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New Efficient Iterative Approaches to Polycyclic Ethers

Fredrik P. Marmsiter®! and Frederick G. West*[V!

@ 0

Abstract: The imposing structures of the marine poly-
ether ladder toxins have inspired synthetic chemists to
develop many clever methods for assembling these
complex skeletons. One intriguing strategy is to use a
short and reliable sequence of reactions to build succes-
sive rings in an iterative fashion. The ideal approach
should tolerate variation in ring size and substitution at
the bridgehead positions. This paper offers an overview of
recent progress in this field.

Keywords: cyclization - fused-ring systems - iterative
Cynthesis - natural products - polyethers )

Introduction

The marine ladder toxins, associated with the massive fish kills
and human food poisoning from red tides, have attracted
much attention in the chemistry community for their intrigu-
ing molecular structures and biological activity. This class of
compounds, including the brevetoxins and ciguatoxins, pro-
duced by the marine organisms Gymnodinium breve and
Gambierdiscus toxicus, are extremely scarce, highly potent
and act to depolarize cell mem-
branes by binding to or near
Na* channels.!l These proper-
ties, coupled with the very in-
teresting structures, have been
the driving force for the con-
siderable efforts to synthesize
this family of compounds. The
Nicolaou group has been on the
forefront of the synthetic en-
deavor with impressive total
syntheses of brevetoxin B?
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and A.Bl More recently, the Hirama group disclosed a
masterful total synthesis of ciguatoxin CTX3C." However,
the construction of these molecules can require in excess of
seven steps per ring. This, in conjunction with the highly
repetitive nature of these structures, has led several groups to
investigate iterative approaches that would install each ring in
4 -5 transformations. The successful iterative method must be
general and able to assemble 6 —9 membered polyether arrays
and bridgehead stereocenters, including quarternary centers
bearing axial methyl groups (Figure 1). In addition, the sheer
sizes of these molecules require an iterative approach to be
highly efficient with excellent material throughput. The topic
of iterative synthesis of polypyrans was reviewed in 1997,
this article will examine some recent iterative methods,
published after the 1997 review, and their application towards
the synthesis of these natural products.

The Mori group has developed a novel iterative strategy
towards polypyran domains based on the postulated biosyn-
thesis of these agents.’! The basic strategy is outlined in
Scheme 1 and will be only briefly discussed as it has previously
been reviewed.P! The nucleophilic addition of oxiranyl anions
such as 2 to triflate 1 creates the carbon backbone and installs
the oxygenation required for the formation of the next ether
ring. Treatment with acid effects the desired 6-endo epoxide
opening to close the ring. Four steps are required to convert 4

CHO

Figure 1. Structures of the marine ladder toxins gambierol and brevetoxin B.

to the next alkylation precursor 5; thus, each iterative pyran
synthesis requires six steps, all of which are very efficient. This
method has also been successfully applied to systems bearing
axial methyl groups and 1,3-diaxial methyl groups.”)

The Mori group circumvented direct formation of oxepanes
by employing a ring expansion reaction of pyrans.®l Treatment
of 4 with trimethylsilyl diazomethane under Lewis acid
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Scheme 1. Mori: Iterative polypyran synthesis via 6—end0—cyclization of
epoxysulfones. TBS = fert-butyldimethylsilyl; Tf= trifluoromethanesul-
fonyl; TBDPS = tert-butyldiphenylsilyl; DMPU = 1,3-dimethyl-3,4,5,6-tet-
rahydro-2 H-pyrimidinone.

catalysis followed by in situ silyl enol ether hydrolysis
produced oxepane 6, which was subjected to a hydroxyl
directed reduction to afford the desired product 7 (Scheme 2).

H
H o H TMSCHN,» H o OTBDPS
(\J/\I\OTBDPS BF;-OEty;
0
OH . (0] PPTS, MeOH 07:
76% H 6
H o OH
1. TBAF, THF/AcOH (0]
= OH
2. MeyNBH(OAC)s ot H
99% H 7

Scheme 2. Mori: Oxepane formation through ring expansion of pyrans.
PPTS = pyridinium p-toluenesulfonate; TBAF = tetra-n-butylammonium
fluoride.

This approach was applied in the formal total synthesis of
hemibrevetoxin B.”) The lengthy synthesis of optically active
epoxide 2 (eight steps from (S)-pentylideneglyceraldehyde)
prompted the Mori group to pursue an alternate approach
employing racemic cis- and trans- epoxy sulfones such as 8,
synthesized in three steps from allyl benzyl ether
(Scheme 3).1'% Incorporation of this epoxy sulfone required

H o H B"OAEO H o H
_—— - O
O73™"F OTBS  nBuLi, DMPU oS 2oTBs
5 -100°C H OBn
98% 9
1. TBAF
2. MgBry-OEty By O °
OBn
90% o 80°/ NNOE
o4 * 9%TA%

1

Scheme 3. Mori: Modified polypyran synthesis employing racemic epoxy
sulfones. DBU = 1,8-diazabicyclo[5.4.0]lundec-7-ene.

conversion into the a-bromo ketone 10 to allow for ring
closure upon treatment with DBU. (Presumably, DBU also
effects epimerization to the desired isomer.) In summary, the
Mori approach utilizes a biomimetic 6-endo epoxide cycliza-
tion and requires six steps per iteration for polypyran
synthesis. This method allows for the installation of the axial
methyl groups and access to oxepane rings by a one carbon
ring expansion of pyrans.

4348
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Clark and Kettle have reported an approach based on ring
closing metathesis and hydroboration of enol ethers.'!]
Exposure of compounds such as 12 to Schrock’s molybdenum
catalyst!'” and hydroboration of the resulting enol ether 13
gave rise to pyran 14a and oxepane 14b in good to moderate
yields (Scheme 4).

NAr Ph
-Mo.
RO-Mo. - k H ThxBH,,
RO OBt 3¢’ B ol e
[T | —_—
pentane aq. NaOH
oty oo, o brrloon
13 14a: n=1, 61%
14b: n=2, 41%
NAr Ph
O~ RO-Mo Ho [(PhsP)sRNCI] g0~
} —
GCgHe, 60°C o DABCO 0
61% H 61% H
16 17

Scheme 4. Clark: Iterative polyether synthesis through ring closing meta-
thesis. Thx =2,3-dimethyl-2-butyl; DABCO = 1,4-diazabicyclo[2,2,2]oc-
tane.

In the case of target-oriented synthesis, the ethyl group in
the model system would be replaced by an appropriate carbon
tether and a double bond surrogate, such as a selenide or
protected alcohol, and revealed after the hydroboration.
Formation of oxocenes by an analogous method was problem-
atic and required the use of an allyl ether instead of a vinyl
ether as the cyclization precursor. Exposure of 15 to Schrock’s
catalyst gave rise to 16, which was isomerized using Wilkin-
son’s catalyst to produce the desired oxocene 17. A two-
directional double metathesis version was later disclosed.[3]
This strategy begins with a central ether ring such as
compound 18 and constructs ether rings on both flanks using
the above described RCM method to give rise to 19
(Scheme 5).

PC;
- C""‘uii
- 0 Cl7 1
= P(:y3F'h
\/\O o >
HI1H 7%
18 OPMBK/

Scheme 5. Clark: Two-directional metathesis approach. PMB = p-methoxy-
benzyl.

Avariety of different ether ring sizes were created using this
method. However, differentiation between the east and west
flanks by hydroboration or other methods was not demon-
strated. In summary, Clark’s ring-closing metathesis reaction
gives rise to cyclic enol ethers which can be hydroborated to
install the bridgehead stereocenters. Importantly, this method
allows for the efficient formation of the elusive medium-sized
ether rings. At this time, installation of the axial methyl groups
has not yet been addressed, nor has a successful iteration been
disclosed.

McDonald and Bowman have developed an iterative
synthesis of polypyran domains based on a 6-endo cyclization
of a tungsten vinylidine intermediate.'*! Treatment of 20
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(synthesized from dihydropyran in four steps) with a photo-
generated solution of [W(CO)s(thf)] and subsequent stanny-
lation produced 21 (Scheme 6). This transformation serves to
close the pyran ring through formation of the carbon—oxygen
bond and establishes a handle for further functionalization.
Tin lithium exchange followed by alkylation gave rise to 22,
which has all the carbons of the next ether ring in place.
Facially selective oxidation with mCBPA/MeOH followed by
a stereoselective reduction of the resulting mixed ketal installs
the bridgehead stereocenters. The reduction produced a 3:1
mixture of inseparable diastereomers favoring the desired
isomer. Following deprotection of the alkyne, separation
required conversion into the corresponding acetates. Subse-
quent removal of the acetate gave rise to 23 in 30 % overall
yield from 22. Compound 23 could be cyclized in analogy to 20
to furnish the corresponding tricyclic stannylated dihydropyr-
an. This method requires seven steps per iteration in an
overall yield of 10% for the synthesis of polypyran domains.

H H
o H
(j\/\ [W(CO)g], hv; LO/JE\ BusSnOTH CI]\
N o THF £7OH Wwco)s 60% 207 snBug
21
H 1. mCPBA, MeOH H H
nBuLi, CuCN, 0 Mg 2 BFs*OEt, EtsSiH o OH
0 3. TBAF N07:
Tso\ A 4. Ac,0, DMAP AYA
a8c STms 22 5. KoC03, MeOH 23

54% 30%

Scheme 6. McDonald: Polypyran synthesis through 6-endo-cyclization of
tungsten vinylidine intermediate. mCPBA = m-chloroperoxybenzoic acid.

Rainier and co-workers have developed two closely related
iterative approaches which, like Clark’s and McDonald’s, rely
on the formation and functionalization of enol ethers as the
key transformations. One method employs a ring closing
metathesis reaction,['! the other an acid mediated cyclization/
elimination event!'®l to accomplish ring closure and enol ether
formation (Scheme 7). Starting with tri-O-benzyl-D-glucal
(24), both strategies share a one-pot epoxidation/alkylation
protocol, which installs the carbon backbone and the bridge-
head stereocenters, to afford 25 and 27, respectively. Exposure
of acetate 25 to Takai’s conditions'”l to methylenate the
acetate group and subsequent ring closing metathesis with
Schrock’s alkylidine catalyst produced the desired methyl
substituted enol ether 26 in 50% overall yield. Use of the
corresponding formate ester results in low yields in the Takai
reaction. Treatment of acetal 27
with acid and heat effected ring
closure and elimination to pro-
vide enol ether 28 in high yield.
This second process allows for

TMSO<+MOBH> Zncl, RYOﬂ

4346-4353
o8n 9Bn 1. CH,Bry, Zn, 9
BnO \(j 1. DMDO; U \[( TiCly, PbCl,  BnO.
MgB X
A~ Mgbr k h‘Ar Ph | (0]
den 2. Ac0 > RO"M"V N OBn
) 25 RO
77% 50%
QBH 08n oB
DMDO; H A

PPTS, pyr, 140°C
cul OR

[ o
MgBr/HF)\OR OBn

OR

, BnO EI 0.
_— |
dichlorobenzene I\m

24 27 n=1, R=Me, 91% 28

n=1, R=Me, 54% OR

n=2, R=Et, 65% n=2, R=Et, 72%
] = i 0

Scheme 7. Rainier: Polyether synthesis ring closing metathesis or annula-
tion reaction. Bn=benzyl; DMDO =2 2-dimethyldioxirane; pyr = pyri-
dine.

Rainier employed a hetero-Diels— Alder reaction to pro-
duce 29, which was converted to the A-ring surrogate 30 in
five steps (Scheme 8). To allow for installation of the axial
methyl group, the RCM method was chosen for the formation
of the B-ring. Hence, 30 was exposed to the Takai conditions
followed by the ring closing metathesis reaction to afford enol
ether 31.01 Facially selective epoxidation was accomplished
(directed by the C-3 benzyloxy group) but the addition
reaction produced the undesired trans—syn — cis stereoisomer
32 as well as compound 33, which might arise from a hydride
shift of an oxocarbenium intermediate.

The Rainier group solved this problem by introducing the
carbons needed for the C-ring before the metathesis event
and then installing the axial methyl group, effectively invert-
ing the stereochemistry at the bridgehead center. Hence, 34
was coupled with acid 35, which possessed the carbon
backbone and the acetal needed for formation of the C-ring
(Scheme 9). The B-ring was produced by the Takai/ring
closing metathesis procedure, utilizing Grubbs’ catalyst 37,2
to afford bicyclic enol ether 38 in good yield. Epoxidation and
treatment with Me;Al at — 65 °C delivered 39 with the correct
trans—syn—trans stereochemistry through a postulated alu-
minum-ate complex and intramolecular methyl addition. The
acid mediated annulation reaction furnished the seven-
membered C-ring to give rise to 40 in 66 % yield. According
to the synthetic plan, formation of the D-ring was to follow
the model substrate (27 —28, n =2): epoxidation and coupling
with an acetal cuprate followed by the acid mediated
annulation reaction. However, coupling of the epoxide of 40
with the acetal cuprate was unsuccessful. Interestingly,
propenylmagnesium chloride added efficiently, and after allyl

5steps R

92%

hg

44%

) ; ‘ OMe 29 0
the iterative synthesis of both
i 1. CHyBrp, Zn, H H H
pyrans and oxepanes. in three Ticl, PbCl, R _O OMDO, -0 Ra_O | oH
steps/two pots in a highly effi- \@\ P
. NAr Ph : A
cient manner. These methods 2 ' q o 7~ MgBr GO0
. . . . RO-Mo, OBn -60°C OBn
were used in combination in the RO 32 33
31 50%, 32:33=2.3:1

formal total synthesis of hemi- 65%

brevetoxin B.['S!
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Scheme 8. Rainier: Initial unsuccessful approach to hemibrevetoxin B. TMS = trimethylsilyl.
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. HOZC\H,CH(OMe)

C-7 axial methyl group in place.

-

o} . .
Ra_ O
I A 35 oo The §che§s of this sequen_ce is
50% OH DMAP, DCC O)J\/\/CH(OMe)2 surprising in light of the failure
° ' . .
29 O OBn 36 OBn of the very similar transforma-
tion 31 —32 (Scheme 8). Inter-
H H H . S
1 Tokai R. O DMDO: R. O WOH o estu-lgly, epoxidation of 46 z.md
. | OMe | addition of allyl nucleophiles
2.0\ & OMe M?g‘g(’;ffa;es L © e OMe resulted in the undesired C-11
Chr-Ry=, BN 3 75% 39 epimer. A rather elegant solu-
37 Iy, Ph tion to this problem was real-
76% 3 steps 1. DMDO: ized by oxidation of 46 with
H OH A~ MaBr .

PPTS, pyr, 135°C  R._O o} \ 65°C mCPBA/MeOH, which after

_—— R . .
dichlorobenzene L 2. NaH, TBAI allyl ether forma'[.lon fu.rmshed
66% Al Me B 47 Treatment with acid pro-
40 56% duced the corresponding enol
ether which underwent an in

1.37 . .

2. [(PPh3)aRhCI] situ Claisen rearrangement to
DABCO provide 48 with both the C-7

7%

13steps oHC

—_—
JEaa——

Mori/Yamamoto

OTBDPS

Mori Intermediate

Scheme 9. Rainier:

ether formation gave rise to 41 in 56 % isolated yield. Ring
closing metathesis using 37 followed by isomerization gave
rise to 42. At this point, the complete ring system of
hemibrevetoxin B has been achieved in an impressive 11
steps from A-ring surrogate 34. The single flask epoxidation/
alkylation protocol then provided 43, which in six steps
intercepted Mori intermediate 44. The Rainier group accom-
plished the synthesis of 44 in 24 steps from Danishefsky’s
diene. In comparison, the Mori group synthesized 44 in 30
steps from tri-O-acetyl-D-glu-

cal.?!l

hemibrevetoxin B

Formal total synthesis of hemibrevetoxin B. DMAP =4-N,N-dimethylaminopyridine;
DCC =dicyclohexyldicarbodiimide ; TBAI = tetra-n-butylammonium iodide.

and C-11 methyl groups in
place. The synthesis continued
with inversion of the C-6 center
(which in its axial position
served to direct the facial selec-
tivity in the epoxidation of the
A-ring) and conversion into
RCM precursor 49 followed
by the efficient formation of
the C- and D-rings to provide
50. In summary, the Rainier
approach has demonstrated
the ability to efficiently provide all of the challenging
structural features of hemibrevetoxin B and gambierol
through formation and stereoselective functionalization of
enol ethers. Interestingly, the Rainier syntheses required the
use of a different method for the formation of each ring and
did not utilize a truly iterative approach. These modified
sequences demonstrate the need for a modular approach,
which can address difficult transformations not encountered
in the model study.

Rainier and Cox have also OPMB 4 DMDO: allyMgBr PMBO v »

applied the above described TMSO NOB” 1. o e 2. Ac,0, DMAP > 0 |
. e A _—

methods to the synthesis of the * é R 2Lche  R70 3. Takai R0

A -D ring system of gambierol 2 oMe ee% 45 4.37 33% "

(Figure 1).2% This segment con- PMBO

. . . . 39

tains the challenging 1,3-diaxial Me, OMe PPTS, Me _ Me 6 steps
. 1 mCPBA, MeOH pyr|d|ne O. e
methyl groups. The A-ring pre- —
o 0
cursor was prepared by an 2.NaH, CHZCHCH2Bf B 9% RT 07 0 52%
. . 78% H 48
asymmetric hetero-Diels — Ald- oS OTMS
. eqe o ™M =
er reaction utilizing Jacobsen’s ' Me. Me z Me, Me DMDO;

1 23 ~J3.0 1. Takai CH(OMe), —————
Cr'!! catalyst®! which, after Lu- O CH(OMe), o L DIBAH, -60°C
che reduction and PMB protec- R7SOTE30 79 REOFTR0 69%
tion, provided 45 in good yield 49
(Scheme 10). This sequence as- OTMS o ;"Meo Me M
sembled the A-ring in three ~1 0 Ol oMe), T 1o pyridine AlB] cl D]
steps and 86 % isolated yield. RO o R heat RTSOEEO;

Subjection of 45 to the RCM R HH 95% 50

protocol generated 46 with the

4350
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Scheme 10. Rainier: Synthesis of the A-D ring system of gambierol. DIBAH = diisobutylaluminum hydride.
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Nakata and co-workers have 1. NaCN, DMSO
i ici - H H H 2. DIBAH H H
disclosed a very efficient ap Ph,, O . 1 TBAF Ph, O OTBS 3. MeMgBr Ph,. O O A o
proach to polypyrans based on g ROH A (ji - g 2
. E o 2. PPTS O -OTF 4. TPAP, NMO ~07E
a stere.oselect}ve .SmIZ induced b9 Me 5 TH,O: q 9 e c TBAF G %we o
reductive cyclization.?l In con- 59 1BS TBSOTf 60
trast to the methods developed 100%
by Clark, McDonald and Rain- H H
ier, which rely on enol ether Smlz © CO,Et 7 steps
f ti d stereoselective > 2S07ENE 07
ormation an 99% Nt AN SSOTENTENO7E
Me MeOH Me Me| Me H Me Me Me

oxidation or hydroboration,
the reductive cyclization reac-
tion utilized by the Nakata
group constructs a carbon—car-
bon bond which sets both of the bridgehead stereocenters.
Hetero-Michael addition of compound 51 (synthesized in two
steps from 1) into ethylpropiolate followed by deprotection of
the dithioacetal produced cyclization precursor 52 in good
yield (Scheme 11). Treatment with Sml, effects the reductive

) MS . . )
Scheme 12. Nakata: S)%thesm of the C'—F' segement (93ma]-totoxm. DMSO = dimethyl sulf0x1%; TPAP =
tetrapropylammonium perruthenate; CSA = camphorsulfonic acid.

into 61 followed by the Sml,-induced reductive cyclization
afforded 62 with the 1,3-diaxial methyl groups installed in
excellent yield. Application of the methyl epoxide method for
the installation of the third axial methyl group was not as
efficient as the Nicolaou protocol,?! which was then utilized

to produce 64 with the 1,3,5-

triaxial methyl groups in place.

1. _CO.Et - .
H OH = NMZO ) O A ~cop Smb Hol co.gt - DIBAH It is interesting to observe that,
2 . 2 —_— . ..
E\ /j \_CHO E\f like the Rainier syntheses, each
0% s~ 2 Mel o 92% o ~oH 2. BF3*OEt, ) :
H 51 ag. MeCN H 5 H 1,3-propanethiol ring was assembled using a
87% _53 99% different method, so the prepa-
repeat Ok, H  OEt ration of this fragment cannot
j\(\J m o O/'J%\/éo properly be viewed as an iter-
0 SoH i RO HoH I’S‘T ative synthesis.
1. allyiMgBr, Cul 55 - s Marmsiter and West have
2. ozonolysis; BF3*OFEt, recently described an iterative
1,3-propanethiol (R=H) H
Y otes or Wacker; TBAF (R=Me) Smi o 0 approach based on the [23]-
CO &t A o} shift of cyclic oxonium ylides.?’
N_OTf | R y y :
‘13 i 3. %%%th RH, ,B‘QZ‘:% o; This strategy is fundamentally
58 different from the 6-endo cycli-
4. Mel aq. MeCN (R=H . .
o ¢ zations of epoxides employed
R=H, 82% .
R=Me, 61% by Mori and Nakata, and the

Scheme 11. Nakata: Iterative polyether synthesis through reductive cyclization. NMO = N-methylmorpholine-

N-oxide.

cyclization to produce the desired compound 53 via postu-
lated transition state 56. Half-reduction and protection
completes the iteration. Polypyran domains are thus accom-
plished in five steps per iteration in an impressive 79 % overall
yield. The analogous reaction can be applied to substrates like
57 to produce oxepanes such as 58 in excellent yields.!

The lactone can be opened by a half reduction with Dibal-H
(for formation of a subsequent
pyran ring) or by a Wittig

enol ether based approaches of
Clark, McDonald and Rainier.
A closer analogy can be found
in the reductive -cyclization
strategy developed by the Nakata group, as the key step
accomplishes the ring formation and sets the bridgehead
stereocenters. For example, compound 65 could be converted
to diazoketone 66, which upon treatment with catalytic
copper(t1) trifluoroacetylacetonate furnished bicyclic 68 via
intermediate oxonium ylide 67 (Scheme 13). Surprisingly,
compound 68 possessed the undesired stereochemistry at the

reaction with PhCHOMe (for " 1. Og; HoOy, HCOH H No H
formation of a subsequent ox- (oj\\/ 2. NaH, CH,CHCH_Br OJ Cu(tfacac), C;IL/\//[O
. . —_——— >
epane ring). This chemistry has NOH 3. (COCI);, DMF; CH,N o O CHCly, reflux g % 8
: A e TR R 80% R

been applied towards the syn- 65 55% 66 L~ o L~
thesis of the CD'E'F’ ring sys- 67
tem of maitotoxin which con- H

. .. DBU OH repeat
tains  1,3,5-triaxial  methyl Em\ —
groups (Scheme 12).%l The Na- LiAIH, 20N

kata group utilized a 6-endo
cyclization of methyl epoxide
59 to produce 60.” Conversion

Chem. Eur. J. 2002, 8, No. 19
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69

Scheme 13. West: Iterative polypyran synthesis through tandem oxonium ylide formation/[2,3]-shift process.
DMF = N,N-dimethylformamide; tfacac = trifluoroacetylacetonate.

0947-6539/02/0819-4351 $ 20.00+.50/0 4351





CONCEPTS

F. P. Marmsiter and F. G. West

newly formed center, with the allyl chain axially disposed.
This compound was isomerized and reduced by a one-pot
procedure to produce an 8:1 mixture of 69 and its epimer in
98 % yield to complete the iteration. The isomeric material
could be recycled (oxidation/epimerization/reduction) to
increase the effective yield of 69 to 95 %.

As was seen in the examples discussed earlier, an important
challenge in the assembly of polypyran arrays is the intro-
duction of angular methyl groups at the bridgehead positions.
Marmsiter and West investigated several approaches. Meth-
ylation via enolate intermediates derived from 68 was
unsuccessful, and incorporation of the methyl group in the
diazoketone (e.g. 72) furnished the ylide rearrangement
product 73 in disappointingly low yields (Scheme 14).5% On

Ej\\[(OH (COCH),, DMF;

Cu(tfacac),

@%

CIr
2 X
HO

Mori methods, access to medium sized ether rings is either
inefficient or requires seven or more steps. To date, no natural
product in this class of marine toxins, or segment thereof, has
succumbed to a strictly iterative synthesis. This highlights the
current absence of an iterative approach that is equipped to
tackle these very complex and demanding structures, suggest-
ing that iterative synthesis might not be the ideal strategy for
these targets. However, as demonstrated by the formal
synthesis of hemibrevetoxin B by Rainier and co-workers
and the synthesis of the C'D’E’F’ segment of maitotoxin by the
Nakata group, successful examples of powerful, efficient and
modular methods have emerged from this endeavor. The
concept of a common intermediate, such as a cyclic enol ether,
used in an iterative sense in each ring forming sequence has

been demonstrated. From such

an adduct, the synthetic chemist
H can choose a number of meth-
ods for the efficient formation

CH,CHN, CHCly, reflux Ve of the following ring based on
71 63% 1% 73 ring size and substitution re-
quired. In addition, ring-closing
H H metathesis of vinyl ethers has
L/\L\”/‘ Cu(tfacac), o o moj emerged as a very powerful
+ . .
CHZC|2, reflux o N A Z reaction for the formation of
e’ H Me medium sized ether rings. A
75a,b, 45% 76, 23% T ‘
combination of these synthetic
oM o PhCH3, strategies to provide bi-, tri-, or
DBU, reflux . . .
75ab @ ———— - 76 tetracyclic segments in conjunc-
PhCHj, 80°C AR 100% i i i
99% el & tion with several coupling
75a events, such as those used in
1. AGNOs, some .converg.ent polyether
_aa.THE (j\ Cu(tfacac), strategies,? will undoubtedly
66 R ———— . ..
COCI CH;Cl, reflux ™~0 result in some very efficient
DMF . H
55% = syntheses of these agents and
CHzN2 77 78 I\/ not observed Y &

90%

Scheme 14. West: Installation of axial methyl groups and attempts to form medium size ether rings.

the other hand, tertiary allylic ether 74 underwent conversion
to 75a,b in moderate yield.P! Interestingly, allyl vinyl ether
76, arising from an apparent [1,4]-shift, was also isolated. Both
75b and 76 could be converted into 75a, thus producing the
desired compound in 68 % yield from 74. To investigate the
formation of medium sized heterocycles, diazoketone 77 was
subjected to the copper() conditions. Unfortunately, the
desired oxepane was not observed; instead, spirocyclic C—H
insertion product 78 was isolated. While direct formation of
oxepanes via seven-membered oxonium ylides appears to be
problematical, they should be accessible from the pyran-3-one
intermediates using Mori’s ring-expansion methodology.

In conclusion, all of the methods described in this article
can produce simple polypyran domains in a relatively short
number of steps. The acid mediated annulation strategy of
Rainier and the Sml, cyclization employed by Nakata are
especially efficient and can produce polypyrans and oxepanes
in 3-5 operations per iteration and in very high yields. In
these examples, installation of the axial bridgehead methyl
groups requires extra steps or a different strategy altogether,
and results in reduced yields. In others, such as the West or
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provide material for further
study.
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Nanowires as Building Blocks for Self-Assembling Logic and Memory Circuits

Nina I. Kovtyukhova'®"! and Thomas E. Mallouk*!?!

@ )

Abstract: The concept of assembling electronic circuits
from metal nanowires is discussed. These nanowires are
synthesised electrochemically by using porous mem-
branes as templates. High aspect ratio wires, which range
from 15 to 350 nm in diameter and contain “stripes” of
different metals, semiconductors, colloid/polymer multi-
layers, and self-assembling monolayers have been made
by this technique. By using the distinct surface chemistry
of different stripes, the nanowires can be selectively
derivatized and positioned on patterned surfaces. This
allows the current—voltage properties of single and
crossed nanowire devices to be measured. Nanowire
conductors, rectifiers, switches, and photoconductors
have been characterized. Techniques are still being
developed for assembling sublithographic scale nano-
wires into cross-point arrays for memory and logic
applications.

Keywords: metal nanowires - nanotechnology -
Celf—assembly - surface chemistry - template synthesis )

Introduction

The idea of assembling electronic circuits from molecular-
scale devices, which was predicted over 40 years ago in
Feynman’s visionary “There’s plenty of room at the bottom”
paper, has recently gained increasing credibility. The steady
scaling down of lithographically fabricated devices in silicon
integrated circuits has fueled the growth of the enormously
successful electronics industry over the last three decades.
But, as this technology marches into the nanoscale regime it
faces seemingly insurmountable challenges. Complementary
metal-oxide semiconductor (CMOS) processes are now
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University Park, PA 16802 (USA)
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approaching physical and practical limits. Thinning of the
gate dielectric in field-effect transistors is leading increasingly
to unacceptably high tunneling currents. Photolithographic
patterning of features below 50 nm will require synchrotrons
or other exotic sources such as projection e-beam lithography.
Also, the demands of scaling to smaller and faster devices
have led (and will continue to lead) to exponential growth in
the capital cost of new fabrication facilities. Thus, while it is
not clear how it will be done, it is now becoming widely
appreciated that the chemical “synthesis” of nanoscale
circuits could offer real advantages in terms of both device
density and processing cost.!>2 This kind of “bottom up”
integrated circuit fabrication will rely on the parallel synthesis
of large numbers of molecular or nanoscale devices with
appropriate electronic functions and their self-assembly into
electronic circuits.

Since the first molecular rectifier was proposed by Aviram
and Ratner in 1974,5) tremendous advances have been made
in the synthesis, characterization, and assembly of molecule-,
polymer- and nanoparticle-based electronic devices.[*'2 Early
work by Murray and co-workers described electrochemical
rectifiers made of layers of redox polymers.! Conducting
polymer “transistors”, in which changes in the oxidation state
of the polymer modulated the conductivity, were reported
soon after.’? A decade later, the first measurements of
electronic device properties in single monolayers of organic
molecules began to appear. Unimolecular rectifiers,” ®! elec-
tronically configurable logic gates,”! negative differential
resistance (NDR) devices,'”! molecular field-effect transis-
tors,[! and electronically reconfigurable switches!'l have all
been fabricated by sandwiching a molecular monolayer
between planar (typically micrometer-sized) electrodes.

To exploit the power of these molecules in practical
integrated circuits, the issue of defects must be addressed.
This is important at two levels. First, one can think of using a
self-assembled monolayer (SAM) as a replacement for a
device (such as a capacitor or transistor) in a conventional
silicon circuit. Because the monolayer contains defects—grain
boundaries, steps in the underlying metal contact, dust
particles, and the like—processes that give a high yield of
robust and reproducible molecular devices are needed.
Second, to exploit the power of molecules and nanoparticles
at sub-lithographic densities, at least some parts of the circuit
must be assembled rather than fabricated in an entirely “top-
down” process. Because some defects (such as dislocations in
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crystals) are inherent in all chemical assembly processes,
defect tolerant circuit architectures are needed.

In principle, both problems can be overcome by using
molecular junctions between nanowires as device elements,
and self-assembled arrays of nanowires as function blocks in
larger circuits.> 13- Figure 1 shows a simple scheme in which

/ ,
\1/\/W/z\,

L IEEm

(1) Spontaneous adsorption
of functional molecules in a
maonolayer on the nanowire
surface

Figure 1. Schematic drawing of the assembly of a two-dimensional cross-point array from metal nanowires and
functional molecules. In order for the cross-point array to act as a functional memory or logic device, a
configurable switch is needed at each junction. A series diode is also required for device isolation.

nanowires form an array that contains memory or logic
elements at the cross points. Because of the extremely small
crossing area of cyclindrical nanowires, the likelihood that an
individual cross point will coincide with a defect in a SAM
device layer is small. Provided that the overall architecture of
the circuit is defect-tolerant, such an array could provide
memory or logic at densities as high as 10" devices per cm?.
Fabricating useful circuits at higher integration levels turns
out to be rather challenging because of geometric and
dynamic factors and requires innovative architectural ap-
proaches.!

Assembly schemes based on fluidic, electrostatic, and/or
capillary interactions are candidates for coaxing nanowires to
form such imperfect but functional crosspoint arrays. Very
recently, the viability of this kind of approach has been
impressively demonstrated by the fabrication of logic gate
structures from semiconductor nanowires,'] a reversible
bistable carbon nanotube-based memory bit,l'4 and logic
circuits that contain carbon nanotube transistors.'’] In these
examples the nanowires and nanotubes are used as both
interconnects and as active devices by exploiting their
intrinsic electronic properties. The vapor-liquid-solid
growthl'® 7] of nanowire-shaped semiconductor crystals al-
lows one to apply some well-established principles of semi-
conductor electronics at the low end of nanometer size
regime. Recent reports of the microfluidic alignment of
semiconductor nanowires in parallel (though not extremely
dense) cross-point arrays!'®l represent an important milestone
in the realization of self-assembling circuits.

A related approach to functional circuits involves the self-
assembly of composite nanowires with molecular-scale com-
ponents embedded within, or grown as coatings on, metals.

4356 ——

(2) Self-assembly of functionalized
nanowires into a cross-point array
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The advantage offered by metal-based nanowires is that they
already provide the requisite control over surface chemistry,
length, diameter, and transport properties. Compared with
carbon nanotube and semiconductor nanowires, metals can
also provide simpler contacting chemistry and lower resistiv-
ity, which in principle should translate to faster switching
speeds. In the case of carbon
nanotubes, reliable control over
their length and diameter, elec-
tronic properties determined by
the carbon helix pitch, and sur-
face chemistry are still formi-
dable challenges. Although car-
bon nanotubes and related co-
valent structures are less
susceptible to failure by elec-
tromigration, this problem is
expected to become serious
only below about 10 nm diam-
eter with metal wires. Thus
metal nanowires could provide
an early entry point into self-
assembled electronics. In the
long term, scaling below 10 nm
feature sizes may not be achiev-
able with metals. Thus, the
ultimate scaling of electronic
circuits to molecular dimensions is likely to require solutions
to the problems of synthetic control in covalent wire and/or
nanotube structures.

This paper describes a plausible strategy, or better to say the
chemical part of a strategy, for fabricating circuits from metal
nanowires and nanowire devices. The devices needed for the
kind of array illustrated in Figure 1 are bare and/or insulated
metal nanowires. A minimal toolkit of in/on-wire switching,
rectifying, and logic-restoring devices will be needed, as well
as a set of appropriate surface functionalization and fluidic
techniques for fabricating the array. In this review we
summarize the progress that has been made and the chal-
lenges that remain towards achieving this goal.

Molecolar switch

Synthesis of Metal Nanowires

High aspect ratio metal nanoparticles can be grown in the
solution phase, by using a surfactant mixture that provides
selective control over growth rates of different crystal
faces.'> 2 Alternatively, they can be prepared either chemi-
cally or electrochemically by template-directed methods. The
latter involve metal deposition on or inside a preformed
nanoscale template. Free-standing metallic nanowires have
been prepared by chemical metal plating on the surface of
high aspect ratio particles, such as phospholipid tubules,?!]
DNA strands,” and carbon nanotubes,?! by opening and
filling nanotubes,? by decorating atomic step edges of single-
crystal surfaces™! and by electrochemical and electroless
plating inside the pores of inorganic or polymeric template
membranes.?*2 Compared to solution and vapor-phase
techniques,”! the membrane replication method fulfills the
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requirements of future electronic applications particularly

well because it provides:

o A technologically simple and inexpensive synthesis of a
large number (=~10%-10"" per membrane) of relatively
uniform nanowires with precise control over length and
diameter.

e The availability of segmented multicomponent nano-
wires.0 31

e Relatively easy access to molecular device elements
embedded within or grown on the surface of nanowires,
by exploiting the surface chemistry of both the metal and
the pore walls of the membrane.?>]

e The possibility of spatial selectivity in the functionalization
of a nanowire.’3 31 This, in principle, allows one to
incorporate more than one device element into a single
nanowire.

The electrochemical replication of porous membranes,
introduced by Moskovitz?% and Martin,?®! involves the
evaporation of a metal film on the backside of an alumina or
polycarbonate membrane, which is then used as the cathode
in an electrochemical cell. The cylindrical pores determine the
diameter of the wires, and the charge passed determines the
wire length with almost atomic precision. Membranes with
pore diameters ranging from about 15 to 350 nm are
commercially available, and can be synthesized in the
laboratory by anodic treatment of aluminum metal. Free-
standing wires are obtained after dissolving the backside
metal film and the membrane itself.

By simply alternating the electroplating solutions and
controlling the charge passed in each plating step, one can
make a well-defined series of segments of metallic (Au, Ag,
Pt, Pd, Cu, Ni, Pb, Sn),?* 3 semimetallic (Bi),**! or semi-
conducting (Se, CdSe, CdTe)P!
compositions along the length
of the nanowires. Figure?2
shows some examples of free-
standing single- and multicom-
ponent nanowires made by this
technique.

Functionalization and
Assembly of Metal
Nanowires

Metal nanowires can be deriv-
atized with different kinds of
molecules by using well-estab-
lished methods for preparing
self-assembled monolayers
(SAMs) and multilayers.®” For
example, 2-mercaptoethanesul-
fonic acid (MESA) forms a
SAM and imparts a pH-inde- i
pendent negative charge to a
gold nanowire surface. These
anionic nanowires are irrever-
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Figure 2. Electron micrographs of a) 20 nm diameter gold wires grown in
polycarbonate membranes, and b) a 70 nm diameter Ni-CdSe-Ni wire
grown in polycarbonate. An optical micrograph of 350 nm diameter Au-Pt-
Au wires is shown in c).

charged surfaces and are highly mobile on negatively charged
surfaces.[*] Figure 3 shows how these electrostatic interactions
can be used to bind nanowires selectively to substrates with
lithographically defined patterns. Anionic MESA-coated gold
wires are immobilized as a single-particle thick layer on
positively charged (derivatized with 2-mercaptoethylamine
(MEA)) gold pads, and can be easily rinsed away from
negatively charged SiO, areas. On topographically patterned
hydrophilic substrates, the hydrophilic anionic nanowires are
driven into shallow wells by gravitational forces. With high
aspect ratio wells, the wires adopt a parallel orientation
because it provides more efficient packing (Figure 3).1% This

Gold nanowire suspension drop

:_.._.,. IO m. .
1

20008
0008

h

Figure 3. Top: Scheme showing the selective adhesion and alignment of negatively charged gold nanowires on
lithographically patterned surfaces. Bottom: a) dark field optical micrograph (500 x magnification) of gold
nanowires on MEA-derivatized gold pads patterned on a SiO,/Si-wafer; b) bright field optical micrograph

(1000 x magnification) of gold wires in oblong wells (4 um x 8 pum x 600 nm deep) chemically etched in a

sibly adsorbed from aqueous

suspensions onto positively  derivatized with MESA.
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divinylsiloxanebis(benzocyclobutene) (BCB) polymer layer on Au. The Au metal at the bottom of the wells is
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behavior is potentially useful, if it can be better controlled, for
making parallel nanowire bundles, each of which represents
half of a cross-point array.

More complex anisotropic assembly can be realized if
segmented multimetal nanowires are used. Because the
segments have distinct surface chemistry, it is possible to
achieve spatially selective functionalization along the nano-
wire length.% Figure 4 shows the selective functionalization

X

molecules”. In these examples the length of the DNA
strands is of the order of the nanoparticle size (1.3—15 nm).
DNA hybridization provides uniform particle separations
within the microscopic aggregates,*?l and directs the spatial
organization of nanocrystal dimers, trimers, and oligomers.[*!
Formation of one or several DNA duplexes is enough to
realize designed nanoparticle assemblies.

DNA-directed assembly becomes more challenging as the
size of the particles increases. In
the micrometer regime (as in
the case of high aspect ratio
nanowires), the roles change,

and the particles act as sub-
Rhodamine B

Pt Isothiocyanate strates for the ssDNA mono-
(CHCHalaN SO AN (CHCH3)2 layer, Wthh. is supposed to
- ad Lﬁfij serve as a thin layer of “glue”.
[_;HZ £7 éH: HOOGC Appropriate  positioning of

i s . .
I i 2:? CH, 'y i these large{ Part'wles rﬁ:qulres
L SH J“‘ . good hybridization efficiency
I i t:lﬂa of multiple complementary
CHy strands, and, hence, high quality
SH of the adsorbed ssDNA mono-

i

Figure 4. Top: Successive derivatization of Au/Pt/Au nanowires with butaneisonitrile and MEA. To make the
MEA-bearing ends distinguishable by fluorescence microscopy, the MEA molecules were coupled with
rhodamine B isothiocyanate. Bottom: a) bright field optical micrograph and b) fluorescence micrograph of

derivatized Au/Pt/Au nanowires (1000 x magnification).

of an Au/Pt/Au nanowire, based on the differential reactivity
of Pt and Au towards thiols and isocyanides, as originally
described by Whitesides and Wrighton.[*!l A butaneisonitrile
monolayer on the Au/Pt/Au wire surface is replaced by a SAM
of MEA only on Au, and not on Pt. The MEA-bearing gold
portion of the nanowires can be tagged with a fluorescent
indicator molecule to image the spatially localized SAMs
along the length of the nanowires (Figure 4).

This orthogonal self-assembly technique gives an entry
point into the construction of two- and possibly three-
dimensional structures by using attractive and repulsive
interactions between functionalized segments of the nano-
wires. Among the possible linker molecules, deoxyribonucleic
acid (DNA) is a particularly interesting candidate because of
the selectivity and reversibility of hybridization of comple-
mentary single strands (ssDNA). Different sequences are
readily available as ssDNA strands of precisely controlled
length. They can be modified with a variety of functional
groups at their termini, thus enabling rich and varied attach-
ment chemistry. These properties have been used to organize
metal and semiconductor nanoparticles into microscopic
periodic arrays, micrometer sized rings,*’ and “nanocrystal
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layers. UV-visible and fluores-
cence spectroscopy show that
the adsorption and hybridiza-
tion behavior of a thiol-modi-
fied 36-mer ssDNA on gold
nanowiresP®! mimics that bound
to a planar Au film.[ 4 This
makes DNA adsorption strat-
egies, developed for planar sub-
b strates, applicable to the nano-
wires. The adsorption equilibri-
um for ssDNA on Au
nanowires can be fit to a Lang-
muir adsorption isotherm, and
monolayer coverage is estimat-
ed at 5.7 x 10" molecules per cm?, or ~0.06 molecules per
nm?; this is comparable to that found on planar sub-
strates.*> %! For 36-mer ssDNA, this coverage can be consid-
ered the optimum, above which interchain steric effects
become pronounced.?l As in the case of gold films, thiolated
DNA strands can adsorb on the nanowires not only through
thiol group but also through other polar groups such as
nitrogeneous bases. This nonspecific adsorption can be
reduced by treatment with mercaptohexanol, thus making
the nucleobases more available for hybridization.[*! The use
this adsorption scheme with gold nanowires (Figure 5,
route 1) allows one to increase the efficiency of hybridization
with complementary strands in solution from 21 +3 % to 63 +
11%. A more complex derivatization scheme (shown in
Figure 5, route 2) involves successively treating gold nano-
wires with mercaptohexadecanoic acid (MHDA), bis-aminat-
ed polyethylene glycol, 1,4-phenylene diisothiocyanate, and
amine-tagged ssDNA. Figure 5 shows the assembly of gold
nanowires on the ssDNA-modified surface of lithographically
defined gold pads, by using complementary and noncomple-
mentary DNA linking sequences. A coverage of 0.9-1.5 x 10°
particles per cm? can be achieved by means of complementary
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Figure 5. Top: Scheme for successive derivatization of Au nanowires with
1) thiolated ssDNA and mercaptohexanol; 2) mercaptohexadecanoic acid
(MHDA), bisamino polyethylene glycol, 1,4-phenylene diisothiocyanate,
and amine-tagged ssDNA. Bottom: Dark field optical micrographs (500 x
magnification) of gold nanowires derivatized according to the scheme 2
and adsorbed on lithographically patterned surfaces. Gold patterns were
prepared on a SiO,/Si-wafer and derivatized with a) complementary ss
DNA and b) noncomplementary ssDNA.

interactions. On the noncomplementary surface, about 25 %
of this coverage is obtained through nonspecific interactions
of surface-bound ssDNA.B6 37

By using in-membrane and in-solution derivitization se-
quences, ssDNA-bearing areas can be precisely localized
either at the tips or along the nanowire at any distance from
the tips.’* 3 Within membrane, only tips of a metal nanowire
are exposed to DNA molecules. A fluorescence micrograph of
nanowires derivatized in this way and then subjected to
hybridization with rhodamine-labeled complimentary ssDNA
shows that the DNA molecules are bound only at the tips
(Figure 6). For spatially selective derivatization along the
length of a nanowire, the differential binding of thiols and
isonitriles to Au and Pt nanowire segments can be applied to
Pt/Au/Pt and Au/Pt/Au/Pt wires. This site-specific functional-
ization allows one to assemble nanowires into different
shapes. For example, crosses, T’s, and triangles can be
assembled in suspensions in =50 %, ~50 %, and ~5 % yields,
respectively.’’l Control experiments again establish that
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complementary sequences are required to achieve a high
yield of crosses and T’s. Further efforts concentrating on
improving the hybridization efficiency and avoiding non-
specific wire—wire and wire —surface interactions are neces-
sary to extend this technique to a more deterministic
“alphabet soup” of nanowire assemblies.

Fabrication of Nanowire Device Elements

The incorporation of device elements into template-prepared
nanowires involves growing thin films of electroactive mate-
rials between the nanowire segments or along their length.
Wet chemical assembly, which is an inexpensive and techno-
logically simple alternative to vapor-phase deposition meth-
ods, is particularly well suited to this application. There are
essentially three strategies for controlling such films to
nanometer precision: 1) self-assembly of monolayers of
organic molecules,”-'2 %] 2) layer-by-layer assembly of multi-
layer films from inorganic (semiconductor, metal) nano-
particles and organic molecules (e.g., polymers),*’l and
3) electrochemical plating of polymer and semiconductor
films. All three methods have now been used to make
“stripes” of active materials within the wires.’"- 3335 Densely
packed SAMs of mercaptohexadecanoic acid (MHDA) can
be grown at the exposed tips of gold nanowires through the
formation of Au—S bondsP! (see Figure 7, route 1). Electro-
less deposition of a thin Au layer on the top of MHDA
monolayer is used to avoid short circuits that can form when
the top metal layer is grown electrochemically. The fabrica-
tion of the in-wire junction by layer-by-layer assembly of a
multilayer semiconductor/polymer film is shown schemati-
cally in Figure 7, route 2.133 34 Cationic TiO, nanoparticles and
anionic polystyrenesulfonate (PSS) chains spontaneously
adsorb in monolayers onto the growing surface, and the film
growth is limited in each cycle by inversion of the surface
charge. TEM images of the both types of in-wire devices show
the presence of the metal/film/metal junction (Figure 7, a, b).
Photoconductive CdSe and CdTe can also be grown electro-
chemically as thin films between gold or nickel nanowire
segments.B!

Two different synthetic sequences can be used to make the
on-wire device element, in which a functional film covers the
walls of a metal nanowire. The first one relies on the reactivity
of the metal wire surface, and involves layer-by-layer growth
of organic polyelectrolyte or semiconductor/polymer multi-
layer films.’?34 This method can be used with free-standing
nanowires, which are suspended in solution by dissolving both
the template membrane and the silver backing layer (Figure 8,
route 2). Alternatively, a metal nanowire array attached to the
silver base, a so-called “brush”, can be prepared by dissolving
away the membrane and leaving the silver backing untouched.
Schematic representations of the brush technique and TEM
images of different films that have been grown on metal
nanowire walls are shown in Figure 8. To make concentric
devices accessible for further functionalizaton at the tips, one
can first electroplate sacrificial metal segments on the nano-
wire ends and dissolve them when the wires are removed from
the backing layer.?
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Figure 6. Scheme for in-membrane derivatization of the tips of gold nanowires with thiolated ssDNA. The
nanowires are released into solution and then treated with rhodamine-labeled complementary ssDNA, which
makes their tips fluorescent. a) Fluorescence and b) bright field micrographs of 350 nm diameter gold wires
derivatized according to the scheme.
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Figure 7. Top: Scheme for preparing in-wire devices by: 1) self-assembly of a MHDA monolayer, or 2) layer-by-
layer assembly of TiO,/PSS multilayer film on the exposed tip of a bottom metal electrode, followed by electroless
seeding and electroplating of a top metal electrode. Bottom: TEM images of an as-prepared a) Au/
S(CH,),sCOOH/Au device, and b) a Ag(TiO,/PSS),TiO,/Au device. In b), electron beam-induced melting of
the junction allows one to visualize the junction.

The second reaction sequence exploits surface chemistry of
the membrane pore walls. The membrane is first used as a
substrate in a conventional layer-by-layer deposition proce-
dure, resulting in semiconductor/polymer tubule shells that
are stuck to the walls. The metal nanowire core is then
electrochemically or chemically grown inside these shells, as
shown schematically in Figure 8, route 1.% 3 Figure 8a and b

4360 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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shows TEM images of free-
standing, rigid TiO,/PSS tu-
bules with wuniform, densely
packed walls and concentric
device structures prepared by
electrochemically filling the tu-
bules with gold.

Electrical Properties of
Template-Grown
Nanowire Devices

Nanowire integration into a
circuit can be achieved by AC
electrofluidic alignment, which
positions individual nanowires
or nanowire devices between
lithographically prepared con-
tact pads*! (Figure 9, route 1).
For a concentric device, the top
electrical contact can be made
by evaporation of an Ag-stripe
at right angles to the wire (Fig-
ure 9, route?2), or by fluidic
alignment of a second wire that
crosses the first.

Electron transport across the
monolayer of MHDA mole-
cules in the in-wire Au/
MHDA/Au structure occurs by
tunneling. The barrier height,
the magnitude of the tunneling
current, and the breakdown
fields for these devices are con-
sistent with previous observa-
tions (made by conducting tip
AFM and related techniques)
of tunneling in SAMs.*] These
devices degrade and eventually
become short circuits if the
breakdown voltage is repeated-
ly exceeded, but they are stable
if the voltage is kept below this
limit.5%!

For the semiconductor/poly-
mer devices, either in-wire or
concentric, the room-tempera-
ture I-V characteristics show
the expected rectifying behav-
ior.’>3 In the case of Au-
(MEA)/(ZnO/PSS)4ZnO/ Ag

devices, rectification is a result of charge injection at the
metal/ZnO/PSS-film interface rather than tunneling (Fig-
ure 9a). With Ag(TiO,/PSS),TiO,/Au devices, switching
behavior and hysteresis that could not be described by
Schottky or Fowler—Nordheim equations was found (Fig-
ure 9b). The observation of hysteresis is surprising and
potentially interesting in terms of switching or memory
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Figure 8. Top: Scheme for preparing on-wire (concentric) devices using
layer-by-layer assembly techniques: 1) a multilayer TiO,/PSS tubule is
deposited on the pore walls of an alumina membrane from TiO, nano-
particle and PSS solutions (gold nanowires are then electroplated inside the
tubules); 2) A ZnO/PSS film multilayer filmis grown on the surface of free-
standing gold nanowires by using ZnO nanoparticle and PSS solutions; 3) a
multilayer PAH/PSS film is deposited on the surface of an Au/Ag nanowire
array attached to a silver base by using polyallylamine and PSS solutions.
Bottom: TEM images of a)a free-standing (TiO,/PSS),TiO, tubule
released into solution by dissolving the membrane; b)a Au/(TiO,/
PSS),TiO, concentric device prepared according to route 1; ¢) a Au/(PSS/
PAH),, concentric device prepared according to scheme 3; d) a Au/(ZnO/
PSS),yZnO concentric device prepared according to route 2.

devices. At present, the reason for this hysteresis is not well
understood.

Importantly, the electrical properties of all the in/on-wire
devices measured, including both the MHDA SAMs and
semiconductor/polymer multilayers, are similar to those of
large-area planar devices of the same composition with
evaporated top metal contacts. This means that molecular
organic and nanoparticle components can be introduced into
nanowire devices without qualitative changes in their elec-
trical, and most probably chemical, properties. While the
device characteristics shown here are poor by the standards of
the semiconductor industry, it is important to note that only
primitive layer sequences (simple polymer/colloid repeats)
were used. It should be possible to make more structured
films in which asymmetry is built in (e.g., with electron- and
hole-conducting segments) to allow better rectification ratios,
lower turn-on voltages, and more complex device functions.
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Figure 9. Top: Optical micrographs of test structures for measuring the
electrical properties of 1) in-wire devices and 2) on-wire devices in which
the semiconductor/polymer film covers the walls of the nanowire. Bottom:
a) I-V characteristics of an on-wire Au(MEA)/(ZnO/PSS),,ZnO/Ag device
(top), the data are plotted in Schottky coordinates (bottom); b) I-V curves
for an in-wire Ag(TiO,/PSS),TiO,/Au device showing the hysteresis loop
when the scan is reversed at intermediate voltage. The scan shown was
initiated at —2.5V and reversed at +0.5 V. The inset curve, with an
expanded current scale, shows that the conductance is very low in the
reverse sweep.

The possibility of making in-wire junctions with single layers
of organic molecules opens the door to testing and using a
wider variety of molecular electronic devices in self-assembly
circuits.

Some Perspectives on Preparing Molecular Logic-
Array Nanoblocks

The possibility of making functional nanowire crosspoint
arrays is underscored by results that show the alignment of
functionalized nanowires into relatively parallel arrays (Fig-
ure 3) and the assembly of small numbers of deliberately
functionalized nanowires into deterministic structures (e.g.,
crosses or T-junctions made by DNA hybridization). If these
processes can be better controlled, one could imagine a
designed arrangement of cross-point arrays fabricated by
joining two wafers, each bearing the appropriately positioned
linear rafts of assembled wires. To achieve this, precise
alignment of two macroscopic wafers is required. Very
recently, high-accuracy alignment of centimeter-sized pat-
terned wafers has been realized by exploiting capillary
interactions at the water—air interface.’” Silica and glass
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wafers patterned with millimeter- and micrometer-scale gold
features, which were made hydrophobic by adsorbing a SAM
of octadecanethiol, were wetted with water on their hydro-
philic silica areas and pressed together. Self-alignment of the
wafers with an accuracy better than one micrometer results
from the minimization of the curvature of the meniscus
formed at the water—air interface (Figure 10). The larger

Spacer Air Glass wafer

SEET — ui

mmm  Hydrophilic surface [ Hydrophobic surface

Figure 10. Top: Scheme showing the alignment of planar surfaces using
capillary forces. Two silica or glass wafers containing gold features, which
were made hydrophobic by adsorbing a SAM of octadecanethiol, are
wetted with water on their hydrophilic silica areas and pressed together.
Center: An optical micrograph of aligned glass wafers. Bottom: Close up
view alignment features used for measurements, which show that the
wafers are in alignment to better than one micrometer.

hydrophobic features have been found to direct this align-
ment, because the micrometer sized patterns are bridged by
water and generate no meniscus. Thus, a judicious design of
micrometer-sized pads bearing the nanowire “rafts”, guided
into alignment by macroscopic hydrophobic/hydrophilic
boundary areas, could be used to create cross-point array
nanostructures.

Conclusion

Although it is too early to say that the light at the end of the
tunnel can be clearly seen for nanowire-based computing,
some important milestones have been passed, and they help
map out the route to this destination. So far we have
established that: 1) template synthesis is an experimentally
simple and manufacturable route to multicomponent nano-
wires with well-controlled physical and chemical parameters,
2) site-specific chemical self-assembly directs the assembly of
nanowires into surface-bound arrays and designed shapes in
solution, 3) nanowire device elements can be made by
combining self-assembly with electrochemical and electroless
deposition, 4)the availability of in-wire and concentric
rectifying films opens up the possibility of constructing logic
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gates and cross-point devices by means of electrofluidic or
chemically driven nanowire assembly, 5) lithographic-scale
relief patterns can template the assembly of nanowire arrays
with sublithographic pitch, and 6) wafer patterns can be
aligned precisely over large areas by patterning hydrophobic
and hydrophilic areas. Many challenges remain in terms of
synthesizing and characterizing monolayer and multilayer
devices, improving the fidelity of the assembly processes, and
scaling the devices and nanowire assembly processes to 30 nm
diameter and below. If this can be achieved, then the tools for
assembling, testing, and optimizing real nanowire circuits will
be in hand.
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Abstract: Sugar Amino Acids (SAAs)
are sugar moieties containing at least
one amino and one carboxyl group. The
straightforward synthesis of two fura-
noid SAAs, 3-amino-3-deoxy-1,2-isopro-
pylidene-a-p-ribofuranoic acid (f-SAA1)
and 3-amino-3-deoxy-1,2-isopropylidene-
a-D-allofuranoic acid (f-SAA2) starting
from diacetone glucose, is described.
These SAAs were used as structural
templates aiming at new structures for
peptidomimetic drug design. f-SAA1
resembles a [-amino acid, whereas
f-SA A2 is a y-amino acid mimetic. Thus,
for the synthesis of the mixed, linear and
cyclic oligomers of f-SAA1, B-homo-
glycine (B-hGly, also called f-alanine)

part, while for the oligomer of f-SAA2
y-amino butyric acid (GABA) was cho-
sen. Fmoc-[f-SAA1-3-hGly];-OH (3)
and cyclo[f-SAA1-5-hGly]; (5) resemble
linear and cyclic S-peptides with a very
different substitution pattern, compared
with the -peptides known so far in the
literature, whereas Fmoc-[f-SAA2-GA-
BA];-OH (4) resembles a y-peptide. The
linear f-SAA oligomers 3 and 4 were
synthesized on the solid-phase using
Fmoc strategy. 23 unambiguous interre-
sidue NOE contacts (from a total of 76

Keywords: amino acids - carbohy-
drates conformation analysis
cyclopeptides - peptidomimetics

NOE values), obtained from extensive
NMR studies in C;CN, were used in
subsequent simulated annealing and
MD calculations, to elucidate the 12/10/
12-helical structure of oligomer 3 in
CH;CN. The results indicate that
f-SAA1 strongly induces a secondary
structure. A characteristic CD curve for
the linear oligomer 3 is observed up to
75°C in both CH;CN and CH;CN/H,0,
even though 3 contains 5-hGly, which is
known to destabilize helices. By con-
trast, 4 does not seem to form a stable
conformation in solution. The cyclic
SAA containing oligomer cyclo
[f-SAA1-$-hGly]; (5) exhibits a C; sym-
metric conformation on the NMR chem-

was chosen as an amino acid counter-

Introduction

Carbohydrates as well as peptides and proteins are essential
biopolymers of life. They are involved in complex biological
processes, such as catalysis and highly selective molecular
recognition. In order to perform these functions, the correct
folding of the biopolymers creating the active site is crucial,
since any kind of interaction is observed only if the reactive
groups are positioned in the correct spatial orientation. Thus,
the development of small, easy-to-functionalize building
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ical shift time scale.

blocks and oligomers with backbones of discrete and predict-
able folding patterns (“foldamers”)[!lis required to design and
develop molecules with biological functions. Therefore,
chimeras of the three major classes of biopolymers, that is
nucleic acids, proteins and carbohydrates, have attracted great
interest as both functional and structural analogues in recent
years, also because of their potential application in drug
design. However, sugar amino acids (SAAs) and their
oligomers, which bridge carbohydrates and proteins, have
only recently been investigated.>'!]

We define SA As as sugars, which contain at least one amino
and at least one carboxyl group.> 1% Only few SAAs are
found in nature,” ') the most prominent naturally occurring
SAA being neuramic acid, which constitutes the bacterial cell
wall. This SAA and others served as templates for the earliest
syntheses of SAAs by Heyns and Paulsen'?! and Fuchs and
Lehmann[™! to mimic oligosaccharide structures, which re-
mains the focus of most of the current SAA oligomer
syntheses. Recently, we introduced SAAs as peptidomimetic
structural templates (e.g. turn mimics),'> " to combine
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polyfunctional carbohydrates with the amide backbone of
peptides.? !

The amide bonds between SAAs are formed in solution or
on solid-phase using state-of-the-art peptide synthesis proto-
cols. Thus, SAAs are ideal candidates for the generation of
structural and functional combinatorial libraries. Their
oligomers are potential structural templates of linear and
cyclic peptides and pharmacophores. Nevertheless, their
structural properties have to be scrutinized for a successful
application.

Pioneering work by Seebach’s and Gellman’s groups has
revealed that short - and y-peptides form stable secondary
structures such as helical, S-sheet type, and turn structures in
both organic and aqueous solutions.: 424 As for natural
peptides, a correlation between characteristic circular dichro-
ism (CD) curves and secondary structure of - and y-peptides
was also demonstrated by the groups of Seebach and Gell-
man.[lﬁ, 17,19, 21, 22, 25-28]

Only few examples of mixed oligomers have been described
so far. One example are mixed oligomers of a pyranoid SAA
and aspartic acid, which was used as a -amino acid. These
compounds have been shown to inhibit cell adhesion of
vitronectin binding cells and the invasion of tumor cells.?’)
Mixed oligomers consisting of SAAs and a-amino acids have
only recently been described by our group®! and those of
van Boom.B!

Results and Discussion

In this work, two new furanoid - and y-SA A building blocks
will be presented as analogues of B- and y-peptides, as
structural templates, and as potential foldamers.?>33 The
linear mixed oligomer 3 and the cyclic mixed oligomer §
consist of -SA A1 and 5-hGly (see footnote [a] Table 1; also j3-
alanine), thus forming hybrids between f-peptides. The linear
mixed y-hexapeptide 4 is built from alternating f-SAA 2 and
y-amino butyric acid (GABA) units. f-hGly and GABA were
used as amino acid counterparts, because they represent, just
as -SAA1 and f-SAA2, - and y-amino acids, respectively.
Since the amino acids are completely unsubstituted, the
secondary structure results exclusively from the incorporated
SAA.

Synthesis of the f-SAA1 and 2: The synthesis of f-SAA1 has
already been described in the preliminary communication. !
The syntheses of furanoid -SAA1P% and f-SAA2 are shown
in Scheme 1. Both were synthesized via the azides 7 and 8. The
crucial step is the azidolysis of triflyl-activated diacetone
glucose 6. The major elimination side reaction, which results
from the poor solubility of azides in organic solvents, has been
known in the literature.’-3% We were able to obtain consid-
erably higher yields than in ref. [37] (70 % instead of 48 %) by
the addition of catalytic amounts of the phase transfer catalyst
Bu,NCl, at the same time avoiding expensivel*! and/or
toxicl®! reagents. This reagent significantly increases the
solubility of NaNj;. Thus, triflate-ester 6 was converted at
50°C in DMF to the azide 7 in 70% yield with inversion of
configuration at the C® center. Efforts to further enhance
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Scheme 1. Synthesis of Fmoc-protected f-SAA1 and 2: a) Tf,O, py,
—10°C, CH,Cl,; b) NaNj;, Bu,NCl (cat), 50°C, DMF; c¢) 77 % HOAc, 3 h,
65°C; d) NalO,, 5h, 10°C, MeOH; e¢) KMnO,, 50% HOAc, rt; f) H,,
Pd/C, MeOH, Fmoc-Cl, NaHCO;, pH8-9, THF, MeOH, rt, 90%;
g) NaOCl, TEMPO (cat), KBr, CH,Cl,, sat. aq NaHCOj;, Bu,NCI, 62 %.

substitution yields and suppress elimination more efficiently
by using the “naked” azide-anion generated in situ from
trimethylsilylazide and rBu,NF failed: Only elimination was
observed and 7 could not be detected.

Azidolysis was followed by quantitative deprotection of the
exocyclic hydroxyl groups using acetic acid.[*! To obtain
Fmoc-protected {-SA A1, diol 8 was cleaved oxidatively using
NalO,, followed by KMnO, oxidation to yield 9.l In a one-
pot reaction, azide 9 was reduced and simultaneously Fmoc-
protected to yield about 70 % of Fmoc-protected f-SAA1.

For the preparation of f-SAA2, azide 8 was first reduced
and Fmoc-protected in a similar one-pot reaction as for 9,
followed by selective oxidation of the primary alcohol with
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), sodium hypo-
chlorite, and KBr. To prevent decarboxylation during the
TEMPO oxidation, it was crucial to keep the pH between 8.5
and 9.5, and the temperature below 0°C.

Synthesis of the oligomers 3, 4 and 5: The mixed SAA
oligomers 3 and 4 were synthesized as shown in Scheme 2.
f-SAA1 and f-SAA2 were alternately coupled with S-homo-
glycine or GABA to form oligomers 3 and 4.

The solid-phase synthesis was performed on the tritylchloro-
polystyrene (TCP) resin using [O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate] (HATU)
as the coupling reagent and 2,4,6-collidine as the base.[*-#
Two equivalents of the SAA derivative, and three equivalents
of f-homoglycine or GABA were employed. After the
peptide was cleaved from the resin with hexafluoroisopropa-
nol (20% in dichloromethane, 3 x 10 min),* RP-HPLC
purification yielded the oligomer 3 (71.3 mg, 41 % yield) and
4 (10 mg, 4.7 % yield), each in over 99 % HPLC purity.

Subsequently the Fmoc group was then removed and the
linear oligomer 3 cyclized with HATU/24,6-collidine at
high dilution (0.4 mm) to afford 5 in quantitative yield
(Scheme 3).
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analogous synthesis of oligomer 4:
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Scheme 2. Synthesis of the linear oligomer 3: a) HATU (2 equiv), 2,4,6-collidine (20 equiv), f-SAA1 (2 equiv), rt, NMP; b) i) washing: NMP (5 x 3 min),
ii) Fmoc deprotection: 20 % piperidine in DMF (2 x 10 min), iii) washing: NMP (5 x 3 min); ¢) HATU (3 equiv), 2,4,6-collidine (30 equiv), 5-hGly (3 equiv),
rt, NMP; d) i) washing: NMP (3 x 3 min), CH,Cl, (1 x 3 min), ii) vacuo overnight, iii) cleavage: 20 % HFIP in CH,Cl, (3 x 10 min).

a)

Scheme 3. Cyclisation of the linear oligomer 3 to the cyclic 5: a) Fmoc
deprotection: 20% pip in DMF (2 x 10 min); b) cyclization in DMF
(0.45mm), HATU (1.1 equiv), 2,4,6-collidine (11 equiv).

CD spectroscopic analysis: The secondary structure of
peptides and proteins consisting of a-amino acids in solution
can be deduced by CD spectroscopy. Recently, the Gellman
and Seebach groups expanded the use of CD spectroscopy to
prove the secondary structure of f- and y-pepti-
des,[1>17.19,21-23. 25-28] different secondary structure elements
can be indentified by characteristic CD curves.

The CD data for 3 in CH;CN and CH;CN/water solutions at
various temperatures (Figure 1) reveal a distinctive secondary
structure of this linear oligomer. In order to allow comparison
of the different CD curves of the mixed oligomers 3-5 and
monomeric f-SAA1 and f-SAA2, we divided each curve by
the number of amide bonds present. Comparison of the CD
curves of the Fmoc-protected f-SAA1 with the curves of the
linear mixed oligomer 3 (Figure 1a) shows, that the major

4368
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part of the observed molar ellipticity @ per residue is a result
of cooperative effects due to the orientation of the backbone
amide chromophores, and not a result of a single chromo-
phore within the f-SAA1 residues. The CD spectrum of 3
(Figure 1a) comprises a strong minimum at about 188 nm, a
zero crossing at about 193 nm, and a strong maximum at about
203 nm. It is different from the CD spectrum of any -peptide
so far known. However, the contribution of the substitution
pattern and chiral centers within the side chain to the
observed molar ellipticity @ has never been determined.
Therefore, the known fS-peptide structures can not be
excluded.

As expected for secondary structural effects, the maxima of
the CD curves decrease with increasing temperature (Fig-
ure 1b). A random structure would show the same average
spectrum at all temperatures. When changing the solvent from
the relatively unpolar solvent CH;CN to a 1:1 mixture of
CH;CN and water, the molar ellipticity of 3 decreases to
almost half of the value in pure CH;CN (Figure 1c). This may
be due to the fact that the secondary structure, to which the
curve corresponds to, is less stable in more polar solvents. As
the CD profile of 3 in CH;CN and CH;CN/water solutions at
temperatures between 20 and 75°C is independent of the
concentration between 0.125 and 1 mw, it seems unlikely that
aggregation occurs under these conditions.

The typical CD signature of 3 is lost upon cyclization to 5§
(Figure 1d). This implies a drastic change of the orientation of
the backbone amide chromophores upon cyclization.

Due to the low solubility of 4 in CH;CN, no CD spectra
were recorded in this solvent. The CD spectra of 4 in MeOH
did not provide any useful structural information, because the
spectra were not very intense, and almost temperature
independent. This suggests that there is no stable secondary
structure of 4 in MeOH.

NMR- and structural analysis: Two-dimensional NMR data
were obtained for 3 (10mm) in CD;CN at 300 K. All 'H NMR
resonances of each of residue spin systems were assigned by
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Figure 1. a) CD spectra (molar ellipticity @ per residue in degcm?dmol='#10%) of the linear Fmoc-[f-SAA1-3-hGly];-OH (3) and Fmoc-f-SAA1-OH in
CH,CN at 20°C at 0.125 mM (3), and 0.5 mM (1). b) CD data for the linear Fmoc-[f-SAA1-3-hGly];-OH (3) at 0.125 mm in CH;CN at 20, 50 and 75°C. ¢) CD
data for the linear Fmoc-[f-SAA1-3-hGly];-OH (3) at 0.125 mm in CH;CN and CH;CN/water (1:1). d) CD spectra of the linear Fmoc-[f-SAA1-3-hGly];-OH
(3) and its cyclic analogue cyclo[-f-SAA1-$-hGly-]; (5) at 0.125 mm and 20°C in CH;CN.

means of TOCSY™! and COSY spectra.[*! The assignment of
backbone resonances was accomplished using sequential Cg,
C’, H* and HN chemical shift information derived from
HMQCH! and HMBCH! experiments as outlined in the
Experimental Section. All carbon chemical shifts were
assigned, except for the quarternary Fmoc carbon atoms,
the quarternary carbons of the acetonide protecting groups of
the SAAs, and the terminal carbon of the carboxylate
function. Stereospecific assignment, made under the consid-
eration of the NOESY™ cross-peak patterns, was possible for
all prochiral H* and H” protons of the f-homoglycine residues
and for the prochiral methyl groups of all f-SAA1 residues,
except for the terminal H* and H” resonances of S-hGly 6.

The secondary structure of 3 in CD;CN is defined by 23
interresidue NOE contacts (see Experimental Section Ta-
ble 2) and a total set of 76 NOE restraints deduced from a
NOESY experiment.

A first restrained conformational search, based on these
76 NOE cross-peaks, was performed by utilizing standard
simulated annealing protocols with the X-PLOR package,™
yielding an ensemble of 10 structures with good convergence.
The structure which best fulfilled the experimental restraints
was then used as a starting structure for a 150 ps simulated
dynamics run with the Discover program package," utilizing
its CVFF forcefield for further refinement. The refinement
was performed in an explicit, all-atom CH;CN solvent box
which we have developed for this purpose (for details see
Experimental Section). This yielded the averaged structure of
3 depicted in Figure 2. The averaged structure was finally used
as a starting structure for a further unrestrained dynamics
simulation, and remained stable in the CVFF forcefield.

Chem. Eur. J. 2002, 8, No. 19
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The conformation deduced is right-handed helical, with the
helix consisting of a central 10-membered and two terminal
12-membered hydrogen-bond rings, and with C=O and N-H
bonds pointing alternatively up and down along the axis of the
helix. Four hydrogen bonds are formed, which are shown
schematically in Figure 3.

We have carefully checked for evidence of all other possible
helix types, which fS-peptides may adopt as predicted by
quantum mechanical calculations.F>* All distinctive cross-
peaks for the other possible helix types 10/10/10, 12/12/12, and
14/14/14, as well as for the most likely 10/12/10 helix (the
counterpart of the observed 12/10/12 helix), were missing in
the NOESY spectrum. All other characteristic distances,
which would lead to strong signals for the mentioned helices,
are represented by only weak signals in the spectrum. We
therefore conclude that 3 adopts a plain 12/10/12 helical
conformation in CH3;CN in competition with a slightly
unfolded helix (see Experimental Section).

This is the first time that this type of helix was found for
SAA-homooligomers or short SAA-S-amino acid conjugates.
So far, a similar helix has only been found by Seebach and co-
workers for S-peptides with side chains identical to those of
the naturally occurring a-amino acids.?> > The substitution
pattern of S-peptides, which have been shown to form this
“mixed 12/10/12 helix”, is very different from that of 3.
Oligomer 3 (when considered a -peptide) consists of alter-
nating (S,S)-disubstituted 8-(sugar) amino acid (here, only the
substitution along the resulting peptidic backbone is consid-
ered) and unsubstituted B-hGly, denoted [S,5-U];, according
to the nomenclature of Hofmann and co-workersP?l (see
Table 1). Seebach’s -peptide, however, shows a very different
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b)

Figure 2. Stereoview of the average structure of oligomer 3, as deduced by a 150 ps restrained molecular
dynamics simulation in an explicit, all-atom CH,;CN solvent box. Top view a) and side view b) of the formed right
handed 12/10/12-helix of 3, consisting of a central 10-membered and two terminal 12-membered H-bonded rings,
and with C=O and N-H bonds pointing alternately up and down along the axis of the helix are shown.
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Figure 3. Schematic drawing of hydrogen bonds formed in the CH;CN
solution structure of oligomer 3.

substitution pattern of [BA];, where the f-amino acid residues
are alternately (S)-monosubstituted in the a- or in the j-
position.

The quantum-mechanical investigation of S-peptides by
Hofmann and co-workers® reveals that helix types 10/10/10,
12/12/12, 14/14/14, 10/12/10 and 12/10/12 are stable conforma-
tions for various types of S-peptides (either with one or two
different amino acids in the repeat unit); the most stable
conformation depends on the substitution pattern of the
amino acid. Interestingly, for an alternating [BA] substitution
pattern, helix type 12/10/12 is predicted to be the most stable
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type in non-polar solvents. This
may be ascribed to the fact that
the carbonyl functions point
alternately towards the N-ter-
minus and the C-terminus in
the 12/10/12-helix; this results
in a low overall dipole momen-
tum of the helix. For the [BA]-
substitution pattern, the spatial
constrains imposed by the fj-
substituent of the first amino
acid in the sequence leads to a
lower energy of the helix 12/10/
12 with respect to the helix 10/
12/10, which also has a low
overall dipole momentum. Fur-
thermore, it has been shown
that substitution in S-position
has a considerably higher struc-
tural influence than substitu-
tion in a-position.’ Therefore,
the influence of the f-substitu-
ent will dominate over that of
the a-substituent in a [S,S]-sub-
stituted S-amino acid. On the
other hand, an unsubstituted j3-
amino acid lacks a 3-substituent
with strong structural influence.
Thus, the structural influence of
the [S,S]-substituted f-SAA1 in
3 is rather similar to a [B]-
substituted S-amino acid com-
pared with an [A]-substituted
one. The characteristic feature
of [A]-substituted [-amino
acids is the lack of substitution
in the S-position. Therefore the
overall unsubstituted 5-hGly in
3 acts like an [A]-substituted (-
amino acid. As a consequence, the substitution pattern of [S,S-
U], in oligmomer 3 should induce similar secondary structures
as the [AB]; substitution pattern of Seebach’s “mixed” fj-
peptides. This would explain why oligomer 3 forms the 12/10/
12-helical structure in CD;CN.

Table 1. Nomenclature of substitution patterns of S-peptides.

