amphiphilic molecule [2][NO;], at concentrations
above CMC forms micelles in water via encapsulation of the
dye. Addition of a-CD to the solution reorganizes the ag-
gregates to form the rotaxanes with a-CD, as summarized in
Scheme 4. The incorporated dye was released by degrada-
tion of the micelles because the rotaxanes could not form
micelles that can solubilize the dye in water.

Formation of the [S]rotaxane from [M(NO;),(en)] and [1-
(a-CD),][NO;] may involve the reactions in Scheme 5 be-
cause [1(a-CD),][NO;] exists as a mixture of [1(a-CD),]
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Scheme 4. Proposed mechanism of changes in absorption spectrum of a
solution of pyrene and [2][NO;], by addition of a-CD.

M(NOs),(en)] + —e-( en]l\l."l—e-(

[1(0-CD)][NO4] NO3
(i) [2]Rotaxane
+a-CD
= (en)l\lﬂ—e-e-(
NO,
[3]Rotaxane

Scheme 5. Pathway for [3]rotaxane formation.

[NO;], [1(a-CD)][NOs], and a-CD in aqueous solution. Ini-
tially formed [1(a-CD)][NO;] coordinates to the metal
center to yield [2]rotaxane (Scheme 5 (i)), which is followed
by incorporation of an additional a-CD induced by dissocia-
tion of the alkylbipyridinium ligand (Scheme 5 (ii)). The
latter reaction takes place smoothly, similarly to the reac-
tions shown in Scheme 3.

Conclusions

In this paper, we have described the synthesis of [S]rotax-
anes composed of four a-CDs and bis(bipyridinium)palladi-
um and platinum complexes as the macrocyclic and the axle
components, respectively. The [S]rotaxanes have been pre-
pared by reactions of [3]pseudorotaxanes with [M-
(NOs),(en)] (Scheme 6, Path A) and of a-CD with the am-
phiphilic complex (Scheme 6, Path B). Amphiphilic bis(bi-
pyridinium)complexes, which are double-tailed surfactants,
form micelles in water above their CMC. Addition of a-CD
to the micellar solution causes degradation of the micelle
and affords [S]rotaxanes of the individual molecules of the
complexes. This transformation of metallomicelles (higher-
order supramolecules) into rotaxanes (lower-order supramo-
lecules) may provide a new method to control aggregation
and functions of the metallosurfactants.
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Experimental Section

Materials and Methods

[M(NO;),(en)] (M=Pd, Pt) were prepared according to the literature
method.”? The other chemicals were commercially available and used
without further purification. "H and *C{'H} NMR spectra were recorded
on Varian MERCURY300 and JEOL EX-400 spectrometers. 3-(Trime-
thylsilyl)-1-propanesulfonic acid, sodium salt (DSS) was used as an exter-
nal standard in the “C{'"H} NMR measurements in D,O. IR absorption
spectra were recorded on Shimadzu FT/IR-8100 spectrometers. Elemen-
tal analyses were carried out with a Yanaco MT-5 CHN autorecorder.
The absorption spectra were recorded using a JASCO V-530 UV/Vis
spectrometer. A 10 pL aliquot of a 2.0 um solution of Nile red in DMSO
was transferred to 2.0 cm ™ of each sample. Before measuring, the sam-
ples were stored at adequate temperature using a JASCO EHC-477 pel-
tiere-type thermostated cell holder. The aggregates of the sample were
observed by transmission electron microscopy (TEM, HITACHI 7000)
operating at 100 kV. The hydrodynamic size of the micelles in aqueous
solution was measured using an Otsuka Electronics Co., Ltd. DLS-7000
spectrophotometer equipped with a 10 mW He—-Ne laser operating at
632.8 nm. Measurement was performed at an angle of 90°, and the data
obtained were fitted using the CONTIN algorithm. Electrospray ioniza-
tion mass spectrometry (ESI-MS) was recorded on a ThermoQuest Finni-
gan LCQ Duo mass spectrometer.