RS BA o)
AN
¥
RZ R

R! R? R? R* Seebachl? Symbol
H H H H -B-hGly- -U-
R+H H H H -(S)f*-hXaa- -A-
H H R+H H -(S)f*-hXaa- B-
H R+H R+H H -(R,S)p**-hXaa- RS-
R+H H R+H H -($.5)f**-hXaa- -S.,5-

[a] The notation $-hXaa for a homologue of the a-amino acid Xaa was
introduced by Ondetti and co-workers,*!l and has been used and refined by
Seebach and co-workers to - and *-hXaa, where the numbers indicate
the position of the side chains in the -amino acids.*
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NMR structural analysis of oligomer 3 in DMSO revealed,
that a 12/10/12 helix is no longer formed exclusively. This
observation is in agreement with the CD-spectroscopic results
and quantum mechanical calculations, which reveal, that
helices with a permanent large dipole moment is favored in
polar solvents over helices with a small dipole moment (such
as the 12/10/12 helix).’>>*1 However, large J coupling con-
stants of about 9 Hz were observed between the HN of its
f-SA A1 residues and their H? (the “H*”). The dihedral HY/H?
angle should be mainly trans. The conformation of the f-SAA1
residues in the linear oligomer3 in DMSO was deduced with
the refined Karplus equation by Haasnoot et al.’l utilizing
the coupling constants 3/(H',H?) of 5.3 Hz, 3J(H?H*) of 10 Hz,
and 3J(HNH3) of 8.9 Hz of the f-SAA1 residues. In their
equation, the relationship between vicinal NMR proton —
proton coupling constants and the pseudorotational proper-
ties of the furanoid sugar ring are taken into account, which
allows an accurate correction for the effects of electronega-
tivity and orientation of substituents on *J(H,H).**! The HN
chemical shifts are also still well dispersed. Therefore, 3 must
form some kind of ordered structure. However, due to large
overlaps of the sugar and alkyl protons in the NOESY spectra
(in DMSO), the integration of several cross-peaks is not
possible, thus preventing reliable three-dimensional structure
modeling.

NMR studies of 4 and 5 at 500 or 600 MHz in DMSO and/or
pyridine were performed. Full sequential assignment of 4 and
5 was achieved similar to the above described procedure for 3.
NOESY and ROESY spectra were recorded to obtain three-
dimensional structural information. The amide protons of the
linear oligomers 4 have different chemical shifts, however,
due to large overlap of several NOE signals, no reliable
structure calculation is possible.

The cyclic oligomer 5 exhibits apparent C; symmetry on the
NMR chemical shift time scale, and averaged J-coupling
constants of 7 Hz between the HN and the H? protons of the
f-SA A1 residues in DMSO.

Conclusion

The straightforward syntheses of two new furanoid sugar
amino acids, in a few steps from diacetone glucose, are
described. This makes them easily accessible and therefore
useful building blocks for combinatorial syntheses. -SAA1
resembles a S-amino acid, while f-SA A2 resembles a y-amino
acid. Thus, f-SAA1 was used with S-homoglycine for the
synthesis of the linear and cyclic mixed oligomers 3 and 5. For
the synthesis of linear oligomer 4, f-SAA2 was used with
GABA as an amino acid counterpart. Oligomers 3 and 4 were
assembled successfully using standard solid-phase peptide
synthesis. To the best of our knowledge, the mixed oligomers
3, 4 and 5 presented here are the first conjugates of furanoid
sugar amino acids with - and y-amino acids.

The linear Fmoc-[f-SAA1-3-hGly];-OH (3) exhibited 12/
10/12 helical secondary structure in CH;CN and CH;CN/H,O
solutions as proven by NMR studies and subsequent molec-
ular dynamics calculations. This is significant, since 3 has a
very different substitution pattern than the S-peptides so far
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shown to have a secondary structure. Furthermore, 3 contains
B-homoglycine, which is known to destabilize helices.””]
Stable secondary structures were so far only reported for j3-
peptides consisting almost exclusively of a- or S-substituted j3-
amino acids. It is obvious that the unsubstituted S-homogly-
cine is much more flexible (compare Gly substitution of L-a-
amino acids in a-peptides). Hence, f-SAA1 strongly induces
the secondary structural element of a 12/10/12-helix in short
oligomeric sequences. However, the 12/10/12 preferred helical
conformation is lost in polar DMSO. The more flexible Fmoc-
[f-SAA2-GABA];-OH (4) shows random coil behaviour.

Another remarkable feature is the good solubility of cyclo-
[-f-SAA1-3-hGly-]; (5) in organic solvents, such as CH;CN,
DMSO and MeOH. Cyclic 3-peptides prepared by Seebach
et al. exhibited low solubility in classical, pure organic
solvents.'> %9 Thus, one-dimensional NMR studies were
either not possible, or [Dg]THF solutions with more than ten
equivalents of anhydrous LiCl had to be used.’”! Cyclic
oligomer 5 exhibits a C; symmetric conformation on the NMR
chemical shift time scale. However, our preliminary NMR
results do not yet give evidence of a clearly distinct
conformation, since the observed NMR signals are averaged
and similar to those of the monomeric subunits.

The new compounds presented here are useful as new
structural templates!''3%] and might also be of interest for
host — guest chemistry.l?% ©

Experimental Section

General: Solvents for moisture sensitive reactions were distilled and dried
according to standard procedures. All other solvents were distilled before
use. Pd/C was donated by Degussa, Frankfurt/M. (Germany). Flash column
chromatography (FC) was performed with solvents indicated on silica
gel 60, 230-400 mesh (Merck KGaA, Darmstadt). For solid-phase syn-
thesis TCP resin (tritylchloropolystyrene resin) from PepChem Gold-
ammer & Clausen, H-3-hGly-2-CITrt resin and Fmoc-3-hGly-OH from
Novabiochem, HATU from Perseptive Biosystems and Fmoc-GABA-OH
(Fmoc-4-aminobutyric acid) from Neosystems were used. All reactions
were monitored by thin-layer chromatography with 0.25 mm precoated
silica gel 60 F,5, aluminium plates (Merck KGaA, Darmstadt). Melting
points were obtained on a Biichi-Tottoli apparatus and are uncorrected.
RP-HPLC analysis and semiscale preparations were carried out on a
Waters (high pressure pump 510, multi-wavelength detector 490E,
chromatography workstation Maxima 820), a Beckman (high pressure
pump 110B, gradient mixer, controller 420, UV detector Uvicord from
Knauer), or an Amersham Pharmacia Biotech (Akta Basic 10/100,
autosampler A-900) facility. RP-HPLC preparative separations were
carried out on a Beckman System Gold (high pressure pump module
126, UV detector 166). C,4 colums were used. As solvents, solvent A: H,O
+ 0.1% CF;COOH, and B: CH;CN + 0.1% CF;COOH with UV
detection at 220 and 254 nm, were used. 'H, and *C, and 2D NMR spectra
were recorded on either Bruker AC250, DMX500 or DMX-600 spec-
trometers. Proton chemical shifts are reported in ppm relative to residual
CHCl; (6=724), DMSO (6=2.49) or pyridine (6=7.19, 755, 8.71).
Multiplicities are given (obtained from 1D spectra) as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), br (broad). *C chemical
shifts are reported relative to CDCl; (6 =77.0), [D¢]DMSO (6 =39.5) and
[Ds]pyridine (6 =123.5, 135.5, 149.9). Data was processed on a Bruker X32
workstation using the UXNMR-software. Assignment of proton and
carbon signals was achieved by HMQC/#1 COSY,*! TOCSY™! and
HMBCH! experiments. Coupling constants were determined whenever
possible from the corresponding 1D spectrum, and in some cases from
different COSY experiments. HPLC-ESI mass spectra were recorded on a
Finnigan NCQ-ESI with HPLC conjunction LCQ (HPLC-system Hewlett
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Packard HP 1100, Nucleosil 100 5C;5). IR spectra were recorded on a
Perkin — Elmer 257 spectrophotometer. High-resolution mass spectra were
performed by the Department of Chemistry of the Ludwigs Maximilians
University of Munich on Finnigan MAT 95Q using fast ion bombardment
with Cs* ions and m-nitrobenzylalcohol (matrix).

General procedure for reduction and simultaneous Fmoc protection of
azides (GP 1): A stirred solution of the azide in MeOH/H,0 2:1 (0.15Mm) is
adjusted to pH 8 with saturated NaHCO; solution. A solution of Fmoc-Cl
(1.1 equiv) in THF (0.16M) is added to this solution, followed by the
addition of the catalyst Pd/C (Degussa E101 w/w 10 %, wet 49.7% H,0,1 g
cat per g azide). The suspension is flushed several times with H,. The
reaction in generally completed after 18—24 h (TLC control). Solvents are
removed under reduced pressure. The residue is suspended in water, and
the pH is adjusted to 8-9 with saturated NaHCO; solution, and the
aqueous phase is extracted with AcOEt (3 x ). The combined organic
phases are washed with NaHCO;. The aqueous phase is adjusted to pH 1
with 1x HCI and extracted with AcOEt (3 x ). The organic phase is washed
with sat. aqueous NaCl solution, dried (MgSO,) and concentrated under
reduced pressure.

General procedure for solid-phase synthesis of the oligomers 3 and 4
(GP 2): The Fmoc-protecting group of the amino acid attached to the resin
is removed by treating the resin with a 20 % piperidine solution in DMF
(2 x 10 min). The resin is filtered off and washed with NMP (5 x 3 min),
before a solution of the next Fmoc-protected amino acid (2 equiv Fmoc-
SAA-OH, 3equiv Fmoc-5-hGly-OH or Fmoc-GABA-OH), HATU
(2 equiv for SAA coupling, 3 equiv for other amino acids), and 24,6-
collidine (20 equiv/30 equiv) in NMP is added. After 3-48 h reaction is
complete (monitoring by ESI-HPLC-MS). The resin is washed with NMP
(5 x 3 min), prior to the subsequent Fmoc deprotection and coupling steps.
After coupling of the last amino acid, the resin is washed with NMP (3 x
3min), CH,Cl, (1x3min), and dried overnight under vacuo. The
oligomers are cleaved from the dry resin using 20% HFIP solution in
CH,(], (3 x 10 min). The crude peptides were purified by RP-HPLC.

1,2:5,6-Di-O-isopropylidene-3-O-triflyl-¢-D-glucofuranose (6): Triflic an-
hydride (54.2 g, 0.192 mol) was slowly added to a stirred solution of
diacetone glucose (25 g, 0.96 mol), and pyridine (30.39 g, 0.384 mol) in
CH,Cl, (1L) in a three-necked flask at —10°C (acetone/ice bath).l°" 2
Pyridinium triflate salt precipitated, and the solution turned brown. The
reaction was complete after 1.5 h (TLC control: AcOEt/hexane 2:1). The
reaction mixture was poured onto ice water (1L). The aq phase was
extracted with CH,Cl, (4 x ). The organic phases were dried (MgSO,), and
repeatedly coevaporated with toluene to remove pyridine. The brown
residue was extracted with hexane (3 x ). Evaporation of hexane yielded
the desired product as white crystals (36.88 g, 98%). R;=0.61 (AcOEt/
hexane 2:1); m.p. and 'H NMR were in agreement with ref. [62]

3-Azido-3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-allofuranose (7): A sol-
ution of the above described triflyl sugar (37.1 g, 0.0945 mol) in DMF
(200 mL) was added slowly to a solution of NaN; (12.3 g, 0.189 mol),
Bu,NCI (catalytic, ~0.1 g) in DMF (1.5L) at 50°C. The reaction was
complete after 5 h of stirring at 50°C (TLC control: AcOEt/hexane 2:1).
DMF was removed under reduced pressure, and the residue was dissolved
in AcOEt. The organic phase was washed with H,O (2 x ). The aqueous
phase was re-extracted with AcOEt (2 x ) until TLC showed no traces of 7.
The combined organic phases were dried (MgSO,) and evaporated to yield
a syrup of crude 7 and elimination by-product. ("H NMR gave a ratio of 7 to
elimination product of 7:3). The crude product 7 was purified by FC
(AcOEt/hexane 1:3) to yield 7 (18.2 g, 70 %) as a colorless liquid. R;=0.55
(AcOEt/hexane 1:3); 'H NMR of both 7 and of the elimination product
were in agreement with ref. [39].

3-Azido-3-deoxy-1,2-O-isopropylidene-a-D-allofuranose (8): For the oxi-
dation,1*! 8 (16 g, 0.056 mol) was dissolved in AcOH (77 %, 38 mL) and
stirred under reflux for 3 h. After evaporation of the organic solvent, crude
8 was purified by FC (AcOEt/hexane 2:1) to give 8 as white crystals (12.9 g,
94%). M.p. and '"H NMR were in agreement with ref. [63].

3-Azido-3-deoxy-1,2-O-isopropylidene-a-D-ribofuranose aldehyde: NalO,
(8.4 g, 0.036 mmol) was added gradually to a cooled solution (10°C) of 8
(8 g,0.0327 mol) in MeOH (60 mL) and H,O (100 mL).*" The mixture was
stirred for 5h. The inorganic salts were precipitated by the addition of
MeOH (150 mL), filtered off, and washed several times with MeOH. The
combined organic phases were removed under vacuum to yield the
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aldehyde as a light yellow syrup. The crude aldehyde was used without
further purification for the oxidation to 9. 'H NMR (250 MHz, CDCly/
MeOD, 298 K): 0 =1.35 (s, CH;), 1.55 (s, CH;), 3.65 (dd, J5,=4.72, J,3=
4.37 Hz, H3), 4.1 (d, J=4.7Hz, H*), 4.7 (dd, J,,=3.7, J,;=4.5 Hz, H?), 5.9
(d, J,,=3.8 Hz, H'), 9.7 (brs, H).

3-Azido-3-deoxy-1,2-O-isopropylidene-a-D-ribofuranoic acid (9): KMnO,
(6.7 g, 42 mmol) was added slowly to a stirred solution of the above
described aldehyde in HOAc (50%, 150 mL) resulting in a purple
solution.”) After 12 h reaction was complete. The solution was adjusted
to pH 1 with conc. HCI, excess KMnO, was removed with Na,SO;. The
solution was extracted with CHCIl; (3 x ). The organic phase was dried
(MgSO,) and concentrated under reduced pressure. Recrystallization from
AcOEt/hexane afforded 9 (4.29 g, 1.87 mmol, 89 % over two steps) as white
crystals.

3-Amino-3-deoxy-N-9-fluorenylmethoxycarbonyl-1,2-isopropylidene-«-D-
ribofuranoic acid (f-SAA1): According to GP 1, azide 9 (1 g, 4.36 mmol)
was reduced to the amine and simultaneously Fmoc-protected to yield
f-SAA1 (1.4 g, 3.29 mmol, 76 %) as a colorless syrup which later crystal-
lized. '"H NMR (500 MHz, [Dg]DMSO, 300 K): 6 =1.26 (s, 3H, CHj;), 1.46
(s, 3H, CH;), 4.07 (m, H?), 4.22 (m, 1H, Fmoc-CH), 4.25 (m, 1H, H*), 4.30
(m, 2H, CH, ™), 4.60 (t, /=4.0 Hz, 1H, H?), 5.84 (d, /=3.4 Hz, 1H, H'),
7.32 (m, H¥°™), 7.40 (m, H*™™), 7.63 (m, HY), 7.72 (m, H*™™), 7.87 (d, J=
73 Hz, 2H, H*™m™); BC NMR (125 MHz, [D4]DMSO, 300 K): 6 =26.06
(CH3;), 26. 29 (CH3), 46.30 (CHF™*), 56.25 (C?), 65.61 (CH,™), 75.36 (C*),
78.01 (C?),104.17 (C"), 111.63 (Cisopror-), 119.75 (Carom), 124.89 (Carom), 127.17
(Carom), 143.32 (C°); FAB-HRMS: caled for C;H,;NO;Na: 448.1372;
found: 448.1366 [M+Na]*.

3-Amino-3-deoxy-N-9-fluorenylmethoxycarbonyl-1,2-isopropylidene-«-D-
allofuranose (10): According to GP 1, azide 8 (2 g, 8.31 mmol) was reduced
to the amine and Fmoc-protected. FC (AcOEt/hexane 1:1 — 1) afforded 10
(3.3 g, 748 mmol, 92%) as a white powder. '"H NMR (500 MHz, CDCl;,
300 K): 6=1.35 (s, 3H, CH3;), 1.55 (s, 3H, CH3), 2.12 (s, 0.8 H, OH), 3.60—
4.65 (m, 13H, H?, H3, H*, H’, H®, H°, CH,f™c, CHF™¢, H,0), 5.47 (brs, 1H,
HN), 5,80 (brs, 1H, H'), 732 (m, 2H, H**™), 7.40(m, 2 H, H*°™), 7.57(m, 2H,
Hom), 7.76 (d, J = 6.7 Hz, 2H, H*™); 3C NMR (125 MHz, CDCl;, 300 K):
0=26.46 (CHs), 26.61 (CH;), 47.12 (CHF™*), 55.74 (C?), 63.73 (C*), 67.47
(C%),79.25 (C?),80.41 (CH, ™), 103.77 (C"), 112.85 (Cisoprep), 120.05 (Carom),
124.90 (C@rom), 127.80 (Carom), 141.32, 143.53, 143.57 (C°m, C°); ESI-MS:
caled for C,,H,;NO;Na: 464.1685; found: 464.1; t; = 14.41 min (HPLC-MS,
30-90% B in 20 min).

3-Amino-3-deoxy-N-9-fluorenylmethoxycarbonyl-1,2-isopropylidene-a-bD-
allofuranoic acid (f-SAA2): Diol 10 and TEMPO (1 mg, 0.064 mmol,
0.011 equiv) were suspended in CH,Cl, (1.8 mL) at 0°C, a solution of KBr
(14.5 mg, 0.064 mmol, 0.11 equiv) and rBu,NCl (8.9 mg) in sat. ag NaHCO;
(1.2 mL) was added slowly. To this a mixture of NaOCl (13 %, 1.5 mL), sat.
aq NaCl (1.32 mL) and sat. aqg NaHCO; (0.7 mL) were added dropwise
over a period of 30 min. The reaction mixture was stirred overnight, diluted
with AcOEt (2 mL). The organic phase was extracted twice with brine. The
aq phase was adjusted to pH 2 with diluted HCI (IN) and extracted with
AcOEt. Removal of the combined organic phases under reduced pressure
afforded 2 as a colorless syrup (0.17¢g, 62%). 'H NMR (500 MHz,
[D¢]DMSO, 300 K): 6=1.25 (s, 3H, CH;), 1.47 (s, 3H, CHj;), 4.05-4.30
(m, 6H, H? H* H? CH,"™, CH"™), 4.55 (brs, 1 H, H?), 5.73 (brs, 1H, H'),
7.30-7.90 (m, 9H, Hom, HY); 3C NMR (125 MHz, [D4]DMSO, 300 K):
0=23.97 (CHj;), 24.39 (CHj;), 45.19 (CHF™>*), 51.88 (C?), 63.70 (C*), 67.18
(C%),75.30 (C?),76.98 (CH, ™), 101.73 (C'), 111.35 (Cisorror-), 117.20 (Carom),
122.39 (Carom), 124.14 (Caom), 124.51 (Com), 143.80 (C°); FAB-HRMS caled
for C,H,sNOgNa: 478.1478; found: 478.14167 [M+Na]*; r=15.71
(HPLC-MS, 10-90% B in 20 min).

Fmoc-[fSAA1-$-hGly];-OH (3): In a syringe (10 mL), eqipped with a frit,
preloaded H-3-hGly-2-CITrt resin (399.5 mg, 0.44 mmolg~!, 0.17578 mmol)
was swelled for 45 min in NMP. According to GP 2, Fmoc-f-SAA1-OH
(0.1494 g, 0.35156 mmol, 2equiv) and Fmoc-5-hGly-OH (0.1642 g,
0.5273 mmol, 3 equiv) were coupled alternately to yield the hexamer.
The linear peptide was cleaved off the resin to yield crude 3 as a redish
syrup, which was purified by RP-HPLC (40.5-54% B in 30 min) to yield
the title compound (71.3mg, 41%) as a white, fluffy solid. '"H NMR
(600 MHz, [D4]DMSO, 296 K): 6 =1.223 (fSAA1, CH,), 1.242 (fSAA1,
CHs;), 1.264 (fSAA1, CH;), 1.279 (fSAA1, CH;), 1.386 (fSAA1?, CHj;), 1.413
(fSAA1, CH;), 2.220 (8-hGly*, H%), 2.263 (B-hGly?, H%), 2.304 (S-hGly*,
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He), 2.318 (B-hGly?, H%), 2.378 (B-hGly*, HY), 3.192 (3-hGly*, JJ(HNHF) =
6.1 Hz, HP), 3203 (B-hGly%, *J(HNHF) =58 Hz, HF), 3204 (B-hGlyS,
S(HNHP) = 5.7 Hz, HP), 3.298 (8-hGlys, 3J(HNHP) = 6.7 Hz, HF), 3328
(B-hGly*, 3J(HNHF)=6.4 Hz, H?), 3330 (B-hGly?, J(HYH?)=6.8 Hz,
HF), 4.020 (fSAAL!, *J(HH*) =100, J(H\H’)=89Hz, H’), 4.066
(fSAAT, 3J(H*H*) =104 Hz, H*), 4071 (fSAATS, *J(H*H*) =10.0 Hz,
HY), 4200 (fSAA1, J(HHY)=100Hz, HY), 4219 (CHF™*), 4256
((SSAATS, 3J(H,H*) = 10.0, > (HNH?) = 8.8 Hz, H?), 4.296 (CH,F™<), 4335
(fSAAT, J(H H*)=104, Y(HNH?)=9.1Hz, H°), 4583 (fSAAT,
3J(H\H?) =53 Hz, H?), 4565 (fSSAAT, YJ(HLH?) =53 Hz, H?), 4.576
((SAATS, 3J(H'H?) =5.3 Hz, H?), 5.85 (fSAA1, 3J(H'H?) =53 Hz, H'),
7317 (Fmoc), 7401 (Fmoc), 7.549 (fSAAT, JJ(HVH?) =8.9 Hz, HY), 7.731
(Fmoc), 7.813 (B-hGly*, J(HNHF) = 6.1, J(HNHF) = 6.4 Hz, HY), 7837 (8-
hGly?, J(HNHA) =5.8, 3J(HNHF) =6.8 Hz, HY), 7.885 (Fmoc), 7.905 (-
hGlys, Y(HNHA =57 Y(HNHF)=67Hz, HY), 8050 (fSAAL,
3J(HNH?) = 8.8 Hz, HY), 8.098 (fSAAT, 3J(HNH?) =9.1 Hz, HY), 12.212
(B-hGly®, COOH); temperature coefficients [—Ad/AT]: 'H NMR
(500 MHz, CD,CN, 295-320K, AT=5K) £-SAA1/H: 4.92; f-hGlyY
HN: 2.48; f-SAAT/HN: 7.90; B-hGly*¥/HN: 4.17; -SAAT/HN: 9.25; S-hGly®/
HY: 1.95; 3C NMR (150 MHz, [DJDMSO, 296 K): 6=22.179 (fSAAL
CHL,), 23.012 ((SSAA1, CH,), 26.207 (SSAAL, CHy), 26.393 (fSAA1, CH,),
28.708 (fSAA1, CH,), 29.588 (fSAA1, CHy), 33.266 (8-hGly®, C%), 34.6 (8-
hGly, CF), 34.7 (B-hGly>+, C), 352 (8-hGly, CF), 46.383 (Fmoc, CH),
54388 (fSAAT, CY), 54.560 (SSAAL, C¥), 56.726 (ISAAL, C°), 65.662
(Fmoc, CH,), 76.360 (fSAAT!, CY), 76.660 (fSAAT*S, C'), 78.575 (SSAAL
C?), 104.103 (fSAAL C'), 119.871 (Fmoc, CH*™), 125.04 (Fmoc, CH#om),
126.967 (Fmoc, CH#™), 127.226 (Fmoc, CHm), 155.429 (Fmoc, NCOO),
168.149 (fSAA1!, C°), 168.297 (fSAAT, C°), 168.515 (fSAAT3, C°), 170.431
(B-hGly*, CO), 170.590 (8-hGly?, CO); SN NMR (60 MHz, [D¢]DMSO,
296 K): 6 =78.46 (fSSAAT', NH), 110.86 (8-hGly*, NH), 111.53 (fSAAT’,
NH), 111.84 (8-hGly®, NH), 111.86 (fSAAT%, NH), 111.88 (8-hGly?, NH);
tg =13.65 (HPLC-ESI-MS, 30-90% B in 20 min); ESI-MS: 1053.2 [M —
H+2Na*, 10472 [M+K]*, 1031.3 [M+Na]*, 1009.1 [M+H]*; FAB-
HRMS: caled for CygHyNqOgNa: 1031.3861; found: 1031.3852 [M+Na]*.

Fmoc-[f-SAA2-GABA];-OH (4): In a syringe (10 mL), eqipped with a frit,
TCP resin (1.0550 g, ~0.95 mmol g~') was swelled in NMP (30 min). After
filtering off the resin, a solution of Fmoc-GABA-OH (0.3274 ¢,
1.002 mmol, 1equiv) and (iPr),EtN (0.51 mL, 3.004 mmol, 3 equiv) in
CH,C], (7.5 mL) was added. After 2 h the resin was filtered off, washed with
CH,Cl, (3 x 3 min), DMF (3 x 3 min) and MeOH (3 x 3 min) before dried
under reduced pressure overnight. The resin loading was 0.591 mmolg~!
according to gravimetric measurements. In a syringe (10 mL) the GABA
loaded resin (0.3164 g, 0.591 mmolg~!, 0.187 mmol) was swelled for 30 min
in NMP. According to GP 2 Fmoc-f-SAA2-OH (0.1703 g, 0.3798 mmol,
2 equiv) and Fmoc-GABA (0.1825 g, 0.5610 mmol, 3 equiv) were coupled
alternately. Purification by RP-HPLC (36-50% B in 30 min) yielded 4
(10 mg, 4.7%). 'H NMR (600 MHz, [D;]pyridine, 300K): 6=1.181
(fSAA23, CH;), 1.195 (fSAA23, CH;), 1.199 (fSAA2’, CHs;), 1.218 (fSAA2,
CHs;), 1.243 (fSAA2!, CH;), 1.301 (fSAA2!, CH;), 2.097 (GABA®, HF),
2.113 (GABAY, HF), 2.127 (GABA?% HF), 2.499 (GABA? H%), 2.592
(GABA*, H%), 2.607 (GABA®, H%), 3.414 (GABA*, H"), 3.431 (GABA?,
H"),3.525 (GABA®, H), 3.686 (GABA>*, H"), 3.728 (GABA®, H”), 4.035
(Fmoc, CH), 4272 (Fmoc, CH,), 4.715 (fSAA23, H?), 4.774 (fSAA2°, H?),
4.833 (fSAA2!, H?), 4992 (fSAA2!, H°), 4.998 (fSAA2 H*), 4.999
(fSAA23, H’), 5.018 (fSAA2’, H°), 5.031 (fSAA2% H*), 5100 (d, J=
10.1 Hz, fSAA2!, H*), 5.233 (fSAA2!, H3), 5.391 (fSAA2% H?), 547
(fSAA2, H3), 5.897 (d, J=2.6 Hz, fSAA2% H'), 5938 (d, J=2.5Hz,
fSAA25, H'), 5.985 (brs, fSAA2!, H'), 7223 (m, Fmoc, H*™™), 7.359 (m,
Fmoc, H*m), 7.658 (m, Fmoc, H*™), 7.806 (t, J=5.9 Hz, Fmoc, H*™),
8.611 (GABA*, HY), 8.633 (GABA?, H"), 8.69 (GABA®, HY), 9.255 (d, /=
9.4 Hz, fSAA23, HY), 9.289 (J=9.5Hz, SAA2!, HY), 9.303 (/=9.6 Hz,
fSAA25, HN); C NMR (150 MHz, [Ds]pyridine, 300 K): 6=22.94
(fSAA2%, CH,;), 23.6 (fSAA2!, CH;), 25.7 (GABA, CF), 26.14 (fSAA2’,
CHs), 30.13 (fSAA2!, CH;), 31.78 (fSAA2% CH,;), 31.91 (GABA®, C%), 33.3
(GABA?, C%), 33.35 (GABA®*, C), 38.49 (GABA®, C7), 38.7 (GABAZ, (),
39.15 (GABAS®, C7), 47.196 (Fmoc, CH,), 50.15 (fSAA23, C%), 50.3 (fSAA2,
C?),52.5 (fSAA2!, C°), 61.139 (Fmoc, CH), 70.4 (fSAA2, C°), 80 (fSAA2'*,
), 80.1 (fSAA2% C?), 81 (fSAA2, C*), 1043 (fSAA2*5, C), 104.4
(fSAA2!, C"), 111 (fSAA2, Cisorror) 1 119.917 (Fmoc, C*m), 125.410 (Fmoc,
Carom) ' 127.063 (Fmoc, C*°m), 127.647 (Fmoc, C™), 171.3 (fSAA2, CO),
173 (GABA?, CO), 173.2 (GABA**, CO); 1z =17.06 min (30-60% B in
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30 min); ESI-MS: 1185 [M — H+2Na]*, [M — H+2K]*, 1179.2 [M+K]",
1163.4 [M+Na]*, 1141.1 [M+H]*, 1083.1,1025.1,967.1, 179.1; HRMS: m/z:
caled for Cs,H;3N¢O,;: 1141.482884; found: 1141.4829 [M+H]*.
cyclo[-f-SAA1-4-hGly-]; (5): Peptide 3 (8.9 mg) was dissolved in 20 %
piperidine in DMF (300 pL). After 30 min deprotection was complete.
Purification by RP-HPLC (20—80% B in 30 min) afforded deprotected 3
as a white fluffy powder (6.5 mg, quantitative). Compound 3 (3.9 mg,
4.96 x 107> mmol) was dissolved in DMF (11 mL), a solution of HATU
(1 mL of a solution of 18.8 mg HATU in 10 mL DMF) and 2,4,6-collidine
(6.5 uL) were added. After 24 h reaction was not complete. Additional
HATU solution (100 uL of a solution of 18.8 mg HATU in 10 mL DMF)
and 2,4,6-collidine (1 uL) were added. After further 2 h the reaction was
complete (HPLC control). Purification by RP-HPLC (20-80% B in
30 min) afforded 5 as a white fluffy solid (3.8 mg, quant.). 'H NMR
(500 MHz, [D4]DMSO, 300 K): 6 =129 (s, 9H, 3 x CH3;), 1.46 (s, 9H, 3 x
CH,),2.18 (m,3H, 3 x H%),2.29 (m, 3H, 3 x H%), 3.19 (m, 3H, 3 x H¥),3.42
(m, 3H, 3 x H¥), 420 (m, 6H, 3 x H? +3 x H*), 4.64 (dd, J(H>H') =3.26,
J(H*H?) =4.24, 3H, 3 x H?), 5.82 (d, /=33 Hz, 3H, 3xH'), 767 (t, J=
6.0 Hz, 3 x f-hGly-HY), 8.03 (d, /=7.0Hz, 3 x fSAA1-HY); *C NMR
(125 MHz, [D¢]DMSO, 300 K, HMQC experiment): 6 =26.23 (CHj), 26.46
(CH,), 35.13 (CF), 35.37 (C%), 54.83 (C?), 76.63 (C*), 78.98 (C?), 104.05 (C);
tg =20 min (15-85% B in 30 min); ESI-MS: 921.3 [M+TFA+K]*, 905.3
[M+TFA+Nal*, 8074 [M+K]*, 791.5 [M + Na]*, 769.3 [M+H]".

NMR and structure determination of 3 in CD;CN: (the measurements in
[Dg]DMSO are not described in this section and were not used for deducing
the 12/10/12 helical structure): All NMR spectra were acquired at 300 K in
CD;CN on a Bruker DMX500 spectrometer, processed and analyzed using
the X-WINNMR [X-WINNMR V3.0, Bruker, Karlsruhe] and AURELIA
[AURELIA V2.8.11, Bruker, Karlsruhe] software, respectively. As descri-
bed previously, sequential assignment was done using information on the
intraresidual and sequential C#, C’, H* and HN chemical shifts taken from
COSY,* TOCSY,*] HMQCH) and HMBC*! experiments. The COSY,
HMQC and HMBC were all recorded with 8192 (¢,) x 512 (t;) complex
points using 8, 16 and 64 scans per increment, respectively. A mixing time of
75 ms and a data size of 2048 x 512 in ¢, and t;, respectively, were used for
the TOCSY experiment. NOESY") experiments using four mixing times
(100, 200, 400, 600 ms) were measured and distance data were derived from
the NOESY spectra (8192 (t,) x 512 (¢,) complex points and 16 scans per
increment). A mixing time of 400 ms was necessary to achieve adequate
cross-peak intensities. At this mixing time, most of the NOE build up curves
were still in the linear region. However, some of the integrated 76 NOESY
cross-peaks were adjusted manually to account for spin diffusion. On the
derived distances, a tolerance of +10% was applied to obtain upper and
lower bound distance restraints for structural calculations. Allowances for
the use of pseudo-atoms were added only for the terminal H* and H” spin
groups of -hGly®, which could not be assigned stereospecifically. All 76
NOE:s used for structural calculations are listed in Table 2.

A first restrained conformational search was performed with the X-PLOR
package,! using standard simulated annealing protocols, yielding an
ensemble of 10 structures with good convergence. This ensemble already
clearly showed a 12/10/12 helical conformation. The structure which best
fulfilled the experimental restraints was then used as a starting structure for
a 150 ps simulated dynamics run in the CVFF forcefield, using Discover
V2.98.51 Since to our knowledge no explicit, all-atom acetonitrile solvent
box is available for this program package, we equilibrated a solvent box of
31.3 x 31.9 x 31.5 A3 containing 360 CH;CN molecules for this purpose.
The dynamics run was then performed in a solvent box of 47 x 47 x 47 A3
containing 1039 CH;CN molecules, and using the equilibrated box as a
template. During simulation time, 1500 frames were collected in the
trajectory. Restraint violations all remained below 0.1 A, except for one
contact. Averaging of the heavy atom coordinates over the 150 ps
trajectory, and subsequent 300 steps of steepest descent minimization
yielded the structure of 3, as described in the main section. Trajectory
population statistics for the hydrogen bonds are shown in Table 3.

To test the stability of the average minimized structure under unrestrained
conditions, it was used as the starting structure for a further free dynamics
simulation of 150 ps duration in explicit solvent (CH;CN Box, dimensions
43 x 43 x 43 A3, 779 CH;CN molecules). During this simulation, 5 re-
straints were violated by more than 0.1 A. The violated NOEs indicate an
occasional, partial unwinding of the helix, which can be explained by the
fact that acetonitrile is not a completely unpolar solvent.
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Table 2. The 76 NOESY cross-peaks and average distance restraint violations for oligomer 3 in CH;CN used for the structural calculations.

O

CB/ HBl/ H"?’2 co/ Hu1/ HC(Z
HN © H,
o}
H3 2
Hgq o]
1771‘/ NH OA< } CO2 / CO3
Residue 1 Atom 1 Residue 2 Atom 2 Lower Upper Calcd Calcd d(r?) d(r)
bound bound distance distance
(r 2 (ra)

f-SAAT! HN f-SAAT! H? 3.510 4.290 3.465 3.507 —0.045 —0.003
f-SAAT! HN f-SAAT H? 2.700 3.300 3.035 3.039 0.000 0.000
f-SAA1! HN f-SAA1! H* 2.700 3.300 2.722 2.760 0.000 0.000
f-SAAT! HN f-SAAT! Cco2 3.630 6.100 4.310 4.364 0.000 0.000
f-SAAT! HN f-SAAT! Cco 3.630 6.100 5.117 5.156 0.000 0.000
f-SAAT! H! f-SAA1! Cco2 3.630 6.100 4.344 4.347 0.000 0.000
f-SAAT! H! f-SAAT! Cco 2.030 4.100 3.854 3.875 0.000 0.000
f-SAAT! H! f-SAAT? H* 4.500 5.500 4.540 4.603 0.000 0.000
f-SAAT! H? f-SAAT H? 2.160 2.640 2.348 2.357 0.000 0.000
f-SAAT! H? f-SAAT! Cco2 3.730 6.200 4.301 4.304 0.000 0.000
f-SAAT! H? f-SAAT! Cco 2.130 4.200 3.461 3.482 0.000 0.000
f-SAAT! H? f-SAAT? H* 2.700 3.300 2.646 2.700 —0.054 0.000
f-SAAT! H? f-SAAT? Cco2 2.830 5.100 4.892 4.983 0.000 0.000
f-SAAT! H* f-SAAT! Cco2 2.130 4.200 3.421 3.461 0.000 0.000
B-hGly? HN p-hGly? H* 2.900 3.500 3.455 3.476 0.000 0.000
p-hGly? HN p-hGly? HA 2.700 3.300 3.028 3.033 0.000 0.000
p-hGly? HN p-hGly? H” 2.250 2.750 2.472 2.482 0.000 0.000
p-hGly? HN f-SAAT! H* 3.200 4.000 3.496 3.504 0.000 0.000
p-hGly? HN f-SAAT? H* 4.000 5.000 4.095 4.177 0.000 0.000
p-hGly? H“ p-hGly? HA 2.250 2.750 2.437 2.445 0.000 0.000
p-hGly? H“ p-hGly? H”? 2.250 2.750 2.512 2.522 0.000 0.000
p-hGly? H“ f-SAAT Cco2 3.630 6.100 4.030 4.197 0.000 0.000
p-hGly? H* p-hGly? B 2.250 2.750 2.517 2.527 0.000 0.000
p-hGly? H* p-hGly? H”? 2.700 3.300 3.087 3.090 0.000 0.000
f-SAAT? HN f-SAA! H 2.700 3.300 3.141 3.227 0.000 0.000
f-SAAT? HN B-hGly? H* 2.250 2.750 2.159 2.174 —0.091 —0.076
f-SAAT HN f-SAAT? H? 3.200 4.000 3.474 3.495 0.000 0.000
f-SAAT? HN f-SAAT® H 2.700 3.300 3.068 3.070 0.000 0.000
f-SAAT? HN f-SAAT? H* 2.700 3.300 2.682 2.706 —0.018 0.006
f-SAAT? HN f-SAAT? Cco2 2.630 5.100 4217 4.256 0.000 0.000
f-SAAT? H! f-SAAT® H? 2.430 2.970 2.364 2.373 —0.066 —0.057
f-SAAT? H! f-SAAT® H 3.060 3.740 3.047 3.065 —0.013 0.005
f-SAAT? H! f-SAAT? Cco3 2.230 4.300 3.853 3.871 0.000 0.000
-SAAT H? f-SAAT H? 2.430 2.970 2.346 2.355 —0.084 —0.075
f-SAAT? H? f-SAAT® Co? 2.830 5.100 4.305 4.308 0.000 0.000
-SAAT H? -SAAT Co 1.780 3.800 3.487 3.505 0.000 0.000
-SAAT H? -SAAY Cco2 2.730 5.000 4.873 5.066 0.000 0.066
-SAAT H? -SAAY H* 3.200 4.000 3.360 3.444 0.000 0.000
-SAAT H? f-SAAT H* 2.790 3.410 3.063 3.065 0.000 0.000
-SAAT H? -SAAY H* 2.700 3.300 2.602 2.664 —0.098 —0.036
-SAAT H? -SAAY Cco2 3.480 5.850 4.609 4.704 0.000 0.000
f-SAAT H* f-SAAT? Cco2 1.930 4.000 3.348 3.382 0.000 0.000
B-hGly* HN -SAAT H! 3.240 3.960 3.493 3.523 0.000 0.000
B-hGly* HN -SAAT H3 2.520 3.080 2.590 2.634 0.000 0.000
B-hGly* HN f-SAAT? H* 3.150 3.850 3.511 3.518 0.000 0.000
B-hGly* HN B-hGly* H* 3.250 3.950 3.388 3.406 0.000 0.000
B-hGly* HN B-hGly* HA 2.700 3.300 3.043 3.046 0.000 0.000
B-hGly* HN p-hGly* H? 2.250 2.750 2.482 2.492 0.000 0.000
B-hGly* HN f-SAAY HN 2.700 3.300 3.289 3.360 0.000 0.060
B-hGly* HN -SAAY H* 4.000 5.000 4.015 4.084 0.000 0.000
B-hGly* al p-hGly* HA 2.250 2.750 2417 2.425 0.000 0.000
B-hGly* H“ p-hGly* H? 2.250 2.750 2.534 2.544 0.000 0.000
B-hGly* H* p-hGly* HA 2.250 2.750 2.548 2.557 0.000 0.000
B-hGly* H* p-hGly* H? 2.700 3.300 3.095 3.098 0.000 0.000
B-hGly* H* f-SAAY H? 4.050 4.950 4.592 4.596 0.000 0.000
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Table 2 (cont.)
Residue 1 Atom 1 Residue 2 Atom 2 Lower Upper Calcd Calcd d(r?) d(r)
bound bound distance distance
(r 2 (ra)
f-SAAT H~ f-SAA3 H3 2.250 2.750 2.746 2.802 0.000 0.052
f-SAAT H~ B-hGly* H“ 3.150 3.850 3.335 3.345 0.000 0.000
-SAAT HN p-hGly* H* 2.250 2.750 2.189 2.205 —0.061 —0.045
-SAAT HN -SAAT H? 3.200 4.000 3.562 3.582 0.000 0.000
-SAAT HN f-SAAT H3 2.700 3.300 3.072 3.075 0.000 0.000
-SAAT HN f-SAAT H* 2.610 3.190 2.636 2.657 0.000 0.000
-SAAT HN -SAAT Cco2 3.630 6.100 4.171 4.205 0.000 0.000
-SAAT H! -SAAT H3 2.880 3.520 3.101 3.120 0.000 0.000
-SAAT H! f-SAAT H* 3.510 4.290 3.798 3.802 0.000 0.000
-SAAT H! -SAAT Cco2 3.630 6.100 4.350 4.352 0.000 0.000
-SAAT H! -SAAT Co3 1.930 4.000 3.802 3.822 0.000 0.000
-SAAT H? -SAAT H* 3.420 4.180 3.823 3.828 0.000 0.000
-SAAT H? -SAAT Co? 3.630 6.100 4.319 4.322 0.000 0.000
-SAAT H? -SAAT Co3 2.130 4.200 3.523 3.540 0.000 0.000
-SAAT H* -SAAT Co? 1.930 4.000 3.250 3.276 0.000 0.000
-SAAT H* -SAAT Co3 2.930 5.200 4.816 4.825 0.000 0.000
B-hGly® HN -SAAT H! 3.150 3.850 3.716 3.748 0.000 0.000
B-hGly® HN -SAAT H? 3.200 4.000 2.892 2.967 —0.308 —0.233
B-hGly® HN -SAAT H* 3.200 4.000 3.444 3.456 0.000 0.000
B-hGly® HN B-hGly® Ce 2.830 5.000 2.895 2.922 0.000 0.000
B-hGly® HN B-hGly® (¢4 2.130 4.100 2212 2214 0.000 0.000
Table 3. Trajectory population statistics for hydrogen bonds.
Acceptor—Donor Average N-O Average H-O Average N-H-O Population [%]
Pair distance [A] distance [A] angle [°]
Fmoc CO-{-SAAT® HN 3.77 2.94 142.5 522
f-SAAT? CO-B-hGly? HN 3.70 2.86 142.6 41.0
B-hGly? CO-f-SAAT° HN 3.30 2.34 158.0 85.5
fSAAT’ CO-p-hGly* HN 3.52 2.62 149.9 65.5
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Dendritic Systems Based on Dinuclear Ruthenium or Rhodium Units

Generating Peripheral Catalytic Sites

Frédéric Chérioux,* Christophe M. Thomas, Bruno Therrien, and Georg Siiss-Fink!?!

Abstract: A series of dendritic cations
1-4 containing Ru,S; or Rh,S; units,
either in the core or in the dendrons, has
been synthesized and characterized. The
X-ray crystal structure analysis of 2-Cl
shows a trigonal bipyramidal Rh,S; core
with propeller-like para-hydroxyphenyl
substituents at the sulfur atoms. Reac-

Introduction

During the two past decades, there has been a growing
interest in the study of dendrimers, a new class of macro-
molecules that can be considered as monodisperse, precisely
ordered, polyfunctional polymers.[!l Placing functional groups
at chain ends or in well-defined segments determines the
properties of these molecules. Three-dimensional synthetic
polymers such as dendrimers can be conditionned to encap-
sulate reactive sites or provide highly controlled surfaces and
interfaces.”! These molecules are fascinating for their fractal
topology or for their applications in material sciences or
biology. Nowadays, synthetic strategies are well established in
the case of purely organic dendrimers, and the current
challenges in this field are the development of the predicted
potential applications. On the other hand, metallodendrimers
have been synthesized more recently, and a large variety of
these compounds is now accessible. Two major classes of
metallodendrimers have been characterized: 1) dendrimers
with organic skeletons functionalized at the periphery by
metal centersP and 2) dendrimers built around a metal corel
or a metal cluster,[) substituted by organic dendrons. There
are also a few reports on the incorporation of metal complexes
into the dendron arms,/®l but these examples are rare.
Catalysis is one of the most promising applications of
metallodendrimers, because these molecules can combine the
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et de Catalyse Homogene
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tion of the peripheral OH groups with
diphenylphosphino benzoic acid results
in the formation of phosphine-function-
alized dendritic cations 5—8. The ruthe-

Keywords: catalysts - dendrimers -
rhodium - ruthenium
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nium-containing cation 5, with three
PPh, functions at the periphery, acts as
ligand for rhodium(i) and enhances sig-
nificantly the catalytic activity of
[{Rh(CO),Cl},] for the carbonylation of
methanol.

advantages of homogeneous and heterogeneous catalysis.’]
One of the major problems in homogeneous catalysis is the
catalyst recovery from the product mixture. It can be over-
come by using biphasic conditions®! or by developing soluble
polymers functionalized by catalytic metal sites.”) In the latter
case, it is difficult to control the number and the location of
the catalytic sites in the polymer. Dendrimers represent an
alternative concept in the development of new catalytic
materials, because their structures are well defined and all the
steps are controlled during their growth.

In this paper, we report a new approach to multifunctional
dendritic molecules based on dinuclear arene ruthenium or
cyclopentadienyl rhodium units, which are able to fix other
metal centers as catalytic sites at the periphery.

Results and Discussion

Molecular recognition of SH versus OH functions by rhodium
or ruthenium: The dinuclear dichloro complexes [{Ru(p-Me-
C¢H,-iPr)Cl,},] and [{Rh(CsMes)CL,},] were found to react in
ethanol with para-mercaptophenol to give the cationic com-
plexes [Ru,(p-Me-C¢H4-iPr),(p-S-CH,-OH);]* (1) and
[Rh,(CsMes),(p-S-CeH,-OH);]* (2), which can be isolated in
quantitative yield as the chloride salts (Scheme 1).

Both cations 1 and 2 were unambiguously characterized by
their MS, IR, 'H and *C NMR data as well as by satisfactory
elemental analysis data of the chloride salts. The molecular
structure of 2 was confirmed by a single-crystal X-ray
structure analysis of 2-Cl: The cation was found to consist of
a closed trigonal bipyramid Rh,S; framework, each rhodium
atom being coordinated to a 73-CsMes ligand and each sulfur
atom carrying a para-hydroxyphenyl group. The molecular
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Scheme 1. Synthesis of the dinuclear cations [Ru,(p-Me-C¢H,-iPr),(p-S-CsH,-OH);]* (1) and [Rh,(CsMes),(p-S-

CeH,-OH)3]* (2).

structure of 2 is shown in Figure 1, important bond lengths and
angles are given in Table 1.

Cationic tristhiolato dirhodium and diruthenium complexes
of this type, [M,L,(SR);]*, have already been obtained by
Maitlis et al. (M =Rh, L =CsMe;, R = C(Fs;['% M =Rh, Ir,
L =CsMe;, R=CgF;, CH,FI'®) and by Rakowski DuBois
etal. (M=Ru, L=C¢Me,, R =Phl'*l) from the correspond-
ing [{MLCL},] derivatives and Pb(SR), or Me;SiSR; the
structural features of [Rh,(CsMes),(SCyFs);] 1% 11 and
[Ru,(CcMeg),(SPh),]#11% are comparable to those of 2.

Table 1. Selected bond lengths [A] and angles [°] for 2-Cl.

Rh1-Cp* epuroia 1.798 Rh2-Cp* seniroia 1.811
Rh1-S1 2.384(2) Rh2-S1 2.378(2)
Rh1-S2 2.390(1) Rh2-S2 2.411(2)
Rh1-S3 2.413(2) Rh2-S3 2.385(2)
Rh1-Rh2 3.236(1) s1-C21 1.798(6)
S2-C27 1.798(8) S3-C33 1.787(7)
S1-Rh1-S2 79.70(5) S1-Rh2-S2 79.39(6)
S1-Rh1-S3 80.06(7) S1-Rh2-S3 80.74(6)
S2-Rh1-S3 77.89(5) S2-Rh2-S3 78.03(6)
Rh1-S1-Rh2 85.61(6) Rh1-S2-Rh2 84.74(5)
Rh1-S3-Rh2 84.81(6)

Abstract in French: Nous avons synthetise et caracterise les
nouveaux cations dendritiques 1—4 contenant les unites Ru,S;
ou Rh,S;. L’analyse de la structure aux rayons X de 2-Cl
montre un coeur Rh,S; a géometrie bipyramide trigonale. La
réaction des groupements OH peripheriques avec [acide
2-diphénylphosphinobenzoique permet la formation des cat-
ions dendritiques 5—8 fonctionnalises par des phosphines. Le
cation 5 qui contient deux atomes de ruthenium au centre et
trois fonctions PPh;, a la peripherie peut servir de ligand avec le
rhodium(1) et permettre d’augmenter significativement I’acti-
vite catalytique du precurseur [{Rh(CO),Cl},] pour la carbon-
ylation du methanol.
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However, these reactions give

low yields (12-25%) and are
—’ + restricted to specific cases only.
By contrast, the reactions of
[{Ru(p-Me-CsH,-iPr)Cl,},] and
[{Rh(CsMes)ClL,},] with para-
mercaptophenol in ethanol to
give 1 and 2, respectively, are
quantitative. The remarkable
preference for the SH versus
the OH functions of the para-
mercaptophenol by the dinu-
_] * clear rhodium or ruthenium
units reflects the extraordinary
molecular recognition of sulfur
by these metals: the reaction is
carried out in ethanol with an
ethanol/para-mercaptophenol
ratio of 2000:1, without the OH
function of the solvent interfer-
ing. Similar reactivity and spe-
cificity of the SH versus the OH
functions of the para-mercapto-
phenol has been shown by Ashby in the case of iron-carbonyl
derivatives.'"'! A hydrogen bond involving the chloride and
one of the hydroxy groups is observed (O2---Cl 2.947(7) A,
O—H---Cl1158.9°). Standard data relating to the X-ray crystal
structure of 2 have been deposited in the Cambridge
Crystallographic Data Centre.['?]

Complexes 1 and 2 can be used as starting points for the
development of dendrimers by either divergent or convergent
procedures,'® since the OH functions at the aromatic
substituents are available for condensation reactions, the

o o

Figure 1. The molecular structure of [Rh,(CsMes),(p-S-C¢H,-OH)5[+ (2).

0947-6539/02/0819-4378 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 19





Metal-Based Dendrimers

4377-4382

key feature in the build-up of dendritic systems being the
molecular recognition of sulfur by rhodium or ruthenium.

Generation of dendrimers containing metallodendrons based
on 1 and 2: Condensation of 1,3,5-benzenetricarbonyl tri-
chloride in dichloromethane with 1-Cl and 2-Cl in a 1:3 ratio
results in the formation of the dendritic cations [1,3,5-
C¢H;{CO,-(p-C¢H,-S)Ru,(p-Me-C¢H,-iPr),(p-S-C¢H,-

OH),}:J** (3) and [1,3,5-CsH;{CO,(p-CsH,-S)Rhy(CsMes), (p-
S-C¢H,-OH),};]** (4) (Scheme 2), which can be isolated in
high yield as the chloride salts 3-Cl; and 4-Cl;. No cross-
linking by-products were isolated after the reaction; this is
probably due to our experimen-
tal setup (i.e., addition of acid
chloride to phenol, see Exper-
imental Section). Cations 3 and
4 give rise to the expected

molecular peaks m/z at 903 2

Ru
/\
spectra exhibit the character-
istic  vco  absorption  at
1741 cm~! (3 and 4) of the ester
functions and the v,y bands at
3138 cm™' (3) and 3411 cm™!
(4). The NMR spectra of 3 and
4 show the expected signals of
all organic groups, the singlet at
0=980ppm (3) or at 6=
9.89 ppm (4) being character-
istic for the three equivalent
protons of the aromatic central
core. In the ®C NMR spectra,
all resonances observed can be
assigned unambiguously (see
Experimental Section).

Cations 1-4 contain three (1,
2) or six (3, 4) hydroxy func-
tions that are available for es-
terification by classical conden-
sations reactions; this predis-
poses these dendritic systems
for the introduction of catalytic
sites at the periphery. o

HO d
and 905, respectlvely,‘ in the W
ESI mass spectra. The infrared )ﬂ

Peripheral functionalization of
the dendritic systems with phos-
phine groups: The dinuclear
cations [Ru,(p-Me-CH,-
iPr),(p-S-C¢H,-OH);]* (1) and
[Rhy(CsMes),(p-S-CeH,-OH)5
(2) react with three equivalents
of 2-diphenylphosphinobenzoic
acid in dichloromethane, in the
presence  of  condensation
agents (N,N-dicyclohexylcarbo-
diimide (DCC), 4-(dimethyl-
amino)pyridine (DMAP),
4-pyrrolidinopyridine (4-

Chem. Eur. J. 2002, 8, No. 19
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ppy)),[®! to give the cationic triphosphine derivatives
[Ruy(p-Me-C¢H,-iPr),(p-S-C¢H,-O-CO-0-C¢H,-PPhy);]*  (5)
and  [Rhy(CsMes),(p-S-CsH,-O-CO-0-C¢H,-PPh,); 1t (6)
(Scheme 3).

Cations 5 and 6 can be isolated as the chloride salts (orange
microcrystalline powders) in high yields. The mass spectra
show that, in both cations, the three hydroxy functions have
indeed been esterified. Accordingly, the *'P{'H} NMR spectra
of 5 and 6 show one resonance centered at = —4.7 ppm for
the three equivalent phosphorus atoms. The aromatic ester
functions give rise to a characteristic absorption at 1736 cm™!
in the infrared spectra of both 5 and 6. The 'H and *C NMR

mE
—~=<

@/\\@H
»@

S
ILU//S
OH

Scheme 2. Constitution of the dendritic cation 3, based on {Ru,(p-Me-C¢H,-iPr),} metallodendron units. In the
dendritic cation 4, the {Ru(p-Me-C¢H,-iPr)} entities are replaced by Rh(CsMe;) entities.

e

: PhyR
N\
/©/R J
PPh, >_O_

-3 H0

PPhy

Scheme 3. Build up of peripheric catalytic sites by esterification of the dendritic cation 1 and 2 with phosphine.
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data are also in agreement with the constitution of 5 and 6
proposed in Scheme 3.

The same functionalization with peripheral PPh, groups
also works with the next dendritic generation: Cations 3 and 4
react with 2-diphenylphosphinobenzoic acid in dichlorometh-
ane, with DCC, DMAP, and 4-ppy as condensation reagents,
to give the cationic dendrimers 7 and 8 containing six PPh,
groups. Compounds 7 and 8 are isolated as the chloride salts 7-
Cl; and 8-Cl;, respectively; the spectroscopic (MS, IR, 'H, 1*C,
3'P NMR) and analytical data (see Experimental Section) are
in agreement with the structure proposed in Scheme 4.

Catalytic potential of the dendritic ligands 5-8 for the
carbonylation of methanol: The dendritic cations 5-8,
functionalized by PPh, groups at the periphery, were used as
auxiliary ligands in the rhodium-catalyzed carbonylation of
methanol. The peripheral PPh, are able to coordinate
rhodium() from precursors such as [{Rh(CO),Cl},]. The
catalytic reaction takes place in a mixture of methanol,
iodomethane, and water under a pressure of carbon monoxide
(22 bar) at 170°C [Eq. (1)].

give [(CH;)Rh(CO),l;]~, rearrangement to [(CH;CO)Rh-
(CO)I;]~, addition of carbon monoxide to [(CH;CO)-
Rh(CO),I;]~, and finally reductive elimination of CH;COI
to reform the active species [Rh(CO),I,]-.'") Phosphine
auxiliary ligands have been shown to facilitate the oxidative-
addition step.'®! On the other hand, in the iridium-based
Cativa™ process,'’] ruthenium co-catalysts facilitate the
reductive-elimination step. For this reason, we decided to
use the ruthenium-containing phosphine ligands § and 7 in
combination with a rhodium precursor, [{Rh(CO),Cl},], as the
catalytic system and to compare it to the classical Monsanto
catalyst.

The results clearly demonstrate that the combination of
rhodium (in the catalytic sites) and ruthenium (in the core)
improves the catalytic performance for the carbonylation of
methanol (Table 2). With respect to the classical Monsanto
catalyst (entry 1), the catalytic turnover frequency increases
from 20 to 65 min~! by using the combination [{Rh(CO),Cl},]/
5-Cl (entry2). The combination [{Rh(CO),Cl},]/7-Cl; (en-
try 3), containing the next dendrimer generation with ruthe-

Table 2. Catalytic carbonylation of methanol.[?

CH,OH + CO — CH,COOH (1)

Catalyst Co-catalyst Ratio Time TOND! [min] TOF [min1]
The rhodium-based Monsan- 1 [{Rh(CO),Cl},] 20 400 20
to process!'" which works at 150 2 [{Rh(CO),Cl}] 5-Cl 1:4 20 1300 65
to 200°C under CO pressures i QIEEECO)ZCI}Z] Zg’ ? fj ;8 188 (9]
5 - :
between. ?0 am.i 60 bar does not 5 RuCl, 8-Cl, 3.4 20 0 0
use auxiliary ligands; the cata- 6 solid recovered from entry 2 20 1200 60

lytic species formed is the anion
[Rh(CO),L,]~, which undergoes
oxidative addition of CH;I to

[a] Conditions:

Ph,P

Q\’/Q o

<

PPh,

catalyst/methanol/iodomethane/water 1:2000:200:1000, 22 bar, 170°C.
number) =mol (CH;COOH + CH;COOCH;) per mol rhodium.
(CH;COOH + CH;COOCHj;) per mol rhodium per minute.

[b] TON (turnover
[c] TOF (turnover frequency)=mol

“3+

@ / . Ph,R
0 = RU

Scheme 4. Constitution of the dendritic cation 7, based on {Ru,(p-Me-C4H,-iPr),} metallodendron units. In the dendritic cation 8, the {Ru(p-Me-C¢H,-iPr)}

entities are replaced by Rh(CsMes) entities.
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nium in the dendrons, also catalyzes the carbonylation of
methanol under these conditions, but it is less active, giving a
TOF of only 9min~'. The combinations RuCl,/6-Cl (entry 4)
and RuCly/8-Cl; (entry 5), which contain rhodium only in the
core, are found to be completely inactive. These results clearly
demonstrate that the carbonylation reaction takes place in the
peripheral catalytic sites, while the metal core acts only as a
promoter. The combination [{Rh(CO),Cl},])/5-Cl (entry 2)
seems to have the right balance between activity and stability,
because the organometallic residue from entry 2 is still active
for further runs (entry 6).

Conclusion

In the present study we showed that the remarkable
preference for the SH versus OH functions by dinuclear
ruthenium and rhodium complexes can be used to build up
dendritic cations that contain Ru,S; or Rh,S; units, either in
the core or in the dendrons. Thanks to the free peripheral OH
groups, these dendritic cations can be functionalized with
PPh, groups, generating catalytic sites at the periphery in
combination with suitable metal atoms. Thus, these phos-
phine-functionalized dendritic cations serve as ligands and
coordinate to rhodium(y).

Catalytic tests that the ruthenium-containing dendritic
cation [Ruy(p-Me-C¢H,-iPr),(p-S-C,H,-O-CO-0-C,H,-
PPh,);]" (5) increases the catalytic activity of [{Rh(CO),Cl},]
for the carbonylation of methanol by a factor of three, while
the next generation dendrimer 7 is less active as a co-catalyst.
A detailed study of the synergistic effects of rhodium and
ruthenium in the best combination [{Rh(CO),Cl},])/[5]Cl is
underway.

Experimental Section

General: Solvents were dried and distilled under nitrogen prior to use. All
reactions were carried out under nitrogen, by using standard Schlenk
techniques. The dinuclear dichloro complexes [{Ru(p-Me-C¢H,-iPr)CL},]
and [{Rh(CsMe;)Cl,},] were synthesized by previously described meth-
ods.l'8l All other reagents were purchased (Fluka) and used as received.
NMR spectra were recorded with a Varian Gemini 200 BB instrument and
referenced to the signals of the residual protons in the deuterated solvents.
'"H and ®C NMR: internal standard solvent, external standard TMS.
Infrared spectra were recorded with a Perkin—Elmer 1720X FT-IR
spectrometer. The mass spectra were recorded at the University of
Fribourg (Switzerland) by Prof. Titus Jenny. Microanalyses were carried
out by the Laboratory of Pharmaceutical Chemistry, University of Geneva
(Switzerland).

General method for the preparation of 1 and 2: The dinuclear dichloro
complex, [{Ru(p-Me-C4H,-iPr)CL},] (61 mg, 0.1 mmol) or [{Rh(CsMe;)-
CL},] (62 mg, 0.1 mmol), was refluxed in technical grade ethanol (25 mL).
When the complex was completely dissolved, a solution of p-mercapto-
phenol (76 mg, 0.6 mmol) in ethanol (5 mL) was added dropwise to the hot
solution. The resulting mixture was refluxed in ethanol for 3 hours. After
cooling to 20°C, the red solution was filtered, and the solvent was removed
under reduced pressure. The oil obtained was purified by column
chromatography (silica gel, dicholoromethane/ethanol 5:1, R; close to
0.8). Cations 1 and 2 were isolated in the form of the chloride salts by
evaporation of the solvent as red-orange microcrystalline powders in
quantitative yields.

Chem. Eur. J. 2002, 8, No. 19
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[Ru,(p-Me-CgH-iPr),(p-S-C;H,-OH);]* (1): IR (KBr): #=3438 cm™!
(OH); 'H NMR (200 MHz, [Dg]DMSO, 21°C): 6 =0.74 (d, J=6.8 Hz,
6H; (CH;),CH), 0.85 (d, *J=6.8 Hz, 6 H; (CH;),CH), 1.55 (s, 6H; CHs),
1.93 (sept, *J=6.8 Hz, 2H; (CH;),CH), 5.21 (d, 3J=4.9 Hz, 2H; H-Ar),
526 (d, 3/ =4.9 Hz, 2H; H-Ar), 5.38 (d, /=49 Hz, 2H; H-Ar), 5.58 (d,
3] =4.9 Hz, 2H; H-Ar), 6.80 (d, %] = 8.6 Hz, 6 H; H-Ar), 7.68 (d, *J = 8.6 Hz,
6H; H-Ar), 9.85 ppm (s, 3H; OH); *C NMR (50 MHz, [D¢]DMSO, 21 °C):
8=2131 ((CH,),CH), 21.61 ((CH,),CH), 30.71 (CH,), 70.12 ((CH,),CH),
106.895 (C-Ar), 115.73 (C-Ar), 125.20 (C-Ar), 12736 (C-Ar), 134.10 (C-Ar),
158.1 ppm (C(0)); MS (ESI): m/z: 846 [M*+H]; elemental analysis calcd
(%) for CyH,;CIO;RU,S; (881.54): C 51.77, H 4.92; found: C 51.86, H 4.98.

[Rhy(CsMes),(p-S-C{H-OH)s]+ (2): IR (KBr): #=3430cm~' (OH);
'"H NMR (200 MHz, [D4]DMSO, 21°C): 6 =1.30 (s, 30H; CH,;), 6.79 (d,
3J=8.7Hz, 6H; H-Ar), 759 (d, 3/ =8.7 Hz, 6H; H-Ar), 9.89 ppm (s, 3H;
OH); “C NMR (50 MHz, [D4]DMSO, 21°C): 6 =8.99 (CHs), 97.63 (C-Ar),
116.89 (C-Ar), 125.35 (C-Ar), 138.03 (C-Ar), 14638 ppm (C(O)); MS
(ESI): m/z: 853 [M*™+H]; elemental analysis caled (%) for
C33H,5sCl O3RN, S; (887.22): C 51.44, H 5.11; found: C 51.58, H 5.19.

General method for the preparation of 3 and 4: A solution of 1,3,5-
benzenetricarbonyl trichloride (20 mg, 0.07 mmol) and triethylamine
(0.03 mL, 0.2 mmol) in CH,Cl, (5 mL) was added slowly to a suspension
of the corresponding phenol derivatives, 1-Cl (200 mg, 0.2 mmol) or 2-Cl
(200 mg, 0.2 mmol), in CH,Cl, (40 mL) at room temperature. The resulting
mixture was vigorously stirred for three days. Then the solution was filtered
to give the pure dendrimers 3 and 4 as yellow powders, which were dried in
vacuo (yield: 3-Cl;: 76 %, 4-Cl;: 75%).

[1,3,5-C{H3{CO,-(p-CH,-S)Ru,(p-Me-CH -iPr),(p-S-C;H,-OH) L1 (3):
IR (KBr): 7=3138 (OH), 1741 cm™! (CO ester); 'H NMR (200 MHz,
[D(JDMSO, 21°C): 6=0.74 (d, 3/ =7.0 Hz, 6 H; (CH,),CH), 0.85 (d, 3/ =
70 Hz, 6H; (CH,),CH), 1.56 (s, 6H; CHs), 1.93 (sept, 3/ =70 Hz, 2H;
(CH,),CH), 5.21 (d, 3/ =5.8 Hz, 2H; H-Ar), 5.28 (d, 3/ =5.5 Hz, 2H; H-
Ar), 537 (d, 3 =5.8 Hz, 2H; H-Ar), 5.56 (d, ¥ =5.5 Hz, 2H; H-Ar), 6.79
(d, 37=8.4Hz, 6H; H-Ar), 768 (d, 3J=8.4 Hz, 6H; H-Ar), 9.80 ppm (s,
SH; OH); 'H NMR (200 MHz, [Dg]DMSO + D,0, 21°C): 6 =0.74 (d, 3 =
70 Hz, 6 H; (CHs),CH), 0.85 (d, 3/ =7.0 Hz, 6H; (CH,),CH), 1.56 (s, 6H;
CH), 1.93 (sept, 3/ =7.0 Hz, 2H; (CH,),CH), 5.21 (d, 3/ =5.8 Hz, 2H; H-
Ar), 528 (d, 3 =5.5 Hz, 2H; H-Ar), 5.37 (d, V= 5.8 Hz, 2H; H-Ar), 5.56
(d, 3 =5.5Hz, 2H; H-Ar), 619 (d, 3 =8.4 Hz, 6H; H-Ar), 768 (d, 3/ =
8.4 Hz, 6 H; H-Ar), 9.80 ppm (s, 3H; OH); *C NMR (50 MHz, [D,]DMSO,
21°C): 8=21.31 ((CH,),CH), 21.61 ((CH,),CH), 30.71 (CHs), 70.12
((CH,),CH), 99.75, 106.64 (C-Ar), 116.47 (C-Ar), 12535 (C-Ar), 12701
(C-Ar), 13443 (C-Ar), 158.14 (C(0)) 176.15 ppm (CO ester); MS (ESI):
miz: 899 [M++H]; elemental analysis calcd (%) for Cj53H;2CLO,RuSy
(2800.71): C 52.75, H 4.64; found: C 52.98, H 4.34.

[1,3,5-CH;{CO,(p-C¢H,-S)Rh,(CsMes),(p-S-C(H,~-OH),} P+ (4): IR (Kbr):
7=3430 (OH), 1741 cm™' (CO ester); 'H NMR (200 MHz, [D4]DMSO,
21°C): 6=1.30 (s, 30H; CH,;), 6.79 (d, 3] =8.7 Hz, 6 H; H-Ar), 759 (d, 3/ =
8.7Hz, 6H; H-Ar), 989ppm (s, SH; OH); 'H NMR (200 MHz,
[Dg]DMSO + D,0, 21°C): 6=1.30 (s, 30H; CH;), 6.79 (d, 3/=8.7 Hz,
6H; H-Ar), 759 (d, 3 =8.7Hz, 6H; H-Ar), 9.89 ppm (s, 3H; OH);
BCNMR (50 MHz, [D4]DMSO, 21°C): 6 =9.00 (CHs), 97.78 (C-Ar), 116.43
(C-Ar), 121.01 (C-Ar), 12536 (C-Ar), 13517 (C-Ar), 14713 (C(0)),
158.84 ppm (CO ester); MS (ESI): m/z: 905 [M*+H]; elemental analysis
caled (%) for C,p3H;35CLO0 RS, (2817.77): C 52.43, H 4.83; found: C
52.58, H 4.75.

General method for the preparation of 5-8: A solution of 2-diphenyl-
phosphinobenzoic acid (1 g, 3.26 mmol), N,N-dicyclohexylcarbodiimide
(2.7¢g, 13.05mmol), 4-(dimethylamino)pyridine (100 mg, 0.82 mmol),
4-pyrrolidinopyridine (100 mg, 0.68 mmol), and the corresponding phenol
derivatives, 1-Cl (880 mg, 1 mmol), 2-CI (880 mg, 1 mmol), 3-Cl; (50 mg),
or 4-Cl; (50 mg), in CH,Cl, (40 mL) was allowed to stand at room
temperature under nitrogen, until the esterification was completed (three
days). The resulting solution was filtered through Celite to remove N,N-
dicyclohexyl urea, and the filtrate was concentrated under reduced
pressure. The residue was purified by chromatography on a silica gel
column (150 g), eluting with acetone. Products 5—8 were isolated from the
third fraction by evaporation of the solvent, as orange-yellow solids (yields
close to 65%).

[Ru,(p-Me-CH,-iPr),(p-S-CH,-0-CO-0-CH,-PPh,),]* (5): IR (KBr):
#=1735.7cm™' (CO ester); '"H NMR (200 MHz, [Ds]DMSO, 21°C): 6 =
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0.68 (d, J =62 Hz, 6H; (CH,),CH), 0.82 (d, % = 6.2 Hz, 6 H; (CH,),CH),
1.52 (s, 6H; CH;), 1.86 (sept, 3/ =6.2 Hz, 2H; (CH;),CH), 537 (d, 3] =
5.5Hz, 2H; H-Ar), 5.53 (d, 3/ =5.5Hz, 2H; H-Ar), 5.67 (d, 3J=5.5 Hz,
2H; H-Ar), 5.74 (d,%] =5.5 Hz, 2H; H-Ar), 6.76-7.02 (m, 9H; H-Ar), 7.09
(d,3J=82Hz, 6H; H-Ar), 721775 (m, 30H; H-Ar), 793 (d, 3/ =8.2 Hz,
6H; H-Ar), 828 ppm (m, 3H; H-Ar); C NMR (50 MHz, [D,]DMSO,
21°C): 6=2191 ((CH,),CH), 22.71 ((CH,),CH), 31.81 (CHj), 70.97
((CH;),CH), 106-148 (m, C-Ar), 159.1 (C(0O)), 165.12 ppm (CO ester);
3IP NMR (81 MHz, [Dg]DMSO, 21°C): 6 =—4.72 ppm; MS (ESI): m/z:
1711 [M*+H], 1423 [M*+H— OCOCH,-0-P(C¢Hy),], 1134 [M*+H —
20COC¢H,-0-P(C¢Hs),]; elemental analysis calcd (%) for CosHg,ClOg.
P;Ru,S; (1746.38): C 65.04, H 4.73; found: C 65.12, H 4.81.

[Rh,(CsMes),(p-S-C(H,-0-CO-0-CH,-PPhy);]* (6): IR (KBr): 7=
1735 cm™' (CO ester); 'H NMR (200 MHz, [D¢]DMSO, 21°C): 6 =1.36
(s, 30H; CH;), 7.04 (d, 3J=8.8 Hz, 6 H; H-Ar), 727-742 (30H, m; H-Ar),
748-758 (6H, m; H-Ar),7.73 (d,3] =8.8 Hz, 6 H; H-Ar),8.31 ppm (6 H, m;
H-Ar); BC NMR (50 MHz, [D4]DMSO, 21°C): 6 =796 (CH;), 107.6 (C-
Ar), 116-142 (m, C-Ar), 156.9 pppm (CO ester); P NMR (81 MHz,
[Dg]DMSO, 21°C): 6 = —3.01 ppm; MS (ESI): m/z: 1718 [M*+H], 1430
[M*+H — OCOC¢H,-0-P(C¢Hs),], 1141 [M*+H —20COCH,-o0-
P(C4Hs),]; elemental analysis caled (%) for CosHg,CIO¢P;Rh,S; (1752.06):
C 65.12, H 4.83; found: C 65.02, H 4.89.

[1,3,5-CH{CO,-(p-CoH,-S) Ru,(p-Me-CgH -iPr), (p-S-CH,-0-CO-o-
CH,-PPhy);P (7): IR (KBr): #=1733, 1741 cm™! (CO ester); 'H NMR
(200 MHz, [Dg]DMSO, 21°C): 6=0.71 (d, ¥/ =70 Hz, 18H; (CHs),CH),
0.82 (d, /=70 Hz, 18H; (CH5),CH), 1.59 (s, 18 H; CHs;), 1.86 (sept, 3/ =
70 Hz, 6H; (CH,),CH), 535 (d, 3/=58Hz, 6H; H-Ar), 547 (d, 3=
5.5Hz, 6H; H-Ar), 5.54 (d, 3/ =5.8 Hz, 6H; H-Ar), 5.70 (d, 3/ =5.5 Hz,
6H; H-Ar), 6.80-7.74 (m, 102H; H-Ar), 792 (d, 3/ =8.2 Hz, 6H; H-Ar),
8.17-8.33 (m, 6H; H-Ar), 991 ppm (s, 3H; H-Ar); “C NMR (50 MHz,
[Ds]DMSO, 21°C): 6 =21.31 ((CHs),CH), 21.61 ((CH,),CH), 30.71 (CH),
70.12 ((CH;),CH), 106.64 (C-Ar), 116.47-160 (m, C-Ar), 166.38 (CO
ester), 176.15 ppm (CO ester); 3P NMR (81 MHz, [D¢]DMSO, 21°C): 6 =
—4.72 ppm; MS (ESI): m/z: 1475 [M* + H].

[1,3,5-C¢H,{CO - (p-C4H,-S)Rh,(CsMey), (p-S-CoH-0-CO-0-CoH -
PPh,),;** (8): IR (KBr): #=1736, 1741 cm™! (CO ester); 'H NMR
(200 MHz, [D]DMSO, 21°C): 6 = 1.30 (s, 90 H; CH3), 6.80—7.74 (m, 102H;
H-Ar), 798 (d, 7 =82 Hz, 6H; H-Ar), 8.17-8.33 (m, 6H; H-Ar), 9.97 (s,
3H; H-Ar); P NMR (81 MHz, [D4]DMSO, 21°C): 6 = —3.12; MS (ESI):
miz: 1480 [M*+H].

X-ray analysis of [Rh,(CsMes),(p-S-C{H,-OH);]* (2): An orange crystal of
2 was mounted on a Stoe imaging plate diffractometer system!"”l equipped
with a one-circle ¢ goniometer and a graphite-monochromator. Data
collection was performed at —120°C with Moy, radiation (4 =0.71073 A).
90 exposures (3 min per exposure) were obtained at an image plate
distance of 70 mm with 0 < ¢» < 90° and with the crystal oscillating through
1° in ¢. The resolution was D, — Doae 12.45-0.81 A. Crystal data and
collection paramaters: formula C;3H,;sClO;Rh,S;; M, 887.19; orthorhombic,
space group P2.2.2,; a=14.0357(8), b=14.1433(8), c=23.670(2) A, V=
4688.7(9) A3 Z=4, F(000)=1808, peyeq=1.257 gem!, p=0.923 mm~",
Onax = 25.91°; reflections collected =16392, number of independent re-
flections = 7420, R;, =0.0364, WR,(F?)=0.1079, R(F)=0.0389, parame-
ters =437, GoF =1.078. The structure was solved by direct methods by
using the program SHELXS-97] and refined by full matrix least squares
on F? with SHELXL-971 The hydrogen atoms were included in
calculated positions and treated as riding atoms by using SHELXL-97
default parameters. The figure was drawn with ORTEP-3.[??]
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Reactions of Silicon Atoms with Methane and Silane in Solid Argon:

A Matrix-Spectroscopic Study**

Giinther Maier,* Hans Peter Reisenauer, and Jorg Glatthaar!?!

Abstract: The reaction of silicon atoms with methane (1) and silane (7) in argon at
10 K has been studied. Methane (1) is found to be inert to silicon atoms, but reaction
occurs upon photochemical excitation under formation of methylsilylene (2). On the

contrary, silane (7) is spontaneously converted into a mixture of silylsilylene (10) and
disilene (12). Subsequent irradiation generates the butterfly-type disilyne Si,H, (14),
together with a third photoproduct, which we assume to be the doubly bridged Si,H,

Keywords: co-condensation
density functional calculations
matrix isolation - photoisomerization

isomer 13. The structural elucidation of the new species is based on the comparison of
the experimental IR and UV/Vis spectra with data from density functional theory
calculations. The results are supported by isotopic labeling studies.

Introduction

During the past five years, we have studied the reactions of
thermally generated silicon atoms with low molecular weight
reactants in an argon matrix. The reaction products were
identified by IR and UV/Vis spectroscopy, aided by compar-
ison with calculated spectra. The method turned out to be very
versatile and successful.?l The selected substrates were
molecules with isolated, conjugated, or aromatic 7 bonds,
compounds containing i bonds and at the same time free
electron pairs, and molecules possessing n electrons only in
combination with o bonds. These reactions can be understood
considering the basic features of atomic silicon. First, it has a
triplet ground state and thus a diradical type of reaction can
be anticipated. According to the law of spin conservation the
primary reaction product should be a triplet molecule.
Second, the silicon atom has an empty 3p orbital, and as a
consequence strong electrophilic behavior can be expected.
No wonder that all molecules with m and n electrons are
excellent partners.l In continuation of our strategy we
wanted to learn something about the reactivity of pure o
systems. For instance, which reactions will occur if simple
substrate molecules such as methane (1) or silane (7) come in
contact with silicon atoms? The answer is given herein.

[a] Prof. Dr. G. Maier, Dr. H. P. Reisenauer, Dr. J. Glatthaar
Institut fiir Organische Chemie
Justus-Liebig-Universitdt Giessen
Heinrich-Buff-Ring 58, 35392 Giessen (Germany)
Fax: (49) 641-99-34309
E-mail: guenther.maier@org.chemie.uni-giessen.de

[**] Hetero st Systems, Part 32: Part 31 see: ref. [2h]. See also ref. [1]
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Results and Discussion

Reactions of methane: The selection of methane (1) has not
only an academic aspect but also practical relevance. There
are reports that porous silicon can be a dangerous material in
the presence of oxygen or nitrogen, depending on the grain
size. Lump silicon represents one end of the scale, silicon
atoms the other extreme. Silicon powder lies in between.

Applying our standard procedurel?! we condensed methane
(1) as a gaseous mixture with argon onto a spectroscopic
window at 10 K. The concentration varied from pure methane
to a methane/argon ratio of 1:1000. The silicon atoms,
generated by resistive heating of a silicon rod to a temper-
ature of about 1380°C, were separately cocondensed at the
same time. The relative amount of 3Si atoms was estimated by
using a quartz microbalance. In all cases only the IR spectrum
of the starting material could be registered. There was not
even an indication for the existence of a complex 4 between
methane (1) and a silicon atom. This was in our hands the first
case that the substrate molecule did not react with silicon
atoms.

If one rationalizes how a reaction can be enforced in such a
case, one has to keep in mind that the silicon atom in the gas
phase shows a weak UV transition at 220 nm and another,
strong absorption at 251 nm. This suggests that irradiation
with light of wavelength 254 nm can be a way to activate
silicon atoms.

Indeed, irradiation of the co-condensate of methane (1) and
silicon atoms with short wavelengths (1 =185 or 254 nm)
leads to methylsilylene (2). Evidently, photoexcitation en-
forces the insertion of a silicon atom into the C—H bond of
methane (1). The intensity of the IR bands of 2 arising during
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H AT 3 Table 1. Theoretical (B3LYP/6-311++ G**) IR absorptions (unscaled;
. H-. .~ /H wavenumbers incm~!) of CH,Si isomers 2, 3, 5, 6, and connecting transition
Si + H™ C\ +’ Si---- H—C\».;H state TS2,3. Absolute intensities [kmmol~!] are given in parentheses.
1 H Ar, 10 K 4 H Species Point  State IR Absorptions (Intensity), Symmetry
group
2 C, A" 1524 (1) a”,572.5 (5) a”, 628.9 (10) a’, 662.5 (57)
hv | 4 =185,254 nm a’, 950.7 (84) a, 1264.3 (27) ', 1434.4 (6) 2,
1449.2 (15) a”, 2009.3 (332) a’, 2990.5 (4) a’,
3042.5 (15) a”, 3103.1 (13) &’
3 G, A,  454.1(25)b,,485.1(6)b,,729.1(0) a,, 780.6 (59)
H by, 841.9 (81) by, 941.6 (26) a,, 994.2 (29) a,,
hv, 1 =254 H H
S'-—C/ nm 1399.1 (10) a,, 2270.0 (32) a,, 2293.2 (96) b,,
/ O S Si—¢ 3142.1 (0) a, 3230.6 (0) b,
H uH hv, A > 400 nm H \H 5 C, 3A” 117.9 (0) a”, 555.8 (8) @, 659.2 (12) &, 791.5 (13)
2 3 a”, 881.4 (71) &, 1267.9 (0) ', 1449.9 (10) a,
1453.8 (8) a”, 2164.1 (82) a’, 3019.8 (10) &', 3091.9
irradiation was relatively weak. Nevertheless, its structural (1) 2", 3108.3 (4) &
lucidation has to be taken for eranted. since it i ible t 6 C, A 116.1 (41) a”, 329.5 (32) a’, 632.0 (46) a”, 640.3
clucidation has 1o be taxen lor granted, since 1L1s possibie 1o (48) a’, 796.3 (29) a’, 943.5 (66) @', 946.1 (52) a” ,
establish a photoequilibrium between 2 and the isomeric 948.2 (210) a’, 2196.2 (118) a”, 2199.4 (79) a,
silaethene (3). With 4 >400 nm the equilibrium is shifted to 22242 (82) @, 3261.8 (2) a’
silacthene (3), with A =254 nm to the side of methylsilylene 23 G Ay — 11012 (155) a;, 593.3 (3) a,, 7887 (37) ay,

(2). The IR spectra of 2 and 3 and the mutual interconversion
have been studied by us before.P!

A thermal equilibrium between 2 and 3 should be on the
side of silaethene (3). According to calculations (B3LYP/6-
311 + G**), carried out in comparison to the silane system
(see below), methylsilylene (2) should be 2.5 kcal mol~! higher
in energy (Scheme 1; Table 1). The connecting transition state

E I kcal molt 3 \— 1092 H

. /.1.485
1.079— (C7 S
50.0 —— H 1.817/\,_|
: 157.4
1.489
46.2
C. 6

- 1.589

808.9 (7) a,, 892.6 (46) a,, 994.6 (60) a,, 1008.6
(94) a,, 1438.6 (5) a,, 1891.6 (10) a,, 2097.4 (208)
a;,3070.7 (16) a,, 3164.7 (3) a,

TS2,3 is 36.3 kcalmol~! above silacthene (3). The starting
components 3Si and methane (1) lie 36.8 kcalmol~! higher
than silaethene (3). The singlet/triplet gap of the two silylenes
2 and 5 is calculated to be
22.6 kcalmol L. Triplet silylcar-
bene (6) is even higher in en-
ergy than the starting com-
pounds 3Si atoms plus methane
(1) and therefore cannot be

1.769 expected as a product. At-
H 629 1.089

tempts to calculate a triplet

H

38 + H'”'/-uuc/ “\1.090 1-509);{%‘0“--/41} complex 4 between a silicon

400 — H™ Sy H | \H 112.4 atom and methane (1) failed.

T, 1 100.2 1800 /
1.092
. 36.8 %3 c, Ts23 Reactions of silane

Prediction: On the basis of two
30.0 SC 1100 M arguments it is possible to pre-
o 5 1092 dict that the behavior of silane
| 1498 si | Clomnyy (5) might be completely differ-
11‘;9 1.900 / H ent from that of methane (1).
: 1.093 On the one hand Skell and
200 — C. 5 Owen described already in
- 19671 that thermally vaporized
25.1 silicon atoms insert into the
T 1135 H Si—H bond of trimethylsilane,
1532 - _f/_ 1092 H\1:708/H which has been deposited on a
100 — ~ Si C\H 114.84 _SI=CL 155 liquid nitrogen cooled wall. On
H/Eﬁ\ }1,099 H1.¢\196 1.0/84H the other hand it can be shown
. 1.910 by calculation that methane (1)
T 25 2 3 and silane (5) behave quite
—_ \ differently when attacked by a
0.0 —| \.ﬂ)_ silicon atom. Gordon et al.%!

Scheme 1. Calculated (B3LYP/6-311 + G**) relative energies and geometries of some stationary points on the
CH,Si potential energy surface (PES); zero-point vibrational energies included. Distances are given in A and

angles in degrees.
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calculated in 1989 that the in-
sertion of 3Si atoms into a Si—H
bond of silane needs only a
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small barrier. For the corresponding reaction with methane
(1) no clear answer could be given. Our own calculations
substantiate the big difference in reactivity between silane (7)
and methane (1) (Figure 1).

5.0 4
4.0
g 30/ h
q He, + 3
g 20 N Si
3 H
5 1.04 1
o
[
5§ 00-
B
@ H
2 1.0 "/
& H s+ s
AN
2.0
7
-3_0_
4.0
5.0
20 30 40 | 50 80

Si-H distance / Angstrom

Figure 1. Calculated changes of the potential energy during the approach
of a ground state Si atom (triplet) to a methane molecule (1; upper curve)
or a silane molecule (7; lower curve); B3LYP/6-311 + G**; full optimi-
zation at each step.

If a silicon atom in its triplet ground state approaches
methane (1) the energy is continuously raised. There is no
indication of any bonding interaction. On the contrary, the
reaction coordinate for the approach between a 3Si atom and
silane (7) descends steadily until complex 8 is reached.

Background: Simple silicon hydrides are of great interest for
several reasons. They play an important role in silicon
chemical vapor deposition (CVD) processes, which are of
significance to the semiconductor industry. A detailed study
on the reaction of silicon atoms with silane (7) will help to
understand the mechanisms of these reactions. Another
appeal is that starting with the first isolation of a disilene by
West et al.l! a new chapter in silicon chemistry was opened.
But the isolation and identification of the parent disilene is
still missing. Last but not least silicon hydrides are excellent
target molecules to demonstrate the unique bonding charac-
teristics of silicon compared to carbon, resulting very often in
surprising “bridged” structures. These fascinating aspects
explain the numerous experimental”l and theoreticall® studies
covering silicon hydrides SiH,, and Si,H,,.

Calculations: For the structural identification of the expected
species it was necessary to obtain the calculated vibrational
spectra. In addition to the earlier theoretical treatments®! we
carried out some calculations on our own using the Gaussian
package of programs.’! To get an overview of the Si,H,
potential energy surface (PES), several stationary points

Chem. Eur. J. 2002, 8, No. 19
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together with the corresponding vibrational spectra were
calculated with the 6311+ G** basis set and the B3LYP
functional. The results are presented in Table 2. Scheme 2
shows the calculated relative energies of some minima and the
connecting transition states.

Table 2. Theoretical (B3LYP/6-311+ G**) IR absorptions (unscaled;
wavenumbers incm™!) of Si,H, isomers 8-13, disilyne (14), silylene (15),
and connecting transition states. Absolute intensities [kmmol~'] are given
in parentheses.

Species Point State IR Absorptions (Intensity), Symmetry
group

8 C 3A,

99.2 (1) a,, 109.8 (0) a,, 400.1 (16) a,, 777.6 (27)
a,, 867.4 (497) a,, 927.6 (69) a,, 945.2 (60) a,,
1069.6 (88) a,, 1827.6 (280) a,, 22383 (79) a,,
2267.3 (44) a,, 2282.2 (63) a,

108.0 (0) a”, 4162 (4) a’, 4282 (21) &, 524.4 (8)
a”, 648.8 (18) ', 887.6 (358) a', 937.8 (50) a”,
949.4 (63) ', 2162.1 (87) 2, 2199.9 (79) a’, 2206.1
(91) a”, 2234.6 (90) &’

67.9 (12) a”, 369.1 (9) a’, 389.0 (33) a”, 428.9 (27)
a’,717.1 (63) &, 868.1 (224) @', 932.8 (73) @', 957.2
(36) a”, 2031.3 (208) ', 2180.5 (78) a’, 2189.5
(112) a”, 22175 (119) &

397.4 (7) a,, 447.4 (3) a,, 477.7 (27) a,, 636.2 (7)
a,,703.1 (37) a,, 858.5 (94) a,, 961.4 (40) a,,
1009.9 (350) a;, 1625.7 (113) a,, 2042.7 (182) a,,
2195.2 (148) a,, 2220.6 (126) a,

324.2(0) a,, 348.0 (23) a,, 446.1 (32) b,, 524.1 (0)
a,,562.1 (0) a,, 615.7 (0) b,, 919.5 (182) b, 955.8
(0) a,, 2224.5 (114) b,,, 22289 (0) a,, 2245.7 (0)
b,, 2257.6 (150) a,

281.5 (3) b, , 376.7 (0) a,, 7083 (17) a,,, 833.1
(156) b,,, 845.1 (0) a,, 849.6 (0) b,, 1287.7 (32) a,,,
1428.6 (0) b,, 1453.1 (978) b,,, 1633.0 (0) a,,
2043.6 (0) a, 2060.9 (454) b,

522.7 (1) ay, 961.0 (50) a,, 1081.8 (0) a,, 1172.5
(382) b,, 1535.4 (10) b,, 1617.2 (5) a,

1024.4 (110) a,, 2041.8 (303) by, 2042.5 (291) a,
—1020.8 (33) a,, 2723 (0) a,, 291.7 (28) a, 501.9
(11) a,, 542.0 (4) a,, 884.2 (356) a,, 936.9 (53) a,,
939.7 (107) a,, 1792.5 (242) a,, 2183.4 (57) ay,
2236.1 (73) a,, 2248.5 (76) a,

9 G SA”

10 G A

1 e} A

12 Cy A

13 Cn A

14 G, A

15 Gy A
TS89 ¢, 3A,

TS10,11 C, A, —320.1 (35) a,, 406.9 (13) a,, 457.1 (8) a;, 521.0
(2) a,,703.9 (54) a,, 832.1 (178) a,, 877.6 (40) a,,
959.1 (96) a,, 1946.1 (72) a,, 2042.7 (191) a,,
2211.7 (114) a,, 2231.0 (118) a,

TSIL12 C, 1A, —630.9 (4) a,, 331.8 (11) a,, 4572 (3) a,, 508.2

(11) a,, 6513 (8) a,, 682.9 (15) a,, 940.7 (87) a,,
1001.9 (204) a,, 1854.3 (94) a,, 2070.1 (140) a,,
2153.8 (171) a,, 2203.1 (128) a,

The global minimum is disilene (12). Already twenty years
agol®rl the trans-bent geometry was suggested. The stabiliza-
tion energy compared with the two components triplet silicon
atom and silane (7) is 43.2 kcal mol~'. Besides 12 three other
isomers 10, 11, and 13, which should be formed in exothermic
reactions from 3Si atoms and 7, can be expected as reaction
products (Scheme 2). In the earlier papers the discussion was
concentrated on disilene (12) and silylsilylene (10). Dibridged
isomers of type 13 were for the first time mentioned by
Trinquier.® According to our calculations the isomer 11 with
a monobridged structure has also to be taken into account. On
the triplet energy hypersurface the starting components form
without an activation barrier a loose complex 8. Its stabiliza-
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Scheme 2. Calculated (B3LYP/6-311 + G**) relative energies and geometries of some stationary points on the H,Si, PES; zero-point vibrational energies

included. Distances are given in A and angles in degrees.

tion energy amounts to 5 kcalmol~'. In a subsequent step the
primary complex 8 is transformed (activation energy of
5.9 kcalmol™!) into triplet silylsilylene (9), followed by
intersystem crossing to singlet silylsilylene (10) (T/S gap
14.1 kcalmol'). On the singlet energy hypersurface now
isomerization of 10 to the thermodynamically more stable
(AE=5.7 kcalmol~') 12 takes place. The monobridged iso-
mer 11 is only 1.2 kcalmol~! higher in energy than 10 and

3

13.4 kcal mol~! more stable than the dibridged species 13. Two
calculated transition structures TS10,11 and TS11,12 are
found on the isomerization of 10 to 12. The barriers leading
from 10 to the monobridged species 11 (1.8 kcalmol~') and
from 11 to 12 (6.6 kcalmol!) are remarkably low. For
comparison: In case of the transformation of 2 to 3 the
calculated barrier amounts to 33.8 kcal mol ..

Matrix experiments: A gaseous
H mixture of silane (7) and argon

ssie Mgl W i H—sl H At “si—si was deposited together with
H \H Ar, 10K \;‘H Ar, 10 K H F;‘H silicon atoms, generated by re-

9 sistive heating of a silicon rod to

AT a temperature of about 1380°C,

l Ar, 10 K onto a CsI window at 10 K.

AT, Ac 10K FTIR and UV/Vis spectra were

H H H hv, 2 > 570 nm /"' taken of the matrices. Besides
N — éi:s{ - Si—si the very intense absorptions of
H/ H/ H hv,i =334 nm H uH unreacted SiH, and small bands
15 2 10 of unavoidable side products
(SiN,,2M SiH, (15), SiH,

hv (14),221 Si,H,) additional ab-

4 =334 nm sorptions in the spectral range

around 900 and 1950-

H /H 2200 cm™'  were registered.

Si+ M, Sl—\Si ., H—Si\ /s, wH Some.of these bands overllap-
N\ 7 H ped with the strong absorptions

" of the starting material SiH,.

14 13 The additional new bands could
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be revealed by producing difference spectra during subse-
quent irradiation of the matrices with different wavelengths
(Figures 2 and 3). The analysis of the spectra (see below)
shows that the reaction of silicon atoms with silane (7) leads to
a mixture of silylsilylene (10) and disilene (12). Upon
irradiation of the matrix with long wavelengths (4 > 570 nm)
10 is isomerized to 12. The back-reaction can be enforced by
using shorter wavelengths. With A =334 nm 12 regenerates 10.
Parallel to this isomerization partial dehydrogenation of 12 is
initiated and one observes the bands of disilyne (14)? with its
typical butterfly-type geometry.'’) In addition a single band at
1355.4 cm™! appears, which we tentatively attribute to the
dibridged isomer 13. If wavelengths longer than 310 nm
(especially 505 nm) are used the hydrogen attached to disilyne
(14) in the same matrix cage is recaptured again (as products
could be identified 12 (UV spectroscopy) and 10 (IR
spectroscopy)).

Based on the experimental and theoretical findings the
mechanism of the reaction of *Si atoms with silane (7) can be
summarized as follows: Via the triplet complex 8 triplet
silylsilylene (9) is formed. Both are too short-lived to be
detected. Intersystem crossing gives singlet silylsilylene (10).
The reaction leading to 10 delivers enough energy to surpass
the two barriers on the pathway from 10 to 12 even at 10 K.
Dependent on the wavelength mutual interconversions with
the third Si,H, isomer 13 and disilyne (14) can be photo-
initiated.

Another observation is of importance in relation to the
standard procedure to prepare highly hindered disilenes, that
is the dimerization of the corresponding silylenes.[! We found
no indication that the parent silylene (13), which is present in
the matrix—or can be generated independently in high yield
by cocondensation of silicon atoms with hydrogen—dimerizes
upon annealing of the matrix (30-35 K) to disilene (12).

Spectroscopic identification: Recent efforts in the experi-
mental search for Si,H, species resulted in the observation
that compounds of this elemental composition can exist.
Neutral Si,H, was first detected as a transient species in
photoionization mass spectrometric studies.! Quite recently
Stafast et al.”®! showed that Si,H, compounds are intermedi-
ates in the laser chemical vapor deposition of silane. Koshi
et al.l’” were able to observe Si,H, species produced in the
thermal decomposition of silanes by using time-of-flight mass
spectrometry coupled with VUV laser photoionization.

In our opinion the structural elucidation of disilene 12 and/
or its isomers was still missing. Matrix isolation spectroscopy
is the method of choice to fill this gap.

Tables 3 —-8—together with Figures2 and 3—summarize
the calculated and experimental IR spectra of the isomers 10,
12, and 13.

Because of the C,, symmetry of disilene 12 only three IR
bands with a sufficient intensity can be expected (Table 3) to
be detectable, two SiH stretching vibrations and one SiH,
wagging vibration. All three can be detected in the difference
spectrum (Figure 2). The agreement between the calculated
and experimental spectra is acceptable. The two SiH stretches
are additionally split by matrix effects. There are at least two
different matrix sites. Similar phenomena have been observed
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Table 3. Theoretical (B3LYP/6-311 + G**) and experimental (Ar, 10 K)
IR absorptions of disilene (12).

Symmetry  Mode Vealed Lt Vexp
[em™] [km mol']  [em™]

Vi3, 9, bend 3242 (0.0 - -

v, a, d,, rock 348.0 (22.9) - -

v, by d,, bend 446.1 (31.6) - -

Vo a, 9, twist 524.1 (0.2) - -

vy a, v, Si-Si str. 562.1 (0.0) - -

Vo b, 9, rock 615.7 (0.0) - -

vii by 9, scissor 9195 (182.2) 9043  (s)
v, a, d, scissor 955.8 (0.0) - -

v b, v SiHstr. 22245 (113.5) 21802 (w)l
vy a, v, SiH str. 22289 (0.0 - -

v b, v, SiH str. 22457 (0.0) - -

Vs a, v, SiHstr.  2257.6  (150.0) 2078 (w)l

[a] Additional IR absorptions at 2163.2,2191.0, and 2212.3 cm™! of a second
matrix site were also observed.

by us before for the SiH stretching vibrations of 3.5
Additional structural proof for 12 stems from the measured
isotopic shifts in the tetradeuterated isotopomer [D,]12
(Table 4, Figure 3). An even better help in the elucidation of

Table 4. Theoretical (B3LYP/6-311 + G**) and experimental (Ar, 10 K)
IR absorptions of [D,]disilene ([D,]12).

Symmetry  Mode Vealed Liea Vexp
[em™] [km mol']  [cm]

v, a, 9, rock 248.5  (11.6) - -
vy a, 9, bend 255.8 (0.0) - -
vy, by 9, bend 3269  (16.7) - -
Vg a, 9, twist 371.5 (0.1) - -
vy b, 9, rock 468.9 (0.0) - -
V3 a, v, Si-Si str. 513.4 (0.0) - -
vy, by 9, scissor 665.0  (94.6) 6583  (s)
v, a, 9, scisssor 7132 (0.0) - -
vy by vy SID str. 15943 (63.3) 15734  (m)
v a, v, SiD str. 1600.2 (0.0) - -
Vg b, Vo SID str. 1629.2 (0.0) - -
Vs a, v, SiD str. 16384 (80.5) 1614.7  (m)

disilene (12) can be expected from a study of the less
symmetrical trideuterated isotopomer [D;]12, in which even
the band for the Si-Si stretching vibration should be IR-
active (Table 5). Effectively, this band was too low in intensity
to be identified in the complex experimental spectrum.

In the spectrum of silylsilylene (10) all vibrations are IR-
active (Table 6). A characteristic feature of silylenes with a
hydrogen atom at the divalent silicon is the low frequency
(1900-2010 cm™!) of the SiH stretching vibration.’*l The
sensitivity of these species to matrix effects is notorious. For
instance, methylsilylene (2) shows remarkable splittings in the
SiH stretching range. Analogously, silylsilylene (10) reveals
three SiH stretches at 1963, 1974, and 2013 cm~!(Table 6,
Figure 2), originating from different matrix sites. The normal
SiH valence stretch vibrations of the SiH; group could not be
registered as nicely, since they overlapped with the strong
absorptions of unreacted silane (7). A very good correlation
between the calculated and experimental value exists for the
second dominant band, which has to be assigned to the SiHj;
deformation vibration (calcd 868.1, exp 860.6 cm™'). An
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Figure 2. IR spectra of disilene (12) and silylsilylene (10): Top and bottom: Calculated at the B3LYP/6—-311 + G** level of theory. Middle: Difference spectrum
of the photoisomerization 12 — 10 in argon at 10 K. Positive bands increase, negative decrease during the irradiation with light of wavelength 4 =334 nm.

analogous analysis is also possible for the isotopomer [D,]10
(Table 7, Figure 3). In case of [D;]10 with its C; symmetry
three different positional isomers can be anticipated. Accord-
ingly, the experimental spectrum of [D;]10 was very compli-
cated and gave no additional information.

According to calculation (Table 8) the dibridged isomer 13
should show an intense asymmetric Si,H stretching vibration
at 1453.1 cm~. In the experiment a corresponding band can
be observed at 1355.4 cm™! (Figure 2). We are aware of the
fact that it is dangerous to argue on the basis of a single band.
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Figure 3. IR spectra of [D,]disilene [D,]12 and [D,]silylsilylene [D,]10: Top and bottom: Calculated at the B3LYP/6-311 + G** level of theory. Middle:
Difference spectrum of the photoisomerization [D,]12 — [D,]10 in argon at 10 K. Positive bands increase, negative decrease during the irradiation with light

of wavelength 4 =334 nm. x: Hydroxysilylene.
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Table 5. Theoretical (B3LYP/6-311 + G**) and experimental (Ar, 10 K)
IR absorptions of [D;]disilene ([Ds]12).

Table 8. Theoretical (B3LYP/6-311 + G**) and experimental (Ar, 10 K)
IR absorptions of dibridged isomer 13 and [D,4]13.

Symmetry  Mode Vealed L Vexp Symmetry Mode Isotop-  Verea Laca Vexp
[em] [km mol']  [cm™] omer [ecm'] [km mol!] [cm]
v, @ 9, rock 262.8 (8.0) - - vy, by d,, SIH 281.5 (3.4) - -
vy a 5, bend 2675 (5.3) - - D, 2020 (1.7) - -
Vg @ 9, bend 341.0 (145) - - viooa, v, Si-Si str. 376.7 (0.0) - -
Vo a d, twist 425.1 (2.5) - - D, 367.0 (0.0) - -
Vg a, 9, rock 490.4 (1.0) - - Ve A, d,00p SiH 708.3  (16.8) - -
v, a, v, Si-Si str. 5452 (5.5) - - D, 508.6 (8.3) - -
Vo a, 9, scissor 6889  (64.2) 681.8  (s) vy, by d,, SIH 833.1 (155.5) - -
Vs a 9, scisssor 8333  (50.4) 8275  (m) D, 601.5 (77.1) - -
vy a, v SID str. 1597.0  (36.8) 15755  (w) vy ooa, o, SiH 845.1 (0.0) - -
v, a v, SiDstr. 16150  (21.1) 15915 (W) D, 6239  (0.0) - -
v, a v, SiDstr. 16343 (48.4) 1609.9 (W) vs b, d.00p Si,H 8496  (0.0) - -
v oa v, SiHstr. 22458  (67.3) 2191.9  (m) D, 6058  (0.0) - -
Vs a, v, Si,H str. 1287.7  (32.3) - -
D, 926.9 (17.9) - -
Table 6. Theoretical (B3LYP/6-311 + G**) and experimental (Ar, 10 K) v; b, v, Si,H str. 1428.6 (0.0) - -
IR absorptions of silylsilylene (10). D, 1018.2 (0.0) - -
vy by v,, SL,H str. 14531 (9872) 13554 (vw)
Symmetry  Mode Vealod If:‘“ o D, 10419 (513.7) 999.9 (vw)
[em™]  [kmmol"] fem] v, a, v, Si,H str. 1633.0 (0.0 -
v, a’ 8, twist 67.9  (12.0) - - D, 11578 (0.0) -
vy @ v, Si-Si str. 369.1 (8.5) - - v oa, v, SiH str. 20436 (0.0) - -
vy a’ 9, SiH def. 389.0 (33.1) - - D, 1470.3 (0.0) - -
v, @ 8, SiH def. 4289  (27.1) - - vy b, v, SiH str. 2060.9 (453.7) - -
Vg a’ 9, SiH def. 717.1 (63.4) 7073 (w) D, 1482.3 (239.5) - -
v, @ 5, SiH, def. 8681  (224.1) 860.6  (s)l
v, @ 5, SiH, def.  932.8  (73.3) 272 (W)
vy a” 8. SiH;def. 9572 (36.2) 9475  (w)
v, oal v, SiH str. 20313 (208.3) 19633 () Additional support for the structural identification of 10
v, a v, SiH str. 21805 (77.6) 21119 (m) and 12 comes from the UV-spectroscopic measurements.
vo @ Vo SiHstr. 21895 (112.4) 21532 (m) Calculations predict for 12 a very strong UV transition ('B, —
v, @ v, SiHstr.  2217.5  (219.4) 2166.7  (m)

[a] Additional IR absorptions (other matrix sites) were observed at 868.8
(m) and 879.5 (m)cm™'. [b] Additional IR absorptions (other matrix sites)
were observed at 1974.5 (m) and 2013.2 (w)cm™.

Table 7. Theoretical (B3LYP/6-311+ G**) and experimental (Ar, 10 K)

IR absorptions of [D,[silylsilylene ([D,]10).

Symmetry  Mode Vealed Laca Vey
[cm?]  [km mol']  [cm™]

v, a”’ 9, twist 49.5 (6.2) - -

vy o a’ 8, SiD def. 282.7 (17.8) - -

vy @ 8, SiD def. 2904 (10.0) - -

v, a v, Si-Si str. 378.3 (16.4) - -

vg @ d, SiD def. 533.3 (43.3) 5267 (w)
v, @ 5. SiD;def. 6417 (76.9) 6424 (s)
v, @ 5. SiD;def. 6713  (62.7) SO

vy o a’ 8, SiD; def. 686.2 (20.1) 6813  (w)
v; a v, SiD str. 14612 (106.9) 1427.7  (s)
v, a v,SiDstr. 15546  (40.3) 15295 (w)
v, a’ v SiDstr. 15812 (65.5) 15521 (w)ld
v, a v, SiD str. 1599.1 (75.6) 15812 (w)bl

[a] Hidden underneath SiD, def. absorptions. [b] Additional absorptions
(matrix effect) were observed at 1434.0, 1436.0, 1448.0, and 1462.3 cm™.
[c] Broad signal.

However, for [D4]13 the same kind of band with the expected
isotopic shift (calcd 1041.9, exp 999.9 cm™!) is observed
(Table 8, Figure 3). This observation can be taken as an
indication that the structural assignment might be correct. For
[D;]13 both types of absorption should occur. But owing to
the small intensities of these bands an experimental verifica-
tion was not possible.
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'A,) at 322 nm. The experimental value is 329 nm and fits very
well to that of other disilenes substituted by four small alkyl
groups (Me or Et: 345 nml®l). As expected, the characteristic
feature for 10 is a long wavelength absorption of low intensity.
The difference spectrum taken during the photoisomerization
[D,]10 — [D,]12 with light of wavelenth A > 570 nm (Figure 4)
is in accordance ((*A"+1'A’); 1=582 nm) with theory (A=
669 nm). In a similar manner the difference spectrum of the
photoisomerization 14 + H,—12 + 10 with light of the
wavelength A =405 nm (Figure 5) can be regarded as a strong
hint for the postulated reaction. The agreement between the
calculated (408 nm) and experimental (409 nm) absorption of
disilyne (14) is remarkable.

Conclusion

The reactions of silicon atoms in an argon matrix at 10 K with
methane (1) and silane (7) belong to two completely different
worlds. With methane (1) no thermal reaction occurs and the
insertion of the 3Si atoms into the C—H bond needs photo-
activation. In contrast, insertion into the Si—H bond of silane
(7) takes place without an activation barrier and a mixture of
silylsilylene (10) and disilene (12) can be detected.

Experimental Section

The cryostat for matrix isolation was a closed-cycle compressor unit RW2
with coldhead base unit 210 and extension module ROK from Leybold.
The matrix window was Csl and the spectrometer was an IFS85 FTIR
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instrument from Bruker. The light sour-
ces used were a mercury high-pressure
lamp (HBO200 from Osram) with a
monochromator (Bausch and Lomb)
and a mercury low-pressure spiral lamp
with a Vycor filter (Grintzel).

For the production of silicon atoms a rod
with the dimensions 0.7 x 2 x 22 mm
was cut out from a highly doped silicon
wafer and heated resistively by using a
current of 10 A at 10 V. Under these
conditions the surface temperature
amounted to 1350-1380°C.

Silane (7) was purchased from Aldrich
(puriss. 99.99 %) and was used without
further purification.

[D,]Silane ([D,]7) was prepared by
treatment of tetrachlorosilane with lith-
ium aluminum tetradeuteride by using a
slightly modified version of the proce-
dure described in literaturel': A
Schlenk tube, filled with a solution of
LiAID, (210 mg, 5.00 mmol; Aldrich
98 %-D) in dry methyl rert-butyl ether
(25 mL) was connected to a vacuum line
and degassed by four freeze—pump-—
thaw cycles. The degassed solution was
frozen (—196°C) again, and freshly
distilled and degassed SiCl, (850 mg
5.00 mmol) was condensed onto it. The
reaction mixture was allowed to warm
up slowly. At about 0°C a lively evolu-
tion of gas was observed. The reaction
products were condensed into a second
trap (— 196 °C). The trap, containing the
crude [D,]silane, was then warmed up to
—120°C, and the silane was condensed
into a third trap at —196°C to remove
small traces of the solvent. By repeating
this procedure two times, pure SiD,
([D,]7) (110 mL, 180 mg, 4.98 mmol)
was isolated (99 % yield).

In the same manner [D;]silane ([D;]7)
was prepared by treatment of trichloro-
silane with lithium aluminum tetradeu-
teride: HSiD; (175 mg, 4.98 mmol, 99 %
yield) was isolated from the reaction
of HSICl; (670 mg, 5.00 mmol) with
LiAID, (210 mg) in methyl fert-butyl
ether (25 mL).
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A Novel Density Functional Study of the Ground State Properties of a
Localized Trinuclear Copper(11,111) Mixed-Valence System

Claude Daul,* Sergio Fernandez-Ceballos, Ilaria Ciofini, Cedrick Rauzy, and

Carl-Wilhelm Schlipfer!?!

Abstract: Herein we report the analysis
of a mixed-valence localized trinuclear
copper(iLiLin) cluster by density func-
tional theory. We focused on two pecu-
liar aspects of this system. First we

full potential energy surface (the so
called Mexican hat), by a fitting proce-
dure. Next, we analyzed the magneto-
optical properties of the minimum en-
ergy structures. In particular, we applied

the single determinant method to com-
pute the full manifold of states arising
from the highest occupied molecular
orbitals (magnetic orbitals). This proce-
dure yielded results in agreement with

investigated the triplet ground state
potential energy surface on a model
system. To this end we computed, on the
[E ® e] adiabatic potential energy sur-
face, the potential energy profile along
the e mode and constructed ab initio the

lations -

compounds -

Introduction

Mixed-valence systems are polynuclear metal complexes that
formally contain metals in different oxidation states. By using
the historical classification of Robin and Day,[!! they can be
sorted into three classes that are dependent on the degree of
localization of the electrons between the different metallic
sites. Apart from very well known synthetic examples of
mixed-valence systems (such as the Creutz-Taube ion),”
nature extensively uses these kind of systems whenever
electron-transfer reactions (such as in ferridoxins)P® or oxo-
reductive reactions are carried out in biological systems. Many
mixed-valence systems form the active sites of metallopro-
teins or enzymes.

One of the main aims of biochemical synthetic research is to
understand, mimic, and reproduce the selectivity and com-
plexity of reactions carried out in nature. Biomimetic com-
pounds, that is compounds that have a topology and a
reactivity similar to the natural ones, are interesting owing to
the possibility of studying within these simplified systems the
reactions that normally take place in more complex environ-
ments.

[a] Prof. Dr. C. Daul, S. Fernandez-Ceballos, Dr. I. Ciofini, C. Rauzy,
Prof. Dr. C.-W. Schlipfer
Department of Chemistry, University of Fribourg
1700 Fribourg (Switzerland)
Fax: 441 26 300 9738
E-mail: claude.daul@unifr.ch
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previous calculations and with the avail-
able experimental data when using a
model closer to the X-ray structure or
when directly dealing with the complete
structure of the system.

mixed-valent

Recently, Cole et al.!! synthesized and characterized a
trinuclear mixed-valence copper complex, [Cu;O,L;]>* L= N-
permethylated (1R,2R)-cyclohexanediamine (Figure 1), which

Figure 1.  Schematic structure of [Cu;O,L;]**, L= N-permethylated
(1R,2R)-cyclohexanediamine (2).

exhibits O, bond scission as well as reduction of O,. This
compound is particularly interesting because it is the first
metal - O, complex that leads to full reduction of O, in one
step with a 3:1 metal:O, stoichiometry. In fact, the selective
reduction of O, by one, two, or four electronsP-#! is known to
happen in the presence of enzymes that contain a copper
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active site. Generally, each of the Cu' centers supplies only
one electron, therefore one-, two-, or four-electron reductions
of O, have a 1:2, 1:3, or 1:4 (O,:metal) stoichiometry,
respectively.’"!l A large variety of enzymes (such as H,O -
lactase, ceruloplasmin, or ascorbate oxidase)!'>'®! responsible
for four-electron reductions contain a trinuclear Cu active site
and a “blue” copper atom at ~12 A.[3 On the other hand the
reduction of O, to peroxide is performed in the presence of
binuclear Cu active sites (such as in hemocyanin and
tyrosinase).'*'"l In the case of the complex discovered by
Cole et al.l¥! the four electrons are supplied by three copper
ions, which leads to a copper(iLiLi) localized system.

From all the available experimental datal 'l as well as from
subsequent calculations,!'® I it has been possible to determine
the electronic ground state of this system. X-ray structure
analysis data, UV/Vis spectra, NMR susceptibility data,
SQUID and MCD data are all consistent with a description
of a polynuclear complex, built up from two paramagnetic
(§=1/2) Cu! centers, ferromagnetically coupled to give an
S=1 ground state, and one diamagnetic (d®) Cu'" center. A
previous study!'®! has shown that the combination of a large
Jahn-Teller distortion and weak electronic coupling is the
driving force for the localization of the electrons, while the
work of Berces provided a detailed investigation of the
thermochemistry of the self-assembly process and the effect of
solvation.!"”]

Herein we focus on two aspects of the system: its ground
state potential energy surface and its magnetic properties, that
is the spin manifold at the minimum energy geometry. First we
explored the ground state S=1 potential energy surface at a
DFT level of a reduced model system along the normal mode
responsible for the localization and, by employing a fitting
procedure, we extracted the three Jahn-Teller parameters
that fully define the [E ® e] vibronic coupling problem and
the vibrational frequency associated with this localization.
Next, both on the minimum energy structure for the model
system [Cu;O,(NH;)s** (1) and of the full [Cu;O,L;]** (2),
optimized at a QM/MM level, we computed the full spin
manifold, at a full QM level. The paper is organized as
follows: after the explanation the technical details, the results
of the computations for the S=1 ground state of the model
systems are reported and discussed. Subsequently, the UV/Vis
spectra and the singlet—triplet manifold computed for the
localized model structure are reported. These latter results are
compared both to the available experimental data, to the
results of previous calculations' based on a different
computational method.?”! Finally, the structural parameters
and the spin manifold computed for the complete structure of
the system 2 are reported and discussed. In this case, the
structural optimization was performed at a QM/MM level,
while the spin manifold was computed at a full QM (DFT)
level.

Computational Methods

All open-shell calculations were performed in a spin-unrestricted formal-
ism. All the calculations on the model system 1 have been performed by
using the Amsterdam density functional (ADF) program package.?'! Both
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the local density approximation (LDA) and the generalized gradient
approximation (GGA) for exchange-correlation functionals were used.
The LDA was applied with the Xa functional for exchange (a =0.7)?? and
the Vosko, Wilk, and Nusair functional for correlation.®! The GGA was
applied by using the Becke88?* exchange and the Perdew86/>! correlation
(BP), and the Perdew-Wang91P (PW91) exchange-correlation func-
tionals. Several calculations were performed including scalar relativistic
corrections (Pauli relativistic) as implemented in the ADF.?" The frozen-
core approximation for the inner core electrons was used for all non-
hydrogen atoms. The orbitals up to 3p for Cu and 1s for N and O were kept
frozen. The valence shells of H, N, and O were described by a double-§ STO
set plus one polarization function. In the case of Cu atoms, a valence triple-
¢ plus one polarization function STO basis was used.

Geometry optimizations were performed by using the Broyden —Fletcher -
Goldfarb - Shanno algorithm to update the Hessian matrix.?®l The energy
convergence criteria for ADF99 used was 10-¢ au and the default numerical
integration was increased (accint=38.0). If not otherwise specified the
calculations were performed for the model system 1, in which each of the
ligands L of [Cu;O,(L;)]** (L = N-permethylated(1R,2R)-cyclohexanedi-
amine) was substituted by two NH; molecules. A schematic representation
of the model system 1 and of the reference systems used for D5, and for C,,
calculations is given in Figure 2. This modeling, although preserving the
donor properties of the ligand L, eliminates the chiral centers. Although
commonly performed, this kind of modeling can influence the absolute
value of the singlet—triplet splitting significantly.’”! To check this point,
supplementary structural optimizations were performed for the real system
[Cu;0,(L3)J** (2) at the QM/MM level.

a)

Figure 2. Schematic view of the model system [Cu;O,(NH;)¢]** (1). The
reference system used in the calculations in D3, and C,, symmetry are
depicted in a) and b) respectively.

The calculations were performed by using the QM/MM implementation in
ADF2000.021%* 311 with the basis set previously described for 1 for the QM
part. The QM core was constituted by the [Cu;O,N4] moiety where the link
bonds have been capped by hydrogen atoms. The Becke88?* exchange and
the Perdew86/%! correlation (BP) functionals were used for the QM part.
The MM part was modeled by using the AMBER force field parameters
provided with the program package, and then adding the missing van der
Waals parameters for Cu, which were set to values of E,;, =0.0500, E,,, =
12000, and y=12. Geometry optimization of 2 was performed in C,
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symmetry. Supplementary single-point calculations on the QM/MM
optimized structures were performed at the full QM (BP) level. To reach
accurate convergence the threshold for ignoring fit integrals (epsfit
parameter) was set to 10-° (default value 10-4).

Results and Discussion

Model system: delocalized symmetric structure

The X-ray structure of [Cu;O,L;]** shows two crystallograph-
ically nonequivalent clusters in the unit cell, each of which
contains two equivalent and one nonequivalent copper sites.[
The cores of the two crystallographic units are relatively
similar (rms = 0.093 A). The largest difference is found for the
O—0 bond length (2.37 versus 2.26 A). Hereafter we compare
the experimental geometry of both of the two crystallo-
graphically independent moieties (labeled as Exp.? and Exp.)
with the results of the calculations. In each moiety, the
nonequivalent copper center has very short Cu—O and Cu—N
bond lengths (1.83/1.84 and 1.95/1.97 A, respectively) in
agreement with the distances observed for a highly oxidized
Cu' complex. The O—O bond is almost cleaved (2.26/2.37 A
), while a typical pseudo-square-planar coordination is found
for copper atoms that are coordinated to two nitrogen amine
atoms and to the u;-oxo bridge.

Geometry optimizations of the model compound 1 were
performed for the S=1 state in Dj, symmetry at different
levels of theory. The D5, symmetry is the highest possible for
the model system: in this case all three copper centers are
symmetry-equivalent. This corresponds to a fully delocalized
mixed-valence system. The main geometrical parameters ob-
tained are given in Table 1 and compared to the X-ray data.[*
Regardless of the functional used, the Cu—Cu distance is
overestimated (by up to 0.15 A) even when relativistic effects
are included. On the other hand, the Cu—O and the Cu—N
bonds are very similar to the average experimental values.
Regarding the Cu coordination sphere, the O-Cu-O angle is
always underestimated and, as a consequence, the O—O bond
length is underestimated by about 0.1 A if we consider the
crystallographic moieties with longer O—O length. On the
other hand, the N-Cu-N angle is systematically overestimated.
This error is most probably due to the modeling performed. In
fact, while in the real system the two amines are held together
through a rigid bridge, in the model the two ammonia
molecules are let free to relax and the steric repulsion leads to
a larger N-Cu-N angle. Subsequent QM/MM calculations

Table 1. Structural parameters computed for [Cu;O,(NH;)¢]** in Dy,-symmetric structures.?

where the ligands were explicitly taken into account allowed
us to further validate this point (see below).

Looking at the MO energy diagram (Figure 3) and at the
plot of the highest occupied MOs 8e,, 5a,”, and 6a,”
(Figure 4), we notice that they show mainly a d metal and a
p O character. However, a significant contribution of the o

E/eV _63.2"7 n
— T —7e
-16.0{7e,— A *
*
-16.54 §&" 7T
-17.0+
sa n
-17.51 ] —#——% 7a,'
) 7a,’ -+ —i—Sel'
—18.0—831'_?—#_?—
' Sa,

Figure 3. Molecular orbital energy diagram of [Cu;O,(NH;)s** in Dy,
symmetry.

donor NH; orbital is present. As expected, and in agreement
with the results of previous studies,'® ! the highest occupied
MOs (6a,” and 7e,”) correspond to the linear combination of
the highest occupied orbitals on each CuO,(NHj;), moiety, and
therefore they show mainly a d,._,. metal character (the local
coordinate systems on each square-planar moiety pointing
towards the ligand are denoted by x’ and y’). Qualitatively, we
can rationalize the complex as a linear combination of three
square-planar subunits carrying one electron for each of the
two Cu"! centers and no electrons in the highest corresponding
d,»,» MO in the case of the Cu™ center. The symmetry
adapted linear combination of these three orbitals leads to the
following three frontier MOs in the MO diagram of
[Cu;0,(NH;)4]**: 6a,” and 7e,”. The large gap between these
three orbitals and the doubly occupied ones deduced from the
three d_ splitting is related to the strong ligand field due to the
square-planar environment, which strongly destabilizes the
d,»_,» orbital (pointing towards the ligands) with respect to the
other d orbitals. The first unoccupied orbital (8a,) lies very
high in energy (=4eV above the SOMO; not shown in
Figure 3) and it is localized mainly on the NH; molecules.

Owing to the large gap both between the SOMOs and the
doubly occupied orbitals as well as between the SOMOs and
the LUMO, the active orbitals approximation, that is taking
explicitly into account only three orbitals and two electrons,
seems to be fully justified for the calculation of the spin
manifold. In fact, the energies of excitations originating from
the doubly occupied orbital to one of these three orbitals and
from the singly occupied orbital to unoccupied orbitals, are
high and, therefore, their con-
tributions to the first triplet—
singlet gap is negligible.

LDA  BP PW91 LDA,, BP, PW9l,,  Exp.? Exp.’
d(Cu—Cu) 2722 2834 2824 2712 2804 2795 206522719  2.641/2.704 Model system: Jahn-Teller
d(Cu—0) 1.939 1991 1989  1.934 1.981 1.979 1.84/1.94 1.83/2.01 distortion
d(Cu—N) 1998 2069 2065  1.99 2056 2052 1.97/2.01 1.95/2.04
d(0-0) 2270 2270 2280 2272 2285 2293 226 2.37 The Jahn-Teller effect is the
a(0-Cu-0) 717 69.5 69.9 71.9 70.4 70.8 75.8/70.7 72.6(6)/80.4(8) intrinsic instability of an elec-
a(N-Cu-N) 986 98.9 98.7 98.4 98.7 98.6 84.5/89.7 84.5/89.7

tronically degenerate complex

[a] Rel. = Pauli relativistic. Bond lengths in A; angles in degrees. Exp.* and Exp." see text.
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towards distortions that remove
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5}

Figure 4. Isovalue representation of the frontier orbitals computed for [Cu;O,(NH;)4]** in D3, symmetry. The surfaces have been drawn for ¢ = 0.05(ea,~3)'?.

the degeneracy. It was predicted in 1937 by Jahn and Teller*?
but only confirmed experimentally in 1952.% Since then
Jahn —Teller distortions in transition metal complexes, which
is in fact a problem of vibronic interaction, has been studied
extensively.?**] The Dy, MO scheme of [Cu;O,(NH;)**
shows a typical Jahn-Teller active electronic ground state
(’E3). The consequence of first-order Jahn-Teller interac-
tions is a nuclear displacement which leads to the removal of
orbital degeneracy. Therefore, a distortion along the Jahn -

Chem. Eur. J. 2002, 8, No. 19
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Teller active mode has been performed, which leads to a
decrease from Dy, to C,, symmetry, to fully characterize the
system. Although the exact Jahn —Teller mode can be derived
by symmetry arguments only in the case of small molecules,
the method proposed by Daul et al.* 4! has been followed to
reproduce the Jahn - Teller—PES as a function of the Jahn—
Teller normal mode (Qyr). In this method, the corresponding
adiabatic PES can be reconstructed starting from three
parameters Ejr, A, and Ryr, or, equivalently, Kg, Fg, and Gg
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only. Kg, Fg, and Gy are the force constant and the first- and
the second-order vibronic coupling constants, respectively,
while Eyr, A, and R;pare the Jahn —Teller stabilization energy,
the minimal barrier height between the minima and the
normal coordinate of the Jahn-Teller distorted geometry.
This latter set of parameters can be computed by using the
computational procedure explained in reference [40] and
summarized for this specific case in Figure 5. The first

Dy, e ——  — A

________ T Sy,
~
~

,’bonstrain .
c ¥ Geometry N\

to D,
bZ

B
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v
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i - ----

1
EO.S electron Tl electron

Figure 5. Schematic drawing of the computational method.

calculation (A) corresponds to a Dy, geometry optimization,
while (B) and (C) are geometry optimizations computed in
Ds;, nuclear symmetry using the C,, electronic symmetry and
occupations specified in Figure 5. The lowering of the
molecular symmetry from D5, to C,, removes the degeneracy
of the e orbitals and leads to a pair of equivalent copper atoms
as well as to one nonequivalent copper atom (hereafter Cu,)
as observed in the experimental structure. The three Jahn-—
Teller parameters, E;r, A, and Ry, can be obtained, supposing
that E has the lowest energy [Expressions (1) —(3)].

Eyr=E(C) - E(E) (€]
A=[E(C) - E(E)] - [E(B) — E(D)] = E(D) — E(E) @
Ryr= Q(E) (3)

Generally when using DFT, E(C) # E(B).[*! This problem
has been solved by imposing the Expression (2).

Rjrwas evaluated by using Expression (4), where Ad,=d; —
dy, for which d; are all the metal-to-ligand distances in the
Jahn —Teller distorted geometry and d, are the corresponding
D, ones.[*]

Rjr =X(Ad))* “)

4396 ——
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The optimized geometry corresponding to E and to D
(respectively denoted hereafter as C,,,, °B;, and C,,,, 3A,) is
obtained and is reported in Table 2, and the Jahn—Teller
parameters corresponding to the C,,, distortion are reported
in Table 3. The experimentally observed static localization is
in agreement with the computed Jahn-Teller stabilization
energy (E;;; Table 3). The energy difference between the
optimized C,, geometries with different occupations (A
parameter), C,,; and C,, (E(D) and E(E), respectively, in
Figure 5), is practically negligible: about 10 cm~'. Thus, it
cannot be used as a criterion to determine the nature of the
localized structure. On the contrary, the corresponding
optimized geometries and Mulliken charges are substantially
different. In fact, while the C,,, distortion physically corre-
sponds to an expansion of the coordination sphere of the
nonequivalent copper atom (Cu,), the C,,, distortion corre-
sponds to a contraction, which leads to the experimentally
observed distortion. The difference of the Cu—O and Cu—N
bond lengths computed in D5, symmetry (nuclear and
electronic symmetry) and the one computed for the optimized
C,,; and G,,, occupations are reported in Table 4. In the case
of C,,,, except for the anomalous LDA behavior, we note a
significant contraction of the Cu;—O bonds and the corre-
sponding elongation of the Cu—O (~ —0.06 A and +0.04 A,
respectively), whereas the Cu—N bonds remain almost
unchanged. The distortion to C,,, induces a transfer of charge
from the two equivalent copper atoms to the inequivalent
copper atom Cu,, in agreement with a “1Cu-2Cu™
description of the system. On the other hand the C,,
distortion yields always to an expansion of the coordination
sphere of the non equivalent Cu, and a contraction of the one
of the equivalent copper atoms.

Finally, we followed the procedure explained in reference
[41] to construct the full adiabatic potential energy surface
corresponding to the E® e coupling. Therefore, we con-
structed a series of intermediate geometries between the ones
corresponding to D and E and the ones corresponding to B
and C with the following criterion. Let a be the Cu—Cu
distance in Dy, symmetry (B or C), and let b and ¢ be the
Cu—Cu distances in C,, (D or E): three intermediate geo-
metries were constructed by a constrained geometry optimi-
zation in which all the geometrical parameters were relaxed
except the Cu—Cu distances (b’, ¢’) defined according to
Expression (5), with n =32,1.

b'=b + n((a—b)/4)
' =c+ n((a—c)l4) (%)

A least-squares fit of the PES surface computed by using a
BP,., approach, following the procedure explained in refer-
ence [41], leads to the determination of the three Jahn — Teller
parameters, Ki, Fi, and Gg and to the Mexican hat plot of
Figure 6. In our case the normal mode (Q6,0Q¢) has been
simulated by the interpolation between the D5, and C,,
geometries, and each of the points has been expressed as
mass-weighted coordinates of the structure. The computed
K, Fg, and Gg, values are 421 cm'amu 2, 1368 cm 'amu~',
and 1368 cm~'amu~2, respectively. Nevertheless, the overall
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Table 2. Structural parameters computed for [Cu;O,(NH;)¢]** in the two C,, symmetry variations.?!

expansion for Cu;, and a con-

LDA  BP PW91 LDA,, BP,, PW91,, Exp.? Exp.® traction for Cu; that is, a
o breathing of the coordination
d(Cu—Cu,) 2677 2800 2791 2658 2773 2765 2652 2.641 sphere of the nonequivalent
d(Cu—Cu) 2791 2.905 2896 2770 2873 2866 2719 2704 copper atom. If we concentrate
d(Cuer) 2.018 2.088 2.084 2.006 2.075 2.070 1.972 1.95 on the Structural parameters
d(Cu;~0) 2005 2.063 2060 1999 2054 2053  1.839 1.83 computed for the Cy,, occupa-
d(Cu—N) 1979 2,052 2047 1968 2039 2035 199203  201/2.04 .
d(Cu—0) 1908 1958 1956 1901 1948 194 193196 201198  ton, we noteagood agreement
d(0-0) 2275 2261 2270 2282 2277 228 226 237 between the experimental val-
d(N,-N)) 3001 3.098 3092 2982 3752 3067 278 273 ues and the computed ones.
d(N-N) 3064 31724 3163 3047 3151 3146 271 2.86 Nevertheless, the O—O distance
a(0-Cu,-0) 69.1 66.4 66.9 69.6 67.3 67.6 75.8 80.4(8) is underestimated. whereas the
a(Cu-Cu,-Cu) 62.8 62.8 62.5 62.8 62.4 622 61.7 61.7 -
a(N,-Cu,-N)) 98.8 98.8 98.7 98.8 98.7 98.9 89.7 88.6 O-Cu-O angle is well repro-
a(N-Cu-N) 98.5 98.0 98.0 98.5 97.9 97.8 84.5 90.1 duced with respect to the ex-
a(O—Cu—O) 73.2 70.5 70.9 73.7 71.5 72.0 70.7 726(6) perimental values.
a(Cu-O-Cu) 94.0 96.8 95.5 93.5 95.0 945 88.3 85.5 As already pointed out from
a(Cu-O-Cu;) 86.3 88.2 88.0 85.9 87.6 87.4 88.3 87.4 X .
dihedral(N-Cu-N-Cu) 1465 1460 1461 1465 1460 1462 1383 1357 previous calculations of Root et
Coy al.,® the O-Cu-O angle, the
d(Cu—Cu,) 2.762 2.878 2.866 2.743 2.845 2.837 2.652 2.641 O—O0 distance, and the Cu—Cu
d(Cu—Cu) 2614 2762 2752 2594 2735 2727 2719 2704 distance can strongly influence
d(Cu;—N,) 2975 2.043 2039 1964 2030 2026 1972 1.95 the computed triplet-to-singlet
d(Cu,-0) 2895  1.924 1923 1888 1912 1913 1839 1.83 e
d(Cu—N) 2001 2074 2070 1990 2062 2057 199203 201204 splitting, due to the fact that
d(Cu—0) 1961  2.028 2005 1954 2020 2017 193196  201/1.98 both the direct and super-ex-
d(0-0) 2277 2258 2267 2283 2275 2283 226 237 change pathways are directly
d(N,-N)) 3017 3126 3119 3006 3104 3100 278 273 influenced by these structural
d(N-N) 3030 3117 3109 3008 3092 3082 271 2.86 .
a(0-Cu,-0) 738 718 723 744 73.0 733 758 80.4(8) parameters. In particular an
a(Cu-Cu,-Cu) 56.5 573 57.4 56.4 57.4 574 61.7 61.7 elongation of the Cu—Cu bond
a(N;-Cu;-N,) 100.1 99.4 99.3 100.0 99.2 99.0 89.7 88.6 can lead to a stabilization of the
a(N-Cu-N) 97.8 97.7 97.7 97.8 97.6 97.8 84.5 90.1 triplet due to a weaker direct
a(0-Cu-0) 70.9 67.6 68.1 715 68.5 68.9 707 72.6(6) interaction. while an increase of
a(Cu-0O-Cu) 83.6 85.8 85.6 83.2 852 85.0 88.3 85.5 g
a(Cu-0-Cu,) 915 934 930 911 026 924 88.3 87.4 the O-Cu-O angle favors a
dihedral(N-Cu-N-Cu) 1388  139.0 139.0 1388 1389 1386 138.3 135.7 superexchange pathway and it

[a] Rel. =Pauli relativistic. Bond length in A; angles in degrees. Exp.* and Exp." are the structures of the two

nonequivalent crystallographic units.

Table 3. Computed Jahn - Teller parameters for the C,,, distortion.[?]

LDA  BP PW91  LDA,,  BP, PWI1,,
E; 0192 0185  0.183 0.203 0.188  0.190
A 9.54 —8.01 3.84 11.00 —3.94 5.16
Ry 193 0.13 0.15 0.11 0.30 0.12

[a] E;x (ineV), A (incm™!), and Ry (in A). Rel.=Pauli relativistic
calculations.

shape of the Mexican hat is invariant under transformation of
the coordinate system.

Model system: localized structure

Structural parameters: Hereafter, and in Table 2, Cu, denotes
the nonequivalent copper atom (formally a Cu'!), while the
two equivalent copper atoms (formally Cu) are simply
labeled as Cu. As previously discussed the optimized C,,
structures for the two different occupations correspond to
the two minima along the two orthogonal components of the
Jahn-Teller active e vibration. While the C,,, occupation
yields the observed distortion, one observes for C,, an

Chem. Eur. J. 2002, 8, No. 19

stabilizes the singlet state.
Because of the discrepancy
obtained between the opti-
mized and the crystallographic
structures, and because of the

well-known sensitivity of the spin manifold splitting with
respect to structural parameters, we computed the triplet—
singlet splitting both for the optimized and for the two
crystallographic nonequivalent model structures (vide infra).

As already noted for the fully symmetric D5, structure, the
modeling with NH; leads to an overestimation of the N—N
distance and, as a consequence, of the N-Cu-N angle.

Table 4. Computed difference in bond length (in A) between: I) the optimized
Dj, geometry (A) and the corresponding C,,; ones (D); II) the optimized D;,
geometry (A) and the corresponding C,,, ones (E). Negative values correspond
to a contraction, positive values to an elongation.

LDA BP PW91  LDA, BP, PWO9L,,,
I

A(Cu—0) +0.066 +0.072 +0071 +0.065 +0.073 +0.074
A(Cu~N,) +0.020 +0019 +0019 +0010 +0.019 +0.018
A(Cu-0) —0031 —0033 —0033 —0033 —0033 —0039
A(Cu-N) —0019 —0014 —0018 —0028 —0017 —0017

Il

A(Cu—0) +0956 —0.067 —0066 —0046 —0069 —0.066
A(Cu~N,) +0977 —0.026 —0026 —0032 —0026 —0.026
A(Cu-0) 0022 +0.041 +0036 +0.020 +0.039 +0.036
A(Cu—N) +3x107 +5%x107 +5x103 —6x107° +6x 107 +5x 1073

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Computed adiabatic PES corresponding to the £ ® e coupling
for [Cu;O,(NH;),)*"

Furthermore, as a general trend, although copper is only a 3d
metal, significant effects on geometry are noted when
relativistic effects are included within the Pauli approxima-
tion.

Calculation of UV/Vis spectra: The experimental spectrum of
[Cu;O,L;5], recorded in CH,Cl, at —80°C, shows four main
bands at 290 (4.27), 355 (3.49), 480 (2.58), and 620 nm
(1.99 eV).Fl The two more intense, high-energy transitions,
have been experimentally attributed to ligand-to-metal
charge transfer (LMCT), whereas the other two bands are
of lower intensity.

The UV/Vis spectrum of the complex of the optimized C,,,
geometry has been computed by using the Slater transition
state (STS) method.?? Only symmetry and spin (i.e. triplet —
triplet) allowed transitions were computed. In this method
only one electron excitation is taken into account and no
estimation of the intensity of transitions can be given. The
MO energy diagram computed at a LDA,, level, correspond-
ing to a C,,, occupation, is reported in Figure 7.

The first optical transition, in a harmonic approximation, is
related to the Jahn — Teller stabilization energy (E;;) following
Sturge’s development (see Expression (6)).[*]

AE~4E, ©6)

If we compute 4 E;; from the value for E;; reported in
Table 3, we obtain a AE value that is less than half of the
experimental value of the first transition and is out of the
range of UV/Vis spectroscopy. The first optical transition is
therefore not attributed to the transition between the split
levels stemming from the 3E; state but to a transition from the
first doubly occupied orbitals to the SOMOs (d—d tran-
sition).

Looking at the MO diagram in Figure 7, we see that the
11b4 —12b4 and the 10f —12b4 one-electron excitations

4398
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110 ¥ 14a

Figure 7. Schematic representation of the nine non-redundant single
determinants.

contribute to the first UV/Vis transition, and the 11b5 — 9af
to the second UV/Vis transition. The LMCT transitions were
identified as 9bf — 12bf and 6a’ — 12b%. The assignment of
the LMCT is straightforward because the O-centered MOs
are easy to identify.

The computed electronic transitions are collected in
Table 5. Generally, the energy of the transitions is under-
estimated by using the STS method. An exception is the first

Table 5. Computed UV/Vis transition (in €V) of [Cu;O,(NH;)s]** in the
optimized C,,, geometries.

LDA,, PWO1,, BP,, Exp. Assignment
11b8 — 12b4 1.97 1.58 1.70 1.99 d-d
10b% — 12b4 2.05 1.83 1.95 1.99 d-d
11b8 — 9af 2.38 2.02 2.03 2.58 d-d
9bs — 12bf 4.15 3.70 3.79 3.49 LMCT
6al — 12bf 4.40 3.95 4.14 4.27 LMCT

LMCT, which is always overestimated. As a matter of fact the
STS method does not give very accurate results, but, due to
the system size, we could not afford to use more sophisticated
techniques. In any case the underestimation of the transition
energy is somehow expected due to the lack of full relaxation,
which isintrinsic to the method.

Magnetic properties: J: To compute the low-energy spin
states of the complex, the single determinant (SD) method
was used.*l This method exploits the full multideterminant
nature of an open-shell state as a linear combination of Slater
determinants.* This yields first-order expressions for the
multiplet energies which are linear combinations of SD
energies. To calculate these quantities, both spatial and spin
symmetry are fully exploited. This method was first developed
for the calculation of optical transitions,*! and has been
recently applied to the calculation of exchange-coupling
constants in a number of different systems.*>41 Some
approximations and limitations in the practical implementa-
tion of the method are:

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0819-4398 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 19
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o The method does not consider the two-electron second-
order terms, which are neither exchange nor Coulomb, and
which can, in general, not be expressed in terms of energies
of single determinants.

@ The method is usually applied within the active electrons
approximation. In this case it is possible to include second-
order electrostatic interactions precisely. Hence, frequent-
ly, only the microstates arising from the different occupa-
tions of the active orbitals are taken into account.

Owing to the large splitting between the doubly occupied
orbitals and the SOMOs and between the LUMO and the
LUMO + 1, only the SOMO and the LUMO were considered
as active orbitals, leading to a problem of two electrons in
three orbitals.

Referring to the MO scheme of Figure 7, these orbitals
belong to the irrep. 12b,, 9a,, and 13b,. From their occupation
with two electrons, nine states can be generated: four 'A;, two
IB,, two *By, and one 3A,.

Neglecting the electrostatic matrix elements which are
neither exchange nor Coulomb, the energy of these spin states
can be expressed in terms of the energy of the nine non-
redundant single determinants (NRSD) depicted in Figure 8
and Expression (7).

Table 6. Computed energy of the different spin states at LDA and GGA
level relative to the B, ground state energy of [Cu;O,(NH;)s]** in the
optimized C,,, geometries. Energy in eV.

LDA,, PW9L,, BP,,
1B, 0 0 0

2B, 0.4974 0.5148 0.5293
134, 0.3348 0.9848 0.3629
1'A, 0.2015 0.3710 0.1026
21A, 0.8803 0.8509 0.8853
314, 0.5960 2.5405 1.9353
41A, 27188 2.7046 2.9830
1'B, 0.6696 0.4559 0.4634
21B, 0.8807 0.8077 0.8131

The difference in energy between the triplet ground state
and the first singlet state is relatively large (0.20 eV for LDA,
0.10 eV for BP, and 0.37 eV for PW91). Although in agree-
ment with the results of a previous calculation by Root
et al. '8! the computation largely overestimates the exper-
imental gap (14 cm™'). Root et al.l'®l attributed this discrep-
ancy to the peculiar method they were using, that is the
broken symmetry technique.?”! Unfortunately, this seems not
to be the case. In fact, even if the single determinant method
takes into account the complete three-orbital-two-electron
manifold, and corrections are made for some of the assump-
tions of the broken symmetry method our results are not
significantly better than the ones of Root et al.l'®]

To better elucidate this point, we decided to analyze the
effect of nuclear geometry on the computed splitting of the
spin manifold. For this, we computed the triplet—singlet
energy gap (first-order) for the two nonequivalent crystallo-
graphic clusters where, as previously, the ligand L was
substituted by two NH; molecules, and the nitrogen center

was maintained at the position
it adopts in the crystal structure.
* At the LDA level, the com-

puted triplet-to-singlet energy

gap is 25 cm™! for the crystallo-

E()  —E)+ E(7) —E() + E(6) 0
| TEOFEDEQ) EE)+ER) 0
| LEG) + E6) B+ BB B 0
0 0 0 _E(8) + 2E(3)
5, | EO+250) 0 o
0 _E(5) + 2E(6)
g, _ | O 0
| 0 E0)
SA, = B(8)
| | A
13b.
on ¥ Y ¥ |
A 4| T

12b ' |

(0) (1) (2) (3) (4) (5)

Figure 8. Molecular orbital energy diagram of [Cu;O,(NH;)s]** in C,, symmetry using occupation C,,,.

Diagonalization of the 'A; matrix leads to the energy of the
four 'A,; states.

The spin manifold computed both at the LDA and GGA
Pauli relativistic level for the corresponding C,,,-optimized
structures is reported in Table 6. As expected, the gound state
is the 3B, (C,,, state). The 1°B, to 1A, splitting corresponds to
the transition between the split levels of the 3E; state. The
computed values are far from to the ones expected by using
the harmonic approximation of Sturge etal.®! and the
computed E;r value given in Table 3, being 0.33 eV, 0.98 eV,
and 0.36 eV versus 0.81 eV, 0.76 eV, and 0.75 eV for LDA,,,
PWO91,,,, and BP,, respectively. This result suggests a strong
anharmonicity of the potential energy surface. This is
confirmed by the relatively large value of Fy which is the
linear vibronic term in the [E ® e] coupling.!

Chem. Eur. J. 2002, 8, No. 19

(6) (7)

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

graphic units with an O—O dis-
8) tance of 2.26 A (Exp.* in Ta-
ble 2) and 550 cm™! for the one
with an O—O distance of 2.37 A
(Exp.® in Table 2).
The agreement with the experimental data is significantly
improved, thus confirming the strong effect of structure on the
computed magnetic properties.

I
|
(

Complete structure of the system: structural and magnetic
properties

To test the influence of the ligand L = N-permethylated
(1R,2R)-cyclohexanediamine both on the geometric and
electronic structure, we performed supplementary calcula-
tions on the complete structure of the system 2. Structural
optimizations were performed at the QM/MM level for the
localized structures (symmetry C,) for the two occupations
corresponding to the C,, and C,,, occupations previously
discussed for the model system 1. In the case of the C,

0947-6539/02/0819-4399 $ 20.00+.50/0 4399





FULL PAPER

C. Daul et al.

calculations, this yields A and 3B states, respectively. The

optimized structures are reported in Table 7, and compared

with the corresponding model structures and experimental
one.

While a general better agreement of the *B, structure with
the experimental data can be remarked, actually only small
changes of the Cu;O,Ng core are apparent. The Cu—O and
Cu—N distances are practically unchanged on comparing the
model system 1 and the real complexes 2. This is not surprising
since the direct effect of the ligand on the core is presumably
small and since the ligand has been considered only at the MM
level. Nevertheless one substantial change is clearly evident
when the complete structure of the system is compared with
the model one: the N-Cu-N angle which was overestimated
for the model is now reduced by approximately 10° towards
the experimental value. As already emphasized this is due to
the fact that in the model no steric constrain was applied to
hold the NH; molecules together.

Both direct and indirect (geometrical) effects of the
modeling on the computed spin manifold can now be
evaluated. The triplet—singlet energy gap was computed
(with the single determinant techinique) for the QM/MM-
optimized structure at a full QM level in the case of the B
geometry. The triplet—singlet gap is computed to be 72 cm™!
at the BP level; thus, substantially improving the results
obtained for the model systems (800 cm~! at the BP,, level).
When the complete X-ray structure of the two crystallo-
graphic moieties is used, the triplet—singlet gap at a first
approximation is computed to be 157 cm™' for Exp.* and
340 cm™! for Exp.’. From all these results, the following
conclusions can be drawn:

e Neglecting the full ligand has mainly structural effects (i.e.
the change of the N-Cu-N angle) that indireclty affect the
computed spin manifold.

o The direct effect of the ligand on the electronic structure
of the core is negligible since the results obtained for
model X-ray structures (25 cm™' and 550 cm™') and the
full X-ray structure (157 cm™! and 340 cm™!) are prac-

Table 7. Structural parameters computed at the BP level for [Cu;O,(NH;)]*" in C,, symmetry (1) and for

[Cu;0,L:* in C, symmetry (2) with different occupations.[?

tically equivalent within the error range of the method-

ology.

e The modeling retains all the electronic features of the
system in terms of exchange and super-exchange pathways,
but allows a structural flexibility that the complete
structure of the system does not possess.

In conclusion, the modeling we performed influences the
triplet—singlet energy gap only with respect to structural
effects, while from an electronic point of view it reproduces
correctly the core of the system. It also worthwhile to recall
that discrepancies between the experimental and the com-
puted values are also due in part to the approximations
implicit in the methodology we apply and better agreement is
not expected if not fortuitous.

Finally, we can conclude that, when dealing with a complex
molecular system, a QM/MM approach for structural opti-
mization combined with DFT calculations for the spin
manifold yield a quantitative description of the magnetic
properties of the system.

Conclusion

An analysis of the ground state properties of a trinuclear
copper system of biochemical interest has been performed on
a model cluster by using density functional theory. The
electronic structure of the experimentally observed distorted
cluster has been identified and analyzed through a computa-
tion of the potential energy surface of the ground state.

A localized system with 2 Cu'! and 1 Cu!" centers has been
found to be more stable than the delocalized structure with
three equivalent Cu atoms. For this localized structure, UV/
Vis transitions and spin manifold splitting have been com-
puted. From these results two major conclusions can be
drawn: First, it has been demonstrated that DFT is a powerful
technique for the study of mixed-valence systems; it is capable
of reproducing the PES along the localization/delocalization
vibrational mode. This is true also in case of localized systems.
Second, while calculations
based on the truncated struc-
ture, neglecting the crystal en-

vironment, do not strongly per-

A1 SAQ B,(1 B2 Exp.® Exp.® .

@ @ @ @ ® P turb the qualitative shape of the
d(Cu—Cuy) 2800 2783 2878 2821 2.652 2.641 PES, they are of substantial
d(Cu—Cu) 2.905 2.833 2.762 2.783 2.719 2.704 importance whenever a direct
d(Cu;—N,) 2.088 2.015 2.043 2.053 1.972 1.95 porta
d(Cu;~0) 2.063 2.017 1.924 1.903 1.839 1.83 comparison between the com-
d(Cu—N) 2.052 2.059/2.016 2.074 2.078/2.081 1.99/2.03 2.01/2.04 puted and experimental mag-
d(Cu—0) 1.958 1.946/1.936 2.028 2.001/2.006 1.93/1.96 201198 netic properties is sought.
d(0-0) 2.261 2.235 2.258 2.232 2.26 2.37 Therefore, QM calculations
d(N,—N)) 3.098 2.856 3.126 2.839 2.78 2.73 " d h
d(N-N) 3172 2.845 3117 2.858 271 2.86 were performed fo ftest the
a(0-Cu,-0) 66.4 673 71.8 72.0 75.8 80.4(8) effect of the ligand both on
a(Cu-Cu,-Cu) 62.5 61.2 573 59.1 61.7 61.7 the structure and on the com-
a(N;-Cuy-Ny) 98.8 85.9 99.4 87.5 89.7 88.6 puted spin manifold. The im-
(N-Cu-N) 98.0 87.3 977 866 84.5 901 roved agreement between the
a(0-Cu-0) 70.5 70.3 67.6 67.7 70.7 72.6(6) proved ag
a(Cu-O-Cu) 96.8 937 85.8 88.0 88.3 85.5 experimental data and that
a(Cu-O-Cu,) 88.2 89.5 93.4 92.5 88.3 87.4 computed provides further sup-
dihedral(N—Cu—N—Cu) 146.0 139.6 139.0 137.2 138.3 135.7 port for the Strong inﬂuence

[a] Bond length in A; angles in degrees. Exp.® and Exp. are the structures of the two nonequivalent

crystallographic units.

4400
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small structural changes have
on the observed magnetic be-
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havior. This further emphasizes the necessity of correctly
treating the complete structure of a system (including solvent
or crystal environment) in quantum-chemical calculations.
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Coupled Protonic and Electronic Conduction in the Molecular Conductor
[2-(2-1H-Benzimidazolyl)-1H-benzimidazolium] - TCNQ

Tomoyuki Akutagawa,*!» P! Tatsuo Hasegawa,!?! Takayoshi Nakamura,*!?!
Tamotsu Inabe,'*! and Gunzi Saito!‘!

Abstract: A novel molecular based pro-
ton —electron mixed conductor,
(H3BBIM*)(TCNQ)(CI"),5(H,0) (1),
where H3BBIM* is 2-(2-1H-benzimid-
azolyl)-1H-benzimidazolium and TCNQ
is 7,7.8,8-tetracyano-p-quinodimethane,
was synthesized. The salt exhibited pe-
culiar phase transitions as a result of
proton—electron coupling phenomena
within the crystal. Salt 1is composed of a
closed-shell H3BBIM™ cation and an
open-shell TCNQ anion radical, and was
obtained by electrocrystallization in a

holes was formed at the side-by-side
space that is filled with disordered
Cl- ions and H,O molecules, and which
offer a proton-conducting path. The
electrical conductivity at room tem-
perature (10 Scm™!) was greater by a
magnitude of four than the protonic
conductivity (1 x 10~ Scm™"). Electron-
ic conduction changed from metallic
(T>250K) to semiconducting (250 >
T>100 K), then insulating (7'< 100 K).
Protonic conductivity was observed
above 200 K. The continuous metal -
semiconductor transition at 250K is

caused by the formation of the Cl-
superstructure, whereas the disappear-
ance of protonic conductivity at 200 K is
related to the rearrangement of the
[CI--(H,0),] sublattice within the
channel. The magnetic susceptibility
continuously shifted from Pauli para-
magnetism (7>250K) to the one-di-
mensional linear Heisenberg antiferro-
magnetic chain (7'<250 K). Lattice di-
merization in regular TCNQ columns
was confirmed by the appearance of
vibrational a, mode at low temperatures.

buffered CH;CN solution. Crystal 1 was
constructed from the segregated uni-
form stacks of H3BBIM* and TCNQ.
The regular stack of partially electron-
transferred TCNQ~%5 provided a one-
dimensional electron-conducting col-
umn. Between the regular H3BBIM™
columns, a channel-like sequence of
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The strong localization of conduction
electrons on each TCNQ dimer caused a
Mott transition at 100 K. The melting
and freezing of the [Cl —(H,O),] sub-
lattice within the channel was correlated
to the conduction electrons on the
TCNQ stack and the protonic conduc-
tivity.

transfer
cooperative

transport

Introduction

The phenomenon of electron-proton coupling plays an
important role in biological systems, such as the respiration
and photosynthetic systems of photosynthetic bacteria,
chloroplasts, and mitochondria.ll Stepwise electron transfer
from a special chlorophyll dimer, chlorophyll B, pheophytin,
or quinone, to heme and/or ferredoxin has been recognized in
photosynthetic systems,?! while a proton transport (pump)
mechanism has been recently elucidated from the X-ray
crystal structure analysis of cytochrome c oxidase from the
soil bacterium Paracoccus denitrificans.?! In the case of
cytochrome ¢ oxidase, the transition metal ions of the heme
molecule, Fe3* and Cu?*, are important ions within the redox
active sites, and were shown to receive the electrons from
ferredoxin; the reduced Fe** and Cu* ions then drive a proton
pump through an electron-proton coupling.’! During the
proton path of cytochrome c oxidase, the 1 H-imidazole (HIm)
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residue of histidine also plays an important role in accepting
and donating protons through redox coupling. It was reported
that the overall proton-electron couplings of
Cu?*(imidazolate™) + e~ + H*=Cu"(HIm) and Fe**(HIm)
+ e~ + H* =Fe?*(imidazolium*) transport the protons from
the cytoplasm portion to the cell exterior through the coupled
states between the redox of the metal ions and the proton
transfer (PT) of the HIm molecule.?!