Synthesis

[4,4'-bpy-N-(CH,),,0OC¢H;-3,5-(OMe),][Cl] ([1][Cl1]): [1][Cl] was prepared
according to the literature method.” *C{'H} NMR (100 MHz, D,O, RT):
0=283 (CH,), 28.4 (CH,), 31.4 (CH,), 31.5 (CH,), 31.7 (CH,), 31.7
(CH,), 31.8 (CH,), 33.5 (CH,), 57.6 (OCH,), 64.3 (NCH,), 70.4 (OCH,),
95.0 (C¢H;), 959 (C¢H;), 1248 (C,gHgN,), 1283 (CjHgN,), 144.2
(CoHgN,), 147.4 (CjoHgN,), 152.8 (CjoHgN,), 155.8 (C,oHgN,), 163.1
(C¢Hs), 163.7 ppm (C¢Hs).

[4,4"-bpy-N-(CH,),00C,H;-3,5-(OMe),][NO;] ([1][NO3)): AgNO;
(170 mg, 1.0 mmol) was added to an aqueous solution (10 mL) containing
[4,4-bpy-N-(CH,),,0CH;-3,5-(OMe),][Cl] ([1][C]]) (500 mg, 1.0 mmol),
and the mixture was stirred for 10 h at room temperature in the dark.
The formed solid was collected by filtration and the product was extract-
ed with acetone (20 mL). Evaporation of the solvent and drying under re-
duced pressure yielded [1][NO;] as a brown solid (392 mg, 0.77 mmol,
77%). IR (KBr disk, RT): #=1385cm™; 'HNMR (400 MHz,
[DJDMSO, RT): 6=122-1.41 (12H; CH,), 1.65 (t, *Jyu=7Hz, 2H;
OCH,CH,), 1.94 (br, 2H; NCH,CH,), 3.68 (s, 6H; OCHj;), 3.87 (t,
3un=7Hz, 2H; OCH,), 4.62 (t, *Jy;=7 Hz, 2H; NCH,), 6.04 (3H;
CH;), 8.03 (d, *Jyu=6Hz, 2H; C,(HyN,), 8.62 (d, *Jyu=7Hz, 2H;
CyHgN,), 8.85 (d, =6 Hz, 2H; C,(HgN,), 9.22 ppm (d, */;y;;=6 Hz,
2H; C,HgN,); *C{'H} NMR (100 MHz, [Dg]DMSO, RT): 6 =25.4 (CH,),
25.5 (CH,), 28.4 (CH,), 28.7 (3C, CH,), 28.9 (CH,), 30.7 (CH,), 55.1
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(OCH3;), 60.4 (NCH,), 67.3 (OCH,), 92.7 (C¢Hs), 93.1 (CsH;), 121.8
(CioHgN,), 1253 (CjoHgN,), 140.7 (C,oHgN,), 1452 (C,iHgN,), 150.8
(CioHgN,), 152.1 (C,,HgN,), 160.4 (C¢Hj), 161.0 ppm (C4H;); elemental
analysis calcd (%) for CxH3N;04(H,0) (529.6): C 63.50, H 7.42, N 7.93;
found: C 63.78, H 7.03, N 7.91.