Proton conductivity in solids has been widely used as ionic
separators in fuel cells.*! Inorganic protonic conductors,
such as f-alumina, sulfate, and phosphate, have been exten-
sively studied over the past decade.l Furthermore, an organic
perfluorinated polymer (nafion) has attracted considerable
attention because of its flexibility and high protonic con-
ductivity, in the order of ~102Scm}, even in the low-
temperature regions.”> ! In contrast, protonic conductors of
crystalline molecular materials, such as HIm, urea, acetamide,
and pyrimidines, have not achieved comparable success, on
account of their low protonic conductivities (10-%-
10-* Scm ).l However, the protonic mobility (u;,) of the
molecular material 1H-imidazole (4 x 10 cm?V-!s™' at
360 K)®! was significantly higher than that of a typical
inorganic  proton  conductor, SrCeosYbyosO; (1 x
105 ecm?V-1s~! at 973 K).*! This indicates the potential of
molecular materials in the development of new protonic
conductors that incorporate a proton-conducting path and
sufficient protonic carriers into the crystal.

We have been preparing a novel ion-electron coupling
system by introducing a supramolecular ionic system, in which
ionic motion is possible even within a crystal, to molecular
conductors.l”l To achieve high electrical conducting properties,
open-shell molecules generated by charge transfer (CT)
interactions were necessary to provide highly mobile elec-
tronic carriers and to form a partially filled electronic band
structure.ll'’? Salts, such as (Li*)q4([15]crown-5)[Ni(dmit),],

PT
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and (Li"),([18]crown-6)[Ni(dmit),], (dmit*~ = 2-thioxo-1,3-di-
thiole-4,5-dithiolate), fulfilled these requirements and exhib-
ited high electrical conductivities through a regular [Ni-
(dmit),] stack. In addition, the crown ether molecules formed
regular ionic channel structures,!'’ I and the motion of the
Lit ions within the ionic channel was coupled with the
conduction electrons on the [Ni(dmit),] column. By lowering
the temperature, the freezing of the Li* motion generated the
pinning potential for the conduction electrons, which caused
an electronic transition from the metal to the semiconductor
with short-range antiferromagnetic interactions. Similarly,
protonic conductivity and its freezing in the molecular
conductor should couple with the conduction electrons, which
can potentially exhibit a unique electronic transition through
the proton —electron coupling phenomena.

We selected 2,2'-bi-1H-imidazole (H2BIM) derivative as a
promising candidate in the formation of a protonic conducting
system in the molecular conductor!'®'¥l because of three
factors: 1) the 1H-Imidazole unit of an H2BIM molecule is a
functional unit of histidine, which is involved in the protonic
transport of cytochrome c¢ oxidase, 2) 1H-Imidazole shows
high protonic mobility, as described above, ® and 3) H2BIM
has multistage PT processes (Scheme 1).%! The two-step PT
processes from H2BIM to 2,2'-bi-1 H-imidazolium (H4BIM?*)
via 2-(2-1H-imidazolyl)-1H-imidazolium (H3BIM*) allow the
67— 67 electronic structure to be maintained. Since H3BIM*
has three proton-donating amino and one proton-accepting
imino sites, the molecule can simultaneously provide protonic
carriers and vacant protonic sites. The protonic migration
field in the crystal lattice can be provided by the multistage PT
character. In addition, H2BIM has a similar molecular shape
as the well-known organic donor, tetrathiafulvalene (TTF),
which has led to the first molecular metal (TTF)(7,7,8,8-
tetracyano-p-quinodimethane (TCNQ)).''] We have previ-
ously reported on the CT complex of (H3BIM™*),(TCNQ),,['Y

H4BBIMZ*

H H H H H H

N N N N N N
L~ D=~ =Ce~a0) =

N N e N N e N N -

H  H H H H H
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Scheme 1. Proton-transfer and electron-transfer diagram of H2ZBBIM.
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and its notably different crystal structure compared to the
uniform segregated stack that is found in (TTF)(TCNQ).[% 3]
Within the crystal, the hydrogen-bonding H3BIM™" dimer
units did not form any it -t stacks, and were arranged normal
to the nonuniform trimerized TCNQ stack.['¥l Unfortunately,
the proton conducting path was not realized in the crystal.[']

In the present study, we selected 2,2'-bi-1 H-benzimidazole
(H2BBIM) for the construction of our novel proton —electron
coupling system.'” Among the several PT and CT species
(Scheme 1), the monocationic 2-(2-1H-benzimidazolyl)-1H-
benzimidazolium (H3BBIM*) was employed for the CT
complex formation with TCNQ for the following reasons:
1) the molecular shape and charged state of H3BBIM™" are
almost equal to that of the dibenzotetrathiafulvalene cation
radical (DBTTF"); the extended m-conjugated system in
H3BBIM™ is advantageous in increasing the magnitude of w—
7 interactions when they form a stacking structure, 2) from
the viewpoint of hard and soft acids and bases (HSAB),
H3BBIMT is a soft base compared to H3BIM™; since a hard
acid, such as a proton, forms a stable complex with a hard
base, the soft proton-accepting base was advantageous to the
PT processes, even as the solid, and 3) the side-by-side steric
repulsion at the aromatic hydrogen atoms should prevent the
formation of a side-by-side hydrogen-bonding structure, as
was observed in (H3BIM™),(TCNQ);. The segregated stack-
ing structure has been reported for the completely ionized
(DBTTF*)(tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane
(F,TCNQ)") complex.l'"¥l Herein we wish to report on the CT
complex of H3BBIM* with TCNQ, in which the protonic
system of H3BBIM™ was strongly coupled with the electronic
system of TCNQ.

Results

Preparation of the CT salt: As shown in Scheme 1, the
H3BBIMT cation is involved in the multistep acid dissociation
and electron-transfer processes. Each PT or CT process can be
evaluated by the redox potential (E) and acid dissociation
constant (pK,), assuming a constant solvation energy. The
acid dissociation constant of H3BBIM* (pK,=2.32) was
roughly two pK, units lower than that of the parent H3BIM™
(pK,=4.60).11 The proton-donating ability of the H3BBIM*
ion was similar in magnitude to that of 2,5-dihydroxy-p-
benzoquinone (pK,=2.71).1 Since the pK, value of the
parent H4BIM?* dication has been estimated to be —0.24,[1%!
the pK, of the H4BBIM?* dication should have a negative
value.

The H3BBIM™ ion was irreversibly reduced to the corre-
sponding neutral radical with a 67t — 7 electronic state at peak
potentials of —0.68 V, which was significantly lower than that
of TCNQ (E,(1) =+0.22 V). Since 4,4 -dimethylviologen®*, a
typical cationic electron acceptor, was reduced to the open-
shell 6x—7m and neutral 7m—7m electronic states through a
two-step reversible reduction process, at —0.38 V and
—0.80 V,? the electron-accepting ability of H3BBIM* was
roughly 0.3V lower than that of the 4,4-dimethylviologen
dication. Therefore, we can safely conclude that the CT
process, from the H3BBIM' cation to TCNQ, can be

4404
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neglected during the CT complex formation. Only the PT
process is sufficient to explain the formation of the CT
complex in the following.

Since we did not observe CT complex formation in the
electrocrystallization solvent of CH;CN, because of the
deprotonation process from H3BBIM™ to H2BBIM, we can
control the PT state of H3BBIM™ during the electrocrystal-
lization procedure. By adjusting the pH of the crystallization
solvent to approximately 1.2, at which point H3BBIM*
became the dominant species in the solution, we were able
to prepare the (H3BBIM")(TCNQ)(Cl"),5(H,O) (1) salt in
the CH;CN/Clark — Lubs buffer solution at pH=1.2 (20/1).

Crystal structure and CT state: Segregated uniform stacks of
H3BBIM* and TCNQ molecules are observed along the c axis
(Figure 1). As expected, the extended mt-conjugated system of
the monovalent H3BBIM" cation formed a uniform m—mx

<) ke
Zy

3

<

& /\ l—l_»ka

S/ EF X

S

r z VI X —

Figure 1. Crystal structure of (H3BBIM™)(TCNQ)(Cl),5(H,0). a) Mo-
lecular packing of H3BBIM" and TCNQ viewed along the ¢ axis. The
channel-like sequence of pores between the H3BBIM™ stacks are
elongated along the c axis (dashed circles). Cl- ions and H,O molecules
in the channel are omitted in the figure. The transfer integral ¢, corresponds
to the interstack interaction along the a axis. b) Unit cell viewed along the a
axis. The transfer integral ¢, corresponds to the intrastack interaction within
the TCNQ. c¢) Energy dispersion and Fermi surface of the LUMO band of
the TCNQ stack. The Fermi level (Ep) is assigned for a quarter-filled
occupancy of the LUMO band. The I, Z, V, and X points are [000], [001],
[101] and [100], respectively.

stacking structure.'®! In addition, the side-by-side arrange-
ment of the regular H3BBIM™* columns formed a channel as a
sequence of holes along the ¢ axis (dashed circles in Fig-
ure 1a). These hydrophilic holes were surrounded by one
imino nitrogen and three acidic amino protons of H3BBIM ™,
and also contained disordered Cl~ ions and H,O molecules
that originated from the buffer solution. The hydrophilic
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channel, including the disordered CI™ ions and liquid-like H,O
molecules, provided the proton-conducting path. The amino
and imino atoms of H3BBIM* could not be crystallograph-
ically distinguished because of the inversion center located on
the H3BBIM ™ molecule.

The mean interplanar distances within the TCNQ and the
H3BBIM* stacks were 3.28 A and 3.45 A, respectively (Fig-
ure 1b). The transfer integral (¢ x 1072 eV) within the TCNQ
stack (t;,=14.9) was significantly larger than that of the
interstack interaction along the a axis (f,=0.12). The highly
anisotropic intermolecular interactions (#:t, =150:1) is char-
acteristic of TCNQ-based molecular conductors.?!! For high
electronic conductivity on the TCNQ stack, a partially filled
LUMO band is necessary. From the stoichiometry, the charge
() of each TCNQ molecule was calculated as —0.5, thus the
regular TCNQ stack formed a quarter-filled LUMO-band.
The 6 of TCNQ was also deduced as 0.53 from the bond
lengths of TCNQ, ¢/(b + d) (Table 1).?2 The incomplete band

Table 1. Intramolecular bond lengths of TCNQ in salt 1, neutral TCNQ?,
and fully ionized TCNQ™.

a b c d
1 1.346(6) 1.430 1.394(6) 1.434
TCNQ° 1.346 1.448 1.374 1.441
TCNQ~ 1.373 1.426 1.420 1.416
N
N\ a /
\ b . v/
Y/ N
4 N

occupancy was confirmed by electronic absorption at 3.2 x
10° cm~! in the UV/Vis-NIR spectra, which corresponded to
the intraband CT transition.”> 2! A highly one-dimensional
Fermi surface of the LUMO band was observed in the energy
dispersion curve along the k. direction (Figure 1c), which was
also supported by the anisotropy of electrical conductivity
(see below). The appearance of the Fermi surface in the band
calculation with a tight-binding approximation was consistent
with the metallic state of salt 1 at room temperature.

It is possible that the Cl- ions and H,O molecules in the
channel possess motional freedom, which has been partly
supported by preliminary solid-state deuterium NMR meas-
urements.””] From a room temperature structural analysis,
disordered Cl- and four oxygen sites (O1, O1’, O2, and O2’;
herein the prime symbol indicates the atomic sites generated
by the inversion center) were observed in the unit cell. The
occupancy factors of the Cl-, O1, and O2 atomic sites were
0.25, 0.25, and 0.25, respectively. Figure 2 a shows the one CI~
and four oxygen atomic sites together with the central C,N,
unit of H3BBIM™ along the ¢ axis. Each disordered atomic
site was nearly planar with a large anisotropic thermal factor
(Figure 2 a, lower figure).

The oscillation photograph taken at 100 K provided addi-
tional information on the disordered Cl- ions and H,O
molecules within the channel (Figure 2b). A superstructure
with 0.5 ¢* periodicity along the ¢ axis was observed at 100 K
between the Bragg reflections (I = —1 and / =0), which should
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Figure 2. Structure of Cl- ions and H,O molecules within the channel.
a) Site distribution of the disordered Cl- ions and H,O molecules within
the channel at 298 K. The Cl~ ionic site is located at the inversion center,
while the four disordered oxygen sites O1, O1’, 02, and O2’, in addition to
the central C,N, unit of H3BBIM* molecule, are observed around the Cl-
site. The lower representation is a top view along the channel. The solid
circles are a schematic representation of amino protons. b) Oscillation
photograph at the reflection region of /=—1 and 0 Bragg reflections (7=
100 K). Two spots (1 and 2) correspond to the superstructures of (6.5 6.5
—0.5) and (5.5 4.5 —0.5) reflections, respectively. ¢) Temperature-depen-
dent intensity change of superstructures (6.5 6.5 —0.5) and (5.5 4.5 —0.5).
d) Models of possible [Cl™—(H,0),] sublattice at 7>250 K (left) and
T<200K (right). The semicircular arrows correspond to the thermal
motion of Cl~ and H,O at 7>250 K.
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mainly reflect the periodicity of Cl~ ions with their large
electron density. Figure 2 c shows the temperature-dependent
intensity variations of the (6.5 6.5 —0.5) and (5.5 4.5 —0.5)
superstructures. Diffuse spots or streaks over the background
intensity were not observed for temperatures above 250 K.
Below 250 K, the intensities of the superstructures continu-
ously increased as the temperature decreased; the intensity
was saturated at around 200 K. These superstructures may
have originated from the ordering of the Cl~ ions within the
channel; thermally disordered Cl- ions will begin to fix at
240 K, and almost freeze at 200 K. The periodic Cl~ arrange-
ment within the channel also induced the ordering of the H,O
molecules to a form [Cl~—(H,0),] sublattice, which was
confirmed by its vibrational spectra (see below).

In considering the 0.5¢* periodicity of Cl- ions below
250 K, the CI" ion at the inversion center occupied every other
site along the ¢ axis. The nearest-neighbor CI-—O distances
(C1-01 0.94(4), C1-02 1.83(2) A) were too close to occupy
the CI- and O atomic sites simultaneously within the same
unit cell, whereas the O1—01’, O1-02', and O2—02’ distances
within the original unit were 2.86(3), 2.60(5), and 3.893(1) A,
respectively. In view of the sum of the van der Waals radii of
oxygen atoms (O—O 3.04 A) and the hydrogen-bonding O—O
distances (2.4-3.0 A),%%27 simultaneous occupation of two
oxygen sites in O1—-01’, O1-02', or O2—02’ was a structur-
ally reasonable arrangement. One possible arrangement
below 200 K was the alternating occupation of CI~ ions and
H,O dimers at the O2—02' (O1—01’ or O1-02") atomic site,
which then formed a one-dimensional [Cl~ - (H,0),] sublat-
tice along the ¢ axis (Figure 2d).

Vibrational spectra: The protonated state of H3BBIM™* in the
crystal was evaluated using the vibrational spectra in the
frequency range of 1500-1700 cm~". Since broad CT absorp-
tion appeared above 1500 cm~!, the NH in-plane bending
mode (Oyy) was used to monitor the PT state.['* 28] As shown
by the dashed lines in Figure 3a, salt 1 exhibited three dyy
bands (1636, 1622, and 1604 cm™!), which were consistent with
the parent H3BBIM* (1636, 1624, and 1605 cm™!). In contrast,
H2BBIM showed two dyy absorptions at 1616 and 1584 cm™!,
while H4BBIM?* exhibited a single band at 1623 cm~! (Fig-
ure 3a). Therefore, H3BBIM ™ was the main protonated state
in the salt 1.

The vibrational spectrum of salt 1 measured at 15 K clearly
showed the growth of a new band at 1589 cm™! (indicated by
an asterisk in Figure 3a), which was possibly attributable to
the d,-bending mode of the H,O dimer.?! The energy of the
d,-bending mode in (H,O), in an argon matrix has been
reported to be 1590 cm ;1 this is comparable to that
observed for salt 1 at low temperatures. The oscillation
photograph indicated the formation of a Cl~ superstructure
with 0.5¢* periodicity below 250 K, which also caused the
dimer arrangement of H,O molecules between the CI-
sublattice. Since the 0.5c¢* periodicities of the Cl~ and H,O
dimers were correlated to each other, the formation of the
H,O dimer arrangement also contributed to the intensity of
the 0.5 c* superstructure. We have assigned this new absorp-
tion to the d,-bending mode of the H,O dimer in the [Cl™ -
(H,0),] sublattice.
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Figure 3. Vibrational spectra of the H2BBIM system in the frequency
range from 1500-1700 cm~. a) The N - H in-plane bending-mode (dyy) of
i) H2BBIM, ii) (H3BBIM*)(BF,")(H,0), iii) (H4BBIM*")(BF),,
iv) (H3BBIM*)(TCNQ)(Cl"),5(H,0) (1) at 300 K, and v) 1 at 15 K. The
asterisk indicates the new absorption at 15 K. The dyy bands in H3BBIM*
(ii) and 1 are indicated by dashed lines. b) Temperature-dependent
intensity changes at 1589 cm~! absorption. Arrows at 220 and 100 K
correspond to the disappearance temperature of protonic conductivity and
transition temperature to the electronic insulator, respectively. ¢) Vibra-
tional spectra of TCNQ at the frequency region 2100-2300 cm™' (upper)
and 7501050 cm~! (lower) at i) 20 K, ii) 150 K, and iii) 270 K. Vibrational
a, modes in TCNQ are observed at 2214 (#,) and 951 (v)cm™"' (arrows).

The temperature dependence of the vibrational spectra
indicated an increase of the (H,0), d,-bending band below
200 K (Figure 3b); this temperature is in agreement with that
at which the intensity of Cl~ superstructures was saturated.
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One possible explanation for this temperature dependence is
the freezing of thermal H,O motion at around 200 K, at which
temperature liquid-like H,O molecules convert to the (H,0),
arrangement at their fixed position within the channel. As
mentioned above, a possible occupied state of the disordered
H,O molecules was the alternating arrangement of Cl~ and
(H,0), with 0.5c* periodicity. At 240 K, the thermal freezing
process of heavy Cl™ ions will begin, then at 200 K the lighter
H,0 molecules will begin to become fixed at the (H,0),
position. An increase of the d,-bending absorption at around
100 K indicated the rearrangement of (H,O), from loose O2 -
02 (3.89A) to tight O1-01’ (2.86 A) or O1-02' (2.60 A)
within the channel, at which temperature the electronic state
can suddenly become highly insulating (see below).

Figure 3¢ shows the typical vibrational a,-modes of TCNQ
as observed in the IR region. TCNQ exhibited a weak
absorption at 20 K (Figure 3¢, Spectrum i, v,=2214 cm™'),
which became a shoulder at 150 K (Figure 3¢, Spectrum ii),
and unresolved at 270 K (Figure 3¢, Spectrum iii). Within the
frequency range from 750-1050 cm™, the 7 band was clearly
defined at 951 cm~1.B% Increase in this band was demonstrated
by measuring at lower temperatures, namely 270, 150, and
20K (i) (Figure3c, Spectra iii, ii, i, respectively). The
appearance of these a,-bands is direct evidence for TCNQ
lattice dimerization at low temperatures.?! Lattice dimeriza-
tion was strongly associated with the electrical conducting
behavior (see below).

Electrical conductivity and magnetic susceptibility: Because
of the regular TCNQ stack and the one-dimensional Fermi
surface, calculated within tight-binding approximation, salt 1
was expected to have a metallic state. The electrical con-
ductivity at room temperature (ogr) was found to be 10 Scm ™!
along the stacking c axis, while those along the a and b axes
were in the range of 107> Scm~!. The highly anisotropic
conductivity was consistent with a one-dimensional band
structure.

Temperature-dependent electrical conductivity measure-
ments at ambient pressure showed weakly metallic behavior
at temperatures above 250 K (Figure 4, right axis). Within the
temperature range from 250 to 100 K, semiconducting behav-
ior was dominant with an activation energy (E,) of 40 meV,
whereas at roughly 100 K, an abrupt transition to an insulating
state was observed (Figure 4). The metal—semiconductor

12
123 10
£ F8 9
S 84 e »
G —— - .—68
QU g -
43 :
F2
O T T 0
50 100 150 200 250 300

T/K
Figure 4. Temperature-dependent electrical resistivity (scale on left) and
conductivity (scale on right) of (H3BBIM*)(TCNQ)(Cl"),s(H,O).
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transition temperature at 250 K corresponded to the temper-
ature at which the Cl~ superstructure started its growth.
Formation of the charged CI~ sublattice acted as the electron-
localization potential for the conduction electrons and
influenced the one-dimensional electronic structure of the
TCNQ stack. The sublattice formation of the Cl™ ions and the
TCNAQ lattice dimerization, mentioned earlier, were related
to each other mainly through strong Coulomb interactions
between the Cl~ ions and the conduction electrons. The
abrupt transition to the highly insulating state at 100 K was
attributed to the strong electron localization on the TCNQ
dimer sites, at which temperature the rearrangement of the
[ClI-(H,0),] sublattice was possible. Therefore, the elec-
tronic transitions of salt 1 were coupled with the [Cl™—
(H,0),] sublattice formation.

The magnetic susceptibility (y,,) of salt 1 at room temper-
ature was 3.6 x 10~*emumol~!. The y, values gradually
increased as the temperature decreased. At around 80 K, a
broad maximum was observed (Figure 5). Although electrical

12x10°
1.0
0.8

-1

0.6

X,/ €mu mol

0.4
0.2

Lt

0.0

1T 717 T T711
0 100 200 300
T/K

Figure 5. Temperature-dependent molar magnetic susceptibility (y,) of
(H3BBIM*)(TCNQ)(CI"),5(H,0). The solid line is the fitting curve that
uses the one-dimensional linear Heisenberg antiferromagnetic chain model
and Curie impurity at the temperature range from 2 to 200 K.

conductivity measurements showed an abrupt transition from
semiconductor to insulator at 100 K, a magnetic anomaly was
not observed at 100 K. Good agreement was observed for the
temperature-dependent y,, behavior below 250 K and the
one-dimensional linear Heisenberg antiferromagnetic chain
model, with a magnetic exchange energy (J/kg) of —59 K after
subtracting the Curie component (S=2% spin 0.7%).5! The
deviation from the fitting curve above 250 K was attributed to
the contribution from metallic Pauli paramagnetism. TCNQ
has a charge of — 0.5 per molecule in the metallic state, while
the conduction electron at low temperature should be
localized on the TCNQ dimer site. Short-range antiferromag-
netic spin interactions between the (TCNQ),” sites were
observed. The temperature-dependent electron-spin reso-
nance (ESR) measurements were also consistent with the
static magnetic susceptibility measurements, which did not
show evidence of antiferromagnetic ordering or disappear-
ances of spin susceptibility down to 3.8 K.

Protonic conductivity: Since the high electrical conductivity
of salt 1 caused difficulties in the direct measurement of the
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protonic conductivity, a proton-conducting nafion® film was
employed as the electron-blocking electrodes for the meas-
urements. Formation of an electric double layer or electrode
uniformity at the sample/electrode interface influenced the
overall protonic conductivity. The AC impedance method is
typically employed for the evaluation of intrinsic protonic
conductivity and sample/electrode interface effect.” The
equivalent circuit of the ion-conducting material was a
parallel circuit between the resistance R and capacitance C.
The total equivalent circuit for the measuring system, which
included the interface effect at the electrode, was a series of
circuits between the intrinsic and the sample/electrode circuits
(Figure 6a).™ The R, (R.) and C, (C,) were the intrinsic

R R
Vo [ L —°
c, C.
3
200x10 e
. A 270
150 s O 285
. + 300K
S 100 ¢ g, :

0 100 200 300x10°
70
6x10° —
o1
_ 5
= —— nafion
3 4
23
33
o
§27
3
S 14
0_|--.||-1-|-r||||||--n|
150 200 250 300 350
T/K

Figure 6. Protonic conductivity of (H3BBIM*)(TCNQ)(Cl"),s(H,O).
a) Resistance (Z') versus reactance (Z”) plots at 300, 285, and 270K in
the frequency (w) range from 10?-107 Hz. The equivalent circuit for the
measuring system is shown. The slanted line at the lower frequency region
(right-hand side) caused by the sample/electrode interface effect. b) Tem-
perature-dependent protonic conductivity of the salt 1 (o) and nafion film

(.

(sample/electrode interface) resistance and capacitance, re-
spectively. The overall impedance (Z) was expressed as
Equation (1), where Z', Z” and w are resistance, reactance,
and frequency, respectively.

RS RC

Z=7-j7"'= : + -
1 + joCR;, 1 + joC.R,

()

Figure 6a shows the plots of Z' against Z" at 300, 285, and
270 K in the frequency range from 100 to 1 x 107 Hz. Typical
semicircular arc-shaped Z'/Z" spectra of Debye-type relaxa-
tion were observed, which are similar to those observed for
typical ionic or protonic conductors.*l Since the rise in the

4408
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lower frequency region (right-hand side in Figure 6a) can be
assigned to sample/electrode interface effects (R.—C, term),
the protonic resistance (R,) was estimated from the intercept
of the semicircular arc on the Z’ axis with Equation (2).1

(e8]

The protonic conductivity exhibited by salt 1 was signifi-
cantly higher than that of ordinary molecular proton-con-
ducting materials, such as 1H-imidazole, urea, acetamide,
pyrimidines, etc.! One explanation for the high protonic
conductivity is the liquid-like environment within the channel
and the large number of vacant protonic sites that are
provided by H,O and the imino nitrogen of the H3BBIM*
molecule within the channel. In the hydrogen-bonded crys-
talline materials, proton transfer followed by the reorientation
of core molecules is necessary to realize the protonic
conductivity throughout the hydrogen-bonding network. On
the other hand, high protonic conductivity in nafion film was
dominated by the existence of liquid-like H,O molecules
within the film, where molecular motion of H,O assisted the
protonic transport; conversely, the motional freezing of the
H,O molecules diminished the protonic conduction of the
nafion® film. Since the thermally fluctuating liquid-like H,O
molecules within the channel were in a comparable environ-
ment to that in the nafion® film, the conducting mechanism in
salt 1 was similar to that of the nafion® film. The motional
freezing of Cl~ ions and H,0O molecules, upon [Cl~— (H,0),]
sublattice formation, suppressed the protonic conductivity at
around 200 K. However, it is important to note that we cannot
exclude contributions from protonic conductivity through the
crystal grain boundary in a powder sample.

Discussion

Proton —electron coupling was observed between the proton-
conducting channel formed by H3BBIM* stacks and electron-
conducting TCNQ stacks. Particularly the formation of
protonic (ionic) lattices localizes the conduction electrons
on TCNQ stacks. Salt 1 exhibited three types of temperature-
dependent electronic states: metal (7> 250 K), semiconduc-
tor (250 > T> 100 K), and insulator (7 < 100 K).

The gradual metal —semiconductor transition at 250 K
seemed to occur through a similar mechanism to that found
in (Li*)o¢([15]crown-5)[Ni(dmit),], and (Li*),([18]crown-
6)[Ni(dmit),], salts, which has been explained in terms of
Li* motion and its freezing within the ionic channel by
lowering the temperature.!' 12 The freezing of ionic motion in
the channel caused a static disorder and generated a pinning
potential for conduction electrons in the one-dimensional
LUMO band of [Ni(dmit),]. In the case of salt 1, the freezing
of Cl~ ions with a periodicity of 0.5c* below 250 K changed
the electrical conductivity from metal to semiconductor. The
magnetic susceptibility of salt 1 also showed a gradual
transition from the metallic Pauli paramagnetism to a one-
dimensional linear Heisenberg antiferromagnetic semicon-
ductor at 250 K. The appearance of vibrational a, bands
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demonstrated dimerization in the regular TCNQ stack below
250 K. The 0.5¢* CI- ionic lattice generated the periodic
electron-localization potential for the conduction electrons,
which should be the origin of the gradual metal-semicon-
ductor transition at 250 K.

At temperatures below 250 K, short-range antiferromag-
netic spin interaction was expected between the conduction
electrons. The appearance of a, modes in the vibrational
spectra suggested that the conduction electrons were weakly
localized on the TCNQ dimer sites. The small activation
energy (40 meV) for the electrical conductivity in the temper-
ature range from 250-100 K was consistent with the weak
localization property and short-range magnetic interaction.
Lowering of the temperature caused the thermal freezing of
heavy Cl ions at 250 K, and upon further cooling, the lighter
H,O molecules gradually became fixed at H,O dimer
positions. Complete formation of the [Cl~ - (H,0),] sublattice
at around 200 K effectively disabled proton conductivity.

The semiconductor-insulator transition at 100 K was
caused by strong electron localization on the (TCNQ),™ units,
which are associated with the rearrangement of the [Cl-—
(H,0),] sublattice. If the electronic transition at 100 K was
related to the formation of a charge density wave (CDW),
magnetic susceptibility should drop discontinuously at around
100 K. The continuous temperature-dependent magnetic
susceptibility suggested a gradual increase of the localization
property of the conduction electrons on the (TCNQ), sites.
Similar temperature-dependent electronic conductivity and
magnetic susceptibility have been reported for (N-methyl-N-
ethyl-morpholinium (MEMT"))(TCNQ),, which exhibited
spin-Peierls and Mott transitions at 19 and 340 K, respective-
ly.P>34 Below 340K, the regular TCNQ stack in
(MEM*)(TCNQ), was distorted as the (TCNQ),” dimer
lattice, at which point each electron was localized on the
(TCNQ),™ site on account of electronic repulsive interactions
(Mott transition). The spin-Peierls transition at 19 K was
caused by TCNQ tetramerization of [(TCNQ), -
(TCNQ), ], and the magnetic spins disappeared as a result
of the formation of a spin singlet state between the (TCNQ),~
sites. The magnetic susceptibility of (MEM*)(TCNQ), in the
temperature range from 19-400 K followed the one-dimen-
sional liner Heisenberg chain model without magnetic
anomaly at around 340 K.*3 In terms of temperature-depend-
ent electrical conductivity, magnetic susceptibility, and lattice
dimerization, the electronic transition at 100 K of salt 1 was
similar to the Mott transition found for (MEM*)(TCNQ),.

Conclusion

The multistage proton-transfer system of 2-(2-1H-benzimid-
azolyl)-1H-benzimidazolium (H3BBIM™) was incorporated
into the molecular conductor of (H3BBIM*)(TCNQ)
(C17),5(H,O) through a pH-controlling electrocrystallization
method. The regular TCNQ stack formed a one-dimensional
electronic system. Furthermore, the channel-like proton-
conducting sequence of pores was formed by the side-by-side
arrangement of the regular H3BBIM" columns, in which
disordered Cl- ions and H,O molecules filled the holes at

Chem. Eur. J. 2002, 8, No. 19

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

room temperature. Three types of electronic states were
observed: Above 250 K, metallic electronic state with con-
ductivity of 10 Scm™! coexisted with protonic conductivity up
to 1 x 107 Scm~L. Through the channel-like pore, the pro-
tonic conductivity was first realized in the molecular con-
ductor. The magnetic behavior gradually changed from a
Pauli paramagnetic spin system to a one-dimensional linear
Heisenberg antiferromagnetic chain at 250 K. In the temper-
ature range from 100 to 250 K the salt showed semiconducting
properties with short-range antiferromagnetic interactions as
a result of the formation of the [Cl~ - (H,0),] sublattice. The
conduction electrons were weakly localized by the generation
of the pinning potential of the Cl- sublattice with 0.5c¢*
periodicity at 250 K. As a result of the formation of the [Cl~ -
(H,0),] sublattice, protonic conductivity disappeared below
200 K. Weak dimerization of TCNQ was suggested by vibra-
tional spectroscopy studies. Below 100 K, an insulated state
was observed. Strong localization of the conduction electrons
on the (TCNQ),™ dimer sites caused a Mott transition as a
result of an the electron-repulsive interaction, which was
induced by the [Cl- - (H,O),] sublattices.

The dynamic property of a protonic (or ionic) lattice
influences the conduction electrons. In the present study, the
metal —semiconductor and semiconductor—insulator transi-
tions were associated with the freezing and melting processes
of [Cl--(H,0),] sublattice through the proton-electron
coupling. Mixed protonic and electronic conductors in the
molecular system are important in the field of technological
applications, such as batteries, sensors, and electrochromic
displays.?>37)

Experimental Section

General: Infrared (IR, 400-7600 cm™!) spectra were measured as KBr
pellets with a Perkin-Elmer Spectrum 2000 spectrophotometer (resolution:
1cm™!). The temperature-dependent IR spectra were measured with a
cryogenic refrigerating system (Daikin UV 202A) in the temperature range
from 15 to 300 K. The UV/Vis-NIR spectra (350 —3200 nm) were measured
as KBr pellets with a Perkin-Elmer lambda-19 spectrophotometer (reso-
lution: 8 nm). Acid dissociation constants and redox potentials were
measured by standard titration and cyclic voltammetry (CV) methods,
respectively, as described in our previous paper.'! N,N-Dimethylform-
amide (DMF) was distilled twice in vacuo prior to use. The ionic strength
(0.1m NaBF,) and temperature (22 + 1 °C) were fixed during the titration in
DMF -H,0 (7:3). The redox potentials were measured in DMF with an
Ag/AgCl reference electrode (0.1 nBu,NBF,, Pt working and counter
electrodes).

Crystal preparation: 2,2'-Bi-1H-benzimidazole (H2BBIM) was prepared
by the condensation reaction of o-phenylenediamine and oxamide in
ethylene glycol (fine yellow needles, m.p.>350°C).’¥l The supporting
electrolyte of (H3BBIM*)(I") was prepared from H2BBIM and hydroiodic
acid (yellow powder, m.p.>400°C). (H3BBIM*)(BF,”)(H,0) and
(H4BBIM?**)(BF,"), were obtained with similar procedures.

Single crystals of (H3BBIM*)(TCNQ)(Cl"),5(H,O) (1) were prepared by
electrocrystallization of TCNQ and (H3BBIM™)(I"). The crystallization
solvent, CH;CN, was distilled over CaH, prior to use. Single crystals were
grown from a mixed solvent system (CH;CN/buffer solution 20:1). Clark —
Lubs buffer solution with a pH of 1.2 was prepared by mixing HCI and KClI
as an aqueous solution. Salt 1 was obtained as black needles after two
weeks of electrocrystallization. M.p. 300°C (decomp); elemental analysis
caled (%) for C,sH,,NgOCly5 (475.2): C 65.73, H 3.58, N 23.59, O 3.79, Cl
3.74; found: C 65.68, H 3.51, N 23.31, O 3.07, Cl, 4.29.
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Crystal structural analysis: Crystal data of salt 1 was collected on a Rigaku
AFC-7R diffractometer with Moy, (A =0.71073 A) radiation at 296 K and a
graphite monochromator. The structures were solved and refined with the
Crystal Structure software package.™ Structure refinements were per-
formed with a full-matrix least-squares method on F2. Parameters were
refined by the anisotropic temperature factors, except for hydrogen atoms.
Table 2 summarizes the crystal data of salt 1. Temperature-dependent
oscillation photographs were obtained with an imaging plate (R-Axis
Rapid) equipped with a liquid nitrogen cooling system. CCDC-181926
contains the supplementary crystallographic data for this paper. These data

Table 2. Crystal data, data collection, and reduction parameters of salt 1.

1
formula CsH;ONCl, 5
M, 475.20
crystal system triclinic
space group Pl
crystal size [mm?] 0.6 x 0.1 x 0.1
a[A] 7.676(1)
b[A] 19.050(4)
c[A] 3.894(1)
al’] 91.36(2)
Bl 94.92(2)
v[] 88.31(2)
V[A3] 566.9(2)
z 1
T[K] 298
Pealed [g cm—}] 1.392
ufem—1] 1.48
data measured 2782
data independent 2776
data observed 1292
R 0.065
R (Pl 0.098
GOF 1.15

[a] R=Z||F,| — |F.||/Z|F,| and R,= (Zw|F,| — |F.|)YZwF?)".

can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (+444)1223-336033; or depos-
it@ccdc.cam.uk).

Transport measurements: Temperature-dependent electrical conductivity
of salt 1 was measured by the standard DC four-probe method along the ¢
axis and by the two-probe method along the a and b axes. Electrical
contacts between gold wire (diameter: 10 um) and the crystals were made
with carbon paste (Dotite XC-12). Temperature-dependent protonic con-
ductivity (150-340 K) was measured by the AC impedance method in the
frequency range from 100 to 10 x 10° Hz with an impedance analyzer
(HP4194 A). The compressed pellet, with a diameter of 3 mm, was
enclosed by a Teflon ring in order to avoid short circuits, and which was
sandwiched by proton-conducting nafion®117 (Aldrich Co Ltd.). The
sample was clamped by metal electrodes, and was inserted into a cryogenic
refrigerating system (DaikinPS24SS). The conductivity was measured in
vacuo (<1073 Torr).

Magnetic measurements: The temperature-dependent magnetic suscepti-
bility was measured with a SQUID magnetometer (Quantum Design
Model MPMS-5) for polycrystalline samples. The applied magnetic field
was 1 T for all measurements.

Transfer integral and band structural calculations: The transfer integrals (7)
and band structures were calculated within the tight-binding approximation
by means of the extended Hiickel molecular orbital calculation based on
the crystal structural data.l*) The LUMO of the TCNQ molecule was used
as the basis function. The semiempirical parameters for the Slater-type
atomic orbitals were used. The ¢ values between each pair of molecules
were assumed to be proportional to the overlap integral (s), t = Es, where E
is a constant at —10.0 eV. The LUMO band of TCNQ in salt 1 was assumed
to be quarter-filled.
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An Efficient Approach towards the Convergent Synthesis of
“Fully-Carbohydrate” Mannodendrimers

Leon V. Backinowsky,*!?! Polina I. Abronina,'*! Alexander S. Shashkov,!*!
Alexey A. Grachev,!! Nikolay K. Kochetkov,*! Sergey A. Nepogodiev,*! and

J. Fraser Stoddart!9!

Abstract: Glycosylation of sugar trityl
ethers with sugar 1,2-O-(1-cyano)ethyli-
dene derivatives (the trityl-cyanoethyli-
dene condensation) has been applied to
the synthesis of highly branched (den-
dritic) mannooligosaccharides incorpo-
rating a Manol — 3(Manal — 6)Man
structural motif. The convergent syn-
thetic strategy used to assemble these
oligosaccharides was based on the use of
glycosyl acceptors and/or a glycosyl
donor already bearing this structural
motif. The former were represented by
mono- and ditrityl ethers of ManaOMe,
Manal —3ManaOMe, and Manal —
3(Manal — 6)ManoX, where X =OMe
or SEt. The pivotal glycosyl donor was
the peracetylated 1,2-O-(1-cyano)ethyli-
dene-3,6-di-O-(a-D-mannopyranosyl)-

p-pD-mannopyranose (1), prepared by
orthogonal Helferich glycosylation of
the known 1,2-O-(1-cyano)ethylidene-
p-D-mannopyranose with tetra-O-ace-
tyl-a-pD-mannopyranosyl bromide fol-

lowed by O-acetylation. Glycosylation
of acetates of methyl 6-O-trityl-a-D-
mannopyranoside and methyl 3,6-di-O-
trityl-o-D-mannopyranoside with one
equivalent of the donor 1 gave rise to
the isomeric tetrasaccharide derivatives,
Manol —3(Manol — 6)Manal — 6Man-
oOMe and Manal — 3(Manal —
6)Manoal — 3ManoaOMe, respectively.
The latter derivative was further man-
nosylated at the remaining 6-O-trityl
acceptor site to give the protected pen-
tasaccharide Manol — 3(Manal —
6)Manal — 3(Manal — 6)ManaOMe.

The isomeric pentasaccharide, Manal

— 3(Manal — 6)Manal — 6(Manal —

3)ManaOMe, was prepared by reaction
of 1 with the 6-O-trityl derivative of
(Manal — 3)ManaOMe. In a similar

Keywords: carbohydrates - glycosy-
lation - NMR spectroscopy - oligo-
saccharides - synthetic methods

[a] Prof. L. V. Backinowsky, Dr. P. I. Abronina, Dr. A. S. Shashkov,

fashion, 6’- and 6"-O-trityl derivatives
of the branched trisaccharide Manal —
3(Manal — 6)ManoOMe served as pre-
cursors for two isomeric mannohexa-
osides. The 3,6-di-O-trityl ether of Man-
aOMe and the 6',6"-di-O-trityl ether of
Manal — 3(Manol — 6)ManoX (X=
OMe or SEt) were efficiently bis-glyco-
sylated with the donor 1 to give the
corresponding protected mannohepta-
oside and mannononaoside. The yields
of these glycosylations with the donor 1
ranged from 50 to 66 %. Final depro-
tection of all the oligosaccharides was
straightforward and afforded the target
products in high yields. Both the acy-
lated and deprotected products were
characterized, and the intersaccharide
connectivities were elucidated by exten-
sive one- and two-dimensional NMR
spectroscopy. The described blockwise
convergent approach allows assembly of
a variety of 3,6-branched mannooligo-
saccharides.
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Carbohydrates, as the most prominent cell surface-exposed
structures, play the role of recognition molecules. The
message transferred through the sugar code is mainly
deciphered!!! in interactions of carbohydrates with proteins,
for example, lectins, enzymes, and antibodies. Numerous
investigations into relevant ligand —receptor binding events
have revealed that the weak binding affinities characteristic of
low molecular weight carbohydrates are circumvented in
nature through the involvement of multivalent structures.
Polyvalent interactions are extremely abundant in biological
systems?! and they often play a crucial role in the binding of
carbohydrate ligands to protein receptors.’! To understand
the mechanisms of biological processes mediated by multi-
valent interactions and to exploit the effects of multivalency,
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chemists have prepared® a variety of ligands with multiple
arrays of carbohydrate residues. Artificial multivalent struc-
tures can involve, inter alia, glycoside clusters of various
architectures,”! resin-immobilized oligosaccharides, ! self-as-
sembled carbohydrate-derivatized monolayers,! and diverse
neoglycopolymers.!l For some of them, that is to say, for
polyvalent mannosides, thermodynamic aspects of binding to
concanavalin A have been evaluated.”]

The family of synthetic multivalent carbohydrate structures
has recently been complemented by highly branched (den-
dritic) oligomers, the so-called glycodendrimers.!'” In addition
to carbohydrate-coated dendrimers bearing mono- or oligo-
saccharide terminal groups,'! and carbohydrate-centered
dendrimers,'?! yet another group is emerging upon the scene,
namely “fully-carbohydrate” glycodendrimers composed of
carbohydrates as building units and constituting the “wedges”
of the cascade molecules.[¥] Further development of synthetic
methodologies for highly branched oligosaccharides is of
substantial interest to chemists and glycobiologists.

One of the most rational approaches to higher oligosac-
charides composed of repeating elements is blockwise syn-
thesis based on the use of the same oligosaccharide glycosyl
donor. Here, we describe a blockwise assembly of a number of
mannooligosaccharides (Scheme 1) incorporating one, two, or
three D-mannopyranose residues glycosylated at positions 3
and 6. The trisaccharide Manal — 3(Manal — 6)Man is a
typical branching fragment of mannan chains in N-glycopro-
teins and the synthesis of some oligosaccharides incorporating
this fragment has been reported.' Our approach to the
construction of branched oligosaccharides is based on a
common strategy employing Manal — 3(Manol — 6)Man as

AnnoTaunsi: THAHKO3WMpOBaHHE TPHTHNOBHIX 3(QMpoB caxapos 1,2-O-(1-
NHAHO)ITHIHACHOBHMH NPOU3BOAHBIMH YIJICBOJIOB (TPHTHI-LHAHOITHIHACHOBAS
KOHfieHCauuA) O6BNO  MCMNONBIOBAHO JUIA  CHHTE33  BHICOKOPA3BETBJICHHBIX
(RERAPMTHEIX) MAHHOONHTOCAXAPHNOB, BKMOYAIOWMX CTPYKTYPHBH  31EMENT
Manal—3(Manal—6)Man. KonbeprenTaas cTpaterusa CHHMTE3a, NPUMEHEHHAA 1A
cOOpPKH 3THX ONIMrOCaxapH/0B, OCHOBAHA HA WCNIO/B30BAHHHM [MHKO3HN-aKUENTOPOB
H/MIM  [HKO3HI-AOHOPA, YXe CONEPAAWMX ITOT INEMEHT. AKuentopamu
MOCAYXHAH MOHO- # AMTpHTHIOBHE 3upu ManaOMe, Manal->3ManaOMe u
Manal->3(Manal—-»6)ManaX (X = OMe wmm SEt). Kinouesoi rmukosui-xoHop,
cnonya auerHauposarnan 1,2-0-(1-unaHo)stwnnaet-3,6-au-O-(o-D-MaHHOoNMpaHo-
3un)-p-D-Mansonspanosa (1), nonyyeHa OPTOrOHANbLHEIM NKOWIMPOBAHHEM O
Ienstepuxy wu3sectnoii 1,2-O-(1-unaHo)srnnupen-B-D-mansHonupanosst tetpa-O-
auetun-q-D-MaHHOMHPaHO3WAGPOMUAOM ¥ O-aUETHIHPOBAHHMEM.  TJIMKO3MIM-
posaHde aueTaTtos MeTHn-6-O-1puThn-o-D-MaHHONMpaHo3uaa W Metun-3,6-1u-0-
TpHTHI-0-D-MarHOnMpaHosnaa goHopoM 1 (1 9KB.) HPHBENO K NPOM3BOIHLIM
M30OMEpHHIX  Tetpacaxapuios, Manal—3(Manal—->6)Manal->6ManaOMe
Mana1-»3(Manal—->6)Manal->3ManaOMe, COOTBETCTBEHHO. Tocnennee
MaHHO3WIHPOBAIM 110 COXPAHHMBIUEHCA 6-O-TPHTHNBHOM aKuenTopHO rpynne H
NONYYHNH  3aWMINEHHBH  nexracaxapua — Manal-3(Manal—6)Manal—3
(Mana.1—»>6)ManaOMe.  M3omepueiii  nenracaxapus, Manal—3(Manal—6)
Manal—>6(Manal—53)ManaOMe, nonyuen peaxumeit 1 ¢ 6-O-TPHTHIBHBIM
npoussosuiM  (Manal-»3)ManaOMe. Amnanornuso, 6'- u  6"-O-TpUTHNBHBIE
OPOHIBOJHBIE DPa3BETBIEHHOrO TpHcaxapuaa Manal—3(Manal—6)ManaOMe
TNOCHYXKWIM  NPEAMICCTBCHHHKAMM  JIBYX  HM30MEPHBIX TeKCacaXxapHaoB. buc-
rankosunuposanue  3,6-au-O-tputhnosoro sdupa ManaOMe u  6',6"-au-O-
TpuTHaosoro a¢gupa Manal->3(Manal—-»>6)ManaX (X = OMe unu SEt) notiopom 1
NPHBENO K COOTBETCTBYIOIMM 3alUHMIIEHHBIM MAHHOTENTa- ¥ ~-HOHA03MAAM. BrIXoab!
OPH IIHKO3WIHPOBAaHKH JoHOpoM 1 cocTasisuik oT 50 1o 66%. YaaneHue 3aMTHEIX
[PynN NpPHBENO K LCNCBHIM COCAHHEHMAM C BHICOKHMH BBIXOAAMH. AHaiH3
CTPYKTYDPHl 2IHIHPOBAHHEIX K CBOGOAHBIX OMrOCAXapHAOB NPOBORAIH C MOMOMWIBIO
ORHO- U IByMepHO# crnektpockornuun MP. Onucauusiit GrOYHLIA KOHBEPIEHTHBIA
NOAXO0J ~ HO3BOJIAET  CHHTE3HpOBaTh  pasnoobpasuble  3,6-pa3BeTBAcHHbIE
MaHHOOIIHIOCaXapHABL.

Kmouennie ciioBa: YraeBoabl, YMHKO3HIHPOBAHHE, OIHIOCAXapHBl, CHHTECTHYECKHE
METOJBI.
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Scheme 1. Target branched-chain oligomannosides.

a key building block and trityl-cyanoethylidene condensa-
tion!"! as the method of glycosylation. The advantages of this
glycosylation technique have been demonstrated in the
syntheses of several complex, regular polysaccharides of
bacterial origin!'"! and of regular cyclic oligosaccharides that
may be regarded as fully synthetic cyclodextrin analogues.!'”]

Results and Discussion

Synthesis of the glycosyl donor 1: A convergent approach to
the synthesis of mannooligosaccharides incorporating 3,6-
branched fragments requires a highly efficient and readily
accessible donor based on a Manal — 3(Manal — 6)Man
trisaccharide. Several synthetic schemes have been elabora-
ted[#> 18201 for the construction of protected derivatives of
branched mannooligosaccharides, including those that can act
as glycosyl donors.?- 22 Compound 1 (Scheme 2) fulfils these
requirements since 1,2-O-cyanoethylidene derivatives of
saccharides are known["” to be excellent 1,2-trans-glycosylat-
ing agents. In our synthesis of 1, we converted the known*’!
1,2-O-[1-(exo-cyano)ethylidene]-f-D-mannopyranose triace-
tate 2 into the triol 3 and glycosylated it selectively at
positions 3 and 6.

The transformation of 2 into the triol 3 had previously been
accomplished by Et;N-[7] or NaOMe-catalyzed? methanol-
ysis. Here, we effected the deacetylation with NaOMe in a
MeOH/CsHsN mixture,® and the product 3 was then
subjected to glycosylation. Glycosylation of hydroxyl-con-
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Scheme 2. Synthesis of the trisaccharide glycosyl donor 1. Reagents and
conditions: a) NaOMe/MeOH/CsHsN, room temperature, 5 min;

b) 2,3,4,6-tetra-O-acetyl-o-D-mannopyranosyl bromide, Hg(CN),, HgBr,,
MeCN, room temperature, 16 h (with 3.5 equiv of the glycosyl bromide the
product is 4, 62 %; with 4 equiv of the glycosyl bromide, the products after
acetylation are 1, 46 %, and 5, 16 % ); ¢) Ac,O/CsHsN, DMAP, 80 %.

taining cyanoethylidene derivatives, which may be considered
as an example of orthogonal glycosylation,?" has substantially
extended the potential of the trityl-cyanoethylidene conden-
sation. This reaction is usually performed with acylglycosyl
bromides under the conditions of the Helferich reaction” or
in the presence of silver trifluoromethanesulfonate (triflate)
in combination with 2.,4,6-collidine.l'”l To ensure selective
glycosylation of the triol 3, we employed a milder promoter,
namely, a mixture of Hg(CN), and HgBr,. The reaction of
triol 3 with 3.5 equivalents of 2,3.4,6-tetra-O-acetyl-a-D-
mannopyranosyl bromide resulted in the formation of trisac-
charide 4 (62 % yield after chromatography). Acetylation of
this cyanoethylidene derivative afforded the crystalline fully
protected compound 1. When a somewhat larger amount of
the glycosyl bromide (4 equivalents) was used, a tetrasacchar-
ide § was obtained together with the trisaccharide 4. Since
both these saccharides exhibit nearly identical chromato-
graphic mobilities on silica gel, their separation was effected
by chromatography after acetylation. The yield of the target
compound 1 was 46 %, while that of compound 5 was 16%. A
similar approach to the construction of oligosaccharides
incorporating 3,6-bis-glycosylated hexopyranose residues,
but requiring a larger number of steps, has been reported
previously.?!

>
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Scheme 3. Building blocks containing trityl ethers that can serve as
glycosyl acceptors in reactions with the trisaccharide donor 1. The potential
sites of glycosylation are marked with asterisks.
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The glycosyl acceptors 6-12: To construct the required
variety of branched oligosaccharides (Scheme 1), it was
necessary to synthesize a range of saccharide derivatives that
could serve as glycosyl acceptors for the trisaccharide donor 1
in the trityl-cyanoethylidene condensation. To this end, we
used the known trityl ethers 62 and 7 of methyl o-p-
mannopyranoside, as well as compounds 8- 126! (Scheme 3).

In summary, the trityl ether 8 (Scheme 4) was prepared by
selective glycosylation of the primary —secondary trityl ether
7 by 2,3,4,6-tetra-O-benzoyl-o-D-mannopyranosyl bromide at

BzO OBz AcO OAc
BzO -0 AcO -0,
BzO AcO

Br Br

1. AgOTf, CH,Cl
AQOTI, CHaCl 2. H%I/MeOH o
3. TrCl/CaHN
4. Ac,0/CsHsN

Scheme 4. Synthesis of the trityl ethers 8 and 9.

the secondary position.’?! This disaccharide 8 was further
glycosylated by 2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl
bromide to give a trisaccharide with differently protected
mannopyranosyl residues. Its de-O-acetylation by mild acid-
catalyzed methanolysis, which did not affect the O-benzoyl
groups,®! followed by 6-O-tritylation (TrCI/CsHsN) and
O-acetylation, furnished the trisaccharide trityl ether 9. The
trisaccharide trityl ether 10, isomeric with compound 9, was
synthesized from 7 according to an analogous route, except
that the sequence of attachment of the O-acetylated and
O-benzoylated mannose units to the acceptor 7 was reversed.
The tetra-O-acetyl-a-pD-mannopyranosyl residue was first
introduced®?! at position 3 of the acceptor, and then the
resulting 6-O-trityl ether was subjected to AgOTf-promoted
mannosylation with 2,3,4,6-tetra-O-benzoyl-o-bD-mannopyra-
nosyl bromide. The peracylated trisaccharide thus formed was
modified as outlined above (selective de-O-acetylation,
O-tritylation, and O-acetylation) to yield the target trityl
ether 10. Syntheses of the bis-trityl ethers 11 and 12 involved
bis-glycosylation of the ditrityl ether 7 (or its 1-SEt analogue),
complete deacylation of the peracylated trisaccharide deriv-
atives, tritylation of the primary OH groups, and per-O-
acetylation.

Syntheses of the oligosaccharides: Previous glycosylations by
cyanoethylidene derivatives of disaccharides!'® and linear
tri-l'] and tetrasaccharides?® have shown that their efficien-
cies do not differ from those of monosaccharide derivatives.
One might expect the cyanoethylidene derivative of a
branched trisaccharide, such as compound 1, to also be an
efficient glycosyl donor. To verify this hypothesis, we carried
out a reaction of 1 with methyl 2,3,4-tri-O-acetyl-6-O-trityl-a-
D-mannopyranoside 6 as a glycosyl acceptor (Scheme 5). This
reaction was conducted under the standard conditions of
trityl-cyanoethylidene condensation,!'"] and afforded the fully
protected tetrasaccharide derivative 13 in 56 % yield. Thus,
the 1,2-O-cyanoethylidene derivative of a branched trisac-
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Scheme 5. Synthesis of the tetrasaccharide 13 (and 22). Reagents and

conditions: a) TrClO, (10 mol % ), CH,Cl,, room temperature, 16 h, 56 %;
b) NaOMe/MeOH/CsH;N.

charide, such as compound 1, can indeed be used as a building
block for the construction of complex oligomannosides.

The next step in studying the reactivity of compound 1 as a
glycosyl donor was an investigation of its reactions with the
ditrityl ether 7, which can be selectively monoglycosylated at
position 3B 3] or bis-glycosylated at positions 3 and 6BY with
monosaccharide glycosyl donors. Here (Scheme 6), glycosy-
lation of compound 7 with one equivalent of the glycosyl

S R . &A
o
a
RO
AcO o o OR
AcO AcO
WA RG0N2
AcO75 RO7E
AcO ~0 RO YO 15R=Ac
AcO OAC RO OR d E

14

BzO OBz 2o
o
BzO 820 RZO
0R1
Br Rl
Rlo1
c RO

Rlo E
R10 OR!

d[ 16 R = Ac, R?=Bz
24R'=R?=

Scheme 6. Synthesis of the tetrasaccharide 14, heptasaccharide 15 (and
23), and pentasaccharide 16 (and 24). Reagents and conditions: a) 1 (1 mol
equiv), TrClO, (10 mol %), CH,Cl,, room temperature, 16 h, 55%; b) 1
(2 mol equivalents), TrClO, (10 mol %), CH,Cl,, room temperature, 16 h,
60 % c) 2,3,4,6-tetra-O-benzoyl-a-p-mannopyranosyl bromide (4 equiv),
AgOT{/2,4,6-collidine, CH,Cl,, room temperature, 10 min (47%);
d) NaOMe/MeOH/CsH;N.

donor 1 gave the tetrasaccharide derivative 14 in 55 % yield.
Owing to the lower reactivity of primary trityl ethers as
compared with their secondary counterparts, the 6-O-trityl
group remained unchanged in the molecule. The use of a
twofold molar excess of the donor 1 for the glycosylation of
the acceptor 7 led to the formation of the heptasaccharide

Chem. Eur. J. 2002, 8, No. 19
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derivative 15, which was isolated in about 60 % yield. The
tetrasaccharide 14 was used as a glycosyl acceptor for the
synthesis of a mannopentaoside under the conditions of the
Bredereck reaction. Condensation of 14 with 2,.3.4,6-tetra-O-
benzoyl-a-D-mannopyranosyl bromide in the presence of
silver triflate and 2,4,6-collidine (Scheme 6) gave the pro-
tected pentaoside 16 in 47 % yield.

The demonstrated effectiveness of the use of trisaccharide 1
as a glycosyl donor, in combination with 6-O- and 3,6-di-O-
trityl ethers of mannopyranose as glycosyl acceptors, served as
a basis for the blockwise synthesis of other branched
oligomannosides. The aforementioned glycosyl acceptors 8-
12 were used for this purpose. The positions of the O-trityl
groups in compounds 8 —-12 dictate the sites for the introduc-
tion of the Manoal — 3(Manal — 6)Man fragment. Thus,
condensation of the glycosyl donor 1 with the disaccharide
acceptor 8 under the standard conditions for the trityl-
cyanoethylidene condensation gave (Scheme 7) the peracy-
lated pentaoside 17 in 66 % yield following chromatography.

RO OR!
(o]

o) 0R1

RlO OR1
2] R0
2 @4

R20-/ QR2

17R'=Ac,R?=B
b[ c, z
25R!=R?2= H
Scheme 7. Synthesis of the pentaoside 17 (and 25). Reagents and

conditions: a) TrClO, (10 mol %), CH,Cl,, room temperature, 16 h, 66 %;
b) NaOMe/MeOH/CsH;N.

Under similar conditions, glycosylation of the trityl ethers 9
and 10 with equivalent amounts of the cyanoethylidene
derivative 1 (Scheme 8) yielded the fully protected hexaosides
18 (58%) and 19 (60%). The bis-trityl ethers 11 and 12
underwent bis-glycosylation with the donor 1 to give
(Scheme 9) nonaosides 20 (50 %) and 21 (54 %), respectively.
The formation of the nonaoside 21 demonstrates the stability
of thioglycosides under the conditions of the trityl-cyano-
ethylidene condensation and represents yet another example
of orthogonal glycosylation. The structures of all the oligo-
saccharides obtained followed unambiguously from the
manner of their synthesis and were confirmed by 'H and
13C NMR spectroscopy and mass spectrometry.

All peracylated oligosaccharides were deprotected (Zem-
plén) to give the unprotected tetraoside 22 (Scheme 5), the
’symmetrical” heptaoside 23, the knownP! isomeric penta-
osides 24 (Scheme 6) and 25 (Scheme 7), the isomeric hexa-
osides 26 and 27 (Scheme 8), and the nonaosides 28 and 29
(Scheme 9) in virtually quantitative yields. The 'H and
13C NMR spectra of these oligosaccharides corroborate their
structures.

NMR spectroscopy: The branched mannooligosaccharides,
both protected and unprotected, were characterized by means
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of 1D- and 2D NMR spectroscopy. For most of the new
compounds, all peaks in the 'H and 3*C NMR spectra could be
assigned to such an extent that it was possible 1) to delineate
the spin system for each individual o-D-mannopyranose

2D, 2F, 3F
4A,4D, 4E, 4F 2B
3B 1E
4B 1B 1D1F

residue, and 2)to establish intersaccharide connectivities.
The spin-spin coupling constants of vicinal protons available
from 1D 'H NMR spectra had values indicative of o-D-
mannopyranose  residues (Jj,~15-2.0Hz; J,;~3.0-
3.5 Hz), but their utility in making signal assignments was
limited. Correlation spectroscopy (COSY),! relayed coher-
ence transfer spectroscopy (COSYRCT),?” and total corre-
lation spectroscopy (TOCSY)P®l were used for identifying
groups of protons belonging to separate mannopyranosidic
residues.

Assignments of the 'H NMR spectra of the protected
pentasaccharides 16 and 17 and hexasaccharides 18 and 19
were facilitated by the fact that the signals of the protons of
the monosaccharide residues bearing O-benzoyl groups are
shifted downfield compared to those of the other protons. In
this respect, the 'H NMR spectrum of compound 19 (Figure 1)
is noteworthy as all the signals of the protons of residue C are
distinguishable, even in the 1D spectrum. The chemical shifts
of the protons of the other monosaccharide residues in this
oligosaccharide proved to be sufficiently different to permit
their assignments using a combination of 2D 'H NMR spectra.

The relationships between sets of signals belonging to
glycosidically linked residues (in this work designated as A, B,
C, and so on, as shown in the schemes) were established using
either the 1 D NOE technique in a difference mode with pre-
irradiation of the anomeric protons and/or rotating-frame
Overhauser enhancement spectroscopy (ROESY).! For
instance, the glycoside residues (residues A) were unequiv-
ocally identified from the H-1A/OMe correlations in the
ROESY spectra. Analysis of the ROESY spectra of the
deprotected oligosaccharides revealed, as expected, the
presence of H-1/H-6 and H-1/H-3 cross-peaks for the
Manl — 6Man and Manl —3Man fragments, respectively.
For the Manl —3Man fragment, H-1/H-2 and H-1/H-4
cross-peaks were also observed, probably as a result of spin
diffusion and/or spatial transfer.*’] Heteronuclear multiple
quantum coherence (HMQC)®! spectroscopy proved to be
useful for the unambiguous identification of anomeric protons
in 'H NMR spectra from the characteristic, low-field reso-
nances of the anomeric carbon atoms. For instance, the high-
field chemical shift (6. =286.3 ppm) of the anomeric carbon
atom of residue A bearing the ethylthio group in the
nonaoside 29 allowed us to identify (0y=>5.44 ppm) the
anomeric proton in this residue using the HMQC procedure
(Figure 2). In this way, an independent and comprehensive
proof of the relative positions of each residue in an
oligosaccharide framework was obtained for all the synthe-
sized compounds.

5E, 5F J
6bE 6aE, 6aF 5A 6bB

1A

6.0 5.0

Sfppm

Figure 1. The “carbohydrate region” of the 'H NMR spectrum (500 MHz, CDCl;, 20°C) of the hexasaccharide derivative 19 showing the assignments of all
the resonances. The designation of the monosaccharide residues (A —F) in 19 is shown in Scheme 8.
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Figure 2. The anomeric region of the 2 D-transformed data matrix from an
HMQC experiment conducted on the nonasaccharide 29 (100 MHz, D,0,
25°C). The assignment A/B/C/D/E/F/G/H/1 of the D-mannopyranose
residues is illustrated in Scheme 9.

The signals of the carbon atoms were assigned by means of
HMQC and the attached proton test (APT) technique,*?
taking into account the characteristic downfield shifts, that
is, the a-glycosylation effects,™! for C-3 and/or C-6 bearing a
carbohydrate substituent as compared with those of the
corresponding non-glycosylated carbon atoms. Thus, the fact
that the C-3 atoms of the 3-substituted residues, as well as the
C-6 atoms, can be reliably identified in the *C NMR spectra
of deprotected glycosides 22 —29 allowed us to use the HMQC
and APT techniques to assign the H-3 and H-6 signals in the
'H NMR spectra of these oligosaccharides. The chemical
shifts of all other carbon atoms were determined from the
assigned signals for the protons.

The chemical shifts of the anomeric H and C atoms of the
methyl pentaosides 24 and 25 are consistent with those reported
in the literature.™ The ¢y, coupling constants (GATED
spectrum) determined for compound 22 are in the range 171—
173 Hz, an observation that establishes a-configurations for the
glycosidic linkages in all of the monosaccharide residues.

The assignment of all *C signals of the heptasaccharide 15 was
not possible because of the similarities of the chemical shifts of
the protons for similar structural units (for example, D and E, F
and G). However, the structurally significant resonances, that is
to say, those of the anomeric carbons, the C-6 atoms, and the
low-field resonances of the C-3 atoms of the units A, B, and C,
could be assigned. Our interpretations of the NMR spectro-
scopic data for the protected mannooligosaccharides based on
the described methodology are summarized in the tables in the
Experimental Section. The interpreted NMR spectra allowed us
to summarize the characteristic spectroscopic features of the
branched oligosaccharides studied. The structural elements
incorporated into the newly synthesized oligosaccharides can
be grouped according to the type of substitution on an o-D-
mannopyranose residue (Table 1). As expected, the NMR
spectra of similar mannopyranose residues are nearly identical,
whereas different types of residues give rise to noticeable
differences. Thus, a comparison of the NMR spectroscopic
characteristics of the different structural elements revealed
features typical of the protected and deprotected 3,6-branched
mannooligosaccharides. To this end, the chemical shifts of the
analogous atoms present in similar mannopyranose residues
were averaged and the resulting mean chemical shifts are
schematically depicted in Figures 3 and 4.
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Table 1. Types of a-D-mannopyranose residues that can be identified within the
structures of the synthesized mannooligosaccharides.[?!

Residues Protected Deprotected

terminal AcMan(1 — 3) (11) Man(1 —3) (13)
AcMan(1 — 6) (10) Man(1 —6) (13)
Bz;Man(1 — 3) )
Bz,Man(1 — 6) )

6-monosubstituted — 6)Ac;Man(1 — 3) (3) —6)Man(1 —3) 3)
— 6)AcsMan(1 — 6) (3) —6)Man(1 —6) 3)

3,6-disubstituted  — 3,6)Ac,Man(1 — 3) (3) —3,6)Man(1 —3) 2)
—3,6)Ac,Man(1 — 6) (9) —3,6)Man(1 — 6) 9)
‘reducing’ —3,6)Ac,Man(1 - OMe (6) —3,6)Man(l —OMe (6)

[a] Values in parentheses represent the numbers of similar residues.

a)
43 21 6b 6a 5
AcgMan(1-3) I [
32,4 1 6b6a 5
AcqMan(1-6) I I Il
4 3 21 5 6b 6a
-B)AcsMan(1-3) o [
432 1 5 6b 6a
-6)AcsMan(1-6) 11l I [
4 35 6b 6a
-3,6)AcoMan(1-3) Il I (.
24 1 3 56b 6a
-3,6)AcoMan(1-6) 0 I I |
4 3 2 1 6b5 6a
| | 1 [{ . Bz4Man{1-3)
4 3 2 1 6b 5 6a
b I Il Bz4Man(1-6)
17 rr 711 7177 71 F 1T L UL T T 1 T 1T 1771
6.0 55 5.0 45 40 35
S/ppm
b)
1 2 6b3 56a4
Man(1-3) | | [
1 2 6b 36a 54
Man(1-6) | [ I I 1|
1 2 6b53 6a4
-6)Man(1-3) | | | I I
1 2 6b 356a 4
-6)Man(1-6) | [
1 2 356a 4 6a
-3,6)Man(1-3) | I e
1 2 6b3546a
-3,6)Man(1-6) | | [
1 2 6b 4356a

-3,6)Man1-OMe I N N R

vy
1/

5.1 4.9 47 43 4.1 3.9 37
S8/ppm

Figure 3. A schematic representation of '"H NMR spectroscopic data for
some typical a-D-mannopyranose residues incorporated into a) protected
and b) deprotected 3,6-branched mannooligosaccharides. Chemical shifts
are depicted as vertical lines and their values are calculated as the means of
o values for the analogous signals in similar residues selected from Tables 2
and 4.
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Figure 4. A schematic representation of C NMR spectroscopic data for
some typical o-D-mannopyranose residues incorporated into a) protected
and b) deprotected 3,6-branched mannooligosaccharides. Chemical shifts
are depicted as vertical lines and their values are calculated as the means of
o values for the analogous signals in similar residues selected from Tables 3
and 5.

Figure 3a shows the mean 'H NMR parameters for the
protected oligosaccharides. The chemical shifts for H-3 and/or
H-6a and H-6b are shifted upfield upon O-3 and O-6
glycosylation. The effect of the linkage type manifests itself
most distinctly and systematically in the chemical shift
differences for H-2 (Ad=+0.20 to +0.23 ppm) and H-1
(A6 =—0.17 to —0.18 ppm, except at the branching points) of
the glycosylating residues on going from the (1 — 3)- to the
(1 — 6)-linkage. The chemical shifts of H-1 of the glycoside
residues have an average value of 0 =4.69 ppm, while the
chemical shifts of the other protons of these residues depend
on the type of acyl protecting groups on the attached residues,
and have therefore not been averaged.

4418
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The 'H NMR spectra of the deprotected oligosaccharides
(Figure 3b) also display several linkage type dependent
chemical shifts. Upfield shifts on going from the (1 — 3)- to
the (1 — 6)-linkage are observed for the anomeric protons
(A60=-0.19 to —0.22 ppm) and H-5 atoms (Ad=—0.08 to
—0.10 ppm). The resonances of the H-2 atoms are somewhat
more downfield shifted in the (1 — 3)-linked residues as
compared with the (1 — 6)-linked ones (Ad=-0.07 to
—0.14 ppm).

The 'C NMR spectra seem to be more sensitive to the type
of residue within the 3,6-branched mannooligosaccharide
structures than the 'H NMR spectra. The a-glycosylation
effects are well defined (Figure 4a), corresponding to
+5.8 ppm (C-3) and 4 3.3 ppm (C-6) for the (1 — 6)-linked
units and + 6.4 ppm (C-3) and + 3.9 ppm (C-6) for the (1 — 3)-
linked ones. These characteristic shift differences have
successfully been employed in the interpretation of the
13C NMR spectra of the synthesized protected oligosacchar-
ides. The resonances of C-1, C-2, and C-5 of the (1 — 6)-linked
units are somewhat upfield shifted compared with the (1 — 3)-
linked ones, these shifts being largest for anomeric carbon
atoms and ranging from — 1.4 to — 1.6 ppm.

The BC NMR spectroscopic pattern of the monosaccharide
units of deprotected oligosaccharides (Figure 4b) is very
similar to that of the protected oligosaccharides. Thus, the
resonances of the anomeric carbon atoms involved in 1 —3
linkages are shifted downfield by 2.6 —3.2 ppm compared with
those involved in 1 — 6 linkages. The a-glycosylation effects
are +7.1 to +7.6 ppm for C-3 and +5.5 to +4.9 ppm for C-6.
No remarkable -glycosylation effect is observed for C-4 in
branching monosaccharide units. The resonances of C-4 in
these units are shifted upfield by 1.1-1.2 ppm compared to
those observed in non-substituted (terminal) or 6-substituted
monosaccharide residues.

Thus, NMR spectroscopy can be used with confidence for
the characterization of these oligosaccharides containing
similar structural elements. It is also possible to determine
both the total number of anomeric H and C atoms and the
ratio of the low-field (1 —3 bond) to the high-field (1 —6
bond) signals, which gives an indication of the degree of
branching in the newly synthesized oligosaccharides.

Conclusion

The results reported herein concerning the synthesis of highly
branched mannooligosaccharides (5-mers, 6-mers, a 7-mer,
and a 9-mer) demonstrate the efficiency of the blockwise
synthetic approach and hence one may anticipate its success-
ful application in the synthesis of more complex dendritic
carbohydrate structures. Triphenylmethylium perchlorate
catalyzed condensation of tritylated oligosaccharides (glyco-
syl acceptors) with a branched cyanoethylidene derivative
(glycosyl donor) has enabled the stereospecific and regiospe-
cific introduction of Manal —3(Manalo — 6)Man frag-
ment(s) at the site(s) of tritylation on the acceptors. In the
case of ditrityl ethers, two trisaccharide fragments can be
introduced simultaneously or, if the acceptor bears both
primary and secondary O-trityl groups, regioselectively at the
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secondary position. The branched oligosaccharides obtained
may be regarded as first and second generation glycoden-
drons.

Experimental Section

General information and techniques: Triphenylmethylium perchlorate
(TrClO,) was prepared according to the published procedure® and
reprecipitated from a solution in nitromethane with dry diethyl ether;]
silver trifluoromethanesulfonate (AgOTf) was prepared as described
elsewhere.*’! Pyridine was distilled from KOH. Dichloromethane and
acetonitrile were distilled from P,0O5 and CaH,, nitromethane from CaH,,
and all were stored over 3 A molecular sieves. The solvents used in the
trityl-cyanoethylidene condensation (benzene and dichloromethane) were
degassed and distilled over CaH, in a high-vacuum system. Solutions were
concentrated at about 40°C on a rotary evaporator. Glycosylations of the
trityl ethers 6 — 12 with the cyanoethylidene derivative 1 were carried out by
applying vacuum techniques.'”! Column chromatography was carried out
using Silpearl silica gel (Sklarny Kavalier, Czech Republic). Thin-layer
chromatography (TLC) was carried out on Merck DC-Alufolien Kieselgel
60F254. Spots were visualized by spraying with 25% H,SO, and
subsequent heating at about 150°C. Tritylated compounds gave a bright-
yellow coloration immediately after spraying or on gentle heating. Melting
points were determined on a Kofler hot stage. Optical rotations were
measured using a JASCO DIP-360 polarimeter at about 20°C in chloro-
form (protected oligosaccharides) or water (deacylated oligosaccharides).
Fast atom bombardment mass spectra were obtained with a Kratos
MS 80 RF instrument using a krypton primary atom beam at 8 eV and trans-
indol-3-ylacrylic acid or 3-nitrobenzyl alcohol matrices. Time-of-flight mass
spectrometry with matrix-assisted laser-desorption ionization was carried
out on a Vision 2000 instrument. 'H and *C NMR spectra were recorded
on Bruker WM-250, AM-300, and DRX-500 instruments with samples in
CDCl; (protected oligosaccharides, Me,Si as the internal standard) and
D,0 (deacylated oligosaccharides, acetone as the internal standard, oy =
2.225 ppm, 6 =31.45 ppm). 2D NMR spectra were obtained using stand-
ard Bruker software for Aspect 2000 and 3000 spectrometers (APT, COSY,
COSYRCT, ROESY, HMQC). NMR data for compounds 1, 4, 5, 13-29
are listed in Tables 2-5.
1,2-O-[1-(exo-Cyano)ethylidene]-3,6-di-O0-(2,3,4,6-tetra-O-acetyl-a-D-
mannopyranosyl)-p-D-mannopyranose (4): A mixture of 1,2-O-[1-(exo-
cyano)ethylidene]-p-pD-mannopyranose®! (3; 1.95 g, 8.44 mmol), Hg(CN),
(7.60 g, 30.0 mmol), and HgBr, (1.08 g, 3.00 mmol) was dried in vacuo (oil
pump) for 2 h. MeCN (10 mL) was added, and then a solution of 2,3,4,6-
tetra-O-acetyl-a-D-mannopyranosyl bromide? (12.33 g, 30.0 mmol) in
MeCN (15 mL) was added dropwise with stirring over a period of about
1 h. Stirring was continued for about 16 h at ambient temperature. The
reaction mixture was then concentrated, the residue was partitioned
between CHCI; and aqueous Nal (about 100 mL of each), and the organic
layer was washed with water and concentrated. Column chromatography
(PhMe/EtOAc, 1:1) afforded the product 4 (4.7 g, 62%), [a]p =+35.4 (c=
0.88); elemental analysis calcd (% ) for C3;H,oNO,, (891.8): C 49.83, H 5.53,
N 1.57; found: C 49.92, H 5.62, N 1.50.
4-0-Acetyl-1,2-O-[1-(exo-cyano)ethylidene]-3,6-di-O-(2,3,4,6-tetra-O-
acetyl-a-D-mannopyranosyl)-f-D-mannopyranose (1) and 1,2-O-[1-(exo-
cyano)ethylidene]-3,4,6-tri-0-(2,3,4,6-tetra-O-acetyl-o.-D-mannopyrano-
syl)-p-D-mannopyranose (5): a) The monohydroxy derivative 4 (1.0 g) was
acetylated with Ac,O (2 mL) in CsH;sN (1 mL) in the presence of a catalytic
amount of DMAP at about 20 °C for 16 h. After cooling, several drops of
H,O were added to the mixture, which was then diluted with CHCl;. The
resulting solution was successively washed with H,O, dilute aqueous HCI,
and aqueous NaHCO;, and concentrated. Crystallization of the residue
from MeOH gave the title compound 1 (0.84 g, 80%); m.p. 154-159°C;
[a]p=+4273 (¢ =0.9); elemental analysis calcd (% ) for C3,Hs5,NO,5 (933.8):
C 50.16, H 5.50, N 1.50; found: C 50.31, H 5.17, N 1.25.

b) Glycosylation of 3 (3.85 g, 16.7 mmol) with 2,3.4,6-tetra-O-acetyl-o-D-
mannopyranosyl bromide (27.4 g, 66.8 mmol) in the presence of Hg(CN),
(16.9 g, 66.8 mmol) and HgBr, (2.11 g, 5.85 mmol) in MeCN (20 mL) was
carried out as described above. Column chromatography gave a fraction
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Table 2. Chemical shifts (6 values) of the mannopyranosidic protons in the 'H NMR
spectra (CDCl;, 25°C) of protected mannooligosaccharides 1, 4, 5, and 13-21.

Compound?! H-1 H-2 H-3 H-4 H-5 H-6a H-6b
1 A 5.46 4.63 3.96 5.16 3.61 3.52 3.72
B 4.95 5.08 527 5.28 4.17 4.08 432
C 4.74 519 5.26 5.26 4.00 4.00 427
4 A 5.42 4.64 3.80 3.96 3.46 3.73 3.97
B 5.09 5.40 5.36 5.36 4.27 4.14 4.36
C 4.84 5.26 5.28 5.28 4.06 4.12 4.27
5 A 5.49 4.73 3.98 391 3.66 3.82 3.90
B 5.07 5.30 5.30 5.29 421 412 433
C 5.14 5.20 5.24 5.27 3.97 4.11 429
D 4.89 5.26 5.29 532 4.04 4.08 4.27
13 A 4.65 5.20 532 5.30 3.90 3.56 3.72
B 4.86 5.24 4.15 522 3.78 3.48 3.72
C 4.97 5.02 5.16 5.26 4.05 4.05 425
D 4.79 522 5.30 5.25 4.05 4.05 423
14 A 4.73 5.15 4.10 5.15 3.79 3.12 3.19
B 4.86 4.93 3.96 5.18 3.94 3.54 3.71
C 4.94 5.04 5.17 522 3.90 4.00 428
D 4.88 535 5.36 527 4.05 4.10 429
15 A 4.64 513 4.14 5.20 3.80 3.50 3.74
B 4.92 4.98 3.95 5.20 3.94 3.53 3.71
C 4.84 523 4.13 5.26 3.84 3.51 3.74
D 4.94 5.04 5.19 5.25 3.93 3.99 4.30
E 4.96 5.03 517 5.25 4.03 4.03 425
F 4.88 533 5.33001 5.270b1 4.03 4.08 429
G 4.82 525 528 5.26 4.07 4.10 4.26
16 A 4.73 5.21 424 527 3.96 3.66 3.93
B 4.99 5.04 4.01 523 3.99 3.57 3.75
C 5.14 571 5.90 6.11 4.52 4.46 4.70
D 4.99 5.08 5.19 5.27 3.96 4.04 431
E 4.90 5.37 5.38 5.29 4.07 4.12 431
17 A 4.71 5.41 433 5.43 3.85 3.56 3.82
B 5.30 5.47 5.78 6.10 4.62 4.45 4.63
C 4.89 5.29 423 5.30 3.95 3.53 3.79
D 5.03 5.08 523 532 4.12 4.15 428
E 4.85 5.30 533 532 4.09 4.15 429
18 A 4.69 5.43 4.35 5.291b] 3.88 3.50 3.82
B 532 5.48 5.76 6.10 4.62 451 4.67
C 4.821 528 5.36 542 4.06 3.65 3.83
D 4.93 532 423 5.30(] 3.86 3.53 3.80
E 5.05 5.09 524 5.3100 4.11 4.06 4.30
F 4.84ll 5.29 533 5301 4.10 413 427
19 A 4.73 521 4.20 5.30 3.97 3.66 3.97
B 5.00 5.07 524 5.37 4.00 3.58 3.78
C 5.14 571 591 6.11 4.55 4.47 4.70
D 491 5.33 424 532 3.84 3.56 3.78
E 5.07 5.08 523 5.30 4.11 411 4.30
F 4.85 5.30 531 531 4.10 413 4.30
20 A 4.67 5.16 412 5.16 3.83 3.49 3.78
B 4.97 5.02 5.20 5.37 3.97 3.57 3.76
C 4.81 523 532 542 4.00 3.62 3.80
D 4.90 532 422 5.30 3.83 3.54 3.77
E 4.93 5.31 422 5.29 3.85 3.53 3.77
F 5.06 5.09 523 5.30 4.09 4.10 4.29
G 5.05 5.09 523 5.30 4.09 4.10 429
H 4.83 5.29 5.30 5.30 4.09 4.14 428
1 4.84 5.29 5.30 5.30 4.09 414 428
21 A 5.26 5.26 413 517 4.27 3.45 3.79
B 4.96 5.02 5.18 5.34 3.95 3.52 3.76
C 4.78 5.21 527 5.42 3.96 3.62 3.77
D 4.86 5.33 425 5.28 3.82 3.54 3.76
E 4.93 5.31 4.21 5.27 3.82 3.51 3.76
F 5.06 5.07 521 5.28 4.09 4.10 427
G 5.04 5.07 522 5.29 4.09 4.10 4.29
H 4.84 5.28 5.31 5.28 4.08 4.12 4.28
I 4.83 527 5.31 5.28 4.08 4.13 4.27

[a] The rows correspond to individual o-D-mannopyranose residues designated as A, B,
C, etc. (see schemes). [b,c] Assignment within the group of signals may be interchanged.
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Table 3. Chemical shifts (d values) of the mannopyranosidic carbons in the *C NMR
spectra (CDCl;, 25°°C) of protected mannooligosaccharides 1, 4, 5, and 13-21.

Compound®! C-1 Cc2 C3 C-4 C-5 C-6
1 A 100.1 69.6 68.4 65.7 69.4 62.2
B 97.6 69.2 69.0 65.7 68.4 62.1
C 97.3 78.8 80.0 72.8 74.5 67.1
4 A 97.0 79.9 81.1 64.8 74.1 66.1
B 100.5 69.2 69.2 65.5 69.4 62.6
C 97.6 69.3 69.0 66.3 68.4 62.2
5 A 97.3 78.8 80.0 72.8 74.5 67.1
B 100.5 69.4 68.6 65.8 69.5 62.2
C 99.0 69.4 68.3 66.2 69.7 62.7
D 97.8 69.2 68.9 66.0 68.6 62.1
13 A 98.4 69.4 68.9 65.91°! 69.2 65.8
B 97.2 70.6 74.8 65.8[%] 69.3 66.6
C 99.0 69.8 68.3 65.91°] 68.6 62.0
D 97.4 69.2 68.0 65.6 69.3 62.3
14 A 98.1 71.2 75.2 68.0 70.2 62.5
B 99.0 70.8 74.7 67.4 69.6 66.2
C 98.8 69.6 68.3 65.5 69.3 62.2101
D 97.5 69.1 69.1 65.9 68.4 61.90]
15 A 98.3 71.1 75.0 n. d. n.d. 66.200]
B 99.1 70.8 75.0 n. d. n.d. 66.0
C 97.2 70.6 75.4 n.d. n. d. 66.6°!
D 98.911 69.8 n.d. n.d. n.d. 62.1
E 99.11b] 69.8 n. d. n. d. n.d. 62.1
F 97.6 69.2 n.d. n.d. n.d. 62.3
G 97.6 69.0 n.d. n. d. n. d. 62.3
16 A 98.3 711 74.6 68.2 69.4 66.7
B 99.1[b1 70.8 75.0 67.4 69.8 66.3
C 97.3 70.2 69.9 66.6 68.8 62.7
D 98.910] 69.6 68.4 65.6 69.4 62.0
E 97.5 69.1[ 69.2[¢] 66.0 68.5 62.3
17 A 98.6 70.8 74.2 68.1 69.5 66.3
B 98.7 70.8 69.2 66.6 69.6 62.8
C 97.4 70.8 74.9 68.1 69.5 66.7
D 99.1 69.9 68.5 65.8 69.4 62.1
E 97.5 69.4 69.1 66.0 68.7 62.4
18 A 98.4 70.8 73.9 68.9 69.5 66.8
B 98.7 70.7 69.2 66.6 69.6 62.9
C 97.6 69.5 69.3 65.6 69.7 65.7
D 97.4 70.7 75.0 68.1 69.5 67.2
E 99.1 69.8 68.5 65.8M°! 69.4 62.1
F 97.6 69.4 69.1 65.91°] 68.7 62.4
19 A 98.2 70.9 75.4 68.1 69.3 66.8
B 99.3 69.9 68.6 65.6 70.2 65.9
C 97.3 70.3 69.9 66.7 68.9 62.8
D 97.6 70.5 74.9 68.1 69.3 66.8
E 98.8 69.9 68.6 65.91°] 69.3 61.9
F 97.6 69.3 69.0 65.6/° 68.6 62.3
20 A 98.2 70.9 75.3 68.4 69.4 67.1
B 99.3 69.9 68.5 65.6 70.2 66.0
C 97.7 69.7 69.3 65.7 69.7 65.6
D 97.7 70.711 75.0 68.2 69.4 66.8
E 97.5 70.6° 75.0 68.1 69.4 66.8
F 99.11¢ 69.9 68.6 66.014 69.3 62.00]
G 98.91¢l 69.9 68.6 66.014 69.3 62.16
H 97.7 69.4 69.1 65.81 69.1 62.4
1 97.6 69.4 69.1 65.814 69.1 62.4
21 A 81.3 72.4 75.4 68.5 69.9 66.9
B 99.1 69.9 68.5 65.5 70.3 66.1
C 97.6 69.4 69.0°) 65.6 69.6 65.5
D 97.7 70.5 74.9 68.1 69.4 66.8
E 97.5 70.6 74.9 68.0 69.4 66.8
F 98.8 69.8 68.5 65.91¢l 69.4 62.114
G 99.1 69.7 68.5 65.91 69.4 62.0l4
H 97.6 69.4 69.00°] 65.71¢l 68.6 62.4141
1 97.6 69.4 69.21°] 65.71¢l 68.6 62.4141

[a] The rows correspond to individual a-D-mannopyranose residues designated as
A, B, C, etc. (see schemes). [b,c,d,e] Assignment within the group of signals may be

interchanged. n. d. = not determined.
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Table 4. Chemical shifts (6 values) of the mannopyranosidic protons in the
"H NMR spectra (D,0, 25°C) of deprotected mannooligosaccharides 22—
29.

Compound® H-1 H-2 H-3 H-4 H-5 H-6a H-6b

22 A 476 394 393 374 375 379 3.95
B 488 414 391 389 377 378 3.97
C 513 406 387 3.67 378  3.76 3.86
D 491 398 384 3.66 370  3.78 3.89
23 A 473 409 383 390 375 375 3.97
B 507 423 401 3.86 396  3.76 3.98
C 487 414 393 387 388  3.78 3.98
D 513 407 389 3.66 379 375 3.90
E 515 407 389 3.67 377 377 3.90
F 489 398 383 3.67 3.68  3.77 3.88
G 491 398 383 3.67 3.68  3.77 3.88
24 A 480 405 378 3.86 375 3.69 3.98
B 5.21 433 408 394 404 381 4.05
C 497 406 391 373 376  3.84 3.96
D 525 415 396 372 387  3.87 3.96
E 498 407 392 374 376  3.84 3.96
25 A 472 407 383 3880 378 374 3.97
B 5.09 4.06 387 3.64 376 375 3.86
C 487 412 391 3900 386  3.78 3.95
D 513 405 387 3.64 376 375 3.85
E 490 396 382 3.64 3.67 375 3.89
26 A 472 407 385 385 377 375 3.95
B 510 406 386 3.67 375 376 3.87
C 489 399 382 371 382 379 3.91
D 487 412 398  3.85 387 378 3.94
E 5.11 406 386 3.67 377 376 3.87
F 490 398 382 3.67 3.67 3.76 3.87
27 A 478 407 383 385 377 3.7 3.97
B 507 406 387 372 393 379 3.93
C 492 398 383 3.68 370 378 3.89
D 485 413 387 388 387  3.80 3.96
E 511 406 3.88 3.68 378  3.78 3.90
F 492 398 383 3.68 370  3.78 3.89
28 A 479 408 3.83 383 377 3.7 3.96
B 508 408 388 372 393 379 3.93
C 491 400 384 373 383 383 3.95
D 487 413 388 388 395 381 4.00
E 489 412 391 388 395  3.80 3.97
F 512 407 389 3.68 377 3.7 3.90
G 513 407 388 3.69 377 3.77 3.90
H 492 398 383 3.68 3.68  3.81 3.95
I 492 398 384 3.68 3.68 381 3.95
29 A 544 423 389 395 428  3.79 4.03
B 513 413 393 374 397 383 3.98
C 494 403 388 377 386  3.86 3.94
D 491 422 401 393 393 384 4.03
E 494 418 398 394 392 383 4.03
F 524 412 394 373 382 382 3.96
G 518 412 394 373 383 3.83 3.93
H 497 404 389 372 376  3.82 3.94
I 497 404 389 372 376  3.82 3.94

[a] The rows correspond to individual a-D-mannopyranose residues
designated as A, B, C, etc. (see schemes). [b] Assignment within the group
of signals may be interchanged

(10.1 g) with a mobility like that of the trisaccharide derivative 4, and this
fraction was acetylated. Crystallization from MeOH gave the trisaccharide
cyanoethylidene derivative 1 (7.2 g, 46 % ). Column chromatography of the
mother liquor afforded 5 (3.3 g; 16 %) as an amorphous solid, [a]p, = +41
(c=2.9); elemental analysis calcd (%) for C5;HsNO;; (1221.1): C50.12, H
5.53, N 1.15; found: C 50.37, H 5.67, N 1.05.

Methyl 2,3,4-tri-O-acetyl-6-O-[2,4-di-O-acetyl-3,6-di-O-(2,3,4,6-tetra-O-
acetyl-o-D-mannopyranosyl)-o-D-mannopyranosyl]-a-D-mannopyranoside
(13): A solution of methyl 2,3,4-tri-O-acetyl-6-O-trityl-a-bD-mannopyrano-
side (6) (0.145 g, 0.26 mmol) and the cyanoethylidene derivative 1 (0.241 g,
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Table 5. Chemical shifts (6 values) of the mannopyranosidic carbons in the
3C NMR spectra (D,0, 25°C) of deprotected mannooligosaccharides 22—

29.
Compound® C-1 C-2 C-3 C4 C-5 C-6
22 A 100.7 69.6 70.7 66.3 70.5°1 65.1
B 100.9 70.9 79.8 67.2 71.001 67.10
C 103.5 71.5 71.8 68.2 74.6 62.4
D 100.7 71.4 72.0 68.2 74.1 62.4
23 A 102.1 70.8 80.0 66.7 71.9 67.0
B 103.5 70.8 79.5 67.0 73.0 66.5
C 100.5 70.8 79.5 67.0 721 66.6
D 103.4 71.2 71.6 68.0 74.5 62.1
E 103.3 71.2 71.6 68.0 74.4 62.1
F 100.8 712 71.8 68.0 73.8 62.3
G 100.5 71.2 71.8 68.0 73.8 62.1
24 A 101.8 70.8 80.1 66.6 72.0 66.3
B 103.3 70.8 79.6 67.0 73.0 66.8
C 100.4 71.2 71.9 68.0 73.9 62.1
D 103.2 71.2 71.5 68.0 74.6 62.1
E 100.2 71.2 71.8 67.9 73.8 62.3
25 A 101.9 712 80.2 67.5 72.6 67.0
B 103.2 7.7 72.2 68.4 74.9 62.6
C 100.3 712 80.0 67.4 72.5 67.0
D 103.1 71.7 72.0 68.4 74.9 62.6
E 100.2 71.6 72.0 68.4 74.3 62.6
26 A 102.2 70.9 79.8 67.2 72.4 66.9
B 103.4 71.4 71.8 68.2 74.6 62.3
C 100.7 71.4 72.0 68.2 72.5 67.1
D 100.6 70.9 79.8 67.1 72.4 66.7
E 103.4 71.4 71.8 68.2 74.6 62.3
F 100.7 71.4 72.0 68.2 74.0 62.3
27 A 102.2 713 81.0 66.7 72.0 66.4
B 104.1 71.0 71.9 68.0 73.0 68.0
C 100.5 713 71.9 68.0 74.0 62.3
D 101.1 70.8 79.9 67.0 72.0 66.4
E 103.7 713 71.9 68.0 74.7 62.3
F 100.7 71.3 71.9 68.0 74.0 62.3
28 A 102.2 712 80.8 67.1 72.0 66.91°]
B 103.8 71.5 73.1 68.3 723 67.9
C 100.8 71.5 72.5 68.3 723 67.4101
D 101.2 71.0 80.0 67.4 72.1 67.0[b]
E 100.8 71.0 79.9 67.4 72.1 67.0[b]
F 103.5 71.5 72.1 68.3 74.7 62.5
G 103.5 71.5 72.1 68.3 74.7 62.5
H 100.8 71.5 72.0 68.3 74.1 62.5
I 100.8 71.5 72.0 68.3 74.1 62.5
29 A 86.3 73.9 81.4 67.4 72.6 66.7
B 104.2 71.5 72.4 68.3 73.5 67.3
C 100.8 71.5 72.5 68.3 724 67.3
D 101.5 71.1 80.0 67.3 72.0 66.8
E 100.8 71.1 80.1 67.3 72.0 66.8
F 103.8 71.6 72.4 68.3 74.9 62.5
G 103.9 71.6 72.4 68.3 74.9 62.5
H 100.8 71.5 72.1 68.3 74.2 62.5
I 100.8 71.5 72.1 68.3 74.2 62.5

[a] The rows correspond to individual o-D-mannopyranose residues
designated as A, B, C, etc. (see schemes). [b,c] Assignment within the
group of signals may be interchanged.

0.26 mmol) in PhH (2 mL) was placed in one limb of a tuning fork-shaped
tube,! and a solution of TrClO, (0.009 g, 0.026 mmol) in dry MeNO,
(0.2 mL) was placed in the other. The tube was connected to a vacuum line
((3-4) x 1073 Torr) and the solutions were freeze-dried. PhH (2 mL) was
then distilled into the limb containing the reagents, the resulting solution
was freeze-dried once more, and the residue was dried at 30-40°C for
about 30 min. CH,Cl, (2 mL) was then distilled into the tube, the solutions
of the reagents and the catalyst were mixed, and the mixture was left
overnight at about 20°C. A drop of CsHsN was then added to the bright
yellow solution, whereupon it became colorless. The solution was diluted
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with CH,Cl,, washed with water, and concentrated. Column chromatog-
raphy (PhH/EtOAc, 1:1) afforded the tetrasaccharide 13 (0.171 g, 56 %);
[alp=+479 (c=0.86); elemental analysis caled (%) for Cs5H;Os4
(1227.0): C 49.92, H 5.75; found: C 49.89, H 5.76.

Methyl 2,4-di-O-acetyl-3-0-[2,4-di-O-acetyl-3,6-di-O-(2,3,4,6-tetra-O-ace-
tyl-a-D-mannopyranosyl)-o-D-mannopyranosyl]-6- O-trityl-a-D-mannopyr-
anoside (14): Glycosylation of methyl 2,4-di-O-acetyl-3,6-di-O-trityl-a-D-
mannopyranoside (7; 0.199 g, 0.260 mmol) with 1 (0.244 g, 0.260 mmol) in
the presence of TrClO, (8.9 mg, 0.026 mmol) in CH,Cl, (2mL), as
described for the preparation of 13, followed by column chromatography
(PhMe/EtOAc, 1:2) afforded the tetraoside 15 (0.202 g, 55%); [a]p=
+35.9 (¢=1.7); elemental analysis calcd (%) for CiHg,O5, (1410.6): C
57.90, H 5.86; found: C 57.90, H 5.55.

Methyl 2,4-di-O-acetyl-3,6-di-O-[2,4-di-O-acetyl-3,6-di-O-(2,3,4,6-tetra-O-
acetyl-a-D-mannopyranosyl)-o-D-mannopyranosyl]-o-D-mannopyranoside
(15): Glycosylation of 7 (0.114 g, 0.150 mmol) with 1 (0.280 g, 0.300 mmol)
in the presence of TrClO, (10 mg, 0.03 mmol) in CH,Cl, (2mL), as
described above, followed by column chromatography (PhMe/EtOAc, 1:2)
afforded the heptaoside 15 (0.195 g; 59%); [a]p=+50.3 (c=14); ele-
mental analysis caled (%) for Cg;H;13054 (2091): C 49.93, H 5.59; found: C
50.09, H 5.80; MALDI-TOF MS: m/z: 2117 and 2133 (calcd for [M+Na]*
and [M+K]* m/z: 2114 and 2130, respectively).

Methyl 2,4-di-O-acetyl-3-0-[2,4-di-O-acetyl-3,6-di-O-(2,3,4,6-tetra-O-ace-
tyl-a-D-mannopyranosyl)-o-D-mannopyranosyl]-6-0-(2,3,4,6-tetra-O-ben-
zoyl-a-D-mannopyranosyl)-o-D-mannopyranoside (16): A mixture of the
trityl ether 14 (0.42 g, 0.23 mmol), AgOTf (0.23 g, 0.89 mmol), and 2,4,6-
collidine (0.01 mL, 0.09 mmol) in PhH was freeze-dried. A solution of
2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl bromide (0.583 g, 0.89 mmol;
pre-dried by lyophilization of PhH) in CH,Cl, (5 mL) was added dropwise
with stirring at 0°C under argon to a solution of the above mixture in
CH,Cl, (5 mL). A bright yellow coloration typical of the triphenylmethy-
lium cation appeared immediately. After 10 min, a drop of CsHsN was
added (discoloration was observed), the solution was diluted with CHCl;,
and the precipitate was filtered off. The filtrate was washed with 1m
aqueous Na,S,0; and water, and then concentrated. Column chromatog-
raphy of the residue (PhH/EtOAc, 1:1) gave the pentaoside 16 (0.244 g;
47%); [a]p=+20.3 (c=2.2); elemental analysis calcd (%) for Cg;Ho,O4
(1763.6): C 56.53, H 5.37; found: C 56.20, H 5.45.

Methyl 2,4-di-O-acetyl-6-0-[2,4-di-O-acetyl-3,6-di-O-(2,3,4,6-tetra-O-ace-
tyl-a-D-mannopyranosyl)-o-D-mannopyranosyl]-3-0-(2,3,4,6-tetra-O-ben-
zoyl-a-D-mannopyranosyl)-o-D-mannopyranoside (17): Glycosylation of
methyl  2,4-di-O-acetyl-3-0-(2,3,4,6-tetra-O-benzoyl-o-D-mannopyrano-
syl)-6-O-trityl-a-D-mannopyranoside  (8; 0.30g, 0.27 mmol) with 1
(0.257 g, 0.27 mmol) in CH,Cl, (2mL) in the presence of TrClO, (9 mg,
0.027 mmol), as described above, followed by column chromatography
(PhH/EtOAc, 1:1), afforded the pentaoside 17 (0.315g; 66%); [a]p=
+21.2 (c=2.4); elemental analysis caled (%) for Cy;HoO4 (1763.6): C
56.53, H 5.37; found: C 56.19, H 5.48; FAB MS: m/z: 1785 [M+Na — H]*.

Methyl 2,4-di-O-acetyl-3-0-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyrano-
syl)-6-0-{2,3 ,4-tri-O-acetyl-6-0-[2,4-di- O-acetyl-3,6-di- O-(2,3,4,6-tetra-O-
acetyl-a-D-mannopyranosyl)-«-D-mannopyranosyl]-o-D-mannopyrano-
syl}-o-D-mannopyranoside (18): Glycosylation of methyl 2,4-di-O-acetyl-3-
0-(2,3,4,6-tetra-O-benzoyl-o-b-mannopyranosyl)-6-0-(2,3,4-tri-O-acetyl-
6-O-trityl-o-D-mannopyranosyl)-a-D-mannopyranoside 9; 0.175 g,
0.126 mmol) with compound 1 (0.117 g, 0.126 mmol) in CH,Cl, (2 mL) in
the presence of TrClO, (4 mg, 0.0126 mmol), as described above, followed
by column chromatography (PhH/EtOAc, 1:1), afforded the hexaoside 18
(0.150 g; 58%); [a]lpb=+871 (c=1.0); CysH;;yOs, (2051.9): elemental
analysis caled C 55.61, H 5.40; found: C 55.45, H 5.36; FAB MS: m/z:
2074 [M+Na —H]J*.

Methyl 2,4-di-O-acetyl-6-0-(2,3,4,6-tetra-O-benzoyl-o.-D-mannopyrano-
syl)-3-0-{2,3 4-tri-O-acetyl-6-O0-| 2,4-di- O-acetyl-3,6-di- O-(2,3,4,6-tetra-O-
acetyl-o.-D-mannopyranosyl)-o.-D-mannopyranosyl]-o.-D-mannopyrano-

syl}-o-D-mannopyranoside (19): The hexaoside 19 was synthesized by
condensation of methyl 2,4-di-O-acetyl-6-O-(2,3,4,6-tetra-O-benzoyl-a-D-
mannopyranosyl)-3-0-(2,3 4-tri-O-acetyl-6-O-trityl-a-D-mannopyrano-

syl)-a-D-mannopyranoside (10; 0.257 g, 0.198 mmol) with 1 (0.185 g,
0.198 mmol) in CH,Cl, (2mL) in the presence of TrClO, (6.8 mg,
0.02 mmol), as described above. Column chromatography (PhH/EtOAc,
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1:3) yielded 19 (0.20 g; 60%); [a]p =+29.4 (c=2.4); elemental analysis
caled (%) for CosH,1iO5 (2051.9): C 55.61, H 5.40; found: C 55.45, H 5.36.

Methyl 2,4-di-O-acetyl-3,6-di-O-{2,3,4-tri-O-acetyl-6-O-[2,4-di-O-acetyl-
3,6-di-0-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl)-o-D-mannopyrano-

syl]-a-D »pyranoside (20): The nonaoside 20
was synthesized by the condensation of methyl 2,4-di-O-acetyl-3,6-di-O-
(2,3,4-tri-O-acetyl-6-O-trityl-a-D-mannopyranosyl)-o-bD-mannopyranoside
(11; 0.201 g, 0.15 mmol) with the cyanoethylidene derivative 1 (0.280 g,
0.3 mmol) in CH,Cl, (2 mL) in the presence of TrClO, (10 mg, 0.03 mmol),
as described above. Column chromatography (PhH/EtOAc, 1:3) yielded 20
(020 g; S0%); [a]lp=+54.3 (c=2.4); elemental analysis calcd (%) for
Ci11H50074 (2668.4): C49.96, H 5.67; found: C 50.17, H 5.86; FAB MS: m/z:
2690 [M+Na — H]J".

Ethyl 2,4-di-O-acetyl-3,6-di- O-{2,3,4-tri-O-acetyl-6-O-[ 2,4-di-O-acetyl-3,6-
di-0-(2,3,4,6-tetra-O-acetyl-o.-D-mannopyranosyl)-o-D-mannopyranosyl]-
o-D-mannopyranosyl}-1-thio-o-D-mannopyranoside (21): Glycosylation of
ethyl  2,4-di-O-acetyl-3,6-di-O-(2,3,4-tri-O-acetyl-6-O-trityl-o-D-manno-
pyranosyl)-1-thio-a-D-mannopyranoside (12; 0.548 g, 0.4 mmol) was per-
formed with the cyanoethylidene derivative 1 (0.821 g, 0.88 mmol) in the
presence of TrClO, (27 mg, 0.08 mmol) in CH,Cl, (7-8 mL), as described
above. Conventional work-up and column chromatography (PhH/EtOAc,
1:4 — 1:19) afforded the nonaoside 21; yield 0.58 g (54 %); [a]p = +65.1
(c=2.4); C;,H5,045S (2698.4); FAB MS: found: m/z: 2721 [M+Na]*.

Methyl  6-0-(3,6-di-O-¢-D-mannopyranosyl-o.-D-mannopyranosyl)-a-D-
mannopyranoside (22): Methanolic NaOMe solution (0.5M, 0.1 mL) was
added to a solution of the acetate 13 (120 mg) in MeOH (2 mL) and CsHs;N
(1 mL), and the reaction mixture was allowed to stand overnight at about
20°C. It was then neutralized with cation-exchange resin KU-2 (H*) that
had been pre-washed with MeOH, the resin was filtered off, and the filtrate
was concentrated to give the methyl tetraoside 22 in virtually quantitative
yield.

rJlallua_yl}-U.-D

Table 6. Optical rotations for oligosaccharides 22-29.

Oligosaccharide 22 23 24 25 26 27 28 29
[alp +703 +1272 4957 4875 +319 +314 +749 +98.0
(c, H,0) (2.3) 04) (13) (04 @7 (0.8 (08 (14)

Deprotected oligosaccharides 23-29: These compounds were prepared
from the corresponding acylated derivatives 15-21. In a typical experi-
ment, 0.5M methanolic NaOMe (0.1 mL) was added to a solution of
compound 19 (100 mg) in a mixture of dry MeOH (1 mL) and dry CsHsN
(1 mL), and the solution was left overnight at about 20°C. It was then
diluted with H,O and the mixture was neutralized with cation-exchange
resin KU-2 (H*). The resin was filtered off, methyl benzoate was extracted
with PhMe, and the aqueous solution was concentrated to dryness to give
the hexaoside 27 in virtually quantitative yield. The optical rotation values
of the free oligosaccharides thus obtained are listed in Table 6. Literature
values for compound 24: [a]p=+98.3 (H,0);** compound 25: [a],=
+108.1 (H,0).1>5
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Towards a Synthetic Glycoconjugate Vaccine Against Neisseria

meningitidis A

Ali Berkin, Bruce Coxon, and Vince Pozsgay*!!

Abstract: Albumin conjugates of syn-
thetic fragments of the capsular poly-
saccharide of the Gram-negative bacte-
rium Neisseria meningitidis serogroup A
were prepared. The fragments include
monosaccharides 1 [a-D-ManpNAc-
(1— 0)-(CH,),NH,] and 2 [6-O-P(O)-
(07),-a-D-ManpNAc-(1 — O)-(CH,),N-
H,], disaccharide 3 {a-D-ManpNAc-
[1— O-P(O)(O~) — 6]-a-pD-ManpNAc-

(1— 0O)-(CH,),NH,}, and trisaccharide
4 {a-pD-ManpNAc-[1 — O-P(0)(0O") —
6]-a-pD-ManpNAc-[1 — O-P(O)(O~) —

6]-a-pD-ManpNAc-(1 — O)-(CH,),NH,}.

ing-end mannose unit featured the
NHACc group at C-2, and contained the
aminoethyl spacer as the aglycon for the
final bioconjugation. The interresidual
phosphodiester linkages were fashioned
from an anomerically positioned H-
phosphonate group in a 2-azido-man-
nose building block. The spacer-linked
saccharides 1-4 were N-acylated with
hepta-4,6-dienoic acid and the resulting
conjugated diene-equipped saccharides

Keywords: Diels— Alder reaction -
glycoconjugates - immunology -

were subjected to Diels— Alder-type
addition with maleimidobutyryl-group
functionalized human serum albumin
to form covalent conjugates containing
up to 26 saccharide haptens per albumin
molecule. Complete 'H, *C, and *'P
NMR assignments for 1-4 are given.
Antigenicity of the neoglycoconjugates
containing 1-4 was demonstrated by a
double immunodiffusion assay which
indicated that a fragment as small as a
monosaccharide is recognized by a poly-
clonal meningococcus group A antise-
rum and that the O-acetyl group(s)

Two monosaccharide blocks were em-
ployed as key intermediates. The reduc-

Introduction

Neisseria meningitidis serogroup A, a Gram-negative bacte-
rium, causes endemic and epidemic meningitis in Sub-
Saharan Africa (the meningitis belt) and sporadically
throughout the world.'3l Meningitis, inflammation of the
brain’s outer layers termed meninges, is a potentially deadly
disease that when left untreated had a mortality rate of 60—
80 % . Antibiotic therapy decreased the mortality rate to about
10%. Several lines of evidence indicate that protection
against meningococcal infections including serogroup A is
directly related to the presence of humoral IgG antibodies
against the bacterium’s capsular polysaccharide (CPS): a
critical level of bactericidal antibodies confers immunity to
meningococcal meningitis. There is an inverse relation
between the presence of bactericidal antibodies and the age-
related incidence of meningococcal meningitis.! Most new-

[a] Dr. V. Pozsgay, Dr. A. Berkin, Dr. B. Coxon
Laboratory of Developmental and Molecular Immunity
National Institute of Child Health and Human Development
National Institutes of Health, 6 Center Dr., MSC 2720
Bethesda, MD 20892-2720 (USA)
Fax: (+1) 301-295-1435
E-mail: vipo@helix.nih.gov
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present in the natural capsular material
is not essential for antigenicity.

vaccines

borns have bactericidal antibodies to groups A, B, and C
meningococci which decline to non-detectable levels at about
three months of age. Thereafter, there is a gradual increase so
that approximately 70% of young adults have protective
levels of anti group A meningococcal antibodies. The stimulus
for these group A meningococcal polysaccharide antibodies
includes cross-reacting, non-pathogenic bacteria. During the
antibody-free period, when placentally-acquired antibodies
have declined, and adult levels have not yet been reached, the
incidence of meningitis is the highest. In adults, protective IgG
antibodies against the CPS of N. meningitidis serogroup A can
be induced by vaccination with the purified capsular material
(currently used in combination with the CPS’s of sero-
groups C, Y, and W135), and the efficacy of this vaccine in
controlling epidemics of N. meningitidis in individuals of all
ages has been documented.! In contrast to other medically-
important polysaccharides, group A meningococcal polysac-
charide induces a booster response before the age of two
years.l’] However, multiple injections over a short period of
time are required to induce protective levels of meningococ-
cal polysaccharide antibodies. As a consequence of the
developmental regulation of the immune system, the CPS
vaccine is poorly immunogenic in infants. Improvement of the
group A meningococcal polysaccharide by covalently binding
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it to tetanus toxoid has produced conjugates with improved
immunogenicity in all ages.[” ®!

The CPS of N. meningitidis A consists of a-(1 — 6)-linked
2-acetamido-2-deoxy-a-D-mannopyranosyl phosphate resi-
dues A (Figure 1). Bundle et al.’! reported the presence of

NHAc

Ho %‘ﬁ
(0]
I

o— P A

R=HorAc

Figure 1. Structure of the repeating unit of the capsular polysaccharide of
Neisseria meningitidis A. Varying degrees of 3-O- or 4-O-acetylation have
been observed.

O-acetyl groups at position O-3 in approximately 70 % of the
ManNAc residues, as determined by 'H and C NMR
spectroscopy. A more recent study!'”l using a different sample
found approximately 95 % O-acetylation at positions O-3 or
O-4 of the ManNAc residues.

A synthetic oligosaccharide —protein conjugatel'!l for Shi-
gella dysenteriae type 1 has been shown to be more immuno-
genic than a similar product prepared with the natural
polysaccharide.'”) A similar finding was reported by Verez-
Bencomo (personal communication) who found that a protein
conjugate of the synthetic pentamer of the CPS of Haemo-
philus influenzae type b elicited a higher anticapsular immune
response in humans than did the commercial polysaccharide —
protein conjugate vaccine. Other examples for the prepara-
tion and immunological evaluation of protein conjugates of
structurally well-defined, synthetic bacterial oligosaccharides
may be found in Reference [13]. Following these precedents,
our strategy is to investigate whether synthetic fragments of
the CPS of N. meningitidis A could serve as components of a
conjugate vaccine.

As our first approach to the long-term goal of conjugate
vaccine development, we report the synthesis of fragments 1—
4 (Figure 2) that correspond to the CPS of N. meningitidis A.
We also report the covalent attachment of these fragments to

HO NHAc H*:)O NHAc
HO -Q
HO HO O
0—P—0

o~
NH _
2 NHEt3* O HSO

o
1]

NHEt;" o'—T—O NHAC HO NHAc
_ -Q -Q
NHEtz* 0~ HO HO
3 HO HO

O\/\NHZ

Figure 2. Chemical structures of synthetic target compounds as analogues of the capsular polysaccharide of

Neisseria meningitidis A.
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human serum albumin using a novel bioconjugation method
recently proposed by us which relies on the Diels—Alder
cycloaddition reaction for linking (oligo)saccharides to pro-
teins.'Y Further, we demonstrate an evaluation of the anti-
genicity of the synthetic fragments by reactions with a
meningococcal A antiserum.

Results and Discussion

Chemical synthesis: An approach to structures related to A
has been studied by Shibaev et al.'¥l who reported the
synthesis of glycosyl phosphosugars containing N-acetyl-D-
mannosamine residues using H-phosphonate chemistry for
the introduction of the phosphodiester linkages. However, the
anomeric purity of their product was not convincingly
demonstrated. More recently, Oscarson reported the assem-
bly of a pentamer analogue corresponding to the repeating
unit A of the CPS of N. meningitidis A in a fully protected
form containing azido groups in place of the acetamido
groups, which was not deprotected.') Our approach to
synthetic fragments of the CPS of N. meningitidis A is shown
in Scheme 1 and relies on H-phosphonate chemistry for the
formation of the interglycosidic phosphodiester moiety.['? 18]
Briefly, two monosaccharide building blocks were prepared.
The 2-acetamido-2-deoxy-a-D-mannopyranoside (14) bears a
protected aminoethyl spacer group that allows for conjuga-
tion to a carrier protein, and has its HO-6 hydroxyl group
unprotected for attachment of the subsequent unit. The
precursor to the interglycosidic phosphate moiety is the
2-azido-2-deoxy-a-D-mannopyranoside intermediate 10 in
which the H-phosphonate residue is stereoselectively pre-
installed in the a-anomeric position. In this unit, HO-6 can be
regioselectively deprotected for chain elongation. The use of
the corresponding analogue with an acetamido group in place
of the azido group proved to be abortive.

The H-phosphonate derivative of 2-azido-2-deoxy-o-D-
mannopyranose (10) was synthesized according to Scheme 2.
Methyl 2-azido-2-deoxy-a-D-mannopyranoside (5) was ob-
tained from methyl a-D-glucopyranoside in five steps as
described,[> 2 and was converted to the fully protected
derivative 7 by successive trity-
lation (—6) and benzylation
(—=7) in 92% overall yield,
using standard protocols. Ace-
tolysis (Ac,0O/H,SO,) afforded
an anomeric mixture of 8 and
its f-anomer 8f in a 3:2 ratio
(TLC) from which the a-anom-
er could be isolated in pure
form by column chromatogra-
phy, followed by fractional crys-
tallization in 56 % overall yield.
' NHAC The regioselective removal of

the anomeric acetate group of
8a was achieved according to
van Boom’s method!"® with a
2M solution of dimethylamine
in THF to afford 6-O-acetyl-2-
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AcO

N NHAC
Bréoo BnO
" ” BnO
O_P_ O~
o EtzHN* NHZ
10 14
1. Condensation
2. Oxidation
N
O H
Site of selective unprotecnon O—P— NHAC
for chain extension EtHN O “BnO o)
BnO
16 O~NHz

~

Protected amino group for
conjugation with proteins

Scheme 1. Synthetic strategy for the synthesis of oligomeric analogues of
the capsular polysaccharide of Neisseria meningitidis A.

HO Na
HO 0 a
HO
OMe

OMe
5 6 7
Na AcO N30
BnO Ne) e BnO 5
BnO R ——> BnO o)
BnO 1 H
o ° :l;)_ EtzHN
8a:R'=H, R2 =OAc 9 10 ?

8p:R' = OAc, R?=H
Scheme 2. Synthesis of H-phosphonate 10: a) 1.2 equiv TrCl, pyridine,
4-dimethylaminopyridine (cat.), 40°C, 24 h, 99 %; b) 2.4 equiv BnBr, NaH,
DMF, 0—23°C, 1h, 93%; c) Ac,0, H,SO, (cat.), 23°C, 15 min, 56 %;
d) 2.5 equiv Me,NH, THF, 0—23°C, 2h, 100%; e) 7.0 equiv (PhO),-
P(O)H, CsH;N, 23°C, 1 h, 84%.

azido-3,4-di-O-benzyl-2-deoxy-a-D-mannopyranose (9) in a
quantitative yield following column chromatographic purifi-
cation. The 'H NMR spectrum of the material obtained in this
way lacked the anomeric signal corresponding to the (-
anomer, both before and after the chromatographic purifica-
tion. Compound 9 was converted into anomerically pure H-
phosphonate derivative 10 following the method of Jankow-

N3
BnO Q c
BnO

ska et al.P!l Briefly, 9 was treated with diphenylphosphite in
pyridine, followed by the addition of an aqueous solution of
triethylamine to afford a mixture of the triethylammonium
salt of 6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a- (10)
and fA-pD-mannopyranosyl hydrogenphosphonate in an ap-
proximate ratio of 93:3 ("H NMR spectrum). The pure a-
mannoside 10, free of the S-anomer, was obtained by C-18
reverse-phase column chromatography in 84 % yield.

The synthesis of the spacer-bearing, reducing-terminal
mannopyranoside unit (14) is shown in Scheme 3. Thus,
treatment of compound 9 with CCL,CN in the presence of
DBU afforded the corresponding anomeric trichloroacetimi-
date (11, 79 %) which was used to glycosylate benzyl N-(2-
hydroxyethyl)carbamate in the presence of a catalytic amount
of trimethylsilyl trifluoromethanesulfonate as a promoter, to
afford a mixture of 2-(benzyloxycarbonylamino)ethyl 6-O-
acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a- (12¢) and f-D-
mannopyranoside (12f) in a 3:2 ratio as judged by TLC.
Chromatographic resolution of the mixture afforded the a-
mannoside 12 in 54 % yield. The a anomeric configuration in
12 was ascertained by a measurement of the one-bond 'H-
1-1C-1 coupling constant of /=169 Hz in the ¥C NMR
spectrum. Subsequent conversion of the N; group to the
NHAc group using a combination of NiCl, and NaBH,,
followed by treatment with Ac,O, afforded the protected
acetamido-mannoside derivative 13 (90%); subsequent de-
acetylation (NaOMe/MeOH) provided the monosaccharide
acceptor 14 (93 % ). Treatment of the alcohol 14 with dibenzyl
N,N-diisopropylphosphoramidate followed by in situ oxida-
tion of the intermediate with 3-chloroperoxybenzoic acid,
afforded the 6-O-phosphate derivative 15 as the pure a-
anomer in 99 % yield following chromatographic purification.

Having both key building blocks in hand, the stage was set
for the synthesis of oligomers corresponding to the CPS A, as
shown in Scheme 4. The H-phosphonate 10 and the alcohol 14
were combined and condensed in the presence of pivaloyl
chloride in pyridine according to a standard protocol.l'! The
resulting intermediate H-phosphonate diester (not identified)
was oxidized in situ by iodine in a mixture of pyridine and
water to afford the anomerically pure phosphodiester-linked
disaccharide 16 in 95% yield following column chromatog-
raphy. Next, the azido group in 16 was converted into the
acetamido group by nickel boride reduction (NiCl,/NaBH,)
followed by in situ N-acetylation with Ac,O to afford the
disaccharide 17. For further chain elongation, the fully

2 AcO
AcO Ns R?0 R c Neb
BnO -0 BnO -0 BnO - o.
9 — % . Bro ——E-—> BnO + BnO \/\NHZ
0. CClg o)
\/\NHZ
NH
1 cd 12a: R'=N3, R%=Ac 128

o [

13: R' = NHAc, R? = Ac
14: R" = NHAc, RZ = H

15: R" = NHAc, R? = P(O)(OBn),

Scheme 3. Synthesis of mannosides 14 and 15: a) 2.2 equiv CCL;,CN, 0.3 equiv 1,8-diazabicyclo[5.4.0Junde-7-ene, CH,Cl,, 0°C, 30 min, 79 %; b) 2.5 equiv
benzyl N-(2-hydroxyethyl)carbamate, TMSOTT (cat.), CH,Cl,, 0°C, 30 min, 54 %; c) 4.8 equiv NiCl, -6 H,0O, 8.0 equiv NaBH,, MeOH, 0 — 10°C, 30 min;
d) Ac,0, MeOH, 0°C, 30 min, 90 % for two steps; €) NaOMe, MeOH, 23 °C, 30 min, 93 %; f) 2.5 equiv (BnO),PN(iPr),, 4.0 equiv tetrazole, CH;CN, 23°C,

2.0 h; g) mCPBA —40°C—23°C, 1 h, 99% for two steps.
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3~ BnO
O\/\NHZ
cd E: 16: R'=Ng R®=Ac
17: R'=NHAc, R? = Ac
e 2
I: 18: R'=NHAc,R?=H
fg
2
R“O R
BnO -Q
BnO ﬁ
o—Fl’—o NHAC
+ ~~BnO -Q
NHEt3* O Bn&m‘ o
I
0—P—O0 NHAC

NHEt5* O'Bé‘r?o
[ NG NH,

hi 19: R'=N3, R?=Ac
l: 20: R' =NHAc, R? = Ac

: ‘: 21: R'=NHAc, R?=H
Scheme 4. Synthesis of dimer and trimer analogues of the capsular
polysaccharide of Neisseria meningitidis A: a) 0.8 equiv of 10, 2.2 equiv
PivCl, CsH;sN, 23°C, 30 min; b) 2.0 equiv I,, CsH:N-H,O (95:1), 0°C,
30 min, 95% for two steps; c) 4.8 equiv NiCl,-6H,O, 8.0 equiv NaBH,,
MeOH, 0— 10°C, 30 min; d) Ac,0, MeOH, 0°C, 30 min, 99% for two
steps; e) NaOMe, MeOH, 23°C, 30 min, 95%; f) 1.0 equiv 10, 1.5 equiv
PivCl, CsH;N, 23 °C, 5 min; g) 2.0 equiv I,, CsHsN/H,O (95:1), 0°C, 30 min,
74% for two steps; h) 4.8 equiv NiCl,-6H,0, 8.0 equiv NaBH,, MeOH,
0—10°C, 30 min; i) Ac,0, MeOH, 0°C, 30 min, 80% for two steps;
j) NaOMe, MeOH, 23°C, 30 min, 99%.

protected dimer 17 was deacetylated (NaOMe/MeOH) to
provide the acceptor alcohol 18 (95 %).

The synthesis of the trimer fragment of the CPS of
N. meningitidis A followed a procedure similar to that just
described for the dimer 16. However, the reaction times for
the coupling and oxidation steps needed careful tuning to
suppress cleavage of the phosphodiester bond(s). Under an
optimized set of conditions, pivaloyl chloride-mediated cou-
pling of 10 and 18, followed by in situ oxidation with iodine,
afforded the fully protected trimer 19 in 74 % yield. Nickel
boride reduction followed by in situ N-acetylation as descri-
bed for the preparation of the dimer 17 afforded the trimeric
fragment 20 in 80% yield. Subsequent de-O-acetylation
(NaOMe/MeOH) produced the alcohol 21 (99 % ). Attempted
chain elongation of 21 with the H-phosphonate 10 under
conditions similar to those described for the preparation of 16
and 19 failed to produce the desired tetrameric fragment. This
situation could not be improved by using a variety of
conditions including an excess of the H-phosphonate and
the coupling reagent. The cause of this is not understood at
this time, but may be related to the instability of the
phosphodiester linkage in the N-acetylmannosamine environ-
ment to the oxidative conditions employed. This reasoning is
based on the chromatographic observation that both reaction

Chem. Eur. J. 2002, 8, No. 19

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

partners, namely compounds 10 and 21 disappeared during
the initial condensation with pivaloyl chloride. Degradation
was noted during the course of the second stage, namely
during the oxidation. A similar observation was noted
recently by Oscarson et al. for the synthesis of phosphodi-
ester-linked oligomers of the repeating units of the CPS’s of
Haemophilus influenza types ¢ and .22

Catalytic hydrogenolysis of each of the intermediates 14,
15, 18, and 21 in the presence of 10% Pd/C and 1m
triethylammonium acetate (pH 7.0) simultaneously removed
the O-benzyl and N-benzyloxycarbonyl protecting groups to
afford the target saccharides 1-4 which were isolated as
amorphous solids. The identity and purity of the target
saccharides were demonstrated by one- and two-dimensional
'H, BC, and 3P NMR spectroscopic analyses, including
COSY, TOCSY, and HSQC techniques that allowed deter-
mination of the chemical shifts and coupling constants for 1-4
shown in Tables 1 and 2.

Synthesis of neoglycoconjugates: Saccharides 1-4 were
covalently attached to human serum albumin (HSA) using a
recently developed method that makes use of the high
efficiency of Diels— Alder cycloaddition reactions in water.!'4]
In this protocol, the aminoethyl glycosides 1-4 were deriv-
atized with the N-hydroxysuccinimide ester of hepta-4,6-
dienoic acid (22) in methanol to afford the conjugated diene-
equipped constructs 2326 (Figure 3) which were purified by
solid-phase extraction using a C-18 reverse-phase column as
the adsorbent, and methanol/water mixtures as the eluents.
The matching dienophil groups were attached to the protein
27 using the commercial reagent sulfosuccinimidyl 4-malei-
midobutyrate 28 (probably at the e-amino groups of the 58
available lysine residues) to yield the maleimide-derivatized
protein 29 (Scheme 5). Depending on the excess of the
reagent, up to 38 maleimidobutyryl groups could be intro-
duced per HSA molecule. Uncatalyzed reaction of the
derivatized HSA 29 with the diene-equipped saccharide 23
in unbuffered, aqueous solutions afforded neoglycoconju-
gates that contained up to an average of 26 saccharide
moieties per HSA molecule, as determined by MALDI-TOF
mass spectrometry (see Table 3). Similarly, saccharide-diene
constructs 24-26 were attached to 29. The uncoupled
saccharide-dienes could be recovered in their original,
bioconjugatable form by a simple diafiltration step and their
identity and purity were verified by NMR and MS data.

NMR spectroscopy: The structures and pyranose ring forms
of compounds 1-4 were confirmed by detailed NMR studies
at 500 MHz, which allowed most of the vicinal 'H-'H
coupling constants to be measured. 'H NMR assignments
(see Table 1) were determined from one-dimensional sub-
spectra of individual sugar residues obtained as F, slices of
two-dimensional TOCSY spectra acquired with highly rec-
tangular data sets. Further confirmation of these assignments
was obtained from 2D COSY data. *C NMR assignments (see
Table 2) were determined principally by z-gradient selected,
HSQC experiments, based on the aforementioned 'H NMR
assignments. Additional confirmation of carbon type was
obtained from 'H coupled and decoupled 1D DEPT-135
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Table 1. 'H and *'P NMR chemical shifts (ppm) and 'H-'H and 'H-3'P NMR coupling constants (Hz & 0.1 Hz)
for 1-4.

'H Compound 1 22l 3lal 4la]
residuel” I 1 1 1 1 1 11
H-1 4.825d 4.835dd 4.832d 5.403dd 4.831d 5.395dd 5.410d
H-2 4.378dd 4.401dd 4.395dd 4.424dd 4.396dd 4.427dd 4.416dd
H-3 4.044dd 4.067dd 4.052dd 4.108dd 4.055dd 4.122dd 4.117dd
H-4 3.623t 3.776t 3.688t 3.661t 3.690t 3.744t 3.663t
H-5 3.673m 3.733m 3.781m 3.878m 3.783m 3.978m 3.876m
H-6 3.873m 4.083m 4.172m 3.864s 4.194m 4.196s 3.869s
H-¢' 3.830m 4.016m 4.130m 3.864s 4.133m 4.152s 3.869s
“CH, 3.820m 3.985m 3.974m - 3.993m - -
3.589m 3.717m 3.703m - 3.718m - -
#CH, 3.003m 3.280m 3.282m - 3.302m - -
3.270m - 3.272m - -
NAc 2.051m 2.058m 2.055 2.063 2.058 2.066 2.064
3P chemical shifts - 5.75 —0.04g4 0.01g'*1  —0.10ge¢
s 16 1.6 14 1.6 15 17 18
23 4.9 4.4 4.7 4.6 4.9 4.7 4.7
34 9.7 9.6 10.0 10.2 10.1 10.3 10.2
Jys 9.6 9.5 10.0 9.6 9.9 9.9 9.6
s 22 3.6 27 [ 18 3.6 U
se 4.4 ~0.5 48 [ 5.0 18 )
Jsg 12.3 11.9 11.5 0] 11.5 11.7 (b
Iip - 75 - 75 - 5.6 5.4
Top - 6.1 5.4 - 5.7 - -
Tgp - 46 6.7 - 7.0 - -

[a] Compounds 2-4 were analyzed as sodium salts. [b] Residues are numbered I, II, III, starting from the
potential reducing end. [c] Broad singlet. [d] Spacings 6.6, 6.5, and 6.5 Hz. [e] Assignments interchangeable.
[f] Spacings 6.3, 6.4, and 7.4 Hz. [g] Spacings 7.5, 6.6, and 7.0 Hz. [h] Couplings not measurable owing to
degeneracy of H-5, H-6, and H-6".

Table 2. C NMR chemical shifts (ppm) and *C—'H and *C-3'P NMR coupling constants (Hz) for saccharides
1-4.12

BC Compound 10 2l 3 4]

Residue 1 1 1 I I I I
c1 99.65 99.83 99.69 95.98 99.73 95.95 95.94
c2 5328 53.10 53.13 53.87 53.14 53.94 53.94
C3 69.77 69.28 69.55 69.40 69.55 69.22 69.40
C-4 67.42 66.99 67.11 67.11 67.18 66.77 67.15
cs 7321 72.86 7229 74.18 72.40 73.14 74.19
C-6 61.14 63.62 65.41 61.00 65.50 65.25 60.99
«CH, 67.63 64.33 64.27 - 64.31 - -
FCH, 40.33 39.76 39.75 - 39.78 - -
NAc 22.66 22.64 22.67 22.69 227311 227211 2270
0 17557 17563 17569 175491 175640 175.53h 175470

[a] Compounds 2-4 were analyzed as sodium salts. [b] Jc, 4, =174.9 Hz. [c] Je 1y, =174.9, Jesp=06.7, Jesp=
43 Hz. [d] Residue I, Je,5,=173.0, Jesp=7.8, Jesp=53 Hz; residue II, Je,,=174.8, Jc1p=5.6, Jeyp=
8.8 Hz. [e] Residue I, Je 1 =173.8, Josp =75, Jesp =52 Hz; residue 11, Je 51, =176.7, Jo1p =54, Jc,p=9.0,
Jesp=8.0, Jesp=>5.3 Hz; residue 111, Jc . =176.7, Jo. p = 5.6, Jeop = 9.0 Hz. [f] Assignments interchangeable.
[g] Assignments interchangeable. [h] Assignments interchangeable.

Table 3. Composition of the saccharide-HSA conjugates.

BC NMR spectra. The a
anomeric configurations of all
of the sugar residues were in-
dicated by the large Jeyy,
values (172.0-174.9 Hz) meas-
ured from 'H coupled *C NMR
spectra. The phosphate groups
in compounds 2—4 were char-
acterized by 'H coupled and
decoupled *P NMR spectra.
3P NMR chemical shifts and
spacings corresponding to cou-
pling patterns are shown in
Table 1.

Double immunodiffusion as-
say: The antigenicity of conju-
gates derived from 23-26 was
evaluated by use of a meningo-
coccus group A antiserum (H-
49)] by double immunodiffu-
sion compared with the native
purified CPS of N. meningiti-
dis A, which served as a posi-
tive reference. Bearing in mind
that the assay is not designed to
lead to quantitative conclu-
sions, Figure 4 shows that each
conjugate derived from 23 - 26,
and the native CPS precipitated
with H-49 antiserum. The dien-
ophile-derivatized HSA did not
precipitate with H-49 (not
shown). These results suggest
that a fragment as small as a
monosaccharide is antigenic,
even without the phosphate
group. Additionally, the pres-
ence of the O-acetyl group(s)
may not be essential for anti-
genicity.

In conclusion, we have syn-
thesized mono- and phospho-
diester-linked oligomeric frag-
ments of the CPS of N. menin-
gitidis serogroup A, for which
complete NMR assignments
are presented. We have cova-
lently attached these saccha-
rides to human serum albumin

Saccharide Average ratiol®
ManNAc 1 26
ManNAc-P 2 19
dimer 3 15
dimer 3 15
trimer 4 8
trimer 4 5

[a] Saccharide to HSA [mol mol~'].

4428
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using a novel bioconjugation method based on the Diels—
Alder cycloaddition reaction. Serologic evaluation of the
conjugates demonstrated that a polyclonal anti-Neisseria
meningitidis A antiserum can recognize a monosaccharide
fragment of its CPS, and that the O-acetyl group of the native
CPS may not be essential for antigenicity. Evaluation of the
immunogenicity of the new glycoconjugates and synthesis of
partially O-acetylated fragments of the CPS are planned.
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Figure 3. The structure of the diene donor 22 and the diene-functionalized saccharides 23 -26.
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Scheme 5. General reaction Scheme for the conjugation of synthetic fragments of the CPS of N. meningitidis A to

human serum albumin using the Diels— Alder bioconjugation method.

Experimental Section

General: All chemicals were commercial grade and were used without M

purification. Anhydrous solvents were obtained from Sigma-Aldrich.
Human serum albumin (defatted) was purchased from Sigma-Aldrich,
and was purified by ultrafiltration through a YM10 Diaflow membrane in 5

an Amicon ultrafiltration cell, using five changes of water, followed by .

freeze-drying. Column chromatography was performed on silica gel 60
(0.040-0.063). Thin-layer chromatography (TLC) was performed using
glass plates precoated with silica gel (250 um, 60 A). Reverse-phase column
chromatography was performed on preparative C18, 125 A (Waters).
Melting points were determined in a Meltemp capillary melting point
apparatus and are uncorrected. Optical rotations were measured with a

Perkin-Elmer 341 polarimeter for solutions in a 1dm cell at 22°C in Horse 49 antiserum.

CHCI; unless stated otherwise. The
mass spectra were recorded at the
Laboratory of Bioorganic Chemistry,
NIDDK, or in the Laboratory of
Cellular and Molecular Biophysics,
NICHD, NIH, Bethesda, MD (USA).
The fast atom bombardment (FAB)
mass spectra were obtained using
6keV Xe atoms to ionize samples
from a dithiothreitol/dithioerythritol,
3-nitrobenzyl alcohol, or glycerol ma-
trix. Elemental analyses were per-
formed by Atlantic Microlab, Inc.,
Norcross, GA (USA).

Methyl 2-azido-2-deoxy-6-O-triphen-
ylmethyl-a-D-mannopyranoside  (6):
Freshly prepared triphenylmethyl
chloride (4.58 g, 16.4 mmol) and 4-di-
methylaminopyridine (cat.) were add-
ed to a stirred solution of methyl
2-azido-2-deoxy-a-D-mannopyrano-
side (5; 3.0 g, 13.7 mmol) in anhydrous
pyridine (20 mL). After 24 h at 40°C,
the mixture was diluted with CH,Cl,
(100 mL), treated with NaHCO; (2 g),
and concentrated. The residue was co-
evaporated with toluene. The resulting
solid was treated with CH,Cl,. Filtra-
tion followed by concentration of the
filtrate under reduced pressure afford-
ed a residue which was subjected to
column chromatography (EtOAc/hex-
anes 1:3+0.1% Et;N) to afford 6
(6.4¢g, 99%) as a white solid. R;=
0.21 (EtOAc/hexanes 1:3); m.p. 98—
99°C; [a]lp=+27 (¢=0.5); 'H NMR
(300 MHz, CDCl;): 6 =7.46-7.22 (m,
15H), 4.69 (brs, 1H), 3.98 (m, 1H),
3.88 (m, 1H), 3.74 (t,/=9.4 Hz, 1H),
3.59 (m, 1H), 3.42 (m, 2H), 3.36 (s,
3H); 3C NMR (75 MHz, CDCl,): 6 =
143.5, 128.6, 1279, 1273, 99.1, 874,
71.3, 70.5, 70.0, 64.7, 62.8, 55.0; MS
(FAB): caled for C,H,;N;Na,O;
[M+Na]*: 484.2; found: 484.3; ele-
mental analysis caled (%) for
CyH,;N;O5 (461.5): C 67.66, H 5.90;
found C 67.47, H 5.97.

Methyl 2-azido-3,4-di-O-benzyl-2-de-
0xy-6-O-triphenylmethyl-¢-D-manno-
pyranoside (7): 60% NaH (2.1g,
52 mmol) was added in portions to an
ice-cold, stirred solution of 6 (6.0 g,
13.0 mmol) in DMF (6 mL). After
20 min, the reaction mixture was treat-
ed dropwise with benzyl bromide

[ 3t
o
' 2
Tig °

Figure 4. Double immunodiffusion assay of synthetic conjugates against
meningococcus group A antiserum (horse 49). Left: 1) Native meningo-
coccal A CPS. 3) Monomer-HSA conjugate. 5) Monomer-6-P-HSA con-
jugate. Center well-Horse 49 antiserum. Right: 1) Native meningococcal A
CPS. 3) Dimer-HSA conjugate. 5) Trimer-HSA conjugate. Center well-
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(3.70 mL, 31.2 mmol). After 1 h, MeOH (2 mL) was added and the mixture
was diluted with CH,Cl, (200 mL), washed with H,O (3 x 200 mL), dried
(Na,S0,), and concentrated. The residue was co-evaporated with toluene.
Column chromatography of the residue (EtOAc/hexanes 1:9) afforded 7
(7.7 g, 93%) as an oil which solidified upon trituration. R;=0.72 (EtOAc/
hexanes 1:3); m.p. 104-105°C; [a]p =+36 (c=0.5); 'H NMR (300 MHz,
CDCly): 6 =7.50-6.85 (m, 25H), 4.78 (d, J=1.8 Hz, 1H), 4.70 (m, 3H),
4.25 (d, J=10.6 Hz, 1H), 4.01 (dd, J=3.5, 8.8 Hz, 1H), 3.94 (dd, /=1.8,
4.1 Hz, 1H), 3.86 (t, J=9.0 Hz, 1H), 3.76 (m, 1H), 3.48 (dd, J=1.75,
10.0 Hz, 1H), 323 (dd, /=47, 9.4 Hz, 1H), 340 (s, 3H); 3C NMR
(75 MHz, CDCly): 6 =143.9, 128.8, 128.5, 128.2, 128.1, 127.8, 127.7, 127.6,
126.9, 98.9, 79.8, 75.2, 74.7, 72.6, 71.5, 62.7, 61.3, 54.7, HRMS (FAB): calcd
for C,oHzoLi;N;O5 [M+Li]*: 648.3050; found: 648.3060; elemental analysis
caled (%) for CyH,oN,O; (641.8): C 74.86, H 6.13; found C 75.11, H 6.19.

1,6-Di-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a-D-mannopyranose
(8a): A solution of 7 (7.0 g, 10.9 mmol) in acetic anhydride (60 mL) was
treated with conc. sulfuric acid (30 drops) at rt. After 15 min, the solution
was diluted with CH,Cl, (800 mL), washed sequentially with H,O
(150 mL), aqueous NaHCO; (satd, 150 mL), H,O (150 mL), dried (Na,.
SO,), and concentrated under reduced pressure. Column chromatography
(EtOAc/hexanes 1:9 — 1:5) afforded 8« (2.85 g, 56 %) as a clear oil which
crystallized on standing. R;=0.30 (EtOAc/hexanes 1:3); m.p. 60—62°C;
[a]lp =457 (¢=1.7); '"H NMR (300 MHz, CDCl,): 6 =7.38-7.31 (m, 10H),
6.03 (d, /=12 Hz, 1H), 4.90 (d,/=10.5 Hz, 1H), 4.75 (s,2H), 459 (d, J =
10.6 Hz, 1H), 4.27 (d, /=18 Hz, 2H), 4.04 (m, 1H), 3.92-3.84 (m, 3H),
2.07 (s, 3H), 2.06 (s, 3H); *C NMR (300 MHz, CDCl;): 6 =170.7, 168.3,
1375, 1372, 128.7-128.0, 91.9, 79.0, 75.4, 73.3, 72.7, 72.1, 62.6, 60.0, 20.8;
HRMS (FAB): calcd for C,,H,sN;O; [M+H]*: 470.1927; found: 470.1924;
elemental analysis calcd (% ) for C,H,,N;0, (469.5): C 61.40, H 5.80; found
C61.44, H5.81.
6-0-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a-D-mannopyranose (9): A
stirred solution of 8 (2.00 g, 4.26 mmol) in THF (2.0 mL) was treated with
a solution of dimethylamine in THF (2M, 5.3 mL, 10.7 mmol) at 0°C. The
reaction mixture was allowed to warm to room temperature. After 2 h, the
mixture was concentrated under reduced pressure. A solution of the
residue in CHCl; (100 mL) was washed with H,O (10 x 25 mL), dried
(Na,SO,), and concentrated. Column chromatography of the residue
(EtOAc/hexanes 1:2 to 2:1+1 % Et;N) afforded 9 (1.82 g, 100 %) as a clear
oil. R;=0.12 (EtOAc/hexanes 1:3); [a]p=+42 (c=1.6); 'H NMR
(300 MHz, CDCl,): 6 =7.39-7.26 (m, 10H), 5.21 (d, J=1.5 Hz, 1H), 4.90
(d, J=11.0 Hz, 1H), 4.74 (dd, J=11.3, 15.6 Hz, 2H), 4.59 (d, /=11.0 Hz,
1H),4.34 (dd,/=1.8,11.7 Hz,1H), 4.24 (dd, J = 4.4,11.7 Hz, 1 H), 4.15 (dd,
J=3.7,9.2 Hz, 1H), 4.02 (m, 1H), 3.94 (m, 1H), 3.81 (dd, J=9.5, 1H), 2.06
(s, 3H); *C NMR (75 MHz, CDCl;): 6 =171.0, 137.8, 137.5, 128.7-127.9,
92.6, 79.2, 75.3, 74.0, 72.6, 70.0, 63.2, 61.2, 20.9; HRMS (FAB): calcd for
C,HyN;Og [M+H]*: 428.1822; found: 428.1827; elemental analysis calcd
(%) for C,H,3sN;05 (427.5): C 61.82, H 5.90; found C 61.59, H 5.79.
6-0-A cetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a-D-mannopyranosyl hydro-
genphosphonate, triethylammonium salt (10): Diphenylphosphite
(9.60 mL, 50.1 mmol) was added to a stirred solution of 9 (3.06 g,
7.16 mmol) in anhydrous pyridine (30 mL). After 1 h, the reaction mixture
was cooled to 0°C and was treated with a solution of triethylamine in H,O
(1:1, 30 mL). After 30 min, the mixture was concentrated under reduced
pressure. The residue was co-evaporated with toluene. Reverse-phase (C-
18) column chromatography (MeOH/H,O 3:7 — 1:1) afforded 10 (3.56 g,
84 %) as a clear oil. R;=0.39 (MeOH/CH,Cl, 1:8+1% Et;N); [a]p=+36
(c=1.1); '"H NMR (300 MHz, CDCl;): 6 =124 (br s, 1H), 7.98-7.26 (m,
10H), 6.92 (d, 1H), 5.59 (dd, J=1.5, 8.5 Hz, 1H), 4.90 (d, /= 10.5 Hz, 1H),
4.71 (dd, J=11.7 Hz, 2H), 4.59 (d, /=11.1 Hz, 2H), 4.32-4.21 (m, 3H),
4.10-4.05 (m, 2H), 3.85 (dd, J=9.4 Hz, 1H), 3.04 (m, 6H), 2.03 (s, 3H),
1.32 (t,/=7.3 Hz, 9H); 3C NMR (75 MHz, CDCl;): 6 =170.9, 138.0, 1377,
128.5-1274, 93.5 (d, J ~4 Hz), 79.4, 75.0, 73.8, 72.4, 70.7, 62.9, 61.8 (d, J
~6 Hz), 583, 55.4, 52.1, 45.5, 20.8, 8.5; 3P NMR (121 MHz, CDClL): 6 =
0.25; HRMS (FAB): calcd for C,,H,sN;O4P; [M —Et;NH]~: 490.1379;
found: 490.1361; elemental analysis caled (% ) for C,sH 3N, O0P, [M+H,O0]
(610.6): C 61.40, H 5.80; found C 61.44, H 5.81.
6-0-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a-D-mannopyranosyl tri-
chloroacetimidate (11): Trichloroacetonitrile (14.1 mL, 140 mmol) and
1,8-diazabicyclo[5.4.0Jundec-7-ene (2.9 mL, 19.2 mmol) were added to an
ice-cold solution of 9 (27.4 g, 64.0 mmol) in CH,Cl, (50 mL). After 30 min,
triethylamine was added (1 mL) and the reaction mixture was concentrated
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under reduced pressure. Column chromatography of the residue (EtOAc/
hexanes 1:4+0.1 % Et;N) afforded 11 (28.6 g, 79 %) as a clear oil. R;=0.71
(EtOAc/hexanes 1:2); [a], =466 (c=1.4); 'H NMR (300 MHz, CDCl;):
0=8.64 (s, 1H), 7.39-7.31 (m, 10H), 6.18 (d, /=18 Hz, 1H), 4.92 (d, /=
10.6 Hz, 1H), 4.80 (d, J=11.7 Hz, 1 H), 4.74 (d, J=11.7 Hz, 1H), 4.62 (d,
J=10.6 Hz, 1H), 4.32 (d, J=2.0, 12.3 Hz, 1H), 4.24 (d, J=4.0, 12.3 Hz,
1H), 4.11 (m, 1H), 3.94 (m, 2H), 3.92 (dd, /=9.9 Hz, 1H), 2.04 (s, 3H);
BCNMR (75 MHz, CDCLy): 6 =170.7,159.9, 137.5,137.2, 128.6-128.1,95.8,
78.9, 75.5, 73.2, 73.0, 72.6, 62.5, 59.9, 20.8; HRMS (FAB): calcd for
C,,H,5CLLLN,O4 [M+Li]*: 577.1000; found: 577.1030; elemental analysis
caled (%) for C,,H,sCLIN,Oy (571.8): C 50.41, H 4.41; found C 50.52, H 4.50.
2-(Benzyloxycarbonylamino)ethyl 6-0O-acetyl-2-azido-3,4-di-O-benzyl-2-
deoxy-a-D-mannopyranoside (12): Trimethylsilyl trifluoromethanesulfo-
nate (10 uL) was added at 0°C to a mixture of 11 (6.94 g, 12.1 mmol) and
benzyl N-(2-hydroxyethyl)carbamate (8.29 g, 42.5mmol) in CH,Cl,
(40 mL). After 30 min, Et;N (1.0 mL) was added and the reaction mixture
diluted with CHCl; (300 mL), washed with H,0O (3 x50 mL), dried
(Na,S0,), concentrated, and toluene added to and evaporated from the
residue under reduced pressure. Column chromatography (EtOAc/hexanes
2:3) afforded 12 (3.94 g, 54 %) as a yellowish, white oil which crystallized on
standing. R;=0.33 (EtOAc/hexanes 1:2); m.p. 66—68°C; [a]p=+17 (c=
1.3); 'H NMR (300 MHz, CDCL,): 6 =741-726 (m, 15H), 5.10 (s, 2H),
5.08 (m, 1H),4.87 (d,/=10.6 Hz, 1H),4.78 (d, /=18 Hz, 1H), 4.75 (d,/ =
114 Hz, 1H), 4.69 (d, J=11.4 Hz, 1H), 4.57 (d, J=10.9 Hz, 1H), 4.25 (m,
2H), 4.04 (m, 1H), 3.88 (m, 1H), 3.81-3.73 (m, 2H), 3.73-3.35 (m, 4H),
2.04 (s, 3H); “C NMR (75 MHz, CDCly): 6 =170.8, 156.3, 137.6, 137.5,
128.5-1279,98.3,79.5,75.3,73.9, 72.6,70.1, 67.3, 66.9, 63.1, 60.9, 40.6, 20.8;
HRMS (FAB): calcd for C3,H3,N,Og [M+H]": 605.2611; found: 605.2623;
elemental analysis calcd (% ) for C;,H3N,Og (604.7): C 63.56, H 6.00; found
C 63.33, H5.92.