[{4.4"-bpy-N-(CH,), 0C,Hy-3,5-(OMe),}(a-CD),J[Cl]  ([1(a-CD),][CI]):
[4,4"-bpy-N-(CH,),,0CsH;-3,5-(OMe),][Cl] ([1][C]]) (478 mg, 0.99 mmol)
was dissolved in H,O (10 mL) containing a-CD (1.95 g, 2.0 mmol). The
mixture was stirred for 0.5 h at 60°C and kept for 18 h at 3°C. The solid
separated from the solution was collected by filtration, washed with
water, and dried under reduced pressure to give [1(a-CD),][Cl] (1.43 g,
0.59 mmol, 60%). IR (KBr disk, RT): #=3000-3700 (OH), 1206 cm™" (C-
O-C); elemental analysis calcd (%) for C,oH;5;N,04Cl-6 (H,O) (2538.9):
C47.31, H6.71, N 1.10, Cl, 1.40; found: C47.25, H 6.59, N 1.23, C1 1.31.
The following data are assigned to [1(a-CD)][Cl]. Details are shown in
the text. '"H NMR (300 MHz, D,0, RT): 6=1.02-1.59 (14H; CH,-axle),
1.70-2.04 (br, 2H; NCH,CH,), 3.29-3.82 (m, 80H; CH-0-CD, CH,-a-CD,
OCH,-axle, OMe), 4.86 (s, 12H; CH-a-CD), 5.94 (s, 2H; ortho-CH,),
6.04 (s, 1H; para-C;H,), 7.73 (br, 2H; C,(HgN,), 8.22 (d, *Jyy=5Hz, 2H;
C,oHgN,), 858 (br, 2H; C,HgN,), 880ppm (d, *Jyy=5Hz, 2H;
CoHsN,,). The signal of the NCH, hydrogen atoms overlapped with the
signal of HDO (6=4.63 ppm). “C{'H} NMR (300 MHz, D,O, RT): 6=
28.7 (CH,), 29.6 (CH,), 31.8 (CH,), 32.3 (CH,), 32.7 (CH,), 33.4 (CH,),
33.5 (CH,), 33.6 (CH,), 58.1 (OMe), 62.1 (a-CD), 64.1 (NCH,), 70.6
(OCH,), 74.1 (0-CD), 745 (0-CD), 764 (0-CD), 83.7 (0-CD), 95.6
(CsHs), 96.4 (CHj), 104.6 (a-CD), 125.0 (C,gHgN,), 128.6 (C;oHgN,),
145.1 (CjoHgN,), 147.1 (C,0HgN,), 152.4 (C,(HgN,), 156.2 (C,HgN,), 162.4
(C¢Hs), 163.7 ppm (C¢H;); MS (ESI) caled (%) for CgHy;N,O5;3: found:
mlz=1422 [M—CI]*.
[{4.4-bpy-N-(CH,);00C¢H;-3,5-(OMe),}(a-CD),][NO;] ([1(a-CD),]
[NOs]): [4:4-bpy-N-(CH,),00CsH;-3,5-(OMe),][NO;] ([1][NO;]) (1.5 g,
2.9 mmol) was dissolved in H,O (45mL) containing a-CD (5.8¢g,
6.0 mmol). The mixture was stirred for 0.5 h at 70°C and kept for 17 h at
room temperature. The formed precipitation was collected by filtration,
washed with water, and dried under reduced pressure to give [1(a-CD),]
[NOs] (42 g, 1.7 mmol, 59%). IR (KBr disk, RT): #=1385 cm™'; elemen-
tal analysis caled (%) for C;pH;5;N;O0456(H,0) (2565.4): C 46.82, H 6.64,
N 1.64; found: C 46.69, H 6.27, N 1.62.
[Pd{(4,4'-bpy-N-(CH,),i0CsH;-3,5-(OMe),)},(en)[[NOs], ([2][NO;],): An
aqueous solution (20 mL) containing [Pd(NOs),(en)] (42 mg, 0.14 mmol)
and [1][NO;] (150 mg, 0.29 mmol) was stirred in the dark for 1 h at room
temperature and the resulting precipitate was removed by filtration.
Evaporation of the solvent gave the product, which was dried under re-
duced pressure to yield [2][NO;], (139 mg, 0.11 mmol, 79%). IR (KBr
disk, RT): #=1385cm™"; 'HNMR (400 MHz, D,O, RT): 6=0.62-1.20