2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-6-0-acetyl-3,4-di-O-ben-
zyl-2-deoxy-a-D-mannopyranoside (13): Slowly sodium borohydride
(4.40 g, 116 mmol) was added to an ice-cooled solution of 12 (8.80 g,
14.6 mmol) and nickel chloride hexahydrate (16.6 g, 69.9 mmol) in MeOH
(150 mL) while maintaining the temperature below 10°C. After 1 h, acetic
anhydride (13.8 mL, 146 mmol) was added dropwise to the reaction
mixture, which was stirred for an additional 30 min at 5°C. The solvent
was removed under reduced pressure, and the residue was dissolved in
CHCl; (600 mL); the solution was washed with H,O (400 mL). The
aqueous layer was extracted with CHCl; (3 x 75 mL), and the organic
extracts were combined, dried (Na,SO,), and concentrated to a brown oil.
Column chromatography (EtOAc) afforded 13 (8.15 g, 90 %) as a clear oil.
R;=0.45 (EtOAc); [a]p=+17 (c=1.4); '"H NMR (300 MHz, CDCl,): 6 =
742-1725 (m, 15H), 5.87 (d, J=8.2 Hz, 1H), 5.20 (m, 1H), 5.10 (s, 2H),
4.88 (d,/=10.5Hz,1H),4.85(d,/=12Hz,1H),4.71 (d,/=11.1 Hz, 1 H),
4.65 (m, 1H), 4.48 (d,/=10.8 Hz, 1H),4.32 (dd, / =5.5,12.0 Hz, 1 H), 4.24
(dd, J=1.8, 12.0 Hz, 1H), 4.06 (dd, J=4.7,9.4 Hz, 1H), 3.83 (m, 1 H), 3.70
(m, 1H), 3.56-3.36 (m, 3H), 2.04 (s, 6H); *C NMR (75 MHz, CDCl;): 6 =
170.6, 170.4, 137.7, 137.5, 133.1-127.9, 99.2, 75.1, 74.0, 71.2, 69.1, 67.4, 66.8,
63.4, 49.2, 40.7, 23.4, 20.8; HRMS (FAB): calcd for C;,H,N,Oy [M+H]":
621.2812; found: 621.2802; elemental analysis caled (%) for C3H,N,Oq
(620.7): C 65.79, H 6.50; found C 65.74, H 6.64.
2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
a-D-mannopyranoside (14): Compound 13 (8.15 g, 13.1 mmol) in MeOH
(60 mL) was treated with a solution of 25% NaOMe/MeOH (2.5 mL) for
30 min at rt. The solution was neutralized with Amberlite IR-120 (H) resin
and concentrated under reduced pressure in the presence of Et;N. Column
chromatography (EtOAc/MeOH 1:0 — 95:5) afforded 14 (7.03 g,93 %) as a
clear oil. R;=0.37 (EtOAc/MeOH 95:5); [a]p=+21 (¢=0.6); 'H NMR
(300 MHz, CDCl;): 6 =7.36-7.26 (m, 15H), 5.78 (d, J=8.2 Hz, 1H), 5.10
(s, 2H), 5.09 (m, 1H), 4.92 (d, J=11.1 Hz, 1H), 4.86 (d, /=12 Hz, 1H),
4.69 (d, J=11.1Hz, 1H), 4.62 (d, J=11.1 Hz, 1H), 4.50 (d, /J=11.1 Hz,
1H), 4.05 (m, 1H), 3.81-3.31 (m, 9H), 2.03 (s, 3H); *C NMR (75 MHz,
CDCl;): 0 =170.9, 138.0, 137.8, 128.5-127.9, 99.2, 77.3, 75.2, 73.6, 71.2, 67.1,
66.8, 61.7, 49.5, 40.7, 23.4; HRMS (FAB): calcd for C3,H3N,Og [M+H]*:
579.2706; found: 579.2707; elemental analysis caled (%) for C;,H3N,Oq
(578.7): C 66.42, H 6.62; found: C 66.20, H 6.66.
2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
6-0-dibenzylphosphate-a-D-mannopyranoside (15): Tetrazole (97 mg,
1.38 mmol) was added at rt to a solution of 14 (200 mg, 0.346 mmol) and
dibenzyl N,N-diisopropylphosphoramidate (298 uL, 0.864 mmol) in
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CH;CN (2.5mL). After 30 min, the mixture was cooled to —40°C and
3-chloroperoxybenzoic acid (262 mg, 0.864 mmol) was added and stirring
was continued for an additional 5 min. The mixture was stirred for 30 min
at 0°C, and then stirred for 30 min at rt. The mixture was diluted with
CHCl; (20 mL), washed with aq 5% NaHCO; (3 x 10 mL), dried (Na,SO,),
and concentrated under reduced pressure. Column chromatography
afforded 15 (0.290 g, 100%) as a clear oil. R;=0.19 (EtOAc/hexanes
1:1); [a]p = +39 (c=0.6); 'TH NMR (300 MHz, CDCl,): 6 =7.41-7.24 (m,
25H), 5.10 (s, 2H), 5.06-4.89 (m, 4H), 4.92 (d, J=11.1 Hz, 1 H), 4.82 (d,
J=10.5Hz, 1H), 4.74 (ddd, /=12, 3.2, 99 Hz, 1H), 4.65 (d, /=12 Hz,
1H), 4.54 (d,/=11.1 Hz, 1H), 4.47 (d,/=10.5 Hz, 1H), 4.28 (m, 1H), 4.25
(m, 1H), 4.00 (dd, J=4.1, 9.4 Hz, 1H), 3.84 (t, /=9.6 Hz, 1H), 3.60 (m,
2H), 3.37 (m, 2H), 3.26 (m, 1H), 2.06 (s, 3H); *C NMR (75 MHz, CDCL,):
0=170.9, 156.3, 138.2-135.8, 128.6-127.7, 99.9, 75.3, 73.1, 71.1, 70.6, 69.8
(d, J =5 Hz), 69.5 (d, J=5.5 Hz), 68.1 (d, J= 6.6 Hz), 67.1, 66.8, 53.4, 48.3,
40.6,23.2;3'P NMR (121 MHz, CDCl;): 6 = —2.0; HRMS (FAB): calcd for
CyHs,N,O,P; [M+H]*: 839.3309; found: 839.3331; elemental analysis
caled (%) for CyHsN,O,P; (838.9): C 65.86, H 6.13; found: C 65.67, H
6.23.

2-(Benzyloxycarbonyl) vethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
o-D-mannopyranoside  6-(6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a-
D-mannopyranosyl phosphate), triethylammonium salt (16): Freshly dis-
tilled trimethylacetyl chloride (39 pL, 0.318 mmol) was added at rt to a
mixture of 10 (70 mg, 0.118 mmol) and 14 (85mg, 0.147 mmol) in
anhydrous pyridine (1 mL). After 30 min, the reaction mixture was cooled
to 5°C and a solution of I, (60 mg, 0.235 mmol) in pyridine/H,0O (95:1,
2 mL) was added. Stirring was continued for an additional 30 min. The
reaction mixture was diluted with CHCI; (60 mL) and washed sequentially
with ice-cooled 1M Na,SO, (2 x 10 mL), 1M triethylammonium bicarbonate
buffer (pH 8.5, 2x10mL), dried (Na,SO,), and concentrated under
reduced pressure at 20°C. Column chromatography (MeOH/CH,Cl,
0:1 —1:9) afforded 16 (120 mg, 95.3%) as an amorphous solid. R;=0.60
(MeOH/CH,Cl, 1:7+1 % Et;N); [a]p =+22 (¢=0.4); "H NMR (300 MHz,
CDCl;): 0 =763 (brd, J=84Hz, 1H), 7.37-7.22 (m, 25H), 5.56 (dd, J=
1.8, 6.5 Hz, 1H), 5.15 (m, 1H), 5.09 (s, 2H), 4.92 (d, J=11.1 Hz, 1H), 4.87
(d,J=11.1Hz, 1H), 4.81-4.61 (m, 6H), 4.58 (d, /=11.1 Hz, 1H), 4.47 (d,
J=11.1Hz, 1H), 432 (dd, J=1.8,11.7 Hz, 1 H), 424-3.84 (m, 9H), 3.70-
3.60 (m, 2H), 3.38-3.24 (m, 3H), 2.79 (q, /=72 Hz, 6H), 2.03, 1.99 (2s,
6H), 1.17 (t, /=72 Hz, 9H); *C NMR (75 MHz, CDCl,): 6 =170.9, 156.3,
138.6, 138.2, 138.1, 137.7, 136.5, 128.5-127.6, 99.8, 94.5 (d, / = 4.6 Hz), 79.4,
772,75.2,75.0,73.9,73.7,72.3,71.6 (d,/ = 4.0 Hz), 71.0, 70.4, 66.9, 66.7, 65.5
(d, /=63 Hz), 62.6, 61.8, 61.5, 48.4, 45.7, 40.7, 23.1, 20.9, 8.5; 3'P NMR
(121 MHz, CDCl,): 6 = —3.0; HRMS (FAB): calcd for Cs,HNsO4P, [M —
Et;NH]: 1066.3851; found: 1066.3879.

2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
oa-D-mannopyranoside  6-(2-acetamido-6-O-acetyl-3,4-di-O-benzyl-2-de-
oxy-a-D-mannopyranosyl phosphate), triethylammonium salt (17): Sodium
borohydride (18 mg, 0.483 mmol) was added slowly to an ice-cooled
solution of 16 (65 mg, 0.060 mmol) and nickel chloride hexahydrate (69 mg,
0.289 mmol) in MeOH (2.5 mL) while maintaining the temperature below
10°C. After 1 h, acetic anhydride (0.5 mL, 5.30 mmol) was added dropwise
to the reaction mixture which was stirred at 5 °C. After 30 min, the reaction
mixture was processed as described for the preparation of 13. Column
chromatography (MeOH/CH,Cl, 1:7+0.1% Et;N) afforded 17 (65 mg,
99%) as an amorphous solid. R;=0.33 (MeOH/CH,Cl, 1:9); [a],=+4
(¢=0.8); 'H NMR (300 MHz, CDCL;): 6 =771 (d, J=9.6 Hz, 1H), 7.36-
721 (m, 25H), 5.79 (d, J=8.2 Hz, 1H), 5.60 (dd, J=1.2, 70 Hz, 1H), 5.28
(m, 1H), 5.09 (s, 2H), 4.90 (d, /=10.5 Hz, 1H), 4.88 (d, /=11.1 Hz, 1H),
4.78 (d,J=11.1 Hz, 1H), 4.73-4.65 (m, 5H), 4.53 (d,/ =11.1 Hz, 1 H), 4.47
(d, J=11.1 Hz, 1H), 4.46 (d, J=10.5 Hz, 1H), 4.33-4.15 (m, 6H), 4.05-
3.89 (m, 3H), 3.69-3.53 (m, 4H), 3.46-3.20 (m, 4H), 2.60 (q, /=72 Hz,
6H), 2.06, 2.02, 1.97 (3s, 9H), 1.07 (t, /=72 Hz, 9H); *C NMR (75 MHz,
CDClLy): 6=170.8, 170.4, 170.0, 156.2, 138.5, 138.2, 138.0, 137.6, 1364,
128.4-127.7,99.7,95.1 (d,J =5.7 Hz), 772, 75.3,74.8,73.8, 73.7,71.6 (d, J =
4.3 Hz), 71.3,71.0, 69.4, 66.8, 66.7, 65.2 (d, J = 6.2 Hz), 63.2, 50.1, 50.0, 48.5,
46.1,40.7,25.4,23.6,23.2,20.9,11.2; 3P NMR (121 MHz, CDCL): 6 = —2.9;
MS (MALDI-TOF): calcd for CssHgN3;Oy,P; [M — Et;N]: 1083.4; found:
1083.4; HRMS (FAB+4, Csl): caled for CsHgCs,N;Op,P; [M—
1Et;NH+2Cs]*: 1348.2160; found: 1348.2130.

2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
a-D-mannopyranoside 6-(2-acetamido-3,4-di-O-benzyl-2-deoxy-a-D-man-
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nopyranosyl phosphate), triethylammonium salt (18): Compound 17
(9.67 g, 8.16 mmol) in MeOH (50 mL) was treated with a solution of
25% NaOMe/MeOH (1.7 mL) at room temperature. After 30 min, the
reaction mixture was processed as described for the preparation of 14.
Column chromatography (MeOH/CH,Cl, 1:5+1% Et;N) afforded 18
(8.85 g, 95%) as an amorphous solid. R;=0.58 (MeOH/CH,Cl, 1:9+1%
Et;N); [a]lpb=+9 (¢c=12); 'H NMR (300 MHz, CDCly): 6=7.67 (d, J=
10.0 Hz, 1H), 7.34-720 (m, 25H), 6.74 (d, J=8.8 Hz, 1H), 5.57 (d, J=
6.4 Hz, 1H), 5.35 (m, 1H), 5.07 (s, 2H), 4.89 (d, J=10.6 Hz, 1 H), 4.87 (d,
J=10.6 Hz, 1 H), 479 4.68 (m, 4H), 4.67 (d,J = 10.6 Hz, 1 H), 4.55 (d, J =
11.1 Hz, 1H), 445 (d, J=11.1 Hz, 1H), 443 (d, J=11.1 Hz, 1 H), 426 (m,
1H), 4.14-3.51 (m, 9H), 3.33 (m, 4H), 2.79 (q, / = 7.2 Hz, 6 H), 2.04, 1.99 (2
s, 6H), 1.10 (t, J=72Hz, 9H); 3C NMR (75 MHz, CDCL,): 6 =171.1,
170.6, 156.3, 138.5, 138.2, 138.1, 137.8, 136.3, 128.3-1274,99.7,95.2 (d, /=
5.7 Hz), 776,713, 75.0,74.9,74.3,73.7,72.5, 71.1 (d, J=4.0 Hz), 70.9, 70.8,
66.7,64.8 (d,/=5.1 Hz), 64.2,61.7,50.1,50.0, 48.8, 45.9, 40.6, 25.4, 23.3, 20.1,
10.3; 3'P NMR (121 MHz, CDCL): 6 =-2.8; HRMS (FAB): calcd for
CyH N0, P, [M — Et;NH]: 1040.3946; found: 1040.3928.

2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
a-D-mannopyranoside 6-[2-acetamido-3,4-di-O-benzyl-2-deoxy-¢«-D-man-
nopyranosyl phosphate 6-(6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-a-
D-mannopyranosyl phosphate)], bis-triethylammonium salt (19): This
compound was obtained by the condensation of 10 (0.246 g, 0.416 mmol)
and 18 (0.476 g, 0.416 mmol) in pyridine (5.0 mL) in the presence of
trimethylacetyl chloride (77 pL, 0.624 mmol) for 5 min, followed by
oxidation with iodine (0.211 g, 0.832 mmol) in pyridine/H,O (95:5, 5 mL).
The reaction mixture was processed as described for the preparation of 16.
Column chromatography (MeOH/CH,Cl, 0:1 — 7:93+1 % Et;N) afforded
19 (0.536¢, 74%) as an amorphous solid. R;=0.52 (MeOH/CH,Cl,
1:9+1% EtN); [a]lp=+20 (c=1.4); '"H NMR (300 MHz, CDCl;): 6 =
793 (d,/=9.4Hz, 1H), 772 (d, J=8.8 Hz, 1H), 7.32-7.27 (m, 35H), 5.54
(d, J=6.4Hz, 1H), 535 (d, /J=76Hz, 1H), 5.09 (s, 2H), 492 (d, /=
11.1 Hz, 1H), 4.86 (d, /=23 Hz, 1H), 4.82-4.62 (m, 7H), 4.61 (d, /=
11.1 Hz, 1H), 4.56 (d, J=11.1 Hz, 1H), 4.45 (d, J=10.5 Hz, 1H), 4.43 (d,
J=11.1 Hz, 1H), 429-3.93 (m, 6H), 3.85 (m, 1H), 3.80-3.62 (m, 3H),
3.47-3.24 (m, 4H), 3.02 (q, / =7.6 Hz, 12H), 2.05, 2.03, 1.96 (3s, 9H), 1.23
(t, J=7.6 Hz, 18H); C NMR (75 MHz, CDCl;): 6 =171.1, 171.0, 170.9,
156.3,138.6-136.5, 128.4—1274, 99.7,95.6 (d, J ~5 Hz), 95.5 (d, ] =4 Hz),
79.4,772,75.0,74.9, 74.8, 73.7, 73.6, 72.1, 71.0, 70.8, 70.3, 66.5, 65.1 (d, J =
4.3 Hz), 64.8 (d,J=3.9 Hz), 62.6, 61.3, 61.2, 49.2, 48.6, 45.5, 40.5, 22.9, 20.7,
8.5; 3P NMR (121 MHz, CDCl;): 6 = —2.7, —3.3; HRMS (FAB): calcd for
C;6HggNeNa,0,,P, [M — 2Et;NH+Na]~: 1551.5066; found: 1551.5052.

2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
a-D-mannopyranoside 6-[2-acetamido-3,4-di-O-benzyl-2-deoxy-a-D-man-
nopyranosyl phosphate 6-(2-acetamido-6-O-acetyl-3,4-di-O-benzyl-2-de-
oxy-a-D-mannopyranosyl phosphate)], bis-triethylammonium salt (20):
Sodium borohydride (0.267 g, 7.06 mmol) was added slowly to an ice-
cooled solution of 19 (1.53 g, 0.882 mmol) and nickel chloride hexahydrate
(1.00 g, 4.24 mmol) in MeOH (50 mL) while maintaining the temperature
below 10°C. After 1 h, acetic anhydride (3.3 mL, 35.3 mmol) was added
dropwise to the reaction mixture which was stirred at 5°C. After 30 min,
the reaction mixture was processed as described for the preparation of 13.
Column chromatography (MeOH/CH,Cl, 1:8+0.3% Et;N) afforded 20
(123 g, 80%) as an amorphous solid. R;=0.42 (MeOH/CH,Cl, 1:8+1%
Et;N); [a]p=+15 (¢=0.7); '"H NMR (300 MHz, CDCL;): 6 =8.00 (d, /=
9.4 Hz, 1H), 7.87 (d, J=9.4 Hz, 1H), 7.34-7.22 (m, 35H), 6.08 (m, 1H),
5.58 (m, 2H), 5.09 (s, 2H), 4.92 (d, J=9.9 Hz, 1H), 4.89 (d, /=10.5 Hz,
1H), 4.81-4.71 (m, 5H), 4.67 (d, J=10.5 Hz, 1H), 4.63 (d, J=11.1 Hz,
1H), 4.53 (d, J=11.1 Hz, 1H), 447 (d, J=10.5Hz, 1H), 445 (d, J=
11.7Hz, 1H), 433-3.53 (m, 25H), 3.31 (m, 4H), 2.73 (q, /=72 Hz,
12H), 2.05, 2.04, 2.02, 1.96 (4s, 12H), 1.12 (t, J=7.2 Hz, 18H); C NMR
(75 MHz, CDCly): 6 =171.2, 170.8, 169.9, 156.4, 138.8 -136.6, 128.4-1274,
99.9, 95.9, 95.3 (d, J=5.0 Hz), 75.2, 74.9, 74.8, 73.7, 72.2, 71.3, 71.1, 70.9,
69.3, 66.6, 65.1 (d, J =3 Hz), 65.0, 64.8, 63.1, 50.1, 50.0, 49.2, 48.6, 45.8, 40.6,
30.9, 23.4, 23.1, 23.0, 20.7, 10.1; 3P NMR (121 MHz, CDCL;):  =—2.5,
—3.3; HRMS (FAB): calcd for C;HgN,Na,O,sP, [M —2Et;NH+Na]:
1567.5267; found: 1567.5294.

2-(Benzyloxycarbonyl)aminoethyl 2-acetamido-3,4-di-O-benzyl-2-deoxy-
a-D-mannopyranoside 6-[2-acetamido-3,4-di-O-benzyl-2-deoxy-a-D-man-
nopyranosyl phosphate 6-(2-acetamido-3,4-di-O-benzyl-2-deoxy-¢«-D-man-
nopyranosyl phosphate)], bis-triethylammonium salt (21): Compound 17
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(1.12 g, 0.640 mmol) in MeOH (20 mL) was treated with a solution of 25 %
NaOMe/MeOH (0.45 mL) at room temperature. After 30 min, the reaction
mixture was processed as described for the preparation of 14. Column
chromatography (MeOH/CH,Cl, 1:5+1 % Et;N) afforded 21 (1.08 g, 99 %)
as an amorphous solid. R;=0.41 (MeOH/CH,Cl, 1:8+1% Et:;N); [a]p=
+21 (¢=1.0); '"H NMR (300 MHz, CDCl,): 6=7.71 (d, J=10.0 Hz, 1H),
7.63 (d, J=9.1 Hz, 1H), 7.34-722 (m, 35H), 6.11 (d, J=7.6 Hz, 1H), 5.58
(d,/=6.4 Hz, 1H), 5.48 (d,/=7.0 Hz, 1 H), 5.36 (m, 1H), 5.08 (s, 2H), 4.90
(d,J=10.5Hz, 1H), 4.89 (d,J=10.5 Hz, 1 H), 4.82-4.56 (m, 7H), 4.46 (d,
J=11.1Hz, 1H), 444 (d, J=11.1 Hz, 1H), 443 (m, 1H), 4.21-3.84 (m,
10H), 3.71 (m, 4H), 3.55 (m, 7H), 3.31-3.22 (m, 3H), 2.61 (q, /=6.9 Hz,
12H), 2.05, 2.06, 1.97 (3s, 9H), 1.07 (t, J=6.9 Hz, 18H); “C NMR
(75 MHz, CDCl;): 6 =171.0, 170.8, 170.9, 156.3, 138.6-136.5, 128.4-127.4,
99.7,95.6 (d,J =4.9 Hz), 94.5 (d,/ =4.3 Hz), 79.4,772,75.0,74.9, 74.8,73.9,
73.7,73.6, 72.3,72.1, 71.0, 70.8, 70.2, 66.5, 65.0 (d, J =7.8 Hz), 62.7, 61.3 (d,
J=178 Hz), 49.0, 48.6, 45.6, 40.5, 27.5, 23.0, 20.7, 8.6; 3'P NMR (121 MHz,
CDCly): 6 =-2.9, —3.4; MS (MALDI-TOF): calcd for C;sHgN,Na,O,,P,
[M —2Et;NH-+Na]: 1524.5; found: 1524.6; HRMS (FAB+, Csl): calcd for
C;HgsCs3N,O,4P, [M — 2 Et;NH+3 Cs]*: 1901.2427; found: 1901.2386.

2-Aminoethyl 2-acetamido-2-deoxy-a-D-mannopyranoside (1): A stirred
mixture of compound 14 (0.390 g, 0.674 mmol), EtOH (10 mL), and 10%
Pd/C (Degussa type E101 NE/W, 0.800 g) was subjected to hydrogen
pressure (200 psi) for 5d. The mixture was filtered over Celite 521
(Aldrich), the residue washed with EtOH, and concentrated under reduced
pressure to give an oil which was lyophilized from water to afford crude §
(0.146 g, 82%). A portion of this material was purified by C-18 reverse-
phase silica gel chromatography (MeOH/H,O 1:1) affording pure 1 as an
amorphous solid. R;=0.42 (EtOAc/MeOH/H,0/AcOH 3:3:1:3); [a]p=
+23 (¢c=12, MeOH); HRMS (FAB): calcd for C,,H,N,O, [M+H]":
265.1400; found: 265.1404.

2-Aminoethyl  2-acetamido-2-deoxy-6-O-phosphate-az-D-mannopyrano-
side, bis-triethylammonium salt (2): A stirred mixture of compound 15
(0.380 g, 0.453 mmol), EtOH (10 mL), triethylammonium acetate buffer
(pH 7, 2.0 mL), and 10% Pd/C (Degussa type E101 NE/W, 0.800 g) was
subjected to hydrogen pressure (200 psi). After 6 d, the reaction mixture
was processed as described for the preparation of 1 to afford 2 (0.140 g,
100 %) as a crude material. A portion of this material was purified through
a Biogel P-2 column (pretreated with 0.1 % aq AcOH, then 0.1 % aq Et;N)
which was eluted with 0.01 % aq Et;N to afford 2 as a white, amorphous
solid. [a]p = +27 (¢ =0.36, H,0); MS (MALDI-TOF): C,,Hs,N,O,P, [M]*:
546.3; found: 546.4; HRMS (FAB+, Csl): caled for C,,H,,Cs;N,O0P; [M —
2Et;NH+3 Cs]*: 546.1700; found: 546.1693

2-Aminoethyl 2-acetamido-2-deoxy-a-D-mannopyranoside 6-(2-acetami-
do-2-deoxy-a-D-mannopyranosyl phosphate), triethylammonium salt (3):
A stirred mixture of compound 18 (0.250 g, 0.219 mmol), EtOH (10 mL),
triethylammonium acetate buffer (pH 70, 2.0mL), and 10% Pd/C
(Degussa type E101 NE/W, 0.500 g) was subjected to hydrogen pressure
(200 psi). After 6 d, the reaction mixture was processed as described for the
preparation of 1 to afford 3 (0.125 g, 100 %) as a crude material. A portion
of this material was purified through a Biogel P-2 column (pretreated with
0.1% aq AcOH, then 0.1 % aq Et;N) which was eluted with 0.01 % aq Et;N
to afford 3 as a white, amorphous solid. [a], =434 (¢ =0.3, H,O0); HRMS
(FAB): calcd for C;sH3;3N;O,P, [M — Et;NH]% 546.1700; found: 546.1693.

2-Aminoethyl 2-acetamido-2-deoxy-a-D-mannopyranoside 6-[2-acetami-
do-2-deoxy-a-D-mannopyranosyl phosphate 6-(2-acetamido-2-deoxy-a-D-
mannopyranosyl phosphate)], bis-triethylammonium salt (4): A stirred
mixture of compound 21 (0.250 g, 0.146 mmol), EtOH (10 mL), triethy-
lammonium acetate buffer (pH 7.0, 2.0 mL), and 10 % Pd/C (Degussa type
E101 NE/W, 0.500 g) was subjected to hydrogen pressure (200 psi). After
6 d, the reaction mixture was processed as described for the preparation of
1 to afford crude 4 (0.150 g, 100 %). A portion of this product was purified
through a Biogel P-4 column (pretreated with 0.1 % aq AcOH, then 0.1%
aq Et;N) which was eluted with 0.01 % aq Et;N to afford 4 as a white,
amorphous solid. [a]p=+29 (c=04, H,0); MS (FAB): calcd for
CyHy;N,O,,P, [M — Et;NH]~: 829.2; found: 829.2; HRMS (FAB+, Csl):
caled for Cy,HyCssN,O5,P, [M —2Et;NH+3Cs|*: 1226.9242; found:
1226.9229.

General procedure for the cation exchange of triethylammonium salts for
sodium salts for 1-4: Dowex MSC-1 (Na* form, 7 mL) resin (pre-washed
with H,0) was added to a stirred solution of saccharide (50 mg) in H,O
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(5mL) and the mixture was stirred for 24 h and filtered. The filtrate was
freeze-dried to yield an amorphous white solid.

General procedure for the acylation of the aminoethyl glycosides 1-4 with
N-hydroxysuccinimidyl hexa-4,6-dienoate: N-Hydroxysuccinimidyl hexa-
4,6-dienoate (10 mg) in methanol (1 mL) was added to a stirred solution of
the 2-aminoethyl glycoside (10 mg) in methanol (1 mL) at 0°C. After
10 min, the solution was concentrated under reduced pressure. The residue
was stirred in water (2 mL) for 5 min followed by filtration. The solids were
discarded. The filtrate was applied to a column (3 cm x 0.5 cm) of C-18
reverse-phase silica gel that was eluted with a gradient of methanol in
water. The fractions containing saccharide (Dubois-assay) were pooled and
concentrated under reduced pressure. After removal of MeOH, the
aqueous solution was freeze-dried to yield an amorphous white solid.

General procedure for derivatization of albumin with maleimidobutyryl
groups: Sulfosuccinimidyl 4-maleimidobutyrate (8.5 mg; Pierce) was added
to a stirred solution of human serum albumin (10 mg) in 0.1m pH 7.5
phosphate buffer at 0°C. After 5 min, the ice-bath was removed. After a
further period of 10 min, the solution was transferred to an Amicon
diafiltration apparatus equipped with a YM-10 (10 kDa cutoff) membrane.
The solution was diafiltered using five changes of water (5 mL each). The
final volume was approx. 0.3 mL.

General procedure for the Diels — Alder-type bioconjugation of the diene-
spacer-equipped sacharides to maleimido group-functionalized albumin:
The diene-equipped saccharide (12 mg) was added at 22°C to the solution
of the derivatized protein described above. The mixture was stirred for a
period of 24 h followed by diafiltration through a YM-10 (10 kDa cutoff)
membrane using five changes of water. After the final filtration the solution
containing the conjugate was freeze-dried. The composition of the
conjugate so obtained was determined by MALDI-TOF mass spectrom-
etry. The filtrate was pooled and freeze-dried. The '"H NMR spectrum of
the residue was identical to the spectrum of the starting saccharide-diene
construct.

NMR Spectroscopy: Determinations of product identity were made by
means of 'H, BC, and 3P NMR spectra recorded at 299.9, 75.4, and
121.4 MHz, respectively, by using a Varian XL 300 spectrometer at ambient
temperature. The solvent was CDCl;, unless stated otherwise. Chemical
shifts (0) are reported in ppm downfield from internal Me,Si for 'H and
3C NMR spectra, and downfield with respect to external H;PO, for 3P
NMR spectra. More detailed NMR studies were conducted for compounds
1-4 by use of a Bruker DRX-500 spectrometer at 300K, using either a
5 mm HCN triple resonance, triple field gradient (TXI) probe, or a 5 mm
broad band (BBO) probe. Solutions of 10-16 mg of compound in
deuterium oxide (0.45 mL, 100 atom % D) were used, including acetone
as an internal reference set at 2.225 ppm for 'H, and 31.0 ppm for *C NMR
spectra. 1D '"H NMR spectra were acquired at 500 MHz by use of 32768
point data sets, a spectral width of 2.84 kHz, a 90° pulse (7.0 us, TXI probe),
and a pulse recycle time of 8.5 s. Resolution enhancement was performed
by Gaussian multiplication of the FID, using a line broadening of — 1.0 to
— 1.5 Hz, and a Gaussian truncation fraction of 0.3. In an effort to improve
the separation of some accidentally equivalent H-5, H-6, and H-6 signals,
1D '"H NMR spectra of compounds 3 and 4 were also acquired at 800 MHz,
by means of a Bruker DRX-800 NMR spectrometer, but no dispersive
improvement was observed for these signals. 1D “C and DEPT-135
BC NMR spectra were recorded at 125.8 MHz either with or without
WALTZ-16, composite pulse 'H decoupling at 500 MHz, by using 32768
point data sets zero-filled to 32768 or 131072 points (compound 4), a
spectral width of 28.25 kHz, and a 90° pulse (10.5 us, TXI probe). A pulse
recycle time of 3.2 s was used for 3C NMR spectra, and 2.0 s for DEPT
3C NMR spectra. In some cases, the DEPT-135 C NMR spectra were
recorded with a smaller spectral width (11.5 kHz), and a 135° 'H read pulse
of 11.8 us was used (TXI probe). 1D 3'P NMR spectra were recorded at
202.5 MHz by using the BBO probe with 8192 or 16384 data points, zero-
filled to 16384 points, together with a spectral width of 3.28 or 6.07 kHz, a
90° pulse (8.3 us), and a pulse recycle time of 4—65s. A sample of 85%
H;PO, containing 10% v/v of D,O was used as an external reference
(—0.73 ppm).»3

2D TOCSY 'H NMR spectra were acquired in phase sensitive mode with
echo/anti-echo-TPPI gradient selection. A spectral width of 2.84 kHz was
used, together with 16384 (1,) x 128, 256, or 512 (¢,) point data sets zero-
filled to 16384 x 512 or 2048 points, 4— 32 scans, 16— 128 dummy scans, and
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a 'H 90° pulse width of 7.85 us (TXI probe), or 9.3 us (BBO probe). 2D
TOCSY experiments were also performed with broadband, WALTZ-16 3'P
decoupling applied either during the acquisition period or throughout the
pulse sequence, or with selective, homonuclear 'H decoupling of H-5
during acquisition. 2D COSY-45 'H NMR spectra were recorded by
continuous wave presaturation at the HOD signal, followed by switching of
the observation frequency to the center of the spectrum at the end of the
relaxation delay, using a two-value, frequency list. The data set sizes were
2048 points (,) x 800 to 1024 points (1,), zero-filled to 2048 x 2048 points,
which were used with 4 to 8 scans and 16 dummy scans. For processing, sine-
bell windows shifted by /3 rad were used in both dimensions, together with
a magnitude calculation.

2D HSQC 'H/C NMR spectra were acquired at 500/125.8 MHz in phase-
sensitive, sensitivity-improved, echo/anti-echo-TPPI gradient selected
mode, by using the TXI probe with 2048 (z,) x 800—1024 (¢,) point data
sets, zero-filled to 2048 points in each dimension, 8-48 scans, 16—64
dummy scans, 'H 90° pulse 7.0 ps, 3C 90° pulse 10.5 ps, together with sine-
bell squared windows shifted by 7t/2 rad, in both dimensions. The separation
of closely spaced cross-multiplets in the 2D HSQC spectrum of compound
4 was optimized by zero-filling to 8192 points in each dimension, and by
using sine-bell squared windows, shifted by mn/4 rad in both dimensions.

Immunodiffusion assay: Glass microscope plates (75 x 50 cm) were pre-
coated with a warm solution of 0.1 % aq agarose (preboiled) and allowed to
dry overnight. A solution of 0.9 % agarose in PBS buffer (8.5 mL, 1.7 mm
KH,PO,, 5.0 mm Na,HPO,, 0.15m NaCl) was applied to the precoated
glass plates which were allowed to dry. The plates were stored at 5 °C. Wells
of approx 1.2 mm diameter were cut into the plate. The wells were filled
with either the antigen (~3 pL, 1 mgmL~! in PBS buffer) or antiserum
(horse 49) and allowed to stand at 5°C. After ~12 h, the plate was washed
with PBS buffer (2 h), then pressed (=5 lbs weight, 2 h). This process was
repeated ~ 3 times. The plate was treated with Coomassie Blue stain (0.2 %
in Destain) and washed several times with Destain (MeOH/H,0/AcOH
9:9:2).
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Dendronized Molecular Knots: Selective Synthesis of Various Generations,
Enantiomer Separation, Circular Dichroism

Janosch Recker,?! Walter M. Miiller,?! Ute Miiller,!?! Takateru Kubota,!"!
Yoshio Okamoto,™ Martin Nieger,!*! and Fritz Vogtle*!

Abstract: For the first time, knot mole-
cules (of the amide type) are synthe-
sized, which bear one to three dendritic
units of various generations at their
periphery. They were obtained through
two different routes: i) attachment of
dendritic wedges to new mono-, di- and
trihydroxy functionalized dodecaamide
knots that have been obtained by selec-
tive debenzylation of oligobenzyloxy
substituted knots, or ii) cyclization of
already dendron substituted pyridine-
2,6-dicarbonyl dichlorides with an “ex-
tended diamine” to directly yield the
“tri-dendroknots”. The derivatization of

tution of the pyridine units of the knots,
whereas the isophthalic acid units seem
not to tolerate larger substitutents, as
reflected in lower knot yields. These
syntheses also demonstrate knots to be
accessible indirectly by substitution of
the corresponding mono-, di- and tri-
functionalized knot skeleton. An ad-
vantage of dendritic “decoration” is the
control of solubility and chromatograph-
ic behaviour of the molecular knots
(knotanes). Suggestions are made about
the threading mechanism by supramo-
lecular template effects leading to the
formation of amide-based molecular

knots. The topological chirality of the
new “dendroknots” is shown by efficient
enantioseparations (separation factor o
between 1.22 and 1.48). For this purpose
(commercially unavailable) chiral col-
umn material of the Chiralpak type was
used, in which the chiral component is
covalently bonded to the silica gel sup-
port. The racemate splittings provide
additional evidence for the knotted
structure, as all other conceivable iso-
mers such as macromonocyclic or caten-
ated dodecaamides would not be chiral.
The pure enantiomers obtained exhibit

knot molecules by functional substitu-
ents and even large dendritic units is an
important advance in the synthesis and
property variation of molecular knots.
This holds true in particular for substi-

knotanes -

Introduction

The synthesis of molecular knots!: 2 (“Knotanes”P) is among
the most challenging in today’s chemistry. The topological
chirality of the trefoil knots makes their synthesis particularly
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pronounced Cotton effects in their cir-
cular dichroism spectra. By comparison
with the unsubstituted knot, the abso-
lute configuration (A, A) of all new
knots is derived.

interesting. Also template effects play an important role in the
knot synthesis. Historically, the first synthetic knots were of
the phenanthrolin type, but nucleic acid type,! crown-quat
typel?l and open-knot metal complex knots!”] could also be
synthesized. Simultaneously peptide-based knots were dis-
covered in nature.[®

While molecular knots were initially synthesized for their
characteristic intertwined structure, their functionalization
seemed to be difficult.”’l Recently, we have been able to show
that molecular knots of the amide type can be equipped with
various small substituents such as chloro and methoxy.”! In
order to improve and control the (sparing) solubility of these
knots and to improve chromatographic enantiomer separa-
tions, we aimed at the introduction of larger substituents such
as dendritic wedges!”! at the periphery of amide knots, creating
decorated “dendroknots”.'"l This contribution therefore
describes the syntheses of a series of new molecular knots of
the amide type, bearing protected and free functional groups
such as O-benzyl and OH that allow us to further derivatize
and in particular dendrylate the naked scaffold.’® The knot
syntheses were carried out successfully by supramolecular
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template reactions that are—like corresponding amide cate-
nane and rotaxane syntheses!!!'"'“—assisted mainly by hydro-
gen bonds between host and guest amide groups.

The complete separation of the knot racemates was
achieved using special chiral column materials. The measure-
ment of the circular dichroisms allowed the assignment of the
absolute molecular chirality to the knot enantiomers.

Results

Synthesis of mono-, di-, and tribenzyl- and hydroxy-function-
alized amide knots

General remarks: Our early efforts in amide-based knots
revealed the difficulties related to their synthesis in general
and functionalization in particular.”) When we had tried to
attach substituents on the isophthalic acid benzene ring the
yields of the synthesized hexaamide trefoil knots dropped

OMe

with increasing size of the substituents.??l However, we have
now achieved an important advance in the synthesis of these
amide knot compounds by attaching functional groups to the
pyridine rings of 5. Further insights came from preliminary
experiments: Large groups in the 5-position (R’ in 4 and 5) of
the isophthalic acid unit A were not acceptable; in this case,
the synthesis is directed towards the formation of macrocyles
and catenanes, as can be already seen when replacing R’'=H
by a methyl or a fert-butyl group as substituent. The yields for
the resulting trisubstituted knotanes are very low (< 1% )i 3¢
in these cases. In contrast, the 4-position on the pyridine unit
B tolerates much larger substituents up to dendritic wedges, as
shown below. This surprising result, may be explained by the
location of the pyridine units at the periphery of the knot. In
contrast, a previous X-ray crystal structure!® shows the
isophthalic units to be “hidden” inside the knot. Based on
these findings, we could increase step by step the size of the
substituents at the pyridine rings B, going from smaller to
higher generation dendritic wedges, as described below.

4)

—_—p

Figure 1. “Direct” synthesis of the knotanes 5b and 5S¢ bearing three dendritic groups at the pyridine units. 1) K,CO;, acetone; 2) KOH, ethanol;

3) (COCl),, benzene; 4) NEt;, CH,Cl,.

Chem. Eur. J. 2002, 8, No. 19
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“Direct synthesis” of dendryl functionalized amide knots: For
the synthesis of dendritically substituted molecular knots we
started from the “extended” diamine 41" % and the benzyl-
and dendrylated 4-hydroxypyridine dicarboxylic dichloride
3b-d prepared by nucleophilic substitution of the di-ester 1
with the corresponding Fréchet-type dendryl chlorides
2¢,d.l'! The reactions were carried out under moderate
dilution conditions (approx. 1.4 mm) in dichloromethane. This
reaction yields 5% of pure knot Sb and 2% of Se,
respectively, after purification by column chromatography
on silica gel. The dendroknot 5d could not be isolated by this
direct route, likely due to steric repulsion increasing with
dendron size (Figure 1).

“Indirect” synthesis of mono-, di-, and tribenzyl- and
hydroxy-functionalized amide knots: The complete deprotec-
tion by hydrogenation (H,, Pd/C) of all three benzyl groups
from the tris(benzyloxy) knot 5b was only partially successful
and a mixture of mono-, di-, and trihydroxy knotanes Sa, e and
f was formed. We exploited this fact to synthesize mono-, di-
and tridendrylated knots simultaneously, reacting dendritic
wedges 2 directly with the hydroxyknot mixture (Figure 2).
The reactions of the hydroxy knot mixture 5a,e and f with
first- and second-generation dendryl bromides led to the
expected mixtures of dendroknots Se¢, 6¢, 7¢, and 6d, 7d.
Their HPLC separation is described below along with the
HPLC separation of the enantiomers on a chiral stationary
phase.

In summary we conclude: In comparison to Sauvage’s
Cu! based template synthesis (Figure 3a), no additional
templating agent (external template) is necessary. In our
case, all six reactand molecules of 3 and 4 react in an “internal
templating” reaction to generate the molecular knot: Taking
into consideration the crystal X-ray structure of the amide

=, -

R'" R?2 R®

5¢: G1-Dendron

5b| Bn Bn Bn
5e| Bh Bn H
5f| Bh H H

7c: G1-Dendron

Figure 2. Deprotection of 5b leading to mono, di-, and tridendryl substituted knots 5¢—7¢, 6d and 7d. 1) Pd/C,

H,, CHCl;/MeOH; 2) R-Br, K,CO;, acetone.
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a) by

Figure 3. a) Cu" assisted knot formation of the Sauvage-type; b) proposal
for a hydrogen bond template driven formation of dodecaamide trefoil
knotanes. Helical host loop (black); amide guest (grey). For hydrogen
bonding assistance see text. Dotted lines indicate open ends that need to be
connected for knot formation.

knotane,['""] the progression of the assembly is proposed to
begin with the formation of a helical loop (Figure 3b)
followed by threading of the guest amide through this loop.
The hydrogen bonding pattern in this weakly bonded complex
likely resembles that found in the X-ray structure. The two
remaining acid chloride molecules 3 react in the subsequent
reaction step with the remaining terminal amino groups of the
loop to close the knot (dotted lines in Figure 3b). The
synthesis of the dodecaamide knotane therefore represents a
new pre-organisation mechanism.

This type of synthesis can be varied only in a narrow range
as far as substituents at the isophthalic acid rings are
concerned. A much greater variety in substitution is possible
at the pyridine rings, so that further derivatisations can lead to
hitherto unknown molecular knots!'”! with a variety of re-
functionalisable substituents.

Separation of the enantiomers, chiroptical and other proper-
ties

The racemates of the tribenzyl knot 5b and tridendryl knot 5¢
were successfully separated into their enantiomers using the
“Chiralpak AD” column material.'®! This non-commercial
column material contains
tris(3,5-dimethylphenylcarba-
mate)amylose covalently
linked to the silica gel support,
therefore making it unlikely for
the chiral stationary phase to be
washed out when using lipo-
philic solvents. Figure 4 shows
the successful close-to-baseline
separation of the tribenzyl knot
5b. Further enantiomeric sepa-
rations were carried out suc-
cessfully for the molecular
knots 6¢,d and 7¢,d.

After the preparative separa-
tion of the enantiomers the
circular dichroisms were re-
corded. As an representative
example, Figure5 shows the
CD spectrum of §b. It is similar
to that of the unsubstituted
knot 5 (R=R'=H).'] The
pronounced, mirror symmetri-

SN

6c: G1-Dendron
6d: G2-Dendron

OBn

o UOBn

7d: G2-Dendron
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Figure 4. Separation of the enantiomers of 5b (column: Chiralpak AD,
eluent: hexane/chloroform/isopropanol 60:40:2, CD detection at 254 nm).

cal circular dichroisms of the enantiomers (Figures 5 and 8b)
confirm the purity of the compounds and of the enantiomers.

In Figure 6, a part of the mass spectrum of the racemic
benzyloxy knot 5b is shown. MALDI-TOF mass spectra and
'H NMR prove the high purity of these and other racemic and
enantiomeric knot samples.

150000 -
Mol.Ellip.
50000
50000 4230 330 380
Wavelength/nm
-150000 4

Figure 5. CD spectra of tribenzyl knotane 5b (in chloroform:
(+)-enantiomer ¢ =6.5 x 10~*M, (—)-enantiomer ¢ =8.9 x 107*m).

The absolute configuration of the two enantiomers of a
trefoil knot with their A- and /- stereochemistry?! is shown
schematically in Figure 7. We are assigning to the enantiomer
5b with the positive Cotton effects around 240 and 290 nm the
configuration A, as its CD spectrum strongly resembles that
of the unsubstituted knot.5!

The mixtures of tri, di-, and monodendryl substituted
knotanes S¢, 6¢ and 7 ¢ described above (with benzyl groups
remaining at the positions still protected, compare Figure 2)
were also completely separated on a chiral HPLC column.!!$]

Chem. Eur. J. 2002, 8, No. 19
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3058.0

5b [M+Nal*
—

5b [M-C,Hg+Na]* 295%-1

—

3074.6 5b [M+K]*
-—

L T LI-‘

" 2000 l25]00I " 3000 IE)‘leOl
Figure 6. Detail of the Maldi-TOF mass spectrum of knot 5b (matrix: 2,5-
dihydroxybezoic acid).

A (or Lor34™m)

A (or D or 317%)

Figure 7. Absolute configuration of trefoil amide knots.

Simultaneously the enantiomers were resolved (Figure 8a).
From the partially benzyl deprotected hydroxy compounds,
the monobenzyl-didendryl derivatives 6¢ and d of Frechét-
type generation one and two were obtained. In the case of the
second-generation dendrons, only the mono and disubstituted
dendroknots 6d and 7d were obtained, most probably due to
increasing steric effects with increasing generations and
substitution (see above).

All dendrylated knots of generation zero (5b) and one (5S¢,
6¢ and 7¢) could be isolated in enantiomerically pure form so
that we could compare the CD spectra. Figure 8b shows CD
spectra of the mono-, di- and tridendryl knots of generation
one. The comparison of the first-generation derivatives shows
the intensity of the Cotton effect of tridendryl knot 5S¢ to be
substantially higher than that of the mono- and di-substituted
analogues (6¢, 7¢).

Discussion

Hydrogen-bonding patterns and propeller orientation: The
knot Sa described here presents three hydroxy functional
groups that can be used as anchor groups to affix large
substituents at the periphery. This architectural feature may
be compared to that at a tetravalent carbon atom, a trigonal
carbon atom, an adamantane moiety (with four substituents), a
benzene ring (with six substituents) and to dendrimers, which
have already been used as polyfunctional core building blocks
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Mono-dendryl
2 5E+05. (Mono-dendryl)
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(Di-dendryl) UV detection
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Figure 8. a) Analytical separation of first generation mono-, di-, and
tridendryl knots 5¢—7¢ by HPLC on Chiralpak AD, detected by UV and
CD spectra at wavelength 254 nm (eluent hexane/chloroform/isopropylal-
cohol 60:40:2); and b) their CD spectra (5S¢, 6¢ and 7 ¢ from top to bottom).

for dendrimer synthesis.?") Qur
tri-functionalized knots, howev-
er, represent large core units
(chiral tectons)?’): A nano-
sized chiral core that allows
for the orientation of three
substituents in space.

Besides the hydrogen bond-
ing pattern (including solvent
participation, see Figure 9), the
X-ray analysis reveals a propel-
ler-type orientation of the three
pyridine and the three iso-
phthalic units. It also shows
the peripheral arrangement of
the former and the inner, more

hidden placement of the latter.  shaded.
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In the crystal, all pyridine rings (shaded in Figures 1, 9—11)
are localized peripherically and the knotanes look somewhat
like a flattened hat. Due to the hydrogen-bond pattern, the
three pyridine dicarbamide units (P1-P3 in Figure 10) form a
near to right angled triangle with two cathetes of equivalent
length. All three pyridine dicarbamide units are propeller-like
oriented towards the plane P (N56, N112, N168, see Table 1).

Due to the fact that all three isophthalic diamide units are
involved in the intramolecular hydrogen bond pattern the
distances between the I1 —I3 units are shorter. They also form
a propeller-like arrangement to the plane I (C28, C84, C140).
While the orientation of I1 and 12 is similar to those found for
the pyridine dicarbamide system, the orientation of I3, due to
the hydrogen-bonded amide unit N133/0134, is different. I3
lies above the C28-C84-C140 triangle. Again, all isophthaloyl
diamine units are at the same side of the plane I and twisted in
the same direction (Table 2, Figure 11).

The two planes P and I are twisted by 37° and the six-
membered aromatic rings show in opposite direction towards
the surface of the knot (Figure 11).

The knot consists of a regular alternated sequence of
building blocks P1-11-P2-12-P3-I3 (P = pyridine dicarbamide,
I=isophthaloyl diamide) linked by diphenylmethane units.
All the pyridine dicarbamide units show cisoid orientation of
the N-H groups,? while in I1 and 13 the orientation is
transoid (in 12 cisoid). Cisoid orientation of the N-H groups
leads to bifurcate hydrogen bonds between the two NH
donors and an acceptor (here C=0O or O(MeOH)). Only four
(five) of the twelve amide groups participate in intramolec-
ular hydrogen bonds, only one pyridine dicarbamide unit (P1)
but all three isophthaloyl diamide units. The sequence for the
intramolecular hydrogen bond pattern is P1-I3-I1-12. This
pattern resembles that recently found in [2]rotaxanes.®! Both
amino groups of P1 are involved in a bifurcate hydrogen bond
to I3 (0134) while the connected NH group (N133) forms a
hydrogen bond to I1 (029). The transoid carbonyl group of I1
(022) forms an asymmetric bifurcate hydrogen bond to the
cisoid amino groups of 12 (N77, N86). The remaining amino
groups of the transoid isophthalic diamides I1 (N21, N30) and
13 (N142) form hydrogen bonds to solvent molecules (meth-

Figure 9. Stereopicture of knotane 5 (R’ =R = H)["* crystal structure. Hydrogen atoms other than amide protons
are left out. Hydrogen bonds are indicated as dotted lines. Solvent molecules are methanol. Pyridine rings are
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Table 1. Plane P formed by the nitrogen atoms of the three pyridine rings and orientation of pyridine with the pyridine N atom. In

dicarbamide units in the amide knotane 5 (distances A, angles in °).

Table 3, the distances and an-

distances in plane P

gles of hydrogen bonds are

N56-N112 15.8 N112-N56-N168 Z(P)NS6 81  Jisted.

N56—-N168 16.6 N56-N112-N168 Z(P)-N112 11.3

N112—-N168 21.5 N56-N168-N112 Z(p)—N168 11.7 . 3

angle of the pyridine dicarbamide distance of the para-C-atom from plane P The question of intramolecular
units to the plane P chiral induction: Due to the
P1 31° 1.4 (Cs3) (topological) chirality of trefoil
F2 21 0.8 (C109) knots, it was expected that fur-
P3 10° 0.3 (C165) her insioht i h . £
twist of the pyridine dicarbamide and plane P t _er Insight into the .queSt_lon 0

P1 +44° “intramolecular chiral induc-
P2 +32° tion”['%® could be gained. In
P3 +25° particular, we were interested
inter-plane angles P P1 P in seeing if the chirality of the
P1 125 knotane core would result in a
P2 58 109 preferred  clockwise/counter-
P3 26 108 80

clockwise propeller twist of

Table 2. Plane I and orientation of isophthaloyl diamide units (distances A, angles in °).

the arene units in the peripheral
dendrons. This question is of
interest with respect to the

distances in plane I

frequently observed phenom-

C28—C84 4.5 C84-C28-C140 Z(I)—C28 31 £ t tical activi
C28—C140 7.1 C28-C84-C140 Z()—-C84 51 enog of “crypto optical activi-
C84-C140 79 C28-C140-C84 z(y-C140 46 ty’!” in chiral dendrimers:
angle of the isophthaloyl diamide distance of the para-C-atom from plane I How does the chirality of “den-
units to the plane I droknots” depend on the den-
1 2 L1(C25) drimer generation and the pro-
") 15° 0.7 (C81) & P
3 123° 2.3 (C137) peller angles formed by the
twist of the isophthaloyl diamide and plane T three hydroxy pyridine units
n +53° (shaded in Figure 9-11) of
2 +48 knotanes of type 5? Compari-
2 7 f the CD £ th
inter-plane angles S.On of the ) spectra of the
I 0l o) first-generation  dendroknots
Il 63 (Figure 8b) shows that the tri-
2 133 87 dendrylated knot 5c¢ gives a
13 122 84 13

much more pronounced Cotton

anol) outside the knot, while the two other pyridine dicarba-
mide units P2 and P3 form bifurcate hydrogen bonds to
methanol solvent molecules inside the knot. The remaining
C=O0 groups are involved in hydrogen bonding with periph-
eral solvent molecules. Additionally the NH groups of the
pyridine dicarbamide units form bifurcate hydrogen bonds

plana P

Pa 2154 N112

Nigs 5 %
N5 &

N112

Figure 10. Plane P formed by the nitrogen atoms of the three pyridine
rings (shaded).
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effect at around 240 nm than

the mono- and didendrylated
species 6 ¢ and 7 ¢. This increase in the molar ellipticity clearly
shows the emergence of some effect which will need to be
investigated further. CD spectra of the second-generation
dendroknots with their molar ellipticity could not be record-
ed, because of the small amounts isolated so far.

‘\r_\

C84

lane |
F C140
NSE

N1M—__——Ew
o

plane P

C28

L

Cha4

LY
L)
C140 o008

B
e g~

—

L
M168
plane P N112

Figure 11. Mutual orientation of planes P and I (see Figure 10) in the knot
5 (R"=R =H). Pyridine rings are shaded.
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Table 3. Hydrogen bonds in 5 (distances A, angles in °).
NH H«O N-.O N-H-..O

P1-13:

N49-H49..- 0134 0.88 2.57 3.36 149
N58-HS58-+- 0134 0.88 2.29 3.04 143
13-11:

N133-H133..- 029 0.88 2.14 3.00 165
11-12:

N77-H77++- 022 0.88 1.96 2.79 157
N86-H86++- 022 0.88 3.49 4.17 136
P2:

N105-H105 +-- O3M 0.88 2.10 291 154
N114-H114..-O3M 0.88 2.15 2.97 156
P3:

N2-H2..-O2M 0.88 2.17 3.01 158
N161-H161 .- O2M 0.88 2.14 2.97 158
11:

N21-H21 ... O4M 0.88 213 2.99 165
N30-H30-:-O1M 0.88 2.04 2.85 153
13:

N142-H142..-O5SM 0.88 2.04 2.84 149

Property tuning by dendryl’®! substituents: Dendritic sub-
stituents were chosen, because we did hope to control the
lipophilic/hydrophilic balance of the nanometer-sized molec-
ular knots within a wide range, increasing their otherwise
limited solubility in different solvents. In addition, this type of
amide knot, once evaporated to dryness, is often difficult to
solubilize again. With the introduction of dendritic wedges we
were able to improve the solubility of the knots to some extent
which facilitated column chromatography. Their overall
solubility still needs some improvement before the amide
knots can be handled in less lipophilic solvents.

Another reason for derivatization of molecular knots is to
use the knotted scaffold as a core not only for dendritic
peripheral groups but in a more general scheme.?*]

Conclusion

The results show that it was possible to partially derivatise
molecular knots using simple protecting group chemistry; this
would allow further chemical reactions®! to introduce steri-
cally demanding substituents as well as improving the general
solubility of the knotanes. This should then in turn allow to
study the interactions of the chiral knot core with the
peripheral chromophoric groups?®! in more detail. The
methodology applied here also opens the possibility to
produce nano-sized arrays®! and to use chiral substituents
that will lead to the formation of diastereomers. These
diastereomers should be easier to separate than enantiomers
and allow for further variations of solubility, steric effects and
chiral induction. We believe that our studies also contribute to
the understanding of the threading mechanism in hydrogen-
bond assisted supramolecular template syntheses and we hope
that in the future other knot types beyond the trefoil knot can
be synthesized. It probably is just a matter of time and skill
until further structural and chiral variations of molecular
knots will appear.
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At an early stage, molecular knots have been regarded as a
rather exotic class of substances due to the difficulties in their
synthesis and their topological chirality.”! In the near future,
they may become a more generally usable very stable chiral
platform. They could be used as an anchoring group
accommodating additional functionalities that increase sol-
ubility or facilitate crystallization, carrying chromophoric or
light harvesting groups, similar to the modifications that have
been made with the (non-chiral) fullerene tecton.?!

Experimental Section

General remarks: All starting materials were purchased from commercial
sources or prepared using known literature procedures. The solvents were
dried using standard techniques. Whenever possible, reactions were
monitored by thin-layer chromatography using TLC silica gel coated
aluminium plates 60F,s, (Merck). Compounds were detected by UV light
(254 nm). MPLC was done using a Biichi pump. Melting points were
determined in a Reichert Thermovar microscope and are uncorrected. 'H
and BC NMR spectra were recorded using 250, 300 and 400 MHz Bruker
instruments; the solvent signal was used for internal calibration. Mass
spectra were recorded using a MS-50 from A.E.I., Manchster, GB (EI), a
Concept 1H from Kratos Analytical Ltd., Manchester, GB (FAB),
MALDI-TofSpec-E from MICROMASS, GB (MALDI) and Voyager-
DE from PE Biosystems (MALDI). Elemental analysis were provided by
Mikroanalytische Abteilung, Kekulé-Institut fiir Organische Chemie und
Biochemie, Universitdt Bonn.

4-Benzyloxypyridine-2,6-dicarboxylic dimethyl ester: K,CO; (11.0g,
79.6 mmol) was added to a stirred solution of 4-hydroxy-pyridine-2,6-
dicarboxylic dimethyl ester® (8.00 g, 379 mmol) and benzyl bromide
(13.5 g, 78.9 mmol) in acetone (250 mL), and the solution was heated under
reflux overnight. After allowing the reaction mixture to cool down to room
temperature, the unsoluble residue was removed by filtration and the
solvent evaporated at reduced pressure. The crude product was dissolved in
chloroform (300 mL), washed three times with water, dried over Na,SO,;
after filtration the solvent removed under reduced pressure. Re-crystalisa-
tion from ethyl acetate (30 mL) yielded the desired product (8.80 g, 77 %).
M.p. 102-103°C; 'H NMR (300.1 MHz, CDCL): 6=3.98 (s, 6H;
COOCH;), 520 (s, 4H; OCH,), 739 (s, 5SH; PhH), 787 (s, 2H; PyrH);
BC NMR (75.6 MHz, CDCl;): 6 =532 (COOCH,), 70.8 (OCH,), 114.8
(PyrCH), 1277, 128.7, 128.8 (PhCH), 134.6 (PyrC), 149.8 (PhC), 165.1
(PyrC), 166.7 (COOR); EI-MS(+): m/z: caled for C;¢H;sNOs: 301.1; found:
301.2; elemental analysis calcd (% ) for C;sH;sNOs: C 63.7, H 5.02, N 4.65;
found: C 63.81, H 5.03, N 4.53.

4-Benzyloxypyridine-2,6-dicarboxylic dipotassium salt: A solution of KOH
(4.00 g, 71.8 mmol) in ethanol (50 mL) was added to a hot solution of
4-benzyloxypyridine-2,6-dicarboxylic dimethyl ester (6.10 g, 20.3 mmol) in
ethanol (150 mL), leading to the formation of a voluminous precipitate.
After heating for 30 min the reaction mixture was cooled to room
temperature and the white precipitate was filtered off and dried, yielding
the desired product (6.93 g, 98%). Elemental analysis caled (%) for
C,HoNOsK,: C 48.12, H 2.60, N 4.01; found: C 47.84, H 2.87, N 3.82.
4-Benzyloxypyridine-2,6-dicarbonyl dichloride (3b): 4-Benzyloxypyridine-
2,6-dicarboxylic dipotassium salt (5.94 g, 17.0 mmol) was added in small
portions over the course of 2h to a warm solution (oilbath at 30°C) of
oxaloyl chloride (12.0 mL, 142 mmol) in dry benzene (30 mL). The reaction
mixture was then heated under reflux. After 4 h the solvent was removed at
reduced pressure. The crude product was taken up in dry dichloromethane,
filtered and the solvent evaporated. After re-crystallisation from n-hexane
the desired product was obtained (4.80 g,91%). M.p. 113-114°C; 'HNMR
(250 MHz, CDCL,): 6 =5.26 (s,2H; OCH,), 742 (s, 5SH; PhH), 7.87 (s, 2H;
PyrH); BC NMR (62.5 MHz, CDCL): 6 =71.5 (OCH,), 115.6 (PyrCH),
127.7,129.0, 129.1 (PhCH), 133.8 (PyrC), 150.6 (PhC), 167.1 (PyrC), 169.5
(€Ooql); EI-MS(M +) caled for C;,H,CLLNO;: 309.0; found: 309.1;
elemental analysis calcd (%) for C;H,CLLNO;: C 54.22, H 2.93, N 4.52;
found: C 54.48, H 3.02, N 4.44.
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“0O-Benzyl knot”: [3,]Cyclopropane[29',65',101'-benzyloxy-5',17'23',35',
41',53',59',71',77',89',95',107',110',112,115',117',120',122',125',127',130',132',
135,137'-tetracosamethyl-8',14',26',32,44',50/,62',68',80",86",98',104'-dodec-
aoxohexaspiro{tricyclohexane-1-2",20"-1",38'-1""-[7',15',25',33,43',51",61',69',
79,87',97',105',116',126',136'|penta-decaazanonadecacyclo[104.2.2.23¢.

21 6’.19'.221'24:234237:239242"252’,55"257’,60’.270’.73"275',78"288’,91'.293'.96’.1 9’,13" 1 27’.31’.‘1 45’.49"
1636767 18185 199,103 octatriacontahectane([3,5',9',11,13'(111'),16/,18',21',23/,
27'29'31'(116'),34',36',39' 41" ,45' 47’ ,49'(121"),52',54',57',59',63' 65,67’
(126),70',72',75',77",81',83',85'(131"),88,90",93",95',99',101',103'(136"),106’,
108,109,112',114',117',119',122',124',127',129',132',134’,  137']tetrapenta-
contaene-56"-1"",74'-1""",92/-1""" -tricyclohexane} Jknotanel®! (5b): A solu-
tion of N,N'-bis{4'-[1'-(4",5""-dimethylphenyl)cyclohexyl]-2,6'-dimethyl-
phenyl}isophthalic diamidel"!! (1.20 g, 1.55 mmol) and Et;N (0.4 mL) in
dry dichloromethane (250 mL) and a solution of 3b (0.48 g, 1.55 mmol) in
dry dichloromethane (250 mL) were added simultaneously into a flask
containing a stirred solution of dry dichloromethane (700 mL). After 6 h
the addition was complete and the reaction mixture was stirred overnight.
The solvent was removed under reduced pressure and the crude product
was purified via column chromatography (CHCl/acetone 20:1), yielding
the desired product (70 mg, 5%). M.p. >300°C; 'H NMR (400 MHz,
[Ds]DMSO): 6 =0.86, 0.94, 1.06, 1.14, 1.23, 1.29, 1.36, 1.48,1.56, 1.60, 1.81,
1.98,2.04,2.08,2.12,2.18,2.25,2.27,2.31,2.47,2.67,4.26,4.37,4.54, 498, 5.31,
5.42, 5.77, 6.45, 6.58,6.82, 6.89, 6.96, 6.99, 7.11, 7.16, 7.26-7.58, 7.76, 7.84—
7.95, 8.02, 8.26, 8.64, 8.66, 9.06, 9.12, 9.17, 9.40, 9.58, 9.84, 10.26, 10.37, 10.50,
10.54, 11.02, 11.05; MALDI-MS(M +): m/z: calcd for C,osH,);N;50;5:
3036.9; found: 3037.1.

4-[3,5-Bis(benzyloxy)benzyloxy]-pyridine-2,6-dicarboxylic dimethyl ester:
A stirred mixture of chelidamic acid dimethylester®” (1.06 g, 5.00 mmol), 3,
5-bis(benzyloxy)benzyloxybromidel'! (3.83 g, 10.0 mmol), K,CO; (1.50 g,
10.9 mmol) and [18]crown-6 (0.80 g, 3.00 mmol) in dry acetone (60 mL)
was refluxed for 2 days. After cooling to room temperature the reaction
mixture was filtered and the solvent removed under reduced pressure. The
crude product was purified by MPLC on silica gel (Lichroprep Si 60 (15—
25 um)) using a 98:2 mixture of dichloromethane/methanol, yielding a
white solid (1.9 g, 74 %). R;=0.52 (dichloromethane/methanol 97:3); m.p.
125.9°C; 'TH NMR (400.1 MHz, CDCl;)0 =3.92 (s, 6H; COOCHj), 4.96 (s,
4H; ArOCH,), 5.07 (s,2H; ArOCH,), 6.53 (t, 1H,J=2 Hz; ArH), 6.57 (d,
2H, J=2Hz; ArH), 722-735 (brm, 10H; PhH), 778 (s, 2H; PyrH);
BC NMR (100.6 MHz, CDCl,): 6 =53.2 (OCHj;), 70.2, 70.6 (CH,0), 102.2,
106.5 (ArCH), 114.8 (PyrC), 127.5,128.1, 128.6 (ArCH), 136.6, 137.0 (ArC),
149.9 (Pyr(), 160.4 (PhC), 165.1 (PyrC), 166.6 (COOR); FAB-MS(+): m/z:
caled for C3)H,;NO;: 513.55; found: 514.1; elemental analysis calcd (% ) for
C;Hy;NO,: € 70.17, H 5.30, N 2.73; found: C 70.25, H 5.22, N 2.57.

4-[3,5-Bis(benzyloxy)benzyloxy]-pyridine-2,6-dicarbonyl dichloride (3c):
A solution of NaOH (0.50 g, 12.5 mmol) in ethanol (20 mL) was added to a
stirred solution of 4-[3,5-bis(benzyloxy)benzyloxy]-pyridine-2,6-dicarbox-
ylic dimethyl ester (1.80 g, 3.50 mmol) in ethanol (400 mL). After stirring
and heating for 15 min, the voluminous precipitate was filtered and dried.
The disodium salt was added in small portions to a warm solution of
oxalylchloride (4 mL) in benzene (10 mL). The reaction mixture was then
heated to 85°C and stirred for 2 h. The solvent was distilled off at 14 mbar
and the yellowish residue was taken up in dry dichloromethane and filtered
through a celite plug under a nitrogen atmosphere. Removal of the solvent
under reduced pressure yielded the title compound (0.97 g, 53 %) with
sufficient purity for the knot synthesis. M.p. 98.5°C; 'H NMR (250 MHz,
CDCl;): 0 =5.04 (s, 4H; OCH,), 5.18 (s, 2H; OCH,), 6.60 (s, 3H; ArH),
724742 (brm, 10H; PhH), 7.81 (s, 2H; PyrH); EI-MS(M + ): m/z: calcd
for CsH,,05Cl,: 521.1; found: 521.1; for analytical purposes a small amount
of the acid chloride was hydrolyzed to the corresponding free acid and
analyzed: '"H NMR (400 MHz, [D4]DMSO): ¢ =3.78 (brs, 2H; COOH),
5.08(s, 4H; OCH,), 5.28 (s, 2H; OCH,), 6.63 (t, 1H, J=3 Hz; ArH), 6.73
(d, 2H, J=3Hz; ArH), 727-745 (br m, 10H; PhH), 7.77 (s, 2H; PyrH);
3C NMR (100.6 MHz, [D¢]DMSO): 6 =69.8, 70.3(OCH,), 102.0, 107.0
(ArCH), 1144 (PyrCH), 128.1, 128.3, 128.8 (PhCH), 137.3 (PhC), 138.3
(ArC), 150.1 (PyrC), 160.1 (ArC), 165.7 (COOH), 166.8 (PyrCH).

“G1 Tridendryl knot”: [3,]Cyclopropane[29',65',101"-(3,5-bis(benzyloxy)-
benzyloxy)-5',17',23',35',41',53',59',71',77',89',95',107,110',112", 115" ,117’,
120',122',125',127',130/,132,135',137'-tetracosamethyl-8',14',26',32' 44’ 50’,
62',68',80',86",98',104'-dodecaoxohexaspiro{tricyclohexane-1-2",20'-1",38'-
1"-[7',15',25',33',43',51',61',69',79',87',97",105',116',126",136 | penta-decaaza-
nonadecacyclo[104.2.2.236 21619 02124 D337 939,42 95255 95760 27073 27578
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2889V 99396 1913 12731 14549 16367 18185 199103 ]gctatriacontahectane[3,5',9,
11,13/ (111'),16/,18' 21,23/ 27' 29 31'(116'),34' 36' 39’ 41" 45 47’ 49'(121"),
52',54',57',59',63',65',67'(126'),70',72',75',77',81',83',85'(131"),88',90',93 95’,
99,101',103'(136'),106',108,109',112",114',117',119',122",124,127',129',132',
134, 137'Jtetrapentacontaene-56"-1"",74'-1""",92'-1"""-tricyclohexane}]-
knotane®! (5¢): A solution of N,N'-bis{4'-[1“-(4"",5""-dimethylphenyl)cy-
clohexyl]-2',6'-dimethyl-phenyl}isophthalic diamide!'l (1.20 g, 1.55 mmol)
and Et;N (0.40 mL) in dry dichloromethane (250 mL) and a solution of 3¢
(0.78 g, 1.55 mmol) in dry dichloromethane (250 mL) were added simulta-
neously into a flask with a stirred solution of dry dichloromethane
(700 mL). After 7 h the addition was complete and the reaction mixture
was stirred overnight. The solvent was removed under reduced pressure
and the crude product was purified by column chromatography (CHCL/
acetone 25:1), yielding the desired product (52 mg, 3%). M.p. >300°C;
'H NMR (250 MHz, [D¢]DMSO): 6 =0.86, 0.94, 0.95, 1.14, 1.23, 1.38, 1.48,
1.58, 1.99, 2.08, 2.12, 2.18, 2.25, 2.28, 2.33, 2.50, 2.55, 2.67, 3.29, 3.34, 3.40,
3.42,4.59, 5.12, 5.34, 5.38, 5.40, 5.77, 5.81, 6.41, 6.46, 6.52, 6.64, 6.71, 6.75,
6.76,6.83, 6.90, 6.99, 7.18, 7.26 - 7.48,7.55, 7.87,7.90, 8.26, 8.61, 9.06, 9.17, 9.40,
9.60, 9.83, 10.23, 10.49, 10.55, 11.22, 11.35; FAB-MS: m/z: calcd for
Cyy0H,43N1505,: 3670.8; found: 3672.9 [M]*.
4-[3,5-Bis[3',5'-bis(benzyloxy)benzyloxy ]benzyl]-pyridine-2,6-dicarboxylic
dimethyl ester: A mixture of chelidamic dimethylester (0.30 g, 1.4 mmol),
3,5-bis[3’,5"-bis(benzyloxy)benzyloxy|benzylbromidel'*! (2.75 g, 3.40 mmol)
and K,CO; (0.39 g, 2.8 mmol) in dry DMF (20 mL) was stirred at 80 °C for
16 h. After cooling to room temperature the reaction mixture was filtered
and the solvent removed under reduced pressure. The residue was washed
with water, filtered and dried. The crude product was purified by MPLC on
silica gel (Lichroprep Si60 (15-25 um)) using a 98:2 mixture of dichloro-
methane/methanol, yielding a viscous oil (1.3 g, 41 %). R;=0.48 (dichloro-
methane/methanol 97:3); 'H NMR (400.1 MHz, CDCl;): 6=3.88 (s, 3H;
COOCH;)4.86 (s, 4H; ArOCH,), 491 (s, 8H; ArOCH,), 5.01 (s, 2H;
ArOCH,), 6.47 (m, 2H; ArH), 6.53 (d, 2H, J=3 Hz; ArH), 6.57 (d, 5H,
J=2Hz; ArH), 717-732 (brm, 20H, PhH), 7.76 (s, 2H, PyrH); *C NMR
(100.6 MHz, CDCL,): 6 =53.2 (COOCHj;), 70.16, 70.18, 70.6 (OCH,), 101.7,
105.8,106.4, 106.6 (ArCH), 114.8 (PyrC), 127.6, 128.0, 128.6 (PhCH), 136.9
(PhC), 137.1,139.1,139.4 (ArC), 150.0 (PyrC), 160.2 (ArC), 165.1(COOR),
166.7 (PyrC).

4-[3,5-Bis[3',5'-bis(benzyloxy)benzyloxy ]benzyl]-pyridine-2,6-dicarbonyl
dichloride (3d): Acid chloride 3d was prepared analogous to 3¢ with 3,5-
bis[3',5'-bis(benzyloxy)benzyloxy]benzylbromide,'® yielding a viscous oil
(0.86 g, 44%). '"H NMR (300.1 MHz, CDCl;): 0 =4.86 (s, 4H; ArOCH,),
491 (s, 8H; OCH,), 5.02 (s, 2H; OCH,), 6.46 (t,/ =2 Hz, 2H,; ArH), 6.49
(s,2H; ArH), 6.55 (d, 5H,J =2 Hz; ArH), 716 -7.33 (brm, 20H, PhH), 7.70
(s, 2H, PyrH); “C NMR (75.5 MHz, CDCl,): 6 =68.2, 68.3, 69.4 (CH,0),
99.7, 100.6, 104.5, 104.7 (ArCH), 113.8 (PyrC), 125.7, 126.2, 126.7 (PhCH),
134.3, 134.9, 137.1 (ArC), 148.7 (PyrC), 158.4, 158.5 (PhC), 165.1 (PyrC),
167.6 (COCI).

Mono-, di-, and trihydroxy knot: Pd/C(10%) (5 mg) was added to a stirred
solution of 5b (22.0 mg, 0.007 mmol) in chloroform (4 mL) and methanol
(1 mL), and the mixture was hydrogenated at 4 atm H, pressure for 8 h. The
crude product was taken up in of a 1:1 mixture of acetone/chloroform
(30 mL) and filtered through a celite plug. The solvent was removed at
reduced pressure, yielding a mixture of mono-, di-, and trihydroxy knot, as
well as some unreacted starting material as a white powder (18 mg). This
product was used for the following reactions (below): MALDI-MS for
monohydroxy knot: calcd for CoH,y;N;sOsNa: 2967.5; found: 2969.0
[M+Na]*; MALDI-MS for dihydroxy knot: calcd for C;g,H;¢sN;5sO;sNa:
2877.5; found: 2879.0 [M+Na]*; MALDI-MS for trihydroxy knot calcd for
Ci9sH,7N 5Oy sNa: 2787.4; found: 2789.0 [M+Na]~.

“G1 Mono-, di-, and tridendryl knot” (5¢, 6¢, 7¢): 3,5-Bis(benzyloxy)benz-
ylbromide!"! (7.00 mg, 0.018 mmol) was added under an argon atmosphere
to a stirred mixture of mono-, di-, trihydroxy knot (18 mg, 0.006 mmol) and
K,CO; (20.0 mg) in dry acetone (25 mL). After 8 h the crude product was
filtered through a silica gel plug and washed with chloroform (2 x 10 mL).
The solvent was removed at reduced pressure, yielding a mixture S¢, 6 ¢ and
7c¢ as a white powder (24 mg). The crude mixture was purified and
simultaneously separated into its enantiomers using semipreparative
HPLC (column: Chiralpak AD, eluent: hexane/chloroform/isopropanol
60:40;2, CD detection at 254 nm). The separated products were identified
by MALDI-TOF mass spectrometry: MS: m/z: calcd for 7¢ C,ysHy3 N 50,5-
Na: 3269.7; found: 3272.1 [M+Na]"; MS: m/z: calcd for 6¢ CygH,3 N 5049~
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Na: 3482.5; found: 3487.3 [M+Na]*; MS: calcd for S¢ Cyy0H,43N 50, Na:
3693.8; found: 3696.3 [M+Na]*.

“G2 Mono- and didendryl knot” (6d and 7d): 3,5-Bis[3’,5'-bis(benzylox-
y)benzyloxy]benzylbromidel'®l (16.0 mg, 0.02 mmol) was added under an
argon atmosphere to a stirred mixture of mono-, di-, trihydroxy knot
(10.0 mg, 0.003 mmol) and K,CO; (20 mg) in dry acetone (15 mL). After
5 d the crude product was filtered through a silica gel plug and washed with
chloroform (2 x 10 mL). The solvent was removed at reduced pressure,
yielding a mixture of 6d and 7d as a white powder (22 mg). The crude
mixture was purified and simultaneously separated into its enantiomers
using semipreparative HPLC (column: Chiralpak AD, eluent: hexane/
chloroform/isopropanol 60:40:4, CD detection at 254 nm). The separated
products were identified by MALDI-TOF mass spectrometry: MS: m/z:
calcd for 7d Cyg,H,79N;504,,Na: 4330.1; found: 4335.2 [M+Na]*; MS: m/z:
calced for 6d C,0H,3N;50,Na: 3693.8; found: 3699.6 [M+Na]*.
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Nucleation-Controlled Crystallization of a New, Spontaneously Resolved
Solvate of [Ru(bpy);](PF), and its Desolvation Reaction**

Josef Breu,* Wolfgang Seidl, Dominikus Huttner, and Florian Kraus!*!

Abstract: Simply by increasing the su-
persaturation level, racemic [Ru-
(bpy);](PF), no longer crystallises as
the well-known true racemate (3-mod-
ification; P3cl, a=10.6453(5), c=
16.2987(9) A, Z=2). Rather, it sponta-
neously resolves and forms a conglom-

mediated equilibration the new modifi-
cation is shown to be the metastable
(Ostwald) product, which is formed
based on nucleation kinetics. Upon
desolvation the solvate transforms into
a second enantiomorphic crystal struc-
ture (y-type; P3;, a=10.3809(4), c=

26.2576(13) A, Z=3). The latter could
previously only be obtained by chemical
resolution prior to crystallisation, but
could not be accessed directly from
racemic solutions. However, the new o-
modification can now be utilised for
optical resolution by the so-called meth-

erate of pure /1- and pure A-crystals with
a so far unknown structure type. This
new modification actually is a solvate
([Ru(bpy)s](PFy), 1L5CH,COCH;;  6-
type; P32, a=138133(7) A, c=
11.6523(7) A, Z=2). By a solution-

conglomerate

Introduction

The existence of more than one crystal structure for the same
molecular compound (i.e., polymorphism) is a frequently
occurring phenomenont that is both of fundamental academ-
ic and economical interest. On the one hand, polymorphs are
the result of the same cohesive forces and, therefore, they
provide more comprehensive information on the intermolec-
ular interactions than any singular crystal packing. Especially
concomitant polymorphs are of great value in improving our
understanding of molecular recognition and self-assembly.!
On the other hand, polymorphic modifications of the same
compound may differ markedly in chemical and physical
properties (shelf life, solubility, bioavailability, morphology,
etc.), which at a practical level makes polymorphism a
potentially important issue across a wide range of industries
including pharmaceuticals, healthcare, agrochemicals, pig-
ments, dyestuffs and foods. The prominent problem cases of
Abbot Laboratories’ HIV drug Ritanovir® and of Glaxo
Wellcome’s anti-ulcer drug Zantac® are potent reminders of
the importance of molecular solid-state chemistry.l

[a] Priv. Doz. Dr. J. Breu, W. Seidl, D. Huttner, F. Kraus
Institut fiir Anorganische Chemie der Universitdt Regensburg
93040 Regensburg (Germany)
Fax: (+49) 941-9434523
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[**] Chiral Recognition among Trisdiimine-Metal Complexes, Part 8. For
Part 7, see ref. [1].
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od of “resolution by entrainment”. This
example emphasises the potential that
both kinetically controlled crystallisa-
tion and desolvation of solvates bear
with respect to crystal engineering.

recognition

Despite this, our ability to consistently and reproducibly
“synthesise” one or the other already known polymorph is
still limited. Polymorphs apparently come and go in unpre-
dictable ways.’7l The design of crystallisation approaches that
would grant us access to the multitude of theoretical
polymorphs which are predicted to exist within a narrow
energy range for almost any given molecular compound
appears even more utopian.[>-!]