(28H; CH,), 1.70 (br, 4H; NCH,CH,), 2.82 (s, 4H; en), 3.22 (16H;
OCHj;, OCH,), 4.44 (br, 4H; NCH,), 5.39 (s, 4H; ortho-C¢H;), 5.43 (s,
2H; para-C¢Hs), 7.94 (br, 4H; C,(H;N,), 8.23 (br, 4H; C;(H;N,), 8.77 (br,
4H; C;yH;N,,), 9.00 ppm (br, 4H; C,;H;N,); “C{'H} NMR (100 MHz,
D,0, RT): =277 (2C; CH,), 30.8 (2C; CH,), 31.0 (2C; CH,), 31.2
(CH,), 32.9 (CH,), 48.8 (en), 56.6 (OCH,), 63.6 (NCH,), 69.4 (OCH,),
93.8 (para-C¢H;), 94.8 (ortho-C¢H;), 126.6 (C,(HgN,), 127.6 (C,;HgN,),
146.4 (CyoHgN,), 146.5 (CioHgN,), 152.5 (C;oHgN,), 154.0 (C;oHgN,), 161.9
(meta-C¢H;), 162.4 ppm (ipso-C¢H;); elemental analysis calcd (%) for
CssHg,N;jO15Pd-3(H,0) (1367.8): C50.93, H6.48, N10.24; found:
C50.70, H 6.32, N 10.10.
[Pt{(4,4'-bpy-N-(CH,),i0C:H;-3,5-(OMe),) L, (en)][NOs], ([3][NO;]4): An
aqueous solution (30 mL) containing [Pt(NOs),(en)] (38 mg, 0.10 mmol)
and [1][NO;] (100 mg, 0.20 mmol) was stirred in the dark for 18 h at
60°C and the resulting precipitate was removed by filtration. Evapora-
tion of the solvent gave the product, which was dried under reduced pres-
sure to yield [3][NOs], (98 mg, 0.070 mmol, 70%). '"H NMR (300 MHz,
D,0, RT): 6=0.61-1.16 (28H; CH,), 1.67 (br, 4H; NCH,CH,), 2.67 (br,
4H; en), 3.09 (br, 4H; OCH,), 3.27 (s, 12H; OCH;), 4.41 (br, 4H;
NCH,), 5.18 (s, 4H; ortho-C¢Hs), 5.35 (s, 2H; para-C¢H,), 7.85 (d, *Jyu=
5Hz, 4H; C,HyN,), 8.14 (d, Jyu=5Hz, 4H; C,,HyN,), 8.71 (d, 4H,
CHgN,, *Juy=6Hz), 9.00ppm (d, *Juu=6Hz, 4H; C,HN,);
BC{'H} NMR (100 MHz, D,O, RT): §=27.6 (2C; CH,), 30.8 (2C; CH,),
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30.9 (CH,), 31.0 (CH,), 31.2 (CH,), 32.9 (CH,), 49.5 (en), 56.6 (OCH,),
63.7 (NCH,), 69.3 (OCH,), 93.8 (para-CiH;), 94.7 (ortho-CsH;), 127.0
(CiHgN,), 1275 (CioHgN,), 146.0 (CiHN,), 1465 (C,oHgN,), 152.2
(CpHgN,), 154.8 (CjoHgN,), 161.8 (meta-CsHs), 162.3 ppm (ipso-CsHs);
elemental analysis caled (%) for CsHgN;,OsPt-3(H,O) (1456.5):
C47.83, H6.09, N 9.62; found: C 47.57, H5.78, N 9.62.
[Pd{(4,4"-bpy-N-(CH,)100CsH;-3,5-(OMe),)(0-CD),}5(en)][NOs],  ([2(a-
CD),][NOs],): [1(a-CD),][C]] (800 mg, 0.33 mmol) was dissolved in H,O
(30 mL) containing AgNO; (56 mg, 0.33 mmol). The mixture was stirred
in the dark for 6 h at room temperature and the resulting precipitate was
removed by filtration. [Pd(NO;),(en)] (48 mg, 0.17 mmol) was added to
the filtrate. The mixture was stirred for 1 h and then kept without stirring
for 12 h at room temperature. Evaporation of the solvent gave the crude
product, which was dissolved in water (20 mL), and the solution was
treated by activated charcoal, filtrated, evaporated, and dried under re-
duced pressure to yield [2(a-CD),][NOs], (206 mg, 0.040 mmol, 24 %).
'"HNMR (400 MHz, D,0, RT): 6=1.07-1.53 (28 H; CH,-axle), 1.96 (br,