Two polymorphs can only be at thermodynamic equilibrium
at the p,T conditions of the transition point at which the AG
curves cross. Therefore, it is evident that the vast majority of
polymorphism incidences are based on the kinetics and
energetics of nucleation, which unfortunately are poorly under-
stood and difficult to study. The matter is complicated by the fact
that flexible molecules frequently accept different conformations
in the different crystal structures (conformational polymor-
phism). This requires a balanced treatment of inter- and
intramolecular interactions. Even a controlled variation of
solvents designed to influence—and possibly control—the
intermolecular interaction patterns is hampered by the
inadvertent and unpredictable inclusion of solvent molecules.

Observation of polymorphism for a rigid molecule at the
same p,T conditions and in the same solvent is a compara-
tively rare phenomenon. This is unfortunate, since with such a
system the complex matter would be simplified a great deal
and it would be better suited to study nucleation in a more
systematic way. Such a system is reported in this paper,
namely [Ru(bpy)s](PEy),.
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Results and Discussion

Due to its photochemical and photophysical properties!'?
[Ru(bpy);](PF¢), has been intensively investigated over the
last decades. From racemic solutions under “standard”
crystallisation conditions, for instance slow evaporation from
acetone solutions, a true racemate, the B-modification, is
formed (P3cl, a=10.6453(5), c=16.2987(9) A, Z=2).13-13
Furthermore, since [Ru(bpy);]** is inert towards racemisation
an enantiomorphic y-typel™ (P3,, a=10.3809(4), c=
26.2576(13) A, Z=3) can be “forced” upon [Ru(bpy);](PFy),
by chemical resolution prior to crystallisation. Enantiomeri-
cally pure [Ru(bpy);](PF;), can no longer crystallise in the
centrosymmetric 8 type, but must crystallise in an enantio-
morphic structure with a space group that contains no
improper symmetry operations. However, y type never forms
spontaneously from racemic solutions.

Certainly, racemic [Ru(bpy);](PF,), has been crystallised
many times worldwide from probably any common sol-
vent.[3-18] Nevertheless, by simply raising the supersaturation
level, we were able to find a so far unknown enantiomorphic
modification. When starting again with a racemic solution in
acetone, but speeding up evaporation by a modest flow of
nitrogen, spontaneous resolution occurs. Instead of the true
racemate, 3, a conglomerate of pure /1 and pure A crystals of a
new enantiomorphic modification is obtained.

This new modification actually is an acetone solvate
([Ru(bpy);](PFy), - 1.5CH;COCH;) and may be called a
pseudopolymorph.l'* 21 However, since both the § modifica-
tion and this new solvate may be obtained from the very same
solvent with only the level of supersaturation deciding
between the two, they should actually be regarded siblings.
We feel that the usage of “pseudo” overemphasises the
differences by focusing on the composition. From the point of
genesis (nucleation) the two are indeed closely related.
Accordingly, we will refer to this new solvate in short as ¢
modification.

Crystal structure: Similar to the § and y type (compare
Figures 3 and 4 in ref. [%]), the § modification consists of layers
of complex cations (Figure 1). The unit cell contains only one

Figure 1. Crystal-packing diagram of d-[Ru(bpy);](PF),- 1.5 C;H,O.
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layer, which is enantiomerically pure. In the ab plane a
honeycomb-like hexagonal pattern is visible (Figure 2). Note,
that adjacent complex cations are displaced along the c axis by
2311 A (Figure 3), hence the layer is corrugated. The

a

Figure 2. Space-filling packing diagram of complex cation layer in o-
[Ru(bpy)s](PFy), - 1.5 C;HGO.

Figure 3. Space-filling packing diagram of complex cation columns
running along ¢ in 6-[Ru(bpy);](PFs), - 1.5 C;H¢O displaying the interlock-
ing of adjacent cations.

intermolecular distances may be discussed on the basis of the
Ru---Ru distances. Within the layer they amount to
8.3031(4) A and are much shorter than the in plane distances
in the f and the y modifications (10.6453(5) A and
10.3873(5) A, respectively). Along the ¢ axis the layers are
stacked without displacement (orthogonally) on top of each
other. The layer distance corresponds to the c¢ axis
(11.6523(7) A). While in 8 and y direct contacts between
cations along the stacking direction exist (8.1494(5) A and
8.7601(6) A, respectively), in the o form the layers are
separated by one of the two PF,~ sites. In summary, the
intermolecular contacts and the packings are quite different in
the three modifications. In B and v, the closest contacts
between cations are between layers, while in J they are found
within the layer. Also, with ¢ modification the m—z inter-
action patterns between neighbouring ligands (Figure 3) are
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neither of the T-shaped (as observed with ) nor of the shifted
7t stack (as observed with y) type. The intermolecular pattern
observed with the ¢ form has been named “orthogonal
quadruple aryl embrace”.[?!l

The cavity at the centre of the honeycomb hosts the second
anion site (Wyckoff position 2¢ at 0,0,z). However, there is
extra space in this void that is filled by three acetone
molecules to achieve efficient packing.

Relative stability of the three (pseudo-)polymorphs: Macro-
scopic thermodynamics dictates that the crystalline phase
formed in a supersaturated solution should be the one with
the lowest free energy. Given that both the f and o
modifications may be obtained at the very same p,T con-
ditions from the same solution, the two polymorphs either are
incidentally at (or at least close to) thermodynamic equili-
brium at the conditions chosen for crystallisation, or one of
them is a metastable structure that is formed based on
Ostwald’sP?? step rule. Formulated in 1897 this rule states that
the crystal phase nucleating from the melt or solution does not
have to be the thermodynamically most stable one, but as
Stranski and Totomanow®! argued some time later, the
nucleating phase is the one with the lowest free-energy barrier
of formation. A solution may be supersaturated because the
route to a more stable (crystalline) phase takes place through
the formation of a supercritical nucleus.?*! The free energy of
a nucleus is determined not only by the difference in chemical
potential in solution and in the crystalline phase, which drives
nucleation, but also by the surface free energy. Classical
nucleation theory (CNT) assumes that the nuclei are compact,
spherical objects of radius » with no reference to any details of
the atomic (molecular) structure® 2! and the free energy of
these clusters (c) is given by Equation (1):

4’y — 4/3nr?
AG(r)=———— ®

vkgTIn(o + 1)
where y is the surface free energy, v is the molar volume of
the nucleus, kz; the Boltzmann factor and o the relative
supersaturation. While y is always positive because of the
work that has to be done to create an interface between
solution and nucleus, the volume term is always negative.
Initially, with small aggregates the surface term dominates
and the free energy of the aggregate increases with size. Only
when the nucleus has reached a certain “critical” size does the
volume term take over and the free energy decrease. The
height of the nucleation barrier can easily be obtained as
Equation (2).
AGH = 16 m?y3 )

3k T  In?(0 + 1)

CNT does not consider the atomic structure of the nucleus
explicitly, but rather this is subsumed in the surface term.
Unfortunately, structural details of precritical aggregates can
not be accessed experimentally. However, for polymorphic
systems it is assumed that intermediary aggregates of different
structural types corresponding to the distinct crystal struc-
tures are formed.””! Corresponding with the individual
structure of “polymorphic” aggregates, the free energies
and, hence, the nucleation barriers differ. With polymorphic

4456 —
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nucleation the free energy barrier is governed by the two
competitive factors of surface free energy and relative super-
saturation, both of which are highly dependant on the
polymorphic modifications.

According to Boltzmann statistics the number of aggregates
that are in the state AG is proportional to exp(— AG¥/kgT),
and nucleation shows Arrhenius-like behaviour. The homo-
genous nucleation rate can be written as Equation (3):2¢

J=Aexp(— AG#/kyT) Q)

in which A is a pre-exponential frequency factor. All
exponential factors except for 7 depend on the polymorph.
When we assume for the sake of simplicity that the pre-
exponential factor is common to the two polymorphs in a
dimorphic system, then the nucleation kinetics of the poly-
morphs are determined by the two factors of supersaturation
and of surface free energy (Figure 4). Low temperature and

AG(1)
thel amically 4
controlled
critical nucleaus
of type A
AG (A
. ,A ', rA-
]
]
J
v

Figure 4. Schematic representation of the reaction coordinate for nucle-
ation in a dimorphic system to show the nucleation (activation) barriers for
the formation of polymorphs A and B.

increasing supersaturation gives rise to preferred nucleation
of the metastable form.?! Actually J may show sharp
maxima®! and at a given set of nucleation parameters, it
may well be that only the metastable form nucleates. If at the
same conditions, supercritical nuclei of the metastable form
also are able to grow at a significant rate, macroscopic crystals
(detectable by diffraction) may be produced as a single phase .

In summary, the rate of nucleation for different polymorphs
and solvates is dependant on the volume term (corresponding
to the lattice energy), the structure of the critical nucleus
(corresponding to the crystal structures), temperature of
nucleation, the degree of supersaturation and possibly the
activity of solvent molecules to be included. Since the
nucleation barrier in a first approximation is equivalent to
the activation energy in molecular reactions,?! it bears, in
principle, some potential for crystal engineering: It opens the
path to a kinetic product control that consequently will give
access to a broader area of crystal phase space.

For instance, by increasing the supersaturation, nucleation
may then be controlled by the lowest nucleation barrier and
we might end up with the metastable instead of the
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thermodynamically stable crystalline phase. In our case, by
increasing the supersaturation, we no longer obtain the
thermodynamic stable  modification, but instead the meta-
stable 6 modification (see next paragraph).

How can the relative thermodynamic stability of the three
known (pseudo-)polymorphs be established? When different
crystal forms are possible for a substance each form has a
certain solubility value under a fixed set of conditions: solvent
composition, temperature and pressure. The solubility of
different polymorphs is different.?®! Thus, even if crystals of
two forms have been produced concomitantly, the system will
always tend to produce only the less soluble (more stable) of
different modifications eventually. Of course, the time it takes
to express this tendency depends on kinetic factors and may
be quite variable.’”) Three mechanisms can occur through
rather different pathways: solid-state transformation, melt-
mediated transformation and solution-mediated transforma-
tion.l?®! Since an enantiotropic or monotropic phase transition
between a true racemate and an enantiomorphic structure is
impossible and since [Ru(bpy);](PFs), decomposes before
melting, the thermodynamic relation between the modifica-
tions has to be established by the last method. The solution-
mediated transformation includes the mass-transfer process in
solution, that is, when the solution concentration is between
the solubility of the metastable and the stable form, the stable
form precipitates through dissolution of the less stable form.
Two processes are involved in that transformation: growth of
supercritical nuclei (and larger crystals) of the stable form and
dissolution of the less stable form. Of course, since
[Ru(bpy)s]**+ will not racemise in solution the enantiomorphic
modifications, 6 and y, have to be supplied as 1:1 mixtures
(conglomerates) of A and A crystals in a solution-mediated
equilibration with the true racemate [ (Figure 5). The y

rel. Int.

Figure 5. Time-resolved XRD-monitoring of the solution-mediated equi-
libration of known crystalline phases of [Ru(bpy);](PFs),.

modification, which previously could only be obtained after
chemical resolution prior to crystallisation, was included in
the experiment for the sake of completeness.

When immersing a blend of the three different crystalline
modifications of [Ru(bpy);](PF), in a saturated solution in
acetone, the thermodynamically unstable conglomerate of the
y modification is gone before the capillary can be mounted on
the diffractometer. This is fully in line with calculated lattice

Chem. Eur. J. 2002, 8, No. 19
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energy differences,!l which showed v to be clearly less stable
than 5. Moreover, the metastable 6 modification is converted
within minutes to the thermodynamically stable  modifica-
tion. Thus, the solution-mediated equilibration unequivocally
proves the B form to be the most stable among the three
known modifications.

Furthermore, the speed of this solution-mediated phase
transformation explains why the ¢ modification has been
overlooked to date, despite the multitude of crystallisations
performed worldwide. In crystallising a compound from
solution two stages have to be distinguished: 1) the formation
of a critical nucleus, as discussed above, and 2) its subsequent
growth. The fields of maximum nucleation rates and max-
imum crystal growth rates may or may not overlap (Figure 6).

-------- nucleation rate
= crystal growth rate
v
c
o
o
@ o
oA
c
S
Z
o
3
bl polymorph A
Ly oolymorph B

Figure 6. Schematic representation of nucleation and crystal growth in a
dimorphic system.

In most crystallisation attempts, the supersaturation necessary
to induce nucleation is generated by precipitation through
addition of a second solvent, in which the solute is less soluble,
by slow evaporation or by supercooling. It is likely that in
some of the preparations of [Ru(bpy);](PFs), reported in the
literature, initially a supersaturation level was reached where-
by nucleation of the d-phase would have occurred. However,
since no precautions were taken to keep the supersaturation
level constant, through subsequent crystal growth of the o-
nuclei the supersaturation continuously decreased down to
the level at which nucleation of the thermodynamically stable
B phase was initiated (see Figure 1.11 in ref. [30]). Once
supercritical nuclei of S were present, even macroscopic
crystals of the J-polymorph would have been converted
within minutes completely to § through a solution-mediated
phase transition. Only when the supersaturation throughout
the crystallisation is kept at a level high enough to promote
both nucleation and crystal growth of the d-modification,
while nucleation of f is cut off, a pure J-batch may be
obtained (indicated by an arrow in Figure 6).

Formation of y-[Ru(bpy);](PF), from o-[Ru(bpy);](PF),-
1.5C;HO (desolvation): With respect to crystal engineering,
solvent-containing modifications like oJ-[Ru(bpy);](PF),-
1.5C;H4O imply additional potential. Alternatively, these
compounds may be viewed as clathrates (host—guest com-
pounds), which are formed by the inclusion of guest (solvent)
molecules by a host component. This view might actually
reflect a realistic picture of nucleation of the 6 modification.
There is no specific interaction of the acetone molecules
evident in the packing of 6. Rather, the role of the solvent
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molecules seems to be that of a filler. This suggests that during
nucleation the intermolecular interactions between solute
molecules favour, among others, a precritical aggregate
structure related to the O structure, but that would not lead
to an efficient, dense packing. Only when the appropriate
guests are present to fill the voids, may this structure develop
into a macroscopic three-dimensional periodic crystal struc-
ture.

Such clathrates may easily be decomposed, leading to new
crystalline phases.’" 3 With o-[Ru(bpy);](PFs),- 1.5 C;HO
desolvation actually is a spontaneous process that occurs at
ambient temperature. This pseudomorphosis is a relatively
slow reaction that can easily be monitored by X-ray powder
diffraction (Figure 7). The transformation can also be fol-

tid
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Figure 7. Pseudomorphosis of y-[Ru(bpy);](PFs), after 6-[Ru(bpy);](P-
F),- 1.5 C;H,O.

lowed under the microscope, since upon desolvation the
crystals turn cloudy at the reaction front. The conversion of
individual crystals even of similar size is quite non-uniform.
At the same time, entirely unchanged crystals are present next
to completely desolvated crystals. Most likely, the nucleation
barrier of the desolvated phase is responsible for this
induction period. The volume decrease accompanying the
loss of the solvent molecules is considerable (AV=15%).
Therefore, it is not surprising that the transformation is not
single crystal to single crystal, but instead when starting with a
d crystal a microcrystalline powder is obtained, albeit in the
shape of the starting single crystal (pseudomorphosis). The
reaction is not topotactic. When monitoring the desolvation of
an oriented single crystal on a precession camera no preferred
orientation of the microcrystals formed can be observed.
Structure solution of the pseudomorph formed from after
O-[Ru(bpy);](PFy),- 1.5C;H4O is simple. The desolvation
product is the second enantiomorphic structure type known,
the y modification. As outlined above, the packing patterns of
d and y phases are quite different. Thus, there is no simple
reaction coordinate evident for the transformation.
Although, the y phase for [Ru(bpy);](PFs), could be
synthesised previously through chemical resolution prior to
crystallisation, the general potential of such desolvation
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reactions of clathrates is evident. From racemic solutions y
is not accessible directly by any kind of crystallisation condi-
tions (Figure 8). However, it can now be synthesised indirectly

thermodynamically
controlled B

rac. [Ru(bpy)sI(PFeh  spontaneous
luti
controlled ~ &

desolvationl

Y

Figure 8. Schematic representation of the relative stability of known
crystalline phases of racemic [Ru(bpy);](PFy),.

through the desolvation of o-[Ru(bpy);](PFy),-1.5C;HO.
The kinetically controlled crystallisation of the 6 polymorph
implies a spontaneous resolution. Thus, this route could also
be utilised for optical resolution by the so-called method of
“resolution by entrainment”.[*3!

Conclusion

Crystal engineering implies the control over the design and
the preparation of desired crystal structures. Currently, most
approaches rely on relatively strong and directive intermo-
lecular interactions, such as dative or hydrogen bonding.
These are explored in a systematic way by identifying
supramolecular synthons that can then be used to construct
predefined architectures.* 3% In this approach the focus is on
the molecular entity, which is designed with the supramolec-
ular entity (crystal) in mind. This strategy is in some respect
similar to approaches taken in the synthesis of large mole-
cules. However, the main key to the versatility of molecular
synthesis is the mature knowledge about the structure of
transition states. With the right choice of reagents, catalysts
and solvents it is usually possible to proceed along the desired
direction of the reaction coordinate. On the basis of this
profound knowledge deliberate and reproducible kinetic
product control is feasible.

For crystals, the critical nucleus corresponds to a transition
state. Unfortunately, more than a hundred years after Ostwald
formulated his step rule we still have little structural
information on critical nuclei. Even for homogeneous nucle-
ation the influence of temperature, supersaturation and
solvent on the “activation energy” for different types of
nuclei in a polymorphic system is unclear. In reality, the
situation is yet more complex because the nucleation is most
likely to be heterogeneous. The catalytic role of the substrates,
the surface of impurities or the flask, or biopolymers in the
case of biomimetic synthesis, is still more dubious.

As a consequence, kinetically controlled crystallisation
currently relies on the empirical exploration of the appro-
priate nucleation conditions in a trial and error approach and
its strict repetition. As with any kinetically controlled experi-
ment, if the set of initial parameters is not recorded with
scrutiny or is not complete, such metastable polymorphs may
“disappear”.>-7]
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However, with respect to crystal engineering, nucleation
promises some potential. The first attempts to develop
strategies for ensuring maximum diversity of isolated crystal
forms on that basis have been reported.”! With the right
choice of crystallisation (nucleation) parameters it should, in
principle, be possible to synthesise a great deal more of the
many predicted, but so far experimentally unknown, low-
energy polymorphs. It is expected, that experimentalists will
increasingly take up the challenge presented by the “structure
prediction” community.l'> 3% The more we learn about the
structure and the activation energy of possible transition
states, the more deliberately may we choose the right
nucleation parameters. Experimental setups that allow con-
trol of the supersaturation level at a given temperature will be
particularly useful. Atomistic models of the critical nuclei may
be contributed by computer simulations.3-48l

Additionally, the formation of clathrates may assist in a
more thorough exploration of crystal-phase space. Desolva-
tion, especially if the reaction is topotactic, may in general
yield crystal packing patterns that are not accessible other-
wise,®] but which may display appealing properties. The
possible inclusion of solvents might even be explored in a kind
of combinatorial crystallisation from solvent mixtures.

[Ru(bpy);](PF), appears to be an ideal candidate to study
the above strategies in a more systematic way, both exper-
imentally and through simulations using classical potentials.
Experimentally the higher diffraction power of this organo-
metallic compound is advantageous. Additionally, by chem-
ical resolution the crystallisation of the thermodynamically
stable f modification may be completely suppressed. This way
three (pseudo-)polymorphs are accessible in a single solvent.
For simulations it is reassuring to have a validated force field
available;l! the rigid nature of the molecular ions minimises
the number of variables and the ionic character of the building
blocks should provoke aggregation.

Experimental Section

Synthesis: [Ru(bpy);](PF;), was obtained by metathesis of the correspond-
ing chloride, which was prepared in turn according to literature proce-
dures.[

o-[Ru(bpy);](PFs), may be reproducibly crystallised from dry acetone by
the following procedure: an Erlenmeyer (50 mL) flask was charged with a
saturated solution (approx. 20mL) and then steadily evaporated by
purging a smooth flow of nitrogen through the flask. The nitrogen flow
was set to roughly 50 cm®min~! by adjusting the valve at the outlet. During
crystallisation the flask was thermostated by ice water. To prevent solvent
loss during data collection, suitable crystals were immediately immersed in
perfluoroether RS 3000.51

Crystal structure analyses: Crystal data were collected with a Stoe IPDS
diffractometer equipped with a graphite monochromator. The data were
corrected for Lorentz and polarisation effects. The structure was solved by
direct methods applying SIR97%? and refined with the SHELX-97 program
package.’¥l SHELX refines against F2 and all data were used in the full-
matrix least-squares. H atoms were placed in idealised positions and
refined with fixed isotropic displacement parameters of 1.2 U, (parent C).
All other atoms were refined anisotropically. The weighting scheme
recommended by the program was used and refinement was continued
until complete convergence (maximum shift/esd <0.001) was achieved.
The absolute structure was assigned on the basis of the Flack x parame-
ter.’ x is the fractional contribution of the inverted component of a
“racemic twin”. It is expected to be zero for the correct structure, unity for
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the inverted structure. Graphics and geometrical parameters were pre-
pared using the PLATON package.!

Crystal data: [Ru(C;yHgN,);](PFy), - 1.5 C;H4O, M,=945.23, trigonal, P32
(Nr. 150), a=13.8133(7), ¢=11.6523(7) A, V=192547(18) A3, Z=2,
Pearca= 1.630 gem=3, Moy, radiation (1=0.71069 A), £ =0.59 mm~, T=
200(2) K, orange, hexagonal prism ( 0.30 x 0.30 x 0.20 mm). Data collec-
tion: 8346 reflections collected, 2305 independent reflections, R;, = 0.0340,
2176 observed reflections [I,>20(1,)], 0,,=252°, h=—15—16, k=
—16—12, I=—13—13. Refinement: wR(F?)=0.0723, R(F)=0.0287,
§=1.032, Flack parameterP=—0.01(4), (4/0)pax<0.001, Apy.x=
0.409 e A3, Appin=—0284 ¢ A3,

Bond lengths and angles are within the expected range and compare well
with literature data.l'*'%] The PF," site separating the cations stacked along
¢, resides on a crystallographic C; axis. However, the electron density found
at this site is much better represented by aligning the octahedron with its
pseudo-C, axis along the threefold axis and accepting this anion site to be
disordered around the crystallographic Cj axis. Static and dynamic disorder
is a well-documented phenomenon with the almost spherical hexafluoro-
phosphate anion.

Furthermore, for the sake of an efficient packing the solvate molecules can
not be oriented to fit the crystallographic C, axis and are disordered around
this twofold axis; this is also a frequent observation in solvates.?>)

CCDC-180251 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033; or e-mail: deposit@ccdc.cam.ac.uk).

Solution-mediated equilibration: A mixture of three approximately equal
amounts of  crystals, A and A crystals (1:1) of the 6 modification and A
and A crystals (1:1) of the y modification was prepared and filled into a
glass capillary. A Stoe Stadi P diffractometer equipped with a Ge-
monochromator and a point sensitive detector was used to record powder
diffraction traces by using Cuy,, radiation (4 =1.54060 A) between 8.57—
15.18° 26, the range in which characteristic reflections are observed for all
three modifications. The detector was kept stationary during data
collection (counting time 5min). Then a saturated solution of
[Ru(C,(HsN,);](PF), in acetone was added and diffraction traces were
recorded at given time intervals. The same equipment was used for
recording the powder diffraction patterns discussed in the pseudomorpho-
sis section. However, then the detector was moved with a step size of
0.2°min~! and a counting time of 120s.
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Coupling of Metal-Based Light-Harvesting Antennas and Electron-Donor
Subunits: Trinuclear Ruthenium(@) Complexes Containing Tetrathiafulvalene-

Substituted Polypyridine Ligands
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Abstract: Three new tetrathiafulva-

trile and at 77 K in a rigid matrix of

specific absorption features and redox

lene-substituted 2,2'-bipyridine ligands,
cis-bpy-TTF,, trans-bpy-TTF,, and cis-
bpy-TTF, have been prepared and char-
acterized. X-ray analysis of trans-bpy-
TTF, is also reported. Such ligands have
been used to prepare two new trinuclear
Ru!! complexes, namely, [{(bpy),Ru(u-
2,3-dpp)},Ru(bpy-TTF,)](PE), (9; bpy =
2,2-bipyridine; 2,3-dpp = 2,3-bis(2'-pyri-
dyl)pyrazine) and [{(bpy),Ru(u-2,3-
dpp)},Ru(bpy-TTF,)](PF), (10). These
compounds can be viewed as coupled
antennas and charge-separation systems,
in which the multichromophoric trinu-
clear metal subunits act as light-harvest-
ing antennas and the tetrathiafulvalene
electron donors can induce charge sep-
aration. The absorption spectra, redox
behavior, and luminescence properties
(both at room temperature in acetoni-

butyronitrile) of the trinuclear metal
complexes have been studied. For the
sake of completeness, the mononuclear
compounds [(bpy)Ru(bpy-TTF,)](PE),
(7) and [(bpy).Ru(bpy-TTE,)|(PF,), (8)
were also synthesized and studied. The
properties of the tetrathiafulvalene-con-
taining species were compared to those
of the model compounds [Ru(bpy),(4,4'-
Mebpy)]** (4,4-Mebpy =4,4'-dimethyl-
2,2"-bipyridine) and [{(bpy),Ru(u-2,3-
dpp)},Ru(bpy)]¢*. The absorption spec-
tra and redox behavior of all the new
metal compounds can be interpreted by
a multicomponent approach, in which
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processes can be assigned to specific
subunits of the structures. The lumines-
cence properties of the complexes in
rigid matrices at 77 K are very similar to
those of the corresponding model com-
pounds without TTF moieties, whereas
the new species are nonluminescent, or
exhibit very weak emissions relative to
those of the model compounds in fluid
solution at room temperature. Time-
resolved transient absorption spectros-
copy confirmed that the potentially
luminescent MLCT states of 7—10 are
significantly shorter lived than the cor-
responding states of the model species.
Photoinduced electron-transfer process-
es from the TTF moieties to the (excit-
ed) MLCT chromophore(s) are held
responsible for the quenching processes.
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The design of artificial systems that can act as antennas and
charge-separation species—the two basic systems operating in
the primary processes of photosynthesis—is an important
research field, mainly because the development of efficient
artificial systems for photochemical energy conversion would
have a major impact on society.l'! This has stimulated much
research, and interesting artificial antenna?? and charge-
separationl’] systems have been reported over the last two
decades. However, multicomponent species containing both
antenna and charge-separation subunits are extremely rare. !
Intuitively, the most convenient way to interface antenna and
charge separation subunits is direct coupling of the energy
trap (i.e., the site of the antenna to which the light energy
collected by all the chromophores is channeled) and an
electron-donor/acceptor subunit.
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Scheme 1. Structural formulas of bpy-TTF, and bpy-TTF,.

As a first step towards the coupling of antenna and charge-
separation subunits, we report the synthesis, luminescence,
and redox properties of two new ruthenium complexes
containing multichromophoric subunits that act as solar-
energy absorbers and electron-donor subunits that induce
charge separation. As the multichromophore subunit, we used
a trinuclear ruthenium(in) species which is itself a multi-
component compound and has been employed as a compo-
nent of metal-based dendrimers that function as light-harvest-

~ X

CH>),CN
S(CH2LCN l)lequwCsOH H,0

2a) Br-(CHp)4-CH3
2b) BrCH,CgH4CH3

S(CH,),CN

X%SISR

ing antennas.’l As the electron-donor subunit, we used two
tetrathiafulvalene (TTF) moieties covalently linked to 2,2'-
bipyridine (bpy). The TTF electron donors were selected due
to their stability and favorable redox properties.] The
trinuclear compounds investigated were [{(bpy),Ru(u-2,3-
dpp)},Ru(bpy-TTF,)](PFs)s (9; 2.3-dpp =2,3-bis(2'-pyridyl)-
pyrazine) and [{(bpy),Ru(u-2,3-dpp)},Ru(bpy-TTF,)](PF)s
(10). Scheme 1 shows structural formulas of the ligands. For
reference, the mononuclear compounds [(bpy),Ru(bpy-
TTF,)](PFs), (7) and [(bpy),Ru(bpy-TTF,)](PF), (8) have
also been synthesized and studied. Preparation of the bpy-
TTF, and bpy-TTF, ligands (Scheme 2) followed the effective
dealkylation/alkylation protocol developed in one of our
laboratories.”l The ligand bpy-TTF, was obtained as a mixture
of trans and cis isomers. However, trans-bpy-TTF, isomerizes
to the cis isomer under the reaction conditions used to prepare
the metal complexes, and identical final products were
obtained from both isomers. Hence, in complexes, bpy-TTF,
denotes exclusively the cis isomer.

Results and Discussion

The structure of trans-bpy-TTF, was determined by X-ray
crystallography (Figure 1). The long axis of the TTF part is
staggered with respect to the long axis of the bipyridine
component of the ligand. The two trans-oriented chains are
both extended, but in different directions. One chain is slightly
inclined toward the TTF part, whereas the other chain is
considerably inclined toward the TTF part and extended
towards the bipyridine moiety.

Cyclic and differential pulse voltammetry experiments
indicated that the new compounds 7-10 all undergo multiple
reversible oxidation and reduction processes in acetonitrile
within the potential window investigated (+1.8 to —1.0 V
versus SCE; Table 1). Each process was assigned to specific

2:X=S 2a: 8%
2b: 89%

Hg(OAc),
3:X=0 3a:85%

3b: 99%
RS, S S SR
1) CsOH.H,O/MeOH I I
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Br Br —
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DMF/ high dilution

cis-bpy-TTF;

(cis-5a) 25% and trans-bpy-TTF; (trans-5a) 36%
cis-bpy-TTF,

(62) 42%

Scheme 2. Synthesis of bpy-TTF, and bpy-TTF,.
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Figure 1. Molecular structure of trans-bpy-TTF;.

Table 1. Redox data.[?

since the changes in the redox potentials of the subunits in 7—
10 relative to the model compounds are moderate (Table 1).

The absorption spectra of the compounds (Table 2, Fig-
ure 2) show features which are readily attributable to the
individual components.”$l The spectra are dominated by
spin-allowed metal-to-ligand charge-transfer (MLCT) bands
in the visible and by spin-allowed ligand-centered (LC) bands
in the UV region.’: 8 In particular, in the trinuclear complexes
9 and 10 the visible band around 436 nm is due to Ru— bpy
CT transitions, and the broad band around 550 nm has
contributions from (bpy),Ru—u-23-dpp and (TTF-
bpy)Ru— u-2,3-dpp CT transitions. The main difference
between 9 and 10 is the presence of a band at around
250 nm for 10, also present in 8 but absent in 7, due to
transitions involving the phenyl ring of bpy-TTF,.

The luminescence properties
of 7-10 in acetonitrile at room
temperature are very different

Compound E\,(ox)P V]

Eyp(red) [V] from those of the parent com-

[(bpy),Ru(bpy-TTF,)[** (7) +0.77 [1]; +0.90 [1]; +1.33 [1] — 131 [1]© plexes [Ru(bpy),(4,4'-
[(bpy),Ru(bpy-TTF,)]>* (8) 4079 [1]; +0.91 [1]; +1.32 [1] ~ 131 [1]® Mebpy)[>* and [{(bpy),Ruu-
[{(bpy)sRu(u-2.3-dpp)),Ru(bpy-TTE)[** (9) 4078 [1]; +0.90 [1]; +1.57 2] 0SS L0701 24 R bpy) ] without
[{(bpy),Ru(u-2,3-dpp)},Ru(bpy-TTF,)]** (10) +0.79 [1]; +0.91 [1]; +1.58 [2] —0.55[1]; —0.71 [1] ’ .2 . o

bpy-TTF, +0.64 [1]; +1.03 [1] _ TTF moieties: 7 and 8 exhibit
bpy-TTF, +0.63 [1]; +1.01 [1] - emissions which, although spec-
[(bpy),Ru(4,4-Mebpy) |** +123[1] —1.30 [1]¥ trally close, are substantially
[{(bpy),Ru(u-2,3-dpp)},Ru(bpy)]** +1.51[2]; +1.95 [1] =052 [1]; =066 [1]¥ . 4uced in lifetime relative to
[a] Acetonitrile solution, room temperature. The number of exchanged electrons is given in brackets. [b] Versus  that of [Ru(bpy),(4,4'-

SCE. [c] Successive reduction processes take place at more negative potentials, but they are not reported here

because they are not necessary to the discussion.

components of the structure by comparison with the redox
properties of the reference compounds bpy-TTF,, bpy-TTF,,
[Ru(bpy),(4,4-Mebpy)|**  (4,4-Mebpy =4,4'-dimethyl-2,2'-
bipyridine),®l and  [{(bpy),Ru(u-2.3-dpp)},Ru(bpy)]** 57
(Table 1). The first two one-electron oxidation processes in
7-10 can be assigned to the TTF subunits. The third process,
one-electron in 7 and 8 and two-electron in 9 and 10, is
assigned to the metal centers. In particular, the two-electron
process of 9 and 10 involve the two peripheral metal atoms of
each compound.P The first reduction processes are assigned
to the 2,3-dpp bridging ligands in 9 and 10 and to an
unsubstituted bpy ligand in 7 and 8. The electron-donor
substituents of bpy-TTF, and bpy-TTF, destabilize the m*
orbitals of the bpy ligands and make reduction processes
centered on the substituted ligands more difficult. Further-
more, the redox data indicate that the interaction between the
redox-active sites is weak from an electrochemical viewpoint,

Table 2. Spectroscopic and photophysical data.l?!

Mebpy)]** (Table 2), whereas
9 and 10 do not exhibit any
detectable emission. The spec-
tral similarity of the lumines-
cence of the model compound [Ru(bpy),(4,4-Mebpy)]** with
those of 7 and 8 suggests that the excited state responsible for
the emission is identical in all cases, and is the MLCT
involving bpy as acceptor ligand.

To rationalize the strong emission quenching observed in 7
and 8, reductive electron transfer involving the electron-
donor TTF moieties can be considered (Figure 3, bottom). In
a first approximation (neglecting the entropy factor and the
work term), Equation (1)!' allows the driving force AG, for
reductive electron transfer from the TTF moieties to the
excited metal-based chromophore(s) to be calculated.

AGy=e(E —*Eyeq) @

Here E,, is the oxidation potential of the electron donor
subunit (the TTF groups), *E,.q is reduction potential of the
excited state of the chromophore, which in turn is calculated

Compound Absorption
Amax [nm]

(e [M'em™]

[(bpy),Ru(bpy-TTF)]** (7)
[(bpy).Ru(bpy-TTF,)]** (8)
[{(bpy).Ru(u-2,3-dpp)},Ru(bpy-TTF)]** (9)
[{(bpy).Ru(u-2,3-dpp)},Ru(bpy-TTF,)]** (10)
[(bpy).Ru(4,4-Mebpy)]**
[{(bpy).Ru(u-2,3-dpp)},Ru(bpy)]**

450 (16000)
545 (28500)

285 (145300); 455 (18000)
286 (103700); 455 (17900)
283 (176500); 436 (38400); 557 (38500)
285 (199700); 435 (37200); 556 (39700)

Luminescence

298 K 77 Kbl

Amax [nm] (7 [ns]) Amax [nm] (7 [us])
620 (<1) 592 (5.3)

620 (< 1) 592 (5.4)

no emission 727 (2.8)

no emission 724 (2.9)

620 (900) 592 (5.2)

804 (75) 721 (2.0)

[a] In deoxygenated acetonitrile solution, unless otherwise stated. [b] In butyronitrile rigid matrix.

Chem. Eur. J. 2002, 8, No. 19
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Figure 2. Absorption spectra of 10 (top) and 8 (bottom) in acetonitrile.

by the equation *E 4= E,.q — Ey, Where Ey, is the excited-
state energy, taken as the highest energy feature of the 77 K
emission spectrum. In the case of 7 and 8, this driving force is
around 0 eV, and this indicates that the charge-separated state
produced by electron transfer is approximately isoenergetic
with the luminescent Ru— bpy CT level(s). Since no alter-
native deactivation processes can be envisaged to explain the
quenching of the MLCT emission 7 and 8 as opposed to their
common model, we suggest that electron transfer from TTF to
the excited Ru-based chromophore takes place in 7 and 8.
Further support for this hypothesis is provided by emission
properties at 77 K (vide infra).

The absence of luminescence at room temperature for 9 and
10 suggests that electron transfer from the TTF moieties could
also take place in these complexes (Figure 3, top). The
luminescence of the model compound [{(bpy),Ru(u-2,3-
dpp)},Ru(bpy)]®* originates from a triplet MLCT level
involving the peripheral metal atom(s) and the bridging
ligand,®* which is the lowest energy state of the multi-
chromophore trinuclear array. The MLCT levels involving the
central metal atom are deactivated by quantitative energy
transfer to the peripheral chromophore(s).P! The driving force
for deactivation of the peripheral, emitting chromophores of
the trinuclear Ru™ subunit by electron transfer from TTF

4464
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o

Figure 3. Representation of the electron-transfer processes in trinuclear
(top) and mononuclear (bottom) complexes. The plus and minus mark the
locations of the hole and the odd electron in the MLCT excited states
before electron transfer (see text).

moieties can be estimated by Equation (1), which yields a
value of about —0.4 eV for this process. Figure 4 depicts the
levels and decay processes involved. This indicates that the

A
+ =2
v

g TTF-bpy-Ruc- BL-Rup

4 = & _—
!TTF-hp}"'RUc- BL-HLI[;.‘_, '>10 12 5_1
R

"

g
[

3x10 9571~
| > <o TTE-bpy-Ruc- BL-Ru
1.30 4 | « —Bye =
1x107 571 !
[ I
=i S |
: 1>3x109 57
, ;
¥ TTF-bpy-Rue- BL—RUP 4

Figure 4. Schematic of the energy-level diagram and decay processes in the
trinuclear species studied here. For simplicity reasons, the charges on the
complexes are disregarded and only one “arm” of the trinuclear metal
complex is represented. Ru, and Ru, indicate central and peripheral
ruthenium centers, respectively. The location of the hole (@) and odd
electron (©) of the MLCT and charge-separated states are marked, and the
corresponding subunits are accordingly colored.
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electron-transfer quenching in the trinuclear complexes is a
thermodynamically allowed process and is therefore quite
probable.

Time-resolved transient absorption spectroscopy allowed
us to study the excited-state processes in more detail. We
performed experiments on 7 and 9 in acetonitrile at room
temperature; in both cases, the transient spectra were
qualitatively identical to those of the corresponding model
compounds. In particular, the transient absorption spectrum
of 9 shows a bleaching around 540 nm, the region of the
MLCT bands involving the bridging ligands, as expected for
the lowest lying MLCT state of the trinuclear chromophore,
and a transient absorption around 450 nm (Figure 5). Such

v (A) B)
0.02- L0.02
ot ’}\’probe= 460 nm
0.00 _: 0.00 {
< \
3 \ g
-0.02 | _-0.02
\ o
-0.04] w Popore =550 M | 04
|
450 500 550 600 650 0

100 200 300 400 500
A/nm 7,/ ps

Figure 5. A) Transient difference absorption spectra of 9 in acetonitrile at
room temperature, measured before the pulse (baseline) and at time delays
of 0, 100, and 200 ps respectively, after 350 nm, 130 fs FWHM excitation.
B) Kinetic profile of the difference absorbance of 9 in acetonitrile at room
temperature probed at 460 nm and 550 nm, after 350 nm, 130 fs FWHM
excitation.

bands for compound 9 decay in 300 ps with monoexponential
kinetics, while the model trinuclear complex has a decay time
of 70 ns. The decay of the transient spectrum of the model
compound almost coincides with the luminescence lifetime of
the same species (Table 2), while the transient absorption
decay of 9 is in agreement with the MLCT emission quenching
suggested by the luminescence experiments. The electron
transfer from the TTF moiety to the excited (peripheral)
chromophore is probably the origin of the excited-state
quenching. From the decays of the transient spectra, a rate
constant of 3 x 10°s™! for such an electron transfer can be
calculated,'! and this value is reasonable for moderately
exoergonic long-range electron-transfer processes.”!
Unfortunately, there is no evidence of formation of
oxidized TTF, which was expected to be indicated by a
transient absorption around 700 nm.['? This can be justified by
assuming that in 9 the back electron transfer is faster than the
forward electron transfer, so that the charge-separated state
does not accumulate and cannot give rise to a detectable
absorption. Indeed the forward and back electron-transfer
processes involve different subunits: forward electron transfer
takes place from the TTF moiety to a peripheral ruthenium
center, that is, a metal ion other than that to which the TTF-
substituted bpy ligand is coordinated, whereas the back-

Chem. Eur. J. 2002, 8, No. 19
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process involves the same TTF moiety and the bridging
ligand, on which the excited electron is localized.! Therefore,
the donor-acceptor distance is shorter, and the electronic
coupling larger, for the back-process. The driving forces of the
two processes are quite different, and that for the back-
process of about — 1.3 eV greatly exceeds that of the forward
process (—0.4 eV, see above). It is conceivable that back
electron transfer occurs in the Marcus-inverted region, and
the recombination rate is thus slowed down, but the reorgan-
ization energy of the process is probably large enough to
maintain the process in the normal region, so that the rate
constant of the back-process remains higher than 3 x 10° s~

The transient absorption spectrum of the mononuclear
complex 7 also shows features which can be assigned to lowest
lying MLCT state(s). In particular, the MLCT band around
450 nm is strongly bleached. The transient spectrum decays in
500 ps!*®l and gives a rate constant of 2x 10°s! for the
electron-transfer quenching process, which is slightly slower
than that of 9 (see above). This result is expected if the
different driving forces and donor-—acceptor distances are
taken into account; in 7 electron transfer involves the metal
center and the TTF moiety, which are only separated by the
coordinated bpy moiety of the bpy-TTF, ligand (ca. 6 A from
CPK models). This short donor—acceptor distance, which
should lead to a faster rate for electron transfer in 7 than in 9,
is most likely counterbalanced by a very small driving force
(see above). Also, in the case of 7 the oxidized TTF, and
therefore the charge-separated state, is not evidenced in the
transient spectrum, and this suggests that for the mononuclear
complex the back electron transfer is also faster than the
forward process.

In contrast to the situation at room temperature, the
luminescence properties of 7—10 at 77 K in a rigid butyroni-
trile matrix are very similar to those of the corresponding
parent compounds without the TTF electron donor groups,
[Ru(bpy),(4.4-Mebpy)]** and  [{(bpy),Ru(u-2,3-dpp)},Ru
(bpy)]®* (Table 2). Clearly the TTF subunits do not affect
the properties of the Ru-based chromophores under these
experimental conditions. This finding strongly supports the
assignment of the emission quenching at room temperature to
electron-transfer processes. It is well known that electron
transfer can be strongly slowed down in a rigid matrix at 77 K,
because of the presence of significant nuclear barriers and
destabilization of the charge-separated state.® % 141

Finally, the decay processes taking place in the antenna
moieties of 9 and 10 at room temperature deserve further
comment. Although the central Ru-based chromophore in the
model compound [{(bpy),Ru(u-2,3-dpp)},Ru(bpy)]®* is deac-
tivated quantitatively by energy transfer to the peripheral
ones (see above), in 9 and 10 it could in principle be directly
quenched through electron transfer by the TTF subunit
before energy transfer occurs. Indeed, this process is even
more thermodynamically allowed than electron transfer
involving the peripheral Ru-based chromophores. However,
it was demonstrated recently that in dinuclear™! and tetra-
nuclear Ru' and Os" complexes with bridging 2,3-dpp
ligands, energy transfer between neighboring chromophores is
faster than 200 fs (this also implies the occurrence of singlet —
singlet energy transfer), even in the presence of small driving
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forces. Hence, it is reasonable to assume that energy transfer
from MLCT states involving the central Ru" center to MLCT
states involving the peripheral Ru-based chromophores in 9
and 10 also takes place on such a timescale (i.e., faster than
200 fs). Direct electron transfer from TTF moieties to the
excited central Ru chromophore of the trinuclear antenna
subunit is a similar process to the electron-transfer quenching
occurring in 7 and 8, but with a significantly larger driving
force. Therefore, a faster rate than that calculated for the
quenching process in 7 (2 x 10°s7") is predicted for reductive
electron transfer involving the central chromophore of 9 and
10. However, it is hard to foresee that this electron transfer
can be three orders of magnitude faster than the analogous
process in 7, and therefore we assume that it cannot compete
with the ultrafast energy transfer within the antenna. In
conclusion, even in the absence of direct evidence, and on the
basis of the rates of the intercomponent energy transfer
processes taking place in this type of multichromophore
system,[’] we propose that energy transfer within the antenna
trinuclear system preceeds the charge-separation process.

Conclusion

The results obtained for compounds 9 and 10 are interesting
from a number of viewpoints. First, the metal atom to which
the quencher subunit is connected is not involved in the
quenched MLCT level. To the best of our knowledge, this is
the first reported case of this behavior, and implies the
occurrence of long-range electron transfer, probably medi-
ated by a superexchange mechanism.!'7 '8! Second, the cou-
pling of the trinuclear compound [{(bpy),Ru(u-2,3-
dpp)},Ru(bpy)]¢*, which can be regarded as a small antenna
since it is a multichromophore species in which fast energy-
transfer processes take place within the components, with the
electron donors TTF, and TTF, has been achieved. The fast
energy-transfer processes in the trimetallic subunit, together
with the efficiency of the electron-transfer quenching of the
emission of the trinuclear complex by TTF moieties, demon-
strate that we have prepared the first functional antenna/
reaction center system involving metal complexes.[* 1]

Note that in 9 and 10 the luminescence of the entire array is
quenched, although the redox-active quencher is not directly
connected to the lowest energy chromophore(s) of the
antenna (the so-called energy traps). This observation may
be important for future design of functional antenna/reaction
center assemblies and suggests that, at least in some cases, it is
not strictly necessary to directly connect the charge-separa-
tion subunit to the antenna energy trap.

Experimental Section

General: All reactions were carried out under an atmosphere of dry N,
unless otherwise stated. THF was distilled from Na/benzophenone
immediately prior to use; toluene was also purified by this procedure
when high purity was needed. MeOH was distilled from Mg. DMF and
CH,CN were allowed to stand over molecular sieves (4 A) for at least three
days before use. Triethylphosphite was purified by distillation and stored
over molecular sieves (3 A). All reagents were standard grade and used as
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received. 4,5-Bis(2-cyanoethylthio)-1,3-dithiol-2-thionel”l and 4,5-bis(2-cy-
anoethylthio)-1,3-dithiol-2-one!”! were prepared according to literature
procedures.

Analytical TLC was performed on Merck DC-Alufolien Kieselgel 60 Fas,
0.2 mm thickness precoated TLC plates, and column chromatography on
Merck Kieselgel 60 (0.040/0.063 mm, 230/400 mesh AST0000M). Melting
points are uncorrected. "H NMR spectra were recorded at 300 or 250 MHz;
13C NMR spectra were recorded at 75 or 63 MHz with broad-band
decoupling. Plasma desorption mass spectrometry (PDMS) was carried out
on a Bio-Ion 20R time-of-flight instrument. Electron impact (EI) mass
spectra were recorded on a Varian MAT 311A triple-quadropole instru-
ment, and Fast Atom Bombardment (FAB) mass spectra were recorded on
a Kratos MS 50 TC instrument.

4-(2'-Cyanoethylthio)-5-pentylthio-1,3-dithiol-2-thione (2a): A solution of
CsOH -H,0 (2.66 g, 15.8 mmol) in degassed MeOH (75 mL) was slowly
added (2.5h) to a solution of 4,5-bis-(2-cyanoethylthio)-2-thione-1,3-
dithiole!! (5.75 g, 18.9 mmol) in CH;CN (500 mL). After stirring for an
additional 30 min, a solution of bromopentane (2.25 mL, 18 mmol) in
MeOH (5 mL) was added, and the mixture stirred overnight, followed by
concentration in vacuo, washing with water, and extraction of the residual
oil into CH,Cl,. Evaporation in vacuo and column chromatography (SiO,,
petroleum ether/CH,Cl, 20/80) yielded two fractions. The second fraction
yielded the title compound 2a as a yellow oil. Yield: 5.30 g, 87 %; 'H NMR
(200 MHz, CDCl;): 6 =0.91 (t, 3H; CH;), 1.37 (m, 4H; (CH,),CHj,), 1.69
(m, 2H; SCH,CH,), 2.75 (t, 2H; SCH,CH,CN), 293 (t, 2H;
SCH,(CH,);CH3;), 3.10 (t, 2H; SCH,CH,CN); *C NMR: 6 =13.96, 18.88,
22.18,29.41, 30.68, 32.02, 36.75, 117.35, 128.91, 143.49, 211.13; MS (IE): m/z
(%): 321 (100), 198 (61), 191 (25), 88 (33); calcd: C;;H;sNS;s (321.50).

4-(2'-Cyanoethylthio)-5-pentylthio-1,3-dithiol-2-one  (3a): Hg(OAc),
(9.35 g, 29.5 mmol) was added to a solution of 2a (3.78 g, 12 mmol) in
CHCI; (90 mL) and glacial acetic acid (30 mL) under N,. After stirring
overnight the white reaction mixture was filtered through Celite. The
filtrate was treated with saturated NaHCO; (75 mL) and water (150 mL),
dried (Na,S0O,), and concentrated in vacuo. After column chromatography
(SiO,, CH,Cl,) 3a was obtained as a yellow oil. Yield: 3.40g (95%);
'H NMR (200 MHz, CDCLy): 6=0.93 (m, 3H; CH;), 1.39 (m, 4H;
(CH,),CHs;), 1.67 (m, 2H; SCH,CH,), 2.73 (m, 2H; SCH,CH,CN), 2.90 (m,
2H; SCH,), 3.08 (m, 2H; SCH,CH,CN); C NMR (CDCl;): 6 =13.94,
18.26, 21.66, 28.87, 30.15, 31.35, 36.25, 120.46, 133.43, 188.77; MS (IE): m/z
(%): 305 (98), 213 (18), 147 (39), 130 (30), 70 (100); caled: C;;H;;NOS,
(305.51).

4-(2'-Cyanoethylthio)-5-(4-methylbenzylthio)-1,3-dithiol-2-thione (2b)
was prepared by the procedure described above for 2a. CsOH:H,O
(3.47 g, 20.69 mmol) in dry MeOH (100 mL) was added to 4,5-bis(2-
cyanoethylthio)-1,3-dithiol-2-thione (6.00 g, 19.7 mmol) in dry DMF
(100 mL) under N, over 60 min. Stirring was continued for 30 min,
whereupon p-methylbenzylbromide (4.01 g, 21.7 mmol) in dry DMF
(30 mL) was added in one portion, followed by stirring overnight.
Concentration in vacuo, workup as above, and chromatography (SiO,,
CH,Cl,/cyclohexane 2/1) gave a yellow fraction, which was isolated and
recrystallized to give 2b as long yellow neddles. Yield: 6.20 g, 89 %; m.p.
91-92°C;'H NMR (CDCL): 6 =2.36 (s, 3H; CH3;), 2.43 (t,/ =72 Hz, 2H,
SCH,CH,CN), 2.87 (t, J=72Hz, 2H; SCH,CH,CN), 4.06 (s, 2H;
SCH,Ph), 717 ppm (m, 4H; CH,); PC NMR (CDCly): 6 =18.24, 21.13,
31.81, 40.85, 117.03, 128.79, 129.56, 132.65, 138.14, 140.99, 210.36 ppm; MS
(EI): m/z (%): 355 (11), 105 (100); elemental analysis (%) calcd for
C,H 3NS5 (355.59): C47.29, H 3.69, N 3.94, S 45.08; found: C 47.37, H 3.70,
N 3.77, S 45.25.

4-(2'-Cyanoethylthio)-5-(4-methylbenzylthio)-1,3-dithiol-2-one (3b):
Hg(OAc), (11.95 g, 37.50 mmol) was added to a solution of 2b (5.00 g,
14.1 mmol) in CHCl; (100 mL) and glacial acetic acid (50 mL) under N,.
This mixture was stirred overnight and then the white reaction mixture was
filtered through Celite. The filtrate was treated with saturated NaHCO;
(5x200mL) and water (100 mL), dried (Na,SO,), and concentrated in
vacuo to give 3b as yellow crystals. Yield: 4.73 g (99%); m.p. 49-50°C;
'H NMR (CDCL): 6=236 (s, 3H; CH,), 245 (t, J=73Hz, 2H;
SCH,CH,CN), 2.84 (t, J=73Hz, 2H; SCH,CH,CN), 4.03 (s, 2H;
SCH,Ph), 717 ppm (m, 4H; CH,); *C NMR (CDCl;): 6 =18.02, 21.09,
3159, 40.74, 11716, 124.61, 128.78, 129.45, 131.93, 133.10, 137.95,
188.67 ppm; MS(EI): m/z (%): 339 (7), 105 (100); elemental analysis (%)
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caled for C,H;3sNOS, (339.52): C 49.53, H 3.86, N 4.13, S 37.77; found: C
49.62, H 3.81, N 4.02, S 37.93.

2,6(7)-Bis(cyanoethylthio)-3,7(6)-bis(pentylthio)tetrathiafulvalene (4a): A
stirred suspension of 3a (10 mmol) in distilled triethyl phosphite (20 mL)
was heated for 2h at 120°C under N,. Cooling, addition of MeOH,
filtering, and washing the red precipitate with MeOH and drying gave the
red title compound 4a as a mixture of cis and trans isomers. Yield: 40 %;
m.p. 98°C; 'H NMR (200 MHz, CDCl;): 6 =0.92 (t, 6H; CHj;), 1.38 (m,
8H; (CH,),CH,), 1.67 (q, 4H; SCH,CH,), 2.71 (t, 4H; SCH,CH,CN), 2.88
(t, 4H; SCH,), 3.04 ppm (t, 4H; SCH,CH,CN); C NMR (CDCL): 6 =
13.97,18.75, 22.19, 29.51, 30.67, 31.35, 36.46, 110.84, 122.42, 134.60 ppm; MS
(FAB): m/z (%): 578 (100); elemental analysis (%) calcd for C,,H;,SgN,
(578.02): C 45.63, H 5.22, N 4.83; found: C 45.61, H 4.99, N 4.84.

2,6(7)-Bis(2-cyanoethylthio)-3,7(6)-(4-methylbenzylthio)-tetrathiafulva-

lene (4b): A stirred suspension of 3b (4.20 g, 12.4 mmol) in distilled triethyl
phosphite (20 mL) was heated at 120 °C for 90 min. Cooling (0°C), addition
of MeOH (150 mL), filtering, washing the precipitate with MeOH, and
drying gave red 4b as a mixture of cis and trans isomers. Yield: 3.34 g
(84%), mp. 129-130°C; 'H NMR (CDCL): 6=224 (m, 4H;
SCH,CH,CN), 2.37 (s, 6H; CHj), 2.80 (m, 4H; SCH,CH,CN), 4.04 (s,
4H; SCH,Ph), 719 ppm (m, 8H; CH,); *C NMR (CDCL): 6 =17.85,
21.12, 31.06, 40.34, 110.53, 117.8, 125.57, 128.83, 129.40, 132.46, 133.61,
137.72 ppm; MS (FAB): m/z: 646 [M]*; CV (CH,Cl,, versus Ag/AgCl): E},
,=0.65, 0.99 V; elemental analysis (%) calcd for C,gH,cN,Sg (646.05): C
51.98, H 4.05, N 4.33, S 39.64; found: C 52.13, H 4.08, N 4.33, S 39.59.

cis- and trans-bpy-TTF; (cis- and trans-5a): Compound 4a (1216 g,
2.10 mmol) was dissolved in DMF (45 mL), and the solution degassed (N,).
Subsequent addition of a solution of CsOH -H,O (0.741 g, 4.41 mmol) in
dry MeOH (5 mL) resulted in a color change from orange to deep red that
indicated formation of the bis-thiolate. This solution and a solution of 4,4'-
bis(bromomethyl)-2,2"-bipyridine™! (0.718g, 2.10 mmol) in DMF (50 mL)
were mixed by using a Perfusor pump (addition speed 2.7 mL/h). The
resulting mixture was concentrated in vacuo and redissolved in CH,Cl,
(300 mL). The organic phase was then treated with water (300 mL),
saturated aqueous NaCl (2 x 300 mL), and water (300 mL), dried (Na,.
SO,), and concentrated in vacuo. The crude product was treated with a
mixture of CH,Cl, (19 mL) and MeOH (6.5 mL) and left in the freezer for
24 h, and the resulting yellow precipitate was isolated and recrystallized
from absolute EtOH or CNCHj;. This gave pure cis-5a as fine yellow
neddles. Column chromatography of the filtrate (SiO,, ethyl acetate) gave
in the first fraction trans-5a followed by a small fraction of the cis isomer.

cis-5a: Yield: 0.349 g (0.534 mmol, 25%), m.p. 134-135°C; 'H NMR
(CDCL,): 6=0.89 (t,/=6.9 Hz, 6 H; CH,CH};), 1.32 (m, 8 H; CH,CH,CH,),
1.46 (m, 4H; SCH,CH,), 2.59 (t, /=73 Hz, 4H; SCH,C,H,), 4.02 (s, 4H;
SCH,Py), 734 (dd, J=1.5, 5.0 Hz, 2H; PyH-5,5"), 799 (s, 2H; PyH-3,3"),
8.74 ppm (d,J =5.0 Hz, 2H; PyH-6,6'); *C NMR (CDCl;): 6 =13.79, 21.97,
28.89, 30.46, 36.78, 38.74, 115.11, 121.03, 123.09, 123.96, 134.80, 146.18,
150.71, 154.82 ppm; MS (FAB): m/z: 652 [M]"; PDMS: m/z (%): 652 (100);
CV (CH,Cl,, versus Ag/AgCl): E,,=0.64, 1.05 V; elemental analysis (%)
caled for CH3,N,Sg (353.10): C 51.50, H 4.94, N 4.29, S 39.27; found: C
51.55, H 4.35, N 4.35, S 39.12.

trans-5a: Yield: 0.490 g (0.750 mmol, 36 %); m.p. 130-131°C; 'H NMR
(CDCL,): 6=0.92 (t,J =7.1 Hz, 6H; CH,CHz), 1.38 (m, 8H; CH,CH,CHS),
1.67 (m, 4H; SCH,CH,), 2.85 (m, 4H; SCH,C,H,), 3.84 (d,J = 11.9 Hz, 2H;
SCH,Py), 4.10 (d, J = 11.9 Hz, 2H; SCH,Py), 736 (dd, J=1.5, 5.1 Hz, 2H;
PyH-5,5"), 7.55 (d, /=15 Hz, 2H; PyH-3,3"), 8.62 ppm (d, J=5.1 Hz, 2H;
PyH-6,6'); BC NMR (CDCl;): 6 =13.85, 21.98, 29.45, 30.63, 36.24, 37.89,
115.10, 118.11, 122.72, 124.31, 137.87, 145.99, 149.76, 156.65 ppm; MS
(FAB): m/z: 652 [M]*; PDMS: m/z: (%): 652 (100); CV (CH,Cl,, versus
Ag/AgCl): E;;,=0.63, 1.04 V; elemental analysis (%) found: C 51.55, H
5.00, N 4.35, S 39.12.

cis-bpy-TTF, (cis-6a): CsOH-H,O (0.282 g, 1.679 mmol) in dry MeOH
(10 mL) was slowly added (20min) to a solution of 4b (0.518¢g,
0.801 mmol) in dry DMF (80 mL) under N,, and the mixture stirred
(20 min).  Then  4,4"-bis(bromomethyl)-2,2"-bipyridinel™  (0.274 g,
0.801 mmol) in dry DMF (20 mL) was added in one portion, and the
mixture stirred overnight. The mixture was concentrated in vacuo,
dissolved in CH,Cl, (200 mL), and extracted with water (200 mL) and
saturated aqueous NaCl (2 x 300 mL). After drying (Na,SO,) and concen-
tration in vacuo, the residue was redissolved in CH,Cl, (10 mL), and
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MeOH (10 mL) was added. The title product precipitated as yellow crystals
after storage (24 h) at —20°C. Recrystallization gave pure cis-6a as yellow
neddles. Yield: 0.242 g (42%); m.p. 104-105°C; 'H NMR (CDCly): 6 =
2.33 (s, 6H; CH,), 3.76 (s, AH; SCH,Ph), 3.98 (s, 4H; SCH,Py), 7.13 (m, 8 H;
CeH,), 737 (d, J=4.9 Hz, 2H; PyH-5,5'), 798 (s, 2H; PyH-3,3'), 8.77 ppm
(d, J=4.9 Hz, 2H; PyH-6,6'); 3C NMR (CDCL,): 6=21.18, 38.95, 41.37,
114.94, 123.03, 123.09, 123.89, 128.91, 129.38, 132.71, 133.99, 137.49, 146.14,
150.52, 154.73 ppm; MS(PDMS): m/z: 723 (calcd 720); CV (CH,Cl,, versus
Ag/AgCl): E,, =0.65, 1.04 V; elemental analysis (%) calcd for C;H,sN,Sq
(721.13): C 56.63, H 3.91, N 3.89, S 35.57; found: C 56.37, H 4.03, N 3.97, S
35.67.

[(bpy-TTF,)Ru(bpy),1(PF), (7): [RuCl,(bpy),] (50 mg, 0.103 mmol) in
ethanol (10 mL) was refluxed for 6h. Then cis-bpy-TTF; (101 mg,
0.154 mmol) was added, and the mixture refluxed for 18 h.?%! The cooled
solution was treated with an excess of solid NH,PFg, and the resulting
brown precipitate was isolated by filtration and purified by column
chromatography on neutral aluminum oxide (& 2.5 cm, length 20 cm;
aluminum oxide activity 1) with CH,Cl,/MeOH (9/1) as eluent. The first
band obtained (dark orange) was rotary evaporated, and the residue
dissolved in a small amount of CH;CN and precipitated by addition of
diethyl ether. The final product was a violet solid (55%). Elemental
analysis (%) calced for C,;H gN(SgRuP,F,: C 41.96, H 3.60, N 6.25, S 19.03;
found C 41.82, H 3.48, N 6.12, S 19.44. TOF-SIMS: m/z: 1199; calcd for
[M —PFg]*: 1199.

[(bpy-TTF,)Ru(bpy),1(PF), (8): [RuCl,(bpy),] (50 mg, 0.103 mmol) in
ethanol (10 mL) was refluxed for 6h. Then cis-bpy-TTF, (111 mg,
0.154 mmol), was added and the mixture refluxed for 15 h. The cooled
solution was treated with an excess of solid NH,PF, and the brown
precipitate formed was isolated by filtration and purified by column
chromatography on neutral aluminum oxide (& 2.5 cm, length 20 cm,
aluminum oxide activity 1) by eluting with CH,Cl,/MeOH (9/1). The first
band obtained (dark orange), was rotary evaporated, and the residue
dissolved in a small amount of CH;CN and precipitated by addition of
diethyl ether. The final product was a violet solid (63%). Elemental
analysis (%) caled for CsHyyNgSsRuP,F,: C 45.05, H 3.14, N 5.95, S 18.11;
found C 45.60, H 3.28, N 5.82, S 17.98. TOF-SIMS: m/z: 1267; calcd for
[M — PF,]*: 1266.

[(bpy-TTF,)Ru{(-2,3-dpp) Ru(bpy),}1(PFe), (9): A mixture of [CLRu{(u-
2,3-dpp)Ru(bpy),},](PF¢), (50 mg, 0.034 mmol) and AgNO; in ethanol
(10 mL) was refluxed for 12 h. This solution was added slowly to a solution
of cis-bpy-TTF; (33 mg, 0.051 mmol) in ethanol (5 mL), and the mixture
was refluxed for 24 h.l'""l The cooled solution was treated with an excess of
solid NH,PF,, and the violet precipitate formed was isolated by filtration
and purified by column chromatography on neutral aluminum oxide (&
2.5 cm, length 20 cm, aluminum oxide activity 1) by eluting with CH,CL,/
MeOH (9/1). The second band obtained (violet), was rotary evaporated,
and the residue dissolved in a small amount of CH;CN and precipitated by
addition of diethyl ether. The final product was a violet solid (60 % ).
Elemental analysis (%) caled for Co;Hg,N sSsRu3P¢Fs: C 38.70, H 2.94, N
8.74, S 8.87; found C 38.95, H 3.06, N 8.72, S 8.61. TOF-SIMS: m/z: 2738;
calcd for [M — PF,]*: 2739.

[(bpy-TTF,)Ru{(#-2,3-dpp)Ru(bpy),L,.1(PFs)s, (10): A mixture of
[CLRu{(«-2,3-dpp)Ru(bpy),},](PFs)s (50 mg, 0.034 mmol) and AgNOj; in
ethanol (10 mL) was refluxed for 12 h. The solution was added slowly to a
solution of cis-bpy-TTF, (37 mg, 0.051 mmol) in ethanol (5 mL), and the
mixture refluxed for 22 h. The cooled solution was treated with an excess of
solid NH,PF, and the violet precipitate formed was isolated by filtration
and purified by column chromatography on neutral aluminum oxide (&
2.5 cm, length 20 cm, aluminum oxide activity 1) by eluting with CH,Cl,/
MeOH (9/1). The second band obtained (violet) was rotary evaporated,
and the residue dissolved in a small amount of CH;CN and precipitated by
addition of diethyl ether. The final product was a violet solid (65%).
Elemental analysis (%) calcd for CyoHgyN sSsRu;P¢Fs: C 40.24, H 2.73, N
8.54, S 8.66; found C 40.51, H 2.80, N 8.55, S 8.52. TOF-SIMS: m/z: 2807;
calcd for [M — PF¢]*: 2807.

Determination of spectroscopic, photophysical, and redox properties:
Electronic absorption spectra were recorded on an HP 8453 spectropho-
tometer and on a Kontron Uvikon 860 spectrophotometer. For steady-state
luminescence measurements, a Jobin Yvon-Spex Fluoromax 2 spectro-
fluorimeter was used, equipped with a Hamamatsu R3896 photomultiplier,
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and the spectra were corrected for photomultiplier response by using a
program purchased with the fluorimeter. For the luminescence lifetimes, an
Edinburgh FL 900 single-photon-counting spectrometer was used.

The laser system employed for the ultrafast transient absorption spec-
trometry experiments is based on a Spectra-Physics Hurricane Titanium
Sapphire regenerative amplifier system. The optical bench assembly of the
Hurricane includes a seeding laser (Mai Tai), a pulse stretcher, a
Ti:sapphire regenerative amplifier, a Q-switched pumped laser (Evolu-
tion), and a pulse compressor. The output of the laser is typically 1 mJ per
pulse (130 fs FWHM) at a repetition rate of 1 kHz. Two different pump —
probe setups were used (see Figure 6): 1) A full-spectrum setup based on an
optical parametric amplifier (Spectra-Physics OPA 800) as pump. The
fundamental light (2 WJ per pulse) was used for white-light generation,
which was detected with a CCD spectrograph. 2) Single-wavelength
kinetics measurements based on two OPAs, one of which was used as

95%

800 nm 800 nm

Figure 6. Schematic of the ultrafast spectrometer employed: 1) Hurricane. 2) OPA-800 (pump). 3) OPA-800
(probe). 4) Delay line. 5) White-light generator. 6) Berek polarizer. 7) Chopper. 8) Cell. 9) Detector (CCD).

10) Detector (Si photodiode).

pump and the other as probe, and an amplified Si photodiode for detection.
For both setups OPA(1) was used to generate excitation pulses at 350 nm
(fourth harmonic of the 1400 nm OPA signal beam) and OPA(2) 460/
550 nm (fourth harmonic of the 1840/2200 nm OPA idler beam). The
output power was typically 4 uJ per pulse.

The pump light was passed over a delay line (Physik Instrumente,
M-531DD) that provides an experimental time window of 1.8 ns with a
maximum resolution of 0.6 fs per step. The white light was generated by
focusing the fundamental (800 nm) into a H,O flow-through cell (10 mm,
Hellma). For the single-wavelength measurements, the polarization of
probe light was controlled by a Berek Polarization Compensator (New
Focus). The energy of the probe pulses was about 5 x 1073 uJ per pulse at
the sample. The angle between the pump and probes beam was typically 5—
7°. The circular cuvette (d =1.8 cm, 1 mm; Hellma), with a solution of the
sample, was placed in a homemade rotating ball bearing (1000 rmp) to
avoid local heating by the laser beams.

For the white-light/CCD setup, the probe beam was coupled into 400 pm
optical fiber after passing the sample and detected by a CCD spectrometer
(Ocean Optics, PC2000). The chopper (Rofin Ltd., f=10-20 Hz), placed
in the excitation beam, provided / and /, according to its open or closed
status. The excited-state spectra were obtained by AA =1g(1/1,). Typically,
2000 excitation pulses were averaged to obtain the transient at a particular
time. A chirp of <1 ps was observed between 425 and 700 nm. For the
single-wavelength kinetic measurement, an amplified Si photodiode (New-
Port, 818 UV/4832-C) was used. The output of the Si photodiode was
connected to an AD converter (National Instruments, PCI 4451, 205 kS/s)
that enabled us to measure the intensity of each separate pulse. Here, too,
analogous to the white-light/CCD setup, the chopper (f=50 Hz) placed in
the excitation beam provided 7, I, and AA. Typically, S00 excitation pulses
were averaged to obtain the transient at a particular time.

The CCD spectrograph, chopper, Si photodiodes, AD converter and delay
line were driven by a computer. In-house-developed LabVIEW (National
Instruments) software routines were used for spectral acquisition and
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single-line measurements over a series of different delay settings. The total
instrument rise time of the ultrafast spectrometer was about 300 fs. The
solutions of the samples were prepared to have an optical density of about
0.8 at the excitation wavelength in a 1 mm cell. The absorbance spectra of
the solutions were measured before and after the experiments. No
photodecomposition was observed.

Electrochemical measurements were carried out in argon-purged acetoni-
trile at room temperature with a PAR 273 multipurpose device interfaced
to a PC. The working electrode was a glassy carbon electrode (8 mm?,
Amel). The counterelectrode was a Pt wire, and the reference electrode
was an SCE separated with a fine glass frit. The concentration of the
complexes was about 5 x 10-*m. Tetrabutylammonium hexafluorophos-
phate was used as supporting electrolyte (0.05Mm). Cyclic voltammograms
were obtained at scan rates of 20, 50, 200, and 500 mV s~!. For reversible
processes, half-wave potentials (versus SCE) were calculated as the average
of the cathodic and anodic peaks.
The criteria for reversibility were a
separation of 60 mV between catho-
dic and anodic peaks, a ratio of the
intensities of the cathodic and ano-
dic currents close to unity, and the
constancy of the peak potential on
changing the scan rate. The number
of exchanged electrons was meas-
ured in differential pulse voltamme-
try (DPV) experiments performed
with a scan rate of 20 mV's™!, a pulse
height of 75 mV, and a duration of
40 ms, and by taking advantage of
the presence of ferrocene used as the
internal reference.

Probe beam

7/ Mirror

O Lens

| Concave Mirror

Experimental uncertainties were as

follows: absorption maxima,
+2nm; molar absorption coeffi-
cient, 10%; emission maxima,
+5nm; excited state lifetimes,

10 %; luminescence quantum yields,
20%; redox potentials, = 10 mV.

Crystal structure analysis: Suitable crystals of trans-bpy-TTF, were
produced by recrystallization from ethanol. C,Hj,N,Sg, M,=653.04,
triclinic, a =9.7468(19), b=12.094(2), c=14.758(3) A, a=66.42(3), f=
79.32(3), y=74.82(3)°, V=1532.3(5) A3, space group P1, Z=2, puea=
1.415 gem =3, F(000) = 684, graphite-monochromated Moy, radiation, A =
0.71073 A, u=0.605mm~!, T=120 K. Crystal dimensions 0.37 x 0.24 x
0.10 mm; yellow prism. The intensities of 16216 reflections were measured
on a Siemens/Bruker SMART 1K CCD diffractometer to 0,,,,=26.36° and
were merged to 6216 unique reflections (R;, =0.0184). Data collection,
integration of frame data, and conversion to intensities were performed by
using the programs SMARTP! SAINT,? and SADABS.?! Structure
solution, refinement and analysis of the structure, and production of
crystallographic illustrations were carried with the programs SHELXTL*
and PLATON.! The refinement using 345 parameters converged at R, =
0.0242 (for F, > 4 0(F,)) and wR,(F?) =0.0631 (all data); max./min. residual
electron density: 0.362/ —0.246 e A. CCDC-179204 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).
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Analysis of Stereochemical Convergence in Asymmetric Pd-Catalysed Allylic
Alkylation Reactions Complicated by Halide and Memory Effects

Ian J. S. Fairlamb,'* *! Guy C. Lloyd-Jones,**! Stépan Vyskoéil,'> 9 and Pavel Kocovsky!!

Abstract: A quantitative two-term de-
scription of memory effects arising in
Pd-catalysed allylic alkylation reactions
formally proceeding through ‘meso’-
type m-allylpalladium intermediates is
presented. The utility of this description
(stereochemical convergence (sc) and
global enantiomeric excess (ee,)) is
demonstrated by application to a series
of Pd-catalysed allylic alkylation reac-
tions involving racemic cyclopentenyl
esters. Analysis of such reactions, by
employing a range of enantiomerically
pure monophosphine ligands, reinforces
the conclusion that selectivities (enan-
tiomeric excess (ee) values) obtained
under standard 'benchmark’ type condi-

Introduction

Over the last decade, asymmetric palladium-catalysed allylic
alkylation!l has become a ubiquitous method for testing and
comparing (‘benchmarking’) the efficacy of novel chiral
ligands. Popular substrates for such reactions are those that

tions may be very misleading when
powerful memory effects are operative.
However, by comparison of sc and ee for
a given ligand/solvent combination un-
der a range of related conditions, one
may predict the limiting ('latent’) selec-
tivity that will be obtained when the
memory effect is negated. This techni-
que is exemplified with one particular
ligand (4b, 'MAP’) for which a number
of strategies were employed to find

Keywords: allylic compounds -
asymmetric catalysis < memory
effects - palladium - stereochemical
convergence

conditions that negate the memory ef-
fect and reveal the limiting selectivity of
the ligand. These conditions give a high-
er limiting global selectivity than that
obtainable by using standard diaster-
eoisomer equilibration methods such as
added halide. Thus, the analysis of sc
versus ee, also allows subtle changes in
selectivity to be discerned. The differ-
ence in limiting selectivity (chloride
versus non-chloride conditions) is pro-
posed to arise through the nucleophilic
attack of neutral monodentate versus
cationic bidentate MAP (4b) or MOP
(4a) complexes.

generate allylic intermediates in which there is identical 1,3-
substitution, such that the m-allylpalladium intermediate

contains a ‘meso’ allyl fragment that is desymmetrised by
the chiral Pd-ligand assembly. Both enantiomers of substrate
should generate the same set of equilibrating intermediates
and thereby, under the influence of a perfect ligand, facilitate

the generation of a single enantiomer of product from a
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racemic substrate (Scheme 1).