4H; NCH,CH,), 2.77 (s, 4H; CH,NH,), 3.34-3.85 (160H; CH-a-CD,
CH,-a-CD, OCH,-axle, OCHs;), 4.52 (br, NCH,; 4H), 4.88 (br, 24H; CH-
a-CD), 5.98 (s, 4H; ortho-C4H;), 6.08 (s, 2H; para-CsH;), 7.91 (br, 4H;
C,oHgN,), 8.21 (br, 4H; C;(HgN,), 8.85 ppm (8 H; C,,HgN,). Signals of the
OH and NH, hydrogen atoms were not observed. "C{'H} NMR
(100 MHz, D,0, RT): 6=28.1 (CH,), 29.0 (CH,), 31.2 (CH,), 31.7 (CH,),
32.0 (CH,), 32.8 (2C; CH,), 33.0 (CH,), 48.7 (en), 57.4 (OCH,), 614
(CH,-a-CD), 62.2 (CH,-a-CD), 63.6 (NCH,), 69.8 (OCH,), 73.4 (CH-a-
CD), 73.5 (CH-0-CD), 73.7 (2C; CH-0-CD), 75.1 (CH-0-CD), 75.7 (CH-
a-CD), 82.9 (2C; CH-a-CD), 94.8 (C¢Hs;), 95.6 (C¢H;), 103.7 (CH-a-CD),
103.9 (CH-a-CD), 126.8 (CjHgN,), 128.0 (C,(HgN,), 146.4 (C,oHgN,),
1472 (C,(HgN,), 153.7 (C,(HgN,), 1614 (C,HgN,), 162.7 (CsHs),
163.0 ppm (C4Hs); elemental analysis caled (%) for Cy,H3,,N,,O;35Pd-16-
(H,0) (5493.4): C44.17, H 6.50, N 2.55; found: C 44.17, H 6.30, N 2.19.
[Pt{(4,4"-bpy-N-(CH,),00CcH;-3,5-(OMe),)(0:-CD),}y(en)][NOs],  ([3(a-
CD),][NOs],): [1(a-CD),][Cl] (100 mg, 0.041 mmol) was dissolved in H,O
(5.0 mL) containing AgNO; (6.8 mg, 0.040 mmol). The mixture was
stirred in the dark for 6 h at room temperature and the resulting precipi-
tate was removed by filtration. [Pt(NO;),(en)] (7.6 mg, 0.020 mmol) was
added to the filtrate and stirred for 15h at 60°C. The resulting solids
were removed by filtration and evaporation of the solvent gave the crude
product, which was dissolved in water (20 mL) and treated by activated
charcoal, filtrated, evaporated, and dried under reduced pressure to yield
[3(a-CD),][NOs], (65 mg, 0.012 mmol, 60%). 'H NMR (300 MHz, D,0,
RT): 6=1.22-1.41 (24H; CH,-axle), 1.49 (br, 4H; OCH,CH,), 1.95 (br,
4H; NCH,CH,), 2.69 (s, 4H; CH,NH,), 3.28-3.86 (160H; CH-a-CD,
CH,-a-CD, OCH,-axle, OCHs), 4.88 (d, *Jyy=5 Hz, 24H; CH-a-CD),
5.98 (s, 4H; ortho-C(H;), 6.10 (s, 2H; para-C¢H;), 7.90 (d, /=5 Hz,
4H; C,HgN,), 824 (d, *Jyy=7Hz, 4H; CHN,), 8.87 ppm (8H;
C,oHgN,). The signal of the NCH, hydrogen atoms overlapped with the
signal of HDO (6=4.63 ppm). Signals of the OH and NH, hydrogen
atoms were not observed. “C{'H} NMR (100 MHz, D,O, RT): 6=28.1
(CH,), 29.1 (CH,), 31.2 (CH,), 31.7 (CH,), 32.1 (CH,), 32.8 (CH,), 32.9
(CH,), 33.0 (CH,), 49.4 (en), 57.3 (OCHs;), 61.4 (CH,-0-CD), 62.1 (CH,-
a-CD), 63.6 (NCH,), 69.9 (OCH,), 73.4 (CH-0-CD), 73.5 (CH-0-CD),
73.7 (2C; CH-a-CD), 75.1 (CH-a-CD), 75.6 (CH-a-CD), 82.9 (2C; CH-
a-CD), 94.8 (CHs), 95.5 (C¢H;), 103.1 (CH-0-CD), 103.7 (CH-a-CD),
127.2 (CyyHgN,), 128.0 (C;oHgN,), 146.5 (C,iHgN,), 147.0 (C,(HgN,), 152.7
(C)HgN,), 154.5 (C,(HgN,), 161.5 (C¢H;), 162.7 ppm (C¢H,).
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