R/\/LH

eeg =100 %

! \ Nu

) ; (attack at A)
L\ , L

PI®

NG

Scheme 1. An allylic alkylation reaction involving a racemic, symmetri-
cally disubstituted and thus pro-meso, electrophile in which a chiral Pd-
catalyst “L!-L.2-Pd” generates a fully equilibrated set of intermediates and
effects complete control over the regioselectivity of nucleophilic attack,
thereby giving the substitution product in 100 % ee.
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The two most commonly employed substrates are racemic
1,3-diphenylpropenyl esters and cycloalk-2-enyl esters. Be-
cause of the importance of torquoselectivity? in the product-
determining step, the latter substrates, which generate slim
cyclic (anti,anti-allyl) intermediates, provide a significantly
more challenging testing ground for ligand efficacy. The use of
a chiral but racemic substrate adds the complication that the
catalyst may react with the two enantiomers of substrate in an
enantiodiscriminatory manner (i.e. be 'matched and mis-
matched’). In the simplest case, one enantiomer may be
converted faster than the other (i.e. kinetic resolution occurs)
but due to the generation of 'meso’ intermediate(s) the
enantiomeric excess (ee) of the product is the same irrespec-
tive of its enantiogenesis. However, it was reported by Fiaud
and Malleron some 20 years agol’! that with certain catalysts,
the two enantiomers of substrates may give products of
different enantiomeric excess (X%, Y %, Scheme 2).

X Nu
XOO
R/\/LR R/\}\R % ee
. ©
X L,Pd cat Nu Nu X#Y

R/k/\n RA\/&H Y % ee

Scheme 2. The same type of reaction as in Scheme 1, but in which there is
an imperfect memory effect and thus enantiomeric substrates give products
of different enantiomeric excess.

This phenomenon, or more generally, the situation in which
reaction of isomeric allylic substrates does not obey the
classical mechanism to give identical product ratios, has
become known as a 'memory effect. More recently, the

Abstract in Czech: Je prezentovdn kvantitativni popis pa-
met’oveho efektu pri palladiem katalyzovane allylove substi-
tuci, kterd formdlné probihd pres 'meso’ m-allylove interme-
didaty. UZitechost tohoto popisu [stereochemickd konvergence
(sc) a globdlni enantiomerni prebytek (ee,)] je ukdzdna pri jeho
aplikaci na serii palladiem katalyzovanych allylovych alkylac-
nich reakci racemickych cyklopentenylovych esteru. Analyza
takovych reakci s pouZitim rady enantiomerne cistych mono-
fosfinovych ligandu podporuje zdver, ze selektivity (ee)
ziskané za standardnich podminek mohou byt velmi zvddejici,
uplatnuje-li se zdroven silny pamet’ovy efekt. Porovndnim sc a
ee pro danou kombinaci ligandu a rozpoustédla za ruznych
podminek Ize vsak predpovedet limitni (latentni) selektivitu,
ktere by bylo dosazeno v pripade potlaceni pamet’oveho efektu.
Tato analyza je demonstrovdna na prikladu jednoho z ligandu
(4b, 'MAP'), pro nejz byla pouZita rada postupu k definovani
podminek, ktere potlacuji pamet ovy efekt, coz vede k odhaleni
limitni slektivity. Za techto podminek lze dosdhnout vysst
limitni globdlni selektivity, nez jakd je dosaZitelnd pri pouZiti
standardni metody ekvilibrace diastereoisomeru, jakou je napr.
pridavek halidoveho iontu. Analyza sc proti ee, tak rovnez
umoZznuje rozlisit drobne zmeny v selektivite. Puvod rozdilu v
limitni selektivite’ (za pritomnosti a pri absenci chloridu) Ize
hledat v rozdilné reaktivite” neutrdlnich monodentdtnich a
kationoidnich bidentdtnich komplexu MAP (4b) a MOP (4b).
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implication that undetected memory effects may compromise
accurate ligand 'benchmarking’, vide infra, and the possible
utility of memory effects has resulted in more widespread
study.!! Despite this attention, the origins of such memory
effects are still a matter of debate and a number of potential
factors, which undoubtedly vary from system to system, have
been identified.™ These include asymmetric ion-pairing,
slow diastereoisomer equilibration,*>°) monomer- oligomer
equilibria,l”’ multiple bidentate coordination modes!®! and o-
allyl versus m-allylpalladium intermediate equilibria.’! Irre-
spective of the origin of the memory effect, it is evident that
complete ('perfect’) stereochemical memory in a quantitative
reaction involving a racemic substrate must result in a racemic
product (Scheme 3).

X Nu
(100 % ee)
R/\/'\R R/\/‘\R
" © eey=0%
y LoPd cat Nu Nu 9 °
/k/\ - /\/’\R o
R R R (100 % ee)

Scheme 3. The same type of reaction as in Scheme 2, but here the memory
effect is perfect, each enantiomeric substrate giving the substitution
product in 100 % ee. The net selectivity (global enantiomeric excess, ee,)
is thus 0%.

However, away from this limiting regime (e.g. Scheme 2),
the description of the memory effect (the extent of the
disparity between the stereochemical outcome of enantio-
meric substrates) is usually limited to ‘'weak’, ‘medium’ or
‘powerful’. Herein we introduce an alternative and quantita-
tive two-term description: stereochemical convergence (sc)
and global enantiomeric excess (ee,). We then demonstrate
the utility of this two-term description by study of the
enantiomeric excesses obtained under typical conditions for
the Pd-catalysed allylic alkylation reaction of cyclopentenyl
substrates employing a range of chiral enantiomerically pure
P X ligands. With some ligands, powerful memory effects are
observed and in these cases, analysis of the change in ee, with
sc, when reactions conditions are varied, allows some
conclusions to be drawn regarding neutral versus ionic
intermediates.

Results and Discussion

Description and quantification of memory effects in asym-
metric Pd-catalysed allylation: Consider the quantitative
reaction of a racemic allyl substrate '(+)-S’, with a nucleophile
('Nu’), proceeding via 'meso’-type allylpalladium intermedi-
ate(s), to give (—)- and (+)-enantiomers of product 'P’,
catalysed by an enantiomerically pure Pd species whose
intrinsic selectivity (i.e. in the complete absence of any
memory effect) favours generation of (+)-P. The results from
such a reaction can be plotted on a graph where the x and y
axes represent the outcome (ee of product P) from the
reaction of one enantiomer of substrate (S) versus the other.
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With reference to a plot of the ee of P from (+)-S (ee (+)-
P, x axis) against the ee P from (—)-S (ee (+)-P,, y axis;
Figure 1), three important regions can be identified. The first

T

ee(_) P (%) eeglobal
100 100
*+100 7 100% sc line 90 A~

+50

-50

-100 —F—F+—F+—+—+—+—+—+—+—

0 +50 +100
€€, P (%) .
Figure 1. Plot, with reference to Scheme 1, Scheme 2 and Scheme 3, of
enantiomeric outcome (ee) from reaction of the ‘matched’ enantiomer of
substrate ((+)-P,, x axis) versus that of the 'mismatched’ enantiomer
((+)-P(,, y axis). The two diagonal lines show points of complete (100 %)
stereochemical convergence (sc) and divergence (0% sc). See text for full
discussion.

is located along the solid line between (0,0) and (+ 100,
+100). Since the term stereoconvergent® is applied to a
reaction in which stereoisomerically differing starting materi-
als yield identical products, one may describe this situation as
one of full stereoconvergence, that is 100 % sc. Notably, the
overall outcome (ee,), which has no dependence on the
enantiomeric identity or the ee of substrate S, is determined
solely by the efficacy of the ligand —palladium assembly and
represents the intrinsic selectivity of the system. The ee, varies
linearly along the 100 % sc line between (0,0, ee,=0%) and
(100, 100; ee, =100 % ). This situation is usually presumed to
prevail when these reactions are employed for ‘benchmarking’
of ligands. The second region lies at the other extreme and is
represented by the solid line between coordinates (0,0) and
(4100, —100). Points on this line represent a stereospecific’]
reaction in which there has been no stereoconvergence and
the line may thus be labelled 0 % sc. In other words, the extent
with which the stereochemical pathways of reaction of (+)-S
and (—)-S have converged is 0% and the two reaction
manifolds mirror each other exactly. Notably, only when the
outcome is (4100, —100) is there a perfect stereochemical
memory effect in as much as (+)-S gives, for example, (+)-P,,
(100 % ee) whilst (—)-S gives (—)-P(, (100 % ee). However, in
all cases on the 0% sc line the global ee is zero (ee,=0),
provided that there has been equimolar conversion of (—)-S
and (+)-S. If this is not the case, for example in reactions
involving non-racemic substrate, or kinetic resolution, then
there will be a non-zero global ee.

Chem. Eur. J. 2002, 8, No. 19
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The third and final region is the outcome between these two
extremes and is more complex: there is a memory effect;
however, it is not equal between matched™! and mismatched
manifolds and thus there is partial asymmetric induction, that
is ee, P #0. We suggest that such situations may be described
in a useful and quantitative manner by reporting the degree of
stereochemical convergence (sc [%]) and the resulting global
enantiomeric excess (ee, [%]); sc and ee, are calculated
mathematically and then compared, between reactions,
graphically. The value of sc is simply calculated from the
stereochemical outcome from one enantiomer of substrate
against a sliding scale which varies in response to the outcome
from the other enantiomer. Thus for the hypothetical example
above, in which (+)-S is matched, sc (%) =100 {[(+)-P,)] —
()PP — [Py,

As examples of the application of ee, and sc to reaction
outcomes, consider points A and B, derived from hypothetical
data from a reaction of (+)-S to give P, performed with the
same chiral ligand, same nucleophile and solvent, but under
different conditions, for example using different Pd catalyst
precursors (Figure 2). Note that in this figure, lines of equal sc

+100 w0
i 80 90
ee
] global 70 .
_ 50 60, 80
+50 4
- 40 v 70
I _ 30, -
a 20/
{10 oF - e
eeyP (%) 0 50 sc/ %
— A
_ o _
] » 40
. T30
-50 -
] 20
N
7] 10
-100 —t———————+N 0
0 +50 +100

©€(4) P (%) —

Figure 2. Framework from Figure 1, with addition of 1) dashed-line
‘contours’ of stereochemical convergence (see text) and global ee and 2)
hypothetical data sets (A, B) from a reaction displaying a memory effect.
See text for full discussion.

(from 10 to 90%) have been highlighted by dashes that
radiate out from the origin (0,0), whilst lines of equal ee, have
been highlighted by dashes that lie parallel to the 0% sc line
(0,0 to 100, — 100). Under conditions A, matched enantiomer
(+)-S gives (+)-P(., in 75% ee (x axis) and (—)-S gives the
opposite enantiomer, (—)-P_), in 15% ee (y axis). Thus the
global ee, is 30 % (in favour of (+)-P) and the stereochemical
convergence sc is 40 %. Changing to conditions B affects the
outcome from both enantiomers: matched (+)-S gives (+)-
P, in 50% ee and mismatched (—)-S now gives the same
enantiomer, (+)-P__,, in 10% ee. The global ee is still 30 %,
but the stereochemical convergence has increased to 60 % sc.
The relationship between these two results (A and B) is more
easily visualised as sc (x axis) versus global ee, (y axis)
(Figure 3).
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Figure 3. A re-plot of the hypothetical data sets (A, B), from Figure 2, on
axes of stereochemical convergence (sc, x axis) versus global ee, (y axis).
The curves passing through the points are predicted sc versus ee,
relationships for a hypothetical reaction (see inset) in which there is the
possibility of memory effects. See experimental section for full details of
kinetic models. For the curve passing through A, (+)-Int is favoured over
(—)-Int (K~'=6), (+)-Int reacts with 80 % diastereoselectivity and (—)-Int
with 66 % diastereoselectivity for the curve passing through B, (+)-Int is
favoured over (—)-Int (K~!=3) and both react with 80 % diastereoselec-
tivity. Memory effects (sc) are modulated by variation in ks/k_s.

Simulation of the kinetics for a reaction (see inset to
Figure 3) in which the memory effect is attenuated (i.e. sc
increased) through increasing the extent of first-order equi-
libration of diastereoisomeric intermediates “(+)-Int and (—)-
Int” before nucleophilic attack, indicates that a simple
relationship will exist between sc and ee,. The relationship
takes the form of a curve, whose origin is sc =ee, =0 when
diastereoselectivity of attack of (+)-Int and (—)-Int is equal
and opposite. Considering points A and B, it is evident that
they must lie on different curves since they produce identical
ee, but have different sc. The generation of differing sc versus
ee, relationships is only feasible when the intrinsic selectivity
of the catalyst system is different. In this case the catalyst
system operative under conditions A displays higher net
intrinsic selectivity than that operative under B. In other
words, having taken into account the memory effect (by sc),
comparison of the data for A and B demonstrates that the two
reactions must proceed via different intermediates. It should
be noted that in the absence of analysis of the memory effect
(i.e. stereochemical convergence), the data available from
‘experiments’ A and B would solely be that product (+)-P of
the same ee (30 % ee ) is obtained.

Herein we demonstrate the utility of stereochemical con-
vergence analysis by study of the relationship between sc and
ee for the reaction 1— 2 (Scheme 4).0'1]

Assessing ligands 3, 4a, 4b and 4c under “benchmarking”
conditions: Under standard conditions for 'benchmarking’

(THF, 25°C, 5mol% ligand, 2.5mol% [PACI(-C;Hs)],),
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(S)-4¢ (QUINAP)! catalyse the reaction of racemic cyclo-
pentenyl pivalate (+)-la with sodium dimethyl malonate
([NaCH(CO,Me),]; 2 equivalents) to give allylic alkylation
product (R)-2 in 8, 22, 10 and 36 % ee,, respectively. These

N
o) 7 ~N

-/

PPh, N PhyP. PhoP.

o LI 99
(S)-(4c) "QUINAP"

(R)-(3) "Bu-PHOX" (S)-(4a), Z=0OMe "MOP"
(5)-(4b), Z=NMe, "MAP"

e

results suggest that of the four ligands, 'QUINAP’ ((S)-4¢
—36% ee) is the best candidate for optimisation with 'MOP”
((S)-4a —22% ee) a poor second choice and 'iBu PHOX’
((R)-3—8% ee) or MAP’ ((5)-4b — 10% ee) of little poten-
tial utility in this reaction.

However, the above benchmarking reactions have been
analysed without taking into consideration the possibility of
memory effects. To test for memory effects one must
individually assess the outcome from both enantiomers of
substrate (1a). This cannot be achieved with racemic 1a since
either enantiomer of 2 can arise from either enantiomer of 1a,
indeed this is the very principle on which this type of
asymmetric process is based. However, employing enantio-
merically pure 1a is not ideal since a) two reactions must be
performed to assess the outcome from both enantiomers,
b) both enantiomers of 1a (or of the ligand) must be readily
available in very high ee and c) due to match/mismatch effects,
the reaction outcomes involving pure enantiomers may differ
from that of the racemate. To address the above issues, we
have developed the use of isotopic desymmetrisation.[ > 1]
This facilitates simultaneous analysis of the individual con-
tributions to the global ee, from (R)-1a and (S)-1a through
deployment of a racemic, deuterium labelled"” substrate (+)-
1-[*H,]-1a (Scheme 5).
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When this technique is applied to the reactions discussed

D/Q\Cng above, it sheds a rather different light on the situation

/@ Nu (R)-3-PH ]2 (Table 1, entries 1, 3, 5 and 7). With the (P,N)-ligands iBu

DX - . PHOX (3) and QUINAP (4c¢) there are memory effects (67

- [Pd" D, and 82 % sc) but these are weak and the global ee, values (8 %

HCOD}Q EZHC/Q and 36 % ee, respectively) closely reflect the intrinsic or
2

limiting selectivity of the ligand systems under these con-

R ditions (Table 1, entries 1 and 3). When the same reactions are
conducted in the absence of chloride, catalytic activity is

5 ©§D reduced substantially (Table 1, entries 2 and 4). In stark
@OZCR Nu CHE, contrast, with the ligands MOP (4a) and MAP (4b) much
~ . (R)-1-PH,]-2 more powerful memory effects are apparent under 'bench-

@\D marking’ conditions: 28 % sc, 22 % ee,, with MOP (4a) and

Pdp" 15% sc, 10% ee,, with MAP (4b) (Table 1, entries 5 and 7).

E2HC/©\D Furthermore, in the absence of halide, catalytic activity

remains high and the memory effects are very slightly

-3 2 &
(S-3{H1-2 increased (Table 1, entries 6 and 8).

Scheme 5. The “isotopic desymmetrisation” technique employed to si- . . . .
multaneously compare stereochemical outcomes in the Pd-catalysed allylic It is a common misconception that the ligands MOP (4a)

substitution of cyclopentenyl esters (1). The racemic deuterium labelled and MAP (4b) are exclusively monodentate phosphine
substrate (£)-1-[2H,]-1 undergoes stereospecific substitution (net retention) ligands. In fact, when either ligand coordinates a Pd" centre
and thus (R)-1-[’H,J-1 gives only (R)-1-*H,]-2/(S)-3-[’H,]-2 and analo- that has two free coordination sites (i.e. it bears only two other
gously (8)-1-PH,J-1 gives only (8)-1-PH,]-2/(R)-3-’H,]-2. The relative ligands, e.g., two chlorides or a -C;H; unit) a bidentate (P,C)-

opulation of the four isotopomeric enantiomers of 1,3-[*H,]-2 can be . . . . X .
Essiye d by C['H) NMR in ﬂfe presence of (+)-[Eu(hfc)s] [H coordination mode is established by coordination of Pd to the

Table 1. Allylic alkylation of cyclopentenyl esters (+)-1-[*H;]-1a—¢ (0.125 ™) in THEF, 25°C, with [NaCH(CO,CHs;),] (preformed, added slowly, or
generated in situ) catalysed by 5 mol % Pd/ligand (iBu PHOX (R-3), MOP (S-4a), MAP (S-4b) or QUINAP (S-4¢)), to give 1,3-[*H,]-2 (see Scheme 5).

Entryl?l R Ligand Clibl Nu.leJ Additiveld Timel! 1,3-[*H,]-2
[mol %] [mol %] [h] sc [%]1 ee, [%] yield [%]™

1 Meli (5)-3 5 pref. ) <008 67 8 (R) 88

2 Bu (5)-3 - pret. i 48 > 95 6 (R) 8l

3 Bu (S)-4¢ 5 pref. il 2.25 82 36 (R) 82

4 Bu (S)-4c¢ - pref. | 12 - - o

5 (IL) Bu (S)-4a 5 pret. i <0.08 28 22 (R) 82

6 (Ii) Bu (S)-4a - pret. i <0.08 26 20 (R) 86

7 (IL) Bu (S)-4b 5 pret. i <008 15 10 (R) 85

8 (1) Bu (S)-4b - pret. i <0.08 10 8 (R) 80

9 (Lii) Bu (S)-4b - pref. F (5) <008 16 14 (R) 85
10 (Vi) Bu (S)-4b - slow. 0 0.25 35 23 (R) 56
11 (1iv) Bu (S)-4b - slow. i 05 70 44 (R) 44im)
12 (Iv) OMe (S)-4b - pref. i <0.08 89 52 (R) )
13 (Ivi) OBn (S)-4b - pref. 0 <0.08 99 58 (R) 39
14 (Ivii) OMe (S5)-4b - in situ NaOMe (1) <0.17 95 55 (R) 89
15 (Wiii) OBn (S)-4b - in situ NaOAc (1) 1 98 57 (R) 80
16 (Liii) Bu (S)-4a - slow 0 0.5 60 35 (R) 32
17 (Tiv) OMe (S)-4a - pref. il <0.08 91 52 (R) 34
18 (Iv) OMe (S)-4a - in situ NaOAc (1) 1 92 56 (R) 73
19 (L) Bu (S)-4b 5 slow 0 0.5 ) 22 (R) 69
20 (Iiii) OBn (S)-4b 5 pref. 0 16 58 30 (R) 20001
21 (Iiv) OMe (S)-4b 5 in situ NaOMe (1) 36 84 26 (R) 2200l
22 (Iv) OBn (S)-4b 5 in situ NaOMe (1) 1 98 44 (R) 3000l
23 (Iv) OBn (S)-4b 5 in situ NaOAc (1) 48 - - ow

[a] Lower case italics (i, i, iii etc.) refer to individual points in graphs (I and II) of sc versus ee,: see Figure 4. [b] 5 mol % Cl is present from generation of the
pro-catalyst in situ by reaction of ligand (5 mol %) with [Pd,(17°-C;Hs),Cl,]; — refers to use of [(7t-CsHs)Pd(L)][O;SCF;] as pro-catalyst. [c] Nucleophile is
preformed [NaCH(CO,Me),] (2.0 equiv) and added in one portion (“pref.”), added slowly by syringe pump (“slow”) or generated in situ from MX (additive)
and CH,(CO,Me), (2.0 equiv; “in situ”). [d] Additive present to effect equilibration (F~) or generate nucleophile (NaOMe) or activate pro-catalyst (NaOAc
or LiOAc). [e] Time at which TLC analysis showed complete consumption of substrate (unless otherwise noted). [f] Determined by '*C NMR analysis; sc
(%) =100 [(Rgr— Ss)/(Rg — Sg)] where mol fractions of enantiomeric products R-(2) and Siz-(2) are obtained from R-(1) (and Rs-(2) and Sg-(2) from
(8)-1). [g] Determined by *C NMR analysis; ee, = global ee of overall sample of 1,3-[’H,]-2. [h] Yield of analytically pure 1,3-[’H,]-2 obtained after
chromatography on silica gel. In some cases, as noted, starting material (1-[?H,]-1) was recovered as a single regioisotopomer. [i] Acetate instead of pivalate
was employed. [j] No additive. [k] Low extent of conversion; substrate recovered in 47 % yield. [I] No product detected by TLC; substrate recovered in
quantitative yield. [m] Substrate recovered in 40 % yield. [n] Substrate recovered in 41 % yield. [0] Substrate recovered in 25 % yield. [p] Substrate recovered
in 36 % yield.
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C(1)=C(2) bond of the non-phosphine bearing aryl ring. This
(P,C) coordination mode is observed in both the solid state
(X-ray analysis) and in solution (NMR spectroscopy), for
example in the complexes [(7-C;Hs)Pd(P,C-42a)][O;SCF;] and
[(m-C5H5)PA(P,C-4b)][O;SCF;].l* 141 In the former complex,
the bonding to C(1)=C(2) is more #?- in character and in the
latter complex it is essentially #' (tetrahedral at C(1)—Pd). We
have employed these complexes as analogues of non-isolable
5 ([(n-CsH,)Pd(FP,C-4ab)]|[X]), which are postulated inter-
mediate in the reaction of 1—2, catalysed by “Pd(4ab)”
(Scheme 6). Study of the structure and stereodynamics of [(rt

A

(8)1 (R
[Pd(P,C4V ] [Pd(P,C-4)]
g °
g:% = OMe X
:Z=NMe, j
| ®
- P—Ph
“Ph
;.. MICHE;] O
\‘><f”;/// (P.O8)
| O, 17
] Y
' ! CHE2 H
: (R)2 !
V - _
/ M[CHE;]
1% Q
‘ Pdrni,y Pf(" my
Q z P—Ph PCPh
P Ph
O (P)-(6) (P)-(6")

Scheme 6. The working model for powerful memory effects, and their
attenuation (see text for full discussion) for the reaction shown in
Scheme 4. Key to the working model is the generation of two primary
cationic bidentate P,C-intermediates (5 and 5’) in a diastereoselective
manner (from (R)-1 and (S5)-1 respectively), which interconvert slowly but
are attacked rapidly by malonate nucleophile at the position trans to P. The
intermediates may also undergo ion-pair collapse to give neutral mono-
dentate P complexes 6 and 6', which display analogous slow interconver-
sion and selective nucleophilic attack.

-C;H;)Pd(P,C-4ab)][O;SCF;] suggested that the powerful
memory effects, and thus low sc, in the reaction of 1a— 2,
catalysed by “[Pd(P,C-4ab)]” arises by three linked events:
a) enantiodivergent ionisation of 1a by [Pd(P,C-4ab)] such
that P is located frans to the nucleofuge (the 'a-site’) leading
to opposite diastereoisomers (5b and 5b’) from (R)-1a and
(S)-1a (Scheme 6); b) slow interconversion of the resulting
ion-paired!®! intermediates (predominantly via bidentate

4448
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(P,C-)/monodentate (P-) equilibrium facilitating P—Pd rota-
tion in the monocoordinated state) and c) rapid nucleophilic
capture (again trans to P at the ‘a-site’) of highly electrophilic
cations 5b with 5b’ before full equilibration has occurred.*

Hayashi and co-workers have also investigated the power-
ful memory effects observed in Pd-catalysed allylic alkyla-
tions involving cycloalkenyl type electrophiles when employ-
ing ligand 4a (MOP).[®l The origin of the memory effect was
analogously ascribed to ionisation trans to P, followed by slow
diastereoisomer interconversion unable to compete with
rapid capture (trans to P) by the nucleophile. However, based
on Pd complexes observed (NMR) on mixing 4a with
allylpalladium chloride species, neutral and monodentate
complexes (6a and 6a’, Y=CI) were postulated as inter-
mediates. Since these powerful memory effects (as low as
10% sc) can also be obtained under chloride-free conditions,
vide supra, we have postulated that under these conditions the
primary ionisation products are the ion-paired intermediates
5/5" where the counterion X is the nucleofuge. Subsequently,
in competition with nucleophilic attack, these may, or may
not, collapse (potentially reversibly) to neutral species 6/6’
where the counterion “Y” might be the nucleofuge (X) or a
prior spectator ion. Furthermore, if the pro-catalyst bears a
chloride, then catalysis may proceed via oxidative addition of
1 to a palladate type species, “[Pd(Cl)(4ab)]~”, in which case
the primary intermediate would be 6/6’, i.e. generated directly
rather than via 5/5'. Whether the nucleophile attacks the
cationic species 5 or the neutral mono-coordinated 6 is an
important issue: in the former complex the chelated ligand
will exert greater control over the regioselectivity of the
nucleophilic attack, and thus the ee of product 2. Thus far, it
has been difficult to draw conclusions due to the powerful
memory effects which mask the intrinsic selectivities and
induce low ee (compare Table 1 entries 5 and 6 or entries 7
and 8). Here, analysis of sc may be of aid. Thus, if conditions
are found where the system is allowed to begin to equilibrate
before attack of the nucleophile, then a simple relationship
between sc and ee should be observed if reaction occurs
exclusively through 5/5": greater mixing (higher sc) facilitating
higher ee until the limiting ee is reached at 100% sc.
Alternatively, if collapse to 6 is in competition with equilibra-
tion and nucleophilic attack, then slowing nucleophilic attack
will lead to greater reaction via 6 and thus a different
relationship between sc and ee.

Attenuation of the memory effect: analysis of stereochemical
convergence (sc) with 'MAP’ and '"MOP’ ligands: The out-
come from a number of reactions of 1 involving catalysis by
Pd(4a) and Pd(4b) under a number of (halide-free) con-
ditions, see below, have been plotted as sc versus ee, in
Figure 4, graph I. The starting points i are taken from entries 6
and 8 in Table 1, in which reaction is conducted by adding the
pro-catalyst [(7t-C;Hs)Pd(P,C-4ab)][O;SCF;] to a solution of
1a and 2.0 equivalents of [NaCH(CO,CHs;),] in THF.
Employing a working model for catalytic turnover which
involves initial formation of an approximately 50/50 ratio of
diastereoisomeric 5/5 (i.e. [(n-CsH;)Pd(P,C-4b)][X]) from
(R)-1/(S)-1, see Scheme 6, one may consider at least four
variables that will affect the sc and thus memory effect: a) the
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Figure 4. Variation of global enantioselectivity (ee,-2) with stereochemical
convergence (sc-2), as measured by isotopic desymmetrisation (see
Scheme 5), for the reaction of (£)-1-[?’H;]-1la—¢ (0.125m in THF) with
“IMCH(CO,CH,),]” at 20°C, catalysed by 5mol% 'Pd-4b’ or 'Pd-4a’
under a variety of conditions (see text and Table 1 (graphs I and II) and
Table 2 (graph III) for full details). In graphs I and II, closed circles relate to
use of 'Pd-4b" and open squares to 'Pd-4a’. In graph III, all runs employ 'Pd-
4b’ and open triangles relate to M = “EtZn”; open circles to M =“Cs” and
open squares to M = “Li”. The solid curved line in graph I is the sc versus
ee, relationship predicted for 2, employing the model outlined in the inset
to Figure 3 and in which (+)-Int is favoured over (—)-Int (K~!'=7), (+)-Int
reacts with 88% diastereoselectivity and (—)-Int with 80 % diastereose-
lectivity. The line is reproduced (dashed line) in graph II for comparison
with the data obtained in the presence of 5 mol % chloride ion.

presence of reversibly coordinating additives, such as halides
or dibenzylideneacetone (dba) may accelerate diastereoisom-
er equilibrationl® (i.e. 5§ with §) and increase sc; b) if
diastereoisomer equilibration is (pseudo)unimolecular™
whilst nucleophilic attack bimolecular, then lower concen-
trations of nucleophile [MCH(CO,CHj;),] should increase sc;
¢) the identity of X (the counter-ion) will affect the tightness
of ion pairing in 5/§'. This may modulate the rate of
diastereoisomer equilibration and also the reactivity towards
the nucleophile. It may also induce ion-pair collapse to 6/6';
d) the identity of M (the ’‘escort’ cation) will affect the
reactivity of the nucleophile and lower reactivities should lead
to higher sc. Furthermore, changing M may change the
intrinsic selectivity of the system—as has been proposed for
other systems.?’]

Chem. Eur. J. 2002, 8, No. 19
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We have earlierl*! explored variable a) above with 1a as
substrate, in general finding the effect rather small. For
example, in the presence of 5 mol % fluoride®!! (Table 1, entry
9) the sc increases slightly from 10% to 16 % (see point i’ in
graph I; Figure 4). It is clear that 5/5" (X = O,CrBu) displays a
high reactivity towards [NaCH(CO,CHj;),] and thus we now
consider variable b): the effect of the concentration of
nucleophile (Table 1, entries 10 and 11). Again employing
[(n-C;H;5)Pd(P,C-4b)][O;SCF;] as pro-catalyst, slow addition
(via syringe pump) of one equivalent of [NaCH(CO,CH,),] in
THF caused the sc to rise (15 min. addition: 35% sc; 30 min.
addition: 70% sc (see points 'iii and iV, graph I; Figure 4).
However, after complete addition there was still substrate(®
present and thus yields of 2 were low (56 and 44%
respectively) and when slow addition of [NaCH(CO,CHy;),]
was performed over 1 h, no conversion of 1a to 2 occurred at
all.

Turning then to variable c), we switched from a pivalate
nucleofuge to methyl carbonate (i.e. 1b) so that intermediates
of type [(m-CsH,)Pd(P,C-4b)][X], where X=MeOCO," or
MeO~ would be generated. The latter alkoxide would arise
through decarboxylation and would form a significantly
tighter ion-pair than carboxylate with the cationic complex.
Such tight ion-pairing would undoubtedly affect both the
reactivity and rate of diastereoisomeric equilibration of the
intermediates. The effect of changing from ester to carbo-
nate! was dramatic since complete consumption of 1b and
even higher stereochemical convergence could be attained
(89% sc) without the need for slow addition (Table 1, entry
12; point V', graph I; Figure 4). Interestingly, if this reaction
had been performed under standard benchmarking conditions
(i.e. without studying the memory effect) then, because the
global selectivity is now ee, =52 % (rather than ee,=10% ee
with 1a), one might have concluded that the change in leaving
group had affected the intrinsic selectivity of the system. In
fact, this is not the case since the simple relationship between
sc and ee, has been maintained and the increased ee arises
through increased interconversion of diastereoisomeric inter-
mediates before nucleophilic attack.

Although the sc increased on changing to 1b, the yield was
only 42 % —despite complete consumption of substrate. This
is substantially lower than with 1a where yields were in the
range 80-85 %. A slightly bulkier carbonate (benzyl carbonate
1c¢) was also prepared. This proved to be slightly better than
1b (Table 1, entry 13): again, slow addition of [NaCH(-
CO,CHs;),] was not required to achieve very high sc (99 %)
with 58 % ee, (point 'vi’, graph I; Figure 4) but again reaction
proceeded in poor yield (39 % yield of 2, > 99% conversion
of 1¢). By study of the reaction mixtures in situ (‘H NMR,
500 MHz) we traced the low yields with 1b and 1c¢ to a
competing elimination reaction caused by the carbonate or
alkoxide co-products (RCO,Na or RONa; R=Me or Bn).
This side reaction was exacerbated by low nucleophile
concentration. For example, when [NaCH(CO,CHj;),] was
added as a solid to a solution of 1b and [(x-C;Hs)Pd(P,C-
4b)][O;SCF;] (5 mol %) in [Dg] THF, > 90 % conversion of 1b
to cyclopentadiene (identified by reference to a sample of
freshly ‘cracked’ dimer) occurred in less than 1 min, at which
point very little [NaCH(CO,CHj;),] had dissolved. General
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base-mediated f-elimination in allylpalladium complexes has
been documented?! and the Pd-catalysed conversion of 1b
(or 1c¢) to cyclopentadiene likely proceeds through an analo-
gous process as outlined in the upper section of Scheme 7.’

I O
H %* [Pd(P,C4b)]
@7
\
Pd ©
VN

y4 P\—Pflh R
o CO,
Q‘“OZCOR CHE,
1bc
S eon m Gy
| ®
[Pd(P,C-4b)] Q o ph
; “Ph
EZHC”Q
2 (P,O)-(5")

Scheme 7. The generation of an ionic acid-base pair (PC-5) from a
carbonate substrate (1b or 1¢) and a [P,C-4b-Pd’] complex. An acid—base
elimination reaction results in generation of cyclopentadiene from the
cyclopentenyl allyl unit, whilst interception with a malonic acid ester results
in generation of a malonate anion and subsequent nucleophilic attack on
the allyl.

To combat this competing S-elimination we changed from
using the pre-formed nucleophile [NaCH(CO,CHs;),] to using
the pro-nucleophile CH,(CO,CHj;), as an acid which could
then compete with 5 for the basic nucleofuge (ROCO,™ or
RO") as shown in the lower
section of Scheme 7. Because
we were using a Pd! complex
([(=e-C;Hs)Pd(P,C-

Table 2. Allylic alkylation of cyclopentenyl esters
[MCH(CO,CH,),] (preformed 2.0 equiv or generated in situ from CH,(CO,CHj;),) catalysed by 5 mol% Pd/
MAP (S-4b), to give 1,3-[?H,]-2 (see Scheme 5).

Table 1, entries 16-18) which gave a similar intrinsic selec-
tivity (ee, limit ~58 %, see open squares in graph I, Figure 4).

The effect of chloride ion: bidentate cationic (B, C)- versus
monodentate neutral (P)-coordination: Chloride-bearing Pd-
catalyst precursors are commonly employed in Pd-catalysed
allylic alkylations and the presence of halide ion*! is often
perceived as being of benefit to asymmetric induction since it
can accelerate diastereoisomer interconversion.’’l As a start-
ing point, consider the original results attained under 'bench-
marking’ conditions with MAP (4b) (Table 1, entry 7, Fig-
ure 4, graph II, point 'i'). Employing identical strategies to
those outlined above (b and c), we were able to increase the sc
under ‘chloride conditions’ (5 mol % Cl engendered by use of
[(z-C5H5)PA(Cl)(P)-4b]) as pro-catalyst). However, it be-
came clear that under conditions that gave higher sc, chloride
had quite negative effects (see graph II in Figure 4 and
Table 1, entries 19-23).

With pivalate 1a, slow addition of [NaCH(CO,Me),] gave
69 % yield of 2 with 42 % sc, and 22 % ee (Table 1, entry 19, 'ii’,
graph II; Figure 4). More dramatic was the effect with the
carbonate substrates under stoichiometric (entry 20, graph II,
'iii’; Figure 4)) or catalytic (entries 21 and 22, v’ and 'v/, graph
II; Figure 4) nucleophile conditions which gave low yields of 2
(20-30%), high sc (58-98%) and much lower ee, (26—
44%). In the latter reactions NaOMe was employed since
NaOAc was ineffective as an initiator (entry 23) for gener-
ation of “[Pd(0)(P,C-4b)]” from [(x-C5H;)Pd(Cl)(P)-4b].

We also briefly studied the effect of (formal) nucleophile
escort cation, that is variable d) above (Table 2, Figure 4,
graph III). The wuse of stoichiometric nucleophiles
[MCH(CO,-

CHs;),], M =XZn, Cs, Li; Table 2, entries 2, 5—8 and 10) with
la—c gave variable results. Catalytic generation of nucleo-
phile only functioned with Li (Table 2, entries 11-13) since

(£)-1-PH,]-1a—¢ (0.125m) in THF, 25°C, with

4b)][O;SCF;]) as pro-catalyst,  Entryl R v Nucleophile Timel 13-H,]-2
an initiator was required to generation [h] sc (%] ee, [%]T yield [%]¥
generate the catalytic inter- 1 () Bu - CsOAc (1mol%)/BSA 24 31 21 36
mediate “[Pd°(P,C-4b)]”. We 2 (IMLii) OMe - Cs,CO; 24 55 24 23
found that 1mol% NaOAc 3 (IMLiii) OMe - CsOAc (1 mol % )/BSA 3 97 46 61
worked  rather efficiently 4 OMe  Sor0  CsOAc (1 mol%) 2 N N 0
. 5 (Iliv) OMe - Et,Zn 2 82 32 78
through acetoxylation of the 6 (Il OMe 5 Et,Zn 2 384 3 69
allylpalladium cation (vide in- 7 (IMvi Bu - Et,Zn 3 83 45 78
fra) and, equally well, 1 mol % 8 (IMlvii) Bu 5 Et,Zn 18 94 54 67
NaOMe, through generation of 13 (i) t%Me Sor0 E“(LQAC)Z (1 mol%) 2‘3‘ 8; 2; 2(1]
. Vil u - ubi
trace [NaCH(CO,CH;),] which 1y " oBn 5 LiOMe (1 mol %) 24 95 40 24
can then alkylate the pro-cata- 12 (1) OBn - LiOMe (1 mol %) 2 95 59 77
lyst. Under these conditions 13 (IlLxi OMe - LiOMe (1 mol %) 0.17 95 60 69

high sc could be attained
(points vii and viii, graph I;
Figure 4) with both 1a and 1b,
but now with much improved
yields (Table 1, entries 14 and
15). Essentially identical results
were obtained with MOP (4a,

4450
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[a] Lower case italics (i, i, iii etc.) refer to individual points in graph III of sc versus ee,: see Figure 4. [b] 5 mol %
Cl is present from generation of the pro-catalyst in situ by reaction of 4b (5 mol %) with [Pd,(3*-C;Hs),CL]; —
refers to use of [(7-C;Hs)Pd(4b)][O;SCF;] as pro-catalyst. [c] Nucleophile is preformed by reaction of base
(2.0 equiv) with CH,(CO,Me), (2.0 equiv and added in one portion or generated in situ from MX (1 mol %) and
CH,(CO,Me), (2.0 equiv). [d] Time at which reaction was quenched. [e] Determined by *C NMR analysis; sc
(%) =100 [(Rg— S5)/(Rg — Sg)] where mol fractions of enantiomeric products (Ry)-2 and (Sg)-2 are obtained
from (R)-1 (and (Ry)-2 and (S5)-2) from (S)-1 ). [f] Determined by “C NMR analysis; ee, = global ee of overall
sample of 1,3-[2H,]-2. [g] Yield of analytically pure 1,3-[*H,]-2 obtained after chromatography on silica gel.
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neither Zn(OAc), nor CsOAc were effective at activating
either pro-catalyst ([(n-C;H5)Pd(Cl)(P)-4b] or [(mt-
C;H;)Pd(P,C-4b)][O,SCF;]) (Table 2, entries 4 and 9); how-
ever, a combination of CsOAc (1 mol %) and BSA (2 equiv)
did function efficiently (Table 2, entries 1 and 3). Ultimately,
LiOMe provided the best catalytic nucleophile system and
gave high sc and ee, with the carbonate substrates. Overall, it
may be noted that although there were no obvious trends
within the data set, the highest intrinsic selectivities tend
towards those observed with [NaCH(CO,CHj),].

To further study the effect of NaOAc, we performed
stoichiometric reactions which we monitored by 'H NMR
spectroscopy (500 MHz, [Dg]THF/CD,Cl,). These experi-
ments revealed that the neutral monodentate complex [(st-

H;)Pd(Cl)(P-4b)], generated in situ by reaction of 4b with
[(n-C;H5)Pd(Cl)],, fails to react at all with an excess of
NaOAc over a period of hours (Scheme 8, lower section). In

A
ACO\/\
“r NMeaP— Ph [P(P,C4b)]
NaOAc 27
[(n-CaHs)Pdl* O
a
Q‘ NMe, o
R—Ph | ~X
Ph
O ~. A

Pdu,

-C3Hs)Pd(Cl)] “Cl
(S14b [(n-C3Hs) Q‘ NMez\
Ph

Scheme 8. The generation of ionic bidentate and neutral monodentate
MAP -Pd complexes and their relative reactivity towards acetate ion, as
monitored by 'H NMR spectroscopy in [Dg]THF/CD,Cl,. When employed
in catalytic allylic alkylation, the ready reaction of [(P,C-4b)-Pd-allyl]* with
MOAc (M =Na, Li) provides a useful route to the generation of [(P,C-4b)-
Pd’] and thus catalytic quantities of malonate anion via the route outlined
in the lower section of Scheme 6.

NaOAc

stark contrast, the cationic complex [(st-C;Hs)Pd(P,C-
4b)][O;SCF;] reacts rapidly with one equivalent of NaOAc
to yield allyl acetate—as confirmed by reference to inde-
pendently prepared sample in [Dg]THF/CD,Cl,—and an
orange-red Pd co-product which is tentatively assigned as
[((R.C)-4b)Pd"].28] When this reaction mixture was treated
with one equivalent of NaCl there was no generation of [(r-
C;H;5)Pd(Cl)(P-4b)] from the allyl acetate.

These results highlight the much greater electrophilic
reactivity of bidentate cationic allylpalladium complexes of
4b as compared to the neutral monodentate Pd(Cl)allyl type
complexes. We therefore suggest that under chloride free
conditions the initial product of oxidative addition (5/5") [(st-
¢-CsH;)Pd(P,C)-4b]*[X]~ undergoes ion-pair metathesis with
[M]T[CH(CO,Me),]~ at a rate which is dependent on the
identity of the nucleofuge (X) and nucleophile counterion
(M) as well as the nucleophile concentration. These factors

Chem. Eur. J. 2002, 8, No. 19

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

then determine the extent of diastereoisomer equilibration of
5/5" before nucleophilic attack to give 2 and [Pd’(P,C)-4b]. If
full equilibrium (100 % sc) has occurred prior to metathesis,
this gives 2 in limiting ee of about 60 % (in THF) irrespective
of the identities of "X’ and 'M'". In the presence of chloride,
irreversible generation of neutral [(rt-c-CsH;)Pd(Cl)(P)-4b]),
that is 6/6’ (Y = Cl) can occur directly®! by oxidative addition
to [PA(Cl)(P,C)-4b]~, or by ion-metathesis (X for Y) with
5/5" followed by ion-pair collapse. The effectiveness with
which this process can compete depends on the identity of 'X'.
Once generated, reaction with [MCH(CO,Me),] gives 2 of
lower ee, presumably due to the monodentate coordination of
4b. Thus, even under conditions of catalytic nucleophile
generation (2 equiv CH,E,/1 mol % NaOMe), which facilitate
high degrees of stereochemical convergence, the ee, values
attained with the chloro-bearing pro-catalyst [(n-C;Hs)Pd-
(C1)(P)-4b] are significantly lower than those attained with
the cationic pro-catalyst (Scheme 9). The significantly lower

(X
©<D CH(CO,Me),
0,COR

Conditions: a, b orc

(R-1?H;]-2
(#)-1-[H,]-1bc /@\
(R =Me or Bn) D CH(CO,Me),
(R)-3-PH;)-2

Scheme 9. The stark differences in pro-catalyst activation, yield and
intrinsic selectivities of chloride (5 mol%) and chloride-free 'Pd-MAP’-
systems for the allylic alkylation of cyclopentenyl carbonates 1b/lc
(selected data from Table1). Conditions: a) 5mol% [(7-
C;H;)Pd(Cl)(P)-4b], 1 mol % NaOMe, 2 equiv CH,E,, THF, 20°C, 16 h,
22-30% yield, 84-98 % sc, 2644 % ee,; b) 5 mol % [(7-C;Hs)Pd(Cl)(P)-
4b], 1mol% NaOAc, 2equiv CH,E,, THF, 20°C, 16 h, 0% yield;
¢) 5mol% [(n-CsHs)Pd(P,C)-4b][OTf], 1 mol% NaOMe or 1mol%
NaOAc, 2 equiv CH,E,, THF, 20°C, 16 h, 80-89% yield, 95-98% sc,
55-59% ee,.

intrinsic selectivity under chloride conditions confirms that
reaction of 6/6’ does not occur predominantly by prior
ionisation to give the more electrophilic cations 5/5'.

Conclusion

Comparison of ligands 3 and 4a—c¢ under standard (“bench-
marking”) asymmetric Pd-catalysed allylation conditions
suggests that 4b ((+)-1a —10% ee (R)-2) has little potential
for the development of a selective alkylation of cyclopentenyl
type substrates. However, earlier studies of this reaction have
demonstrated that the low selectivity is a result of a powerful
memory effect. The factors affecting the memory effect have
been studied by analysis of a weighted manipulation of
enantiomer ratios, defined as “stereochemical convergence”
(sc). Graphical analysis of sc against global enantiomeric
excess (ee,) allows changes in limiting selectivity to be
discerned—providing that a simple relationship exists. In this
case, whilst the ee ultimately attained (ca. 60%) is not
spectacular, it can be attained only under halide-free con-
ditions and is significantly higher than the ee values achieved
with ligands 3 and 4¢ (8% and 36% respectively). As
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suggested earlier,[*! the powerful memory effects observed
under the standard conditions (e.g. point i, Figure 4, graph I)
arise from selective attack (trans to P)B of the primary
intermediates 5 and 5. In the current case, and unlike
conventional Pd-catalysed allylic alkylations in which there is
no memory effect, analysis of results from runs in which there
is low sc indicates that 5a and 5a’ are attacked with
approximately equal regioselectivity (ca. 88 and 80 % trans
to P, respectively) which translates into approximately equal
but opposite ee values (76 and 60 %, respectively). The ee
value of about 60 % obtained at 100 % sc therefore arises from
88% of the catalytic flux proceeding via attack of 5, the
intermediate generated initially from the matched pairing of
substrate and ligand ((R)-1/(S)-4b). Using this as the basis for
a kinetic model, the relationship between sc and ee, can be
satisfactorily simulated (see line passing through points in
Figure 4, graph I). However, it should be noted that assaying
the contributions of the equilibrium population and reactivity
of 5 and 5’ to the 88 % selective flux via 5 is rather challenging
since these m-cyclopentenylpalladium intermediates are un-
stable and thus hard to isolate. Future work will address this
issue.

The sc/ee profile obtained in the presence of the pallado-
philic chloride ion supports the concept that, with ligands 4a
and 4b, catalyst turnover can proceed via cationic bidentate
(P,C)-intermediates of type 5 or neutral monodentate (P)-
intermediates of type 6 depending on the identity of X (or
Y).B! The latter intermediates induce lower enantioselectivity
in the allylic alkylation of cyclopentenyl-type allylic electro-
philes, presumably due to the non-chelate nature of the ligand
which then exerts less influence on the equilibrium popula-
tion, relative reactivity and regioselectivity of attack by
nucleophile on 6 versus 6'.

Overall, these results highlight the importance of testing for
memory effects and comparing pro-catalysts when testing
novel ligands in the benchmark asymmetric Pd-catalysed
allylic alkylation reactions. The effect that the commonly
employed Pd source [Pd,(7*-C;H;s),Cl,] has in the current
system, in terms of reactivity, yield and intrinsic selectivity
(graphs T and II in Figure 4; Scheme9), suggests that
comparison of the outcome from a non-halide?" bearing
pro-catalyst should always be considered.l*?

Experimental Section

General: Anhydrous solvents (THF, CH,Cl,) were obtained by passage
through an activated-alumina drying train (Anhydrous Technologies) and
reactions were carried out under nitrogen by using standard Schlenk
techniques. Allylic substitution reactions (1 — 2) were conducted in THF at
ambient temperature, under standard conditions[*! except as described in
the text. Substrates ((£)-1-[?H],-1a ! and (£)-1-’H],-1bl*}), reagents
([NaCH(CO,Me),|*), ligands (3,*4 4a,] 4b and 4¢P) and pro-
catalysts  ([(r-C3H;)Pd(P,C-4a)][O;SCF;]*!  and  [(#n-C;H5)Pd(P,C-
4b)][O;SCF;]“l) were prepared by standard routes, or were a gift (4¢).
NMR experiments were performed on JEOL GX400 and Alpha 500
instruments. Flash column chromatography: Merck silica gel 60; elution
with a constant gravity head of about 15 cm solvent. TLC: 0.25 mm, Merck
silica gel 60 F254; visualisation at 254 nm or with acidic (H,SO,) aqueous
KMnO, solution (ca. 2%). Yields refer to analytically pure samples
obtained after chromatography on silica gel.
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Simulation of kinetics and memory effects for simple systems: Kinetics for
the idealised reaction (£)-S — P (see inset to Figure 3) via “(+)-Int and
(—)-Int” in which asymmetric induction arises from the combination [k, >
kyy; k_ s>ks] and a memory effect arises from the relationship
[k2233[Nu] > ks _s], were simulated using MacKinetics.*l Using a starting
situation of [(£)-S]=0.5 [Nu] =20 [Pd], k, =10°(k,,), a large number of
models were evaluated, which may be generalised into a) equal, but
opposite, stereoselectivity (ranging from 1/3 to 1/10) arising from nucle-
ophilic attack of (+)-Int and (—)-Int, with variation in K5 b) non-equal, but
again opposite, stereoselectivity arising from nucleophilic attack of (+)-Int
and (—)-Int with constant K =0.2 and c) keeping Ks=1, and varying the
relative reactivity of (+)-Int versus (—)-Int over a scale of 10. In all three
cases, sc was modulated by varying ks/k_s and a double-set of intermediates
was generated so that (+)-S and (—)-S followed non-convergent pathways
and thus (+)-P,), (+)-P.,, (-)-P(,, and (—)-P_, could be distinguished.
The model was allowed to proceed until quantitative conversion of (£)-S to
P was predicted.

From the relative concentrations of the components predicted at this point,
the global ee and sc were calculated: ee, = {[(+)-P] — [(—)-P}/{[(+)-P] +
[()-Pll; se={[(+)Peo)] = [(-)-POIMAIH)Pe)] — [(-)-P ). These re-
sults were plotted on sc versus ee, axes (as in Figure 3). In all cases, lines
that varied from linear to a smooth convex curve (as in Figure 3) were
observed. A more complex model involving generation of both intermedi-
ates from both substrates gave similar results. The models used to calculate
the curves passing through points A and B are as follows: A. k; =90000;
k,=9; k,=5; ks=1; ky =1; Ks=6. Modulation of sc from 16 (min sc) to
100 was achieved through k_s=0.00001 — 100000 (for sc=40, ee,= 30,
k_s=3.453, ks=0.5755); B. k;=90000; k,=k, =9; ks=ky=1; Ks=3.
Modulation of sc from 0 to 100 was achieved through k_s=0.00001 —
100000 (for sc=60, ee,=30, k_s=22.38, ks=7.46). The model used to
calculate the curve through the filled circles in Figure 4, graph I is as
follows: k; =90000; k,=8.8; k, =8.0; k;=12; ky=2.0; Ks=7"". Modu-
lation of sc from 11 (min sc) to 100 was achieved through k_.5=0.00001 —
100000.

(£)-1-[*H,]-Cyclopent-2-enylbenzylcarbonate ((£)-1-[*H,]-1¢):*"! Benzyl
chloroformate (1.505 g, 8.82 mmol) in CH,Cl, (2 mL) was added dropwise
over 15 min to a stirred solution of (£)-1-[>H,]-cyclopenten-1-ol (0.5 g,
5.88 mmol) in CH,Cl, (7.5 mL) and pyridine (2.5 mL) at 0°C. The reaction
mixture was then stirred for 16 h at 25°C, poured into water (20 mL) and
extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were
washed with 1m hydrochloric acid (2 x 20 mL) and water (2 x 20 mL), dried
over MgSO, and evaporated under reduced pressure to afford a colourless
oil. Purification by column chromatography (2 x 20 cm, elution with
hexane/EtOAc, 12: 1 v/v) gave (£)-1-[*H]-1¢ as a colourless oil (1.07 g,
82.9%). R;=0.41 (hexane/EtOAc 12:1, v/v); '"H NMR (400 MHz, CDCl;,
21°C, Me,Si): =735 (m, 5H; Ar), 6.12 (ddd, 3/(H,H) =5.6, */(H,H) =
1.8, 1.8 Hz, 1H; C(3)H), 5.86 (ddd, J(H,H)=5.6, */(H,H)=2.0, 2.0 Hz,
1H; C(2)H), 5.11 (s, 2H; PhCH,)), 2.49 (m, 1H; C(4)H,), 2.26 (m, 2H;
C(5)H,), 191 ppm (m, 1H; C(4)H,); “C{!H} NMR (100 MHz, CDCl;,
21°C, Me,Si): 6=1671 (C=0), 154.84 (C,,,), 138.55 (C(3)H), 128.48
(CH,rom), 12833 (CHgom), 128.14 (CH,.m), 121.21 (C(2)H) 83.92 (t,
1J(C,D)=23.8 Hz; C(1)D), 69.22 (CH,Ph), 30.99 (C(5)H,), 29.46 ppm
(C(4)H,); °’H NMR (46 MHz, CHCl;, 21°C, CDCl;): d =5.58 ppm (br. s,
1D; C(1)D); MS (CI): m/z: 220 (8) ([MH]"), 181 (56), 158 (51), 135 (27),
107 (38), 91 (100), 68 (98).

Palladium-catalysed allylic alkylation with 97 % stereochemical conver-
gence: To a stirred mixture of [Pd(n*-C;Hs)(S-4b][OTf] (9.8 mg,
0.013 mmol, 5mol %), under N,, in degassed dry THF (2 mL) at 25°C
was added (£)-1-[?H;]-1¢ (55.2mg 0.25 mmol) and dimethylmalonate
(66.5 mg, 0.5 mmol, 2 equiv). The reaction was initiated by addition of
sodium methoxide (0.1 mg, 25 pmol, 1 mol %) and then stirred for 1 h, after
which time the reaction was complete according to TLC analysis (hexane/
EtOAc (12:1 v/v); R;=0.51 (1¢)). The reaction mixture was quenched by
addition of 10% aqueous NH,Cl (5 mL) and extracted with CH,Cl, (4 x
5 mL). The combined extracts were dried (MgSO,) and evaporated under
reduced pressure to afford a yellow oil. This oil was taken up in CH,Cl,
(1 mL), applied directly to a pre-solvated silica gel column (1 x 20 cm) and
eluted with hexane/EtOAc (12:1, v/v), collecting 5 mL fractions (gravity
column). Fractions 9 to 14 (containing material of R;=0.2) were
evaporated to afford (R)-1,3-[?H,]-2 as a colourless oil (50.2 mg, 85%)
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with a global ee of 59 % and 97 % sc, determined by *C NMR analysis with
(+)-[Eu(hfc);] in C¢Dg as described in ref. [4b].
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Photoinduced Electron Transfer in a Mesogenic

Donor- Acceptor— Donor System
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Abstract: A novel donor-acceptor—
donor molecule consisting of two oli-
go(p-phenylene vinylene) (OPV4) units
attached to a central perylene bisimide
(PERY) core is described. This OPV4—
PERY-OPV4 is the first mesogenic
molecule that incorporates both p- and
n-type semiconducting properties and
possesses a liquid-crystalline meso-

f . liquid crystals
phase, in which donor and acceptor

Introduction

Multiple opto-electronic applications are envisaged for -
conjugated oligomer and polymer semiconductors.!! The
performance of such devices critically depends on the degree
of mesoscopic ordering of the m-conjugated moieties in the
solid state. Interactions between the m-conjugated moieties
are known to affect macroscopic properties such as lumines-
cence quantum efficiency® and charge-carrier mobility.P!
Ultimately, precise control over the spatial orientation is
required to further enhance the performance of organic
semiconductor devices. For this reason, considerable interest
in mesogenic molecules exists, in which complementary and
antagonistic interactions of rigid and flexible parts are utilized
to create liquid-crystalline materials that exhibit high-charge-
carrier mobilities as a result of a high degree of order.! A
variety of appropriately derivatized triphenylenes,F! hexaben-
zocoronenes, ! and phthalocyanines!” have been firmly estab-
lished as hole transport (p-type) discotic liquid-crystalline
materials with high mobilities, while electron-carrier (n-type)
discotic mesogens are emerging in recent years.[®!

The simultaneous supramolecular arrangement of both p-
type and n-type m-conjugated systems is especially important
for future organic photovoltaic cells. Promising power-con-
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PO Box513, 5600 MB Eindhoven (The Netherlands)
Fax: (+31)40-2451036
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functionalities self-assemble into an or-
dered material. Upon photoexcitation of
the donor, a subpicosecond electron-
transfer reaction occurs in OPV4-

Keywords: conducting materials -
donor—acceptor systems - electron
transfer - laser
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PERY - OPV4, both in solution and in
(ordered) thin solid films. The lifetime
of the charge-separated state is signifi-
cantly longer in (ordered) thin films than
in solution as a result of a reduction of
geminate recombination by migration
and spatial separation of charges in the
film.

spectroscopy

version efficiencies have been reported for spontaneously
formed interpenetrating networks of electron- and hole-
accepting organic semiconductors.”’] In these bulk-hetero-
junctions, the large interfacial area between donor and
acceptor ensures efficient charge generation, and the poor
charge transport associated with the disordered nature of the
interpenetrating D — A network is thought to limit the per-
formance. We anticipate that the mobility of electrons and
holes will be favorably influenced when it is possible to create
an interpenetrating liquid-crystalline phase of both donor and
acceptor on a nanoscopic scale.l'’] A covalent linkage between
donor and acceptor provides a first approach to achieve
dimensional control over phase separation in D — A networks.
In fact amorphous films of m-conjugated oligomers or
polymers covalently attached to fullerenes have recently
been used successfully in photovoltaic devices.!'!]

In this paper, we report the synthesis and characterization
of a molecule in which two electron-rich oligo(p-phenylene
vinylene) (OPV4) units, covalently linked to an electron-
deficient perylene bisimide (PERY) core, are combined with
six flexible dodecyloxy chains to create a liquid-crystalline
material (OPV4-PERY-OPV4, Scheme 1). Although both
oligo(p-phenylene vinylene)s'? and perylene bisimides'!
have previously been modified to create liquid-crystalline
materials, OPV4-PERY-OPV4 is the first mesogenic
molecule that possesses both p- and n-type semiconducting
properties. We demonstrate the dual functionality of this
novel material by showing that upon photoexcitation, the
PERY core acts as an electron acceptor, and the OPV4 as an
electron donor.
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R = (S)-2-methylbutyl

OPV4 - PERY- OPV4

3 X=NH,

SnCl,
:‘ EtOH/EtOAC
j PTCDA

ZnCl,, quinoline

Scheme 1. Synthesis of a molecule with two oligo(p-phenylene vinylene) (OPV4) units, covalently linked to a perylene bisimide (PERY) core, and six

flexible dodecyloxy chains (OPV4-PERY - OPV4).
Results and Discussion

Synthesis: The synthetic route towards the liquid-crystalline
OPV4-PERY-OPV4 is depicted in Scheme 1. Reaction of
aldehyde 1" with diethyl(4-nitrobenzyl) phosphonate in a
Wittig — Horner reaction afforded nitro compound 2 in a yield
of 57 % after column chromatography. Subsequent reduction
of the nitro group by using stannous dichloride in a mixture of
ethanol and ethyl acetate yielded the amine-terminated
oligomer 3. OPV4-PERY-OPV4 was obtained after a
condensation reaction of 3 with 3,4,9,10-perylenetetracar-
boxy-dianhydride (PTCDA) at 200°C in freshly distilled
quinoline. The condensation reaction was catalyzed by
addition of a small amount of zinc dichloride. After workup,
size exclusion chromatography (SEC) analysis of the crude
product showed the presence of higher molecular weight
contaminations. Pure OPV4-PERY-OPV4 was obtained
after extensive preparative size exclusion chromatography in
ayield of 45 % and was fully characterized by FTIR, 'H NMR
and BC NMR spectroscopy, and mass spectrometry.

Liquid-crystalline properties: The thermal behavior of
OPV4-PERY-OPV4 has been investigated with polariza-
tion microscopy and DSC (differential scanning calorimetry).
Amorphous thin films have been obtained by drop casting
OPV4-PERY -0OPV4 from solution in chloroform onto glass
substrates. Upon heating, a transition from the glassy state to
a liquid-crystalline (LC) mesophase is observed at 215°C
(Figure 1). The transition to the isotropic (I) liquid state
occurs at 310°C." Upon cooling, the material re-enters the
liquid-crystalline state at 305°C, and at 200°C the material
crystallizes. Repetitive heating and cooling show that the K —
LC and LC — I transitions are reversible. DSC analysis does
not show any reproducible transitions in the temperature
regime from 20 to 325°C. The observation of the liquid-
crystalline mesophase shows that the donor and acceptor
functionalities in OPV4-PERY-OPV4 can self-assemble
into an ordered material.

Electro-optical properties: Cyclic voltammetry of OPV4-
PERY-OPV4 dissolved in dichloromethane revealed a

Chem. Eur. J. 2002, 8, No. 19
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Figure 1. Texture of the liquid-crystalline mesophase of OPV4-PERY -
OPV4 between 215 and 310°C, as observed with polarization microscopy.

reversible two-electron oxidation wave of the OPV4 moieties
at 0.78V versus SCE and two reversible one-clectron
reduction waves of the PERY core at —0.55 Vand —0.74 V,
respectively. The UV/Vis absorption spectrum of OPV4-
PERY-OPV4 in toluene is depicted in Figure 2 and shows

1.00F —— Toluene

Cast film
- - - - Annealed film

0.75
Absorbance/
O.D.

0.50 1 .

0.25

0.00 : ' — '

400 500 600 700
Wavelength/nm

Figure 2. UV/Vis spectra of OPV4-PERY - OPV4 in toluene and as thin
solid films before and after thermal annealing.

specific absorptions of the OPV4 (4,,,=434 nm) and PERY
(Amax =491 nm and A,,,, =529 nm) moieties. From the close
correspondence of the electrochemical and optical data of
OPV4-PERY-OPV4 with those of isolated model com-
pounds (OPV4 and PERY), we conclude that the chromo-
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phores do not have a strong charge-transfer interaction in the
ground state in solution. In solid thin films of OPV4-PERY —
OPV4, a small blue shift of the absorption maximum of OPV4
and an accompanying red shift of the first vibronic of the
perylene absorption are observed (Figure2). The UV/Vis
spectra of amorphous films cast from solution in chloroform
and films that were annealed by first heating to 320°C,
followed by slowly cooling to room temperature to create
large ordered domains are rather similar and are consistent
with a m-stacking interaction between the chromophores in
the solid state. It is interesting to note that the blue shift of the
OPV4 absorption in OPV4—-PERY-OPV4 is similar to the
blue shift associated with the m stacking of OPVn mole-
cules.'®l Likewise perylene bisimides are known to exhibit a
red shift upon aggregation.'’? Hence, the UV/Vis absorption
spectrum observed for OPV4-PERY-OPV4 in the solid
state suggests that m stacking preferentially occurs between
alike units. The fluorescence of OPV4-PERY-OPV4 in
toluene and in thin solid films (both before and after
annealing) is strongly quenched when compared with that of
OPV4 and PERY model compounds, irrespective of the
chromophore that is excited (OPV4 at 403 nm or PERY at
529 nm). The fluorescence quenching indicates that a fast
nonradiative deactivation of the excited state occurs for both
chromophores in OPV4-PERY - OPV4.

Photoinduced electron transfer: Photoinduced absorption
(PIA) spectroscopy has been used to investigate the origin of
the fast nonradiative decay in OPV4-PERY - OPV4 in more
detail. Near-steady-state PIA spectra of a thin film of OPV4 -
PERY - OPV4 cast from chloroform and recorded at 80 K by
exciting at 458 nm (primarily excitation of OPV4) or at
528 nm (selective excitation of PERY) reveal the formation of
a charge-separated state (Figure 3). The PIA spectrum of a
thermally annealed film was virtually identical, but somewhat
more intense. The specific low-energy absorption of the
OPV4*+-radical cations at 0.72 eV['®! and the absorption
bands of the perylene bisimide radical anion at 1.27, 1.52, and
1.75 eVI™! give direct spectral evidence of an electron-transfer
reaction that originates from either the photoexcited donor or
acceptor. The intensity of the PIA bands increases with the
square root of pump intensity (—ATx % a=0.51-0.61),
indicative of a bimolecular recombination of nongeminate
positive and negative charges. The intensity of the PIA bands
decreases continuously with increasing modulation frequency,
consistent with a distribution of lifetimes extending into the
millisecond domain.

Subpicosecond transient pump-probe spectroscopy (150 fs
pulses) was performed at room temperature on OPV4-
PERY -OPV4 in solution in THF and on thin films on quartz
to assess the formation of charges on short timescales. Upon
preferential photoexcitation of the OPV4 moiety at 450 nm, a
negative differential transmission is observed at 1450 nm
(0.86 eV) (Figure 4). At this wavelength, the low-energy
absorption of the OPV4'f radical cations is probed and,
hence, these transient signals give direct information on the
temporal evolution of the charges formed in OPV4-PERY -
OPV4. Both in solution and in a cast thin film, charges are
formed in less than 1 ps after photoexcitation (kgp>10'2s71).

4472
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Figure 3. Photoinduced absorption spectra of a cast thin solid film of
OPV4-PERY-OPV4 recorded at 80 K with excitation at 458 nm (solid
line) and 528 nm (dashed line).

The lifetime of the charge-separated state is short; mono-
exponential decays fitted to the transient absorption signals
give 11 ps (kg=9.1 x 10'°s7!) and 46 ps (kg=2.2 x 10'°s71)
for the lifetime in solution in THF and cast film, respectively.
The short lifetime is likely to result from the close proximity
of donor and acceptor in OPV4-PERY-OPV4, which
increases charge recombination. The fourfold increase of
lifetime in the cast film is rationalized by the migration of
photogeneric charges to neighboring molecules. For the
annealed, more ordered film, the lifetime of the charge-
separated state is best fitted to a biexponential decay with
time constants of 14 ps (kg =4.1 x 10°s7!) and 170 ps (kg =
5.9 x 10°s7!). The longer lifetime in the ordered film might
reflect the higher mobility of the charges that escape the fast
geminate recombination. The seeming discrepancy of the
lifetimes of the charge-separated state in the film in the near-
steady-state (ms) and fast (ps) PIA experiments is due to the
fact that the latter predominantly probes geminate electron-
hole pairs, while at longer times charges are probed that have
escaped from geminate recombination.?’]

Attempts to prepare photovoltaic devices of OPV4-
PERY - OPV4 were not successful; most devices (glass/ITO/
OPV4-PERY - OPV4/Al) exhibited poor diode behavior as

.. A Q.0
AT/ a.u. i & W’ﬁ
s TR
[ fecr ol u_ "
$ Rl S g™
l.' o] (gé%%).-_."l--"i/ .
E e "
TS Y e —e— solution in THF

—o— Cast film
—=a— Annealed film

20 40 60 80 100 120 140

P
g
-100 |
0
Time delay / ps
Figure 4. Differential transmission dynamics of OPV4-PERY-OPV4
(solution in THEF, cast film, and annealed film) recorded at 1450 nm (low-

energy absorption of OPV4*+ radical cations) after excitation at 450 nm.
Dotted lines are fits to monoexponential or biexponential decay.
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a result of the presence of shunts irrespective of whether cast
or annealed films were used. Applying thick layers could
prevent shunts, but these devices exhibited little or no
photovoltaic effect. The poor performance of the photovoltaic
cells is not clearly understood at present, but seems related to
unbalanced charge transport of holes or electrons or an
adverse macroscopic orientation of the crystalline phase at
the electrodes.

Conclusion

We have prepared a novel material, OPV4—-PERY - OPV4,
comprising both p- and n-type organic semiconductors, that
exhibits a liquid-crystalline mesophase between 215 and
310°C and forms positive and negative charge carriers upon
photoexcitation. The lifetime of the charge-separated state is
significantly longer in (ordered) thin films than in solution as a
result of a reduction of geminate recombination by migration
and spatial separation of charges. The incorporation of
OPV4-PERY-OPV4 in working photovoltaic devices was
not successful, and, hence, future research will be directed to
design liquid-crystalline p —n junctions, in which the orienta-
tion of the functional segments is optimized for charge
transport.

Experimental Section

General methods: '"H NMR and *C NMR spectra were recorded at room
temperature on a Varian Gemini300 or a Varian Mercury 400 MHz
spectrometer. Chemical shifts are given in ppm () relative to tetrameth-
ylsilane. Infrared spectra were run on a Perkin-Elmer Spectrum One
UATR FTIR spectrophotometer. Matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry was conducted on a
Perseptive Biosystems Voyager DE-Pro MALDI-TOF mass spectrometer.
GC-MS measurements were performed on a Shimadzu GC/MS-QP5000.
Elemental analysis was carried out on a Perkin-Elmer2400 series I CHN
analyzer. Thermal optical properties were studied using a Jenaval polar-
ization microscope equipped with crossed polarizers and a Linkam
THMS 600 hot stage. Differential scanning calorimetry was performed on
a Perkin Elmer DSC Pyris1 at a heating rate of 40°Cmin~!. Cyclic
voltammograms were measured in 0.1M tetrabutylammonium hexafluoro-
phosphate (TBAPF;) as a supporting electrolyte in dichloromethane by
using a Potentioscan Wenking POS73 potentiostat. The working electrode
was a Pt disk (0.2 cm?), the counter electrode was a Pt plate (0.5 cm?), and a
saturated calomel electrode (SCE) was used as a reference electrode,
calibrated against Fc/Fc*. UV/Vis absorption spectra were recorded on a
Perkin Elmer Lambda 900 spectrophotometer. Fluorescence spectra were
recorded on an Edinburgh InstrumentsFS920 double-monochromator
spectrometer and a Peltier-cooled red-sensitive photomultiplier.
Materials: (E,E)-4-{4-(3,4,5-Tridodecyloxystyryl)-2,5-bis[(S)-2-methylbut-
oxy]styryl}-2,5-bis[(S)-2-methylbutoxy]benzaldehyde was synthesized ac-
cording to a literature procedure.¥! All solvents were of AR quality, and
chemicals were used as received. Bio-BeadsS-XI Beads were obtained
from Bio-Rad Laboratories.

Diethyl(4-nitrobenzyl) phosphonate: Triethyl phosphite (2.77 g, 16.7 mmol)
and 4-nitrobenzyl bromide (3.00 g, 13.9 mmol) were heated to 160°C and
stirred for 2 h, while ethyl bromide was distilled from the reaction mixture.
Subsequently, the mixture was cooled to 70°C, and the excess of triethyl
phosphite was distilled under reduced pressure. The residue was dissolved
in ethyl acetate and filtered over silica gel. The solvent was removed in
vacuo to yield 3.32 g (88 %) of diethyl(4-nitrobenzyl) phosphonate.

IR (UATR): #=2984, 2909, 1600, 1517, 1344, 1244, 1048, 1017, 958, 859, 770,
693 cm™'; '"H NMR (CDCl,): 6 =8.20 (d, 2H), 751 (dd, 2H), 4.20-4.00 (m,
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4H), 3.27 (d, 2H), 1.27 (t, 6H); BC NMR (CDCl;): 6 =146.78, 139.60,
130.46, 123.47, 62.21, 33.70, 16.08; GC-MS (My,=273.08): m/z (%): 272.95
[(M].

(E,E,E)-4-[4-{4-(3,4,5-Tridodecyloxystyryl)-2,5-bis[ (S)-2-methylbutoxy]-
styryl}-2,5-bis[ (S)-2-methylbutoxy]styrylInitrobenzene (2): Diethyl(4-ni-
trobenzyl) phosphonate (0.32 g, 1.16 mmol) was dissolved in anhydrous
DMF (5 mL) under an argon atmosphere, and tBuOK (0.16 g, 1.40 mmol)
was added to the solution at room temperature. After the mixture was
stirred for 15 min, a solution of 1 (1.28 g, 1.06 mmol) in DMF (30 mL) was
added dropwise to the reaction mixture. After addition was completed, the
solution was stirred for 4 h and subsequently poured onto a mixture of
crushed ice (100 g) and HCI (45 mL, 6N). The mixture was extracted three
times with CH,Cl,, and the collected organic fractions were washed with
HCI (3N) and dried over MgSO,, and the solvent was removed in vacuo.
The product was purified by column chromatography (silica gel, hexane/
CH,Cl, 1:1) to afford 0.80 g (57 %) of 2 as a dark red solid.

'H NMR (CDCL): 6 =8.22 (d, 2H), 7.67 (d, 1 H), 762 (d, 2 H), 761 (d, 1 H),
755 (d, 1H), 744 (d, 1H), 724 (s, 1H), 723 (s, 1H), 721 (d, 1 H), 7.15 (s, 1 H),
713 (s, 1H), 709 (d, 1H), 6.79 (s, 2H), 4.15-3.80 (m, 14 H), 2.10-1.96 (m,
4H), 1.96-1.26 (m, 68H), 1.26-0.80 (m, 33H); *C NMR (CDCL): 6 =
15338, 151.91, 151.27, 151.25, 151.00, 146.50, 144.82, 138.29, 133.38, 129.28,
128.89, 128.41, 12728, 127.24, 126.74, 126.16, 125.29, 124.29, 123.61, 122.59,
111.31, 110.48, 109.98, 109.50, 105.24, 74.71, 74.58, 74.43, 74.17, 73.83, 69.34,
35.61,35.59,35.53, 35.38, 32.41, 32.39, 32.05, 30.82, 30.24, 30.22, 30.19, 30.17,
30.14,30.10,29.91, 29.88, 29.85, 29.50, 27.34, 26.86, 26.84, 26.63, 26.61, 25.71,
23.17,23.12, 1731, 1727, 12.23, 14.58, 12.03, 11.97, 11.86.

(E,E,E)-4-[4-{4-(3,4,5-Tridodecyloxystyryl)-2,5-bis[ (S)-2-methylbutoxy]-
styryl}-2,5-bis[ (S)-2-methylbutoxy]styryl]aniline (3): Under an argon at-
mosphere, SnCl,-2H,0 (0.67 g, 4.70 mmol) was added to a suspension of 2
(0.78 g, 0.58 mmol) in a mixture of ethanol (4 mL) and ethyl acetate
(4 mL). The reaction mixture was heated to 75°C, stirred for 5 h, cooled to
room temperature, and subsequently poured onto crushed ice. The aqueous
phase was extracted three times with diethyl ether. The collected organic
fractions were dried over MgSO,, and the solvent was removed in vacuo.
The product was purified by column chromatography (silica gel, gradient
hexane/ethyl acetate 4:1 — hexane/ethyl acetate 2:1) to afford 0.57 g
(75%) of 3 as an orange solid.

IR (UATR): ¥ = 3354, 3057, 2957, 2919, 2851, 1609, 1578, 1505, 1466, 1422,
1387, 1340, 1254, 1203, 1119, 1048, 962, 850, 808, 737 cm%; 'H NMR
(CDCLy): 6=753 (s, 2H), 741 (d, 1H), 734 (d, 2H), 731 (d, 1H), 721 (s,
1H), 7.19 (s, 1 H), 7.11 (s, 1H), 7.10 (s, 1 H), 707 (d, 1 H), 7.04 (d, 1 H), 6.75 (s,
2H), 6.64 (d, 2H), 4.08—-3.78 (m, 14 H), 3.68 (brs, 2H), 2.05-1.92 (m, 4H),
1.92-1.18 (m, 68H), 1.18-0.80 (m, 33H); *C NMR (CDCL,): 6 =153.39,
15133, 151.19, 151.14, 146.23, 138.25, 133.43, 128.93, 128.78, 128.59, 127.83,
12775, 12763, 126.88, 126.76, 122.86, 122.70, 122.27, 119.94, 115.31, 110.62,
109.93, 109.74, 105.18, 74.58, 74.29, 74.21, 73.66, 69.20, 35.31, 35.24, 35.14,
32.08,30.51,29.91,29.89, 29.86, 29.82, 29.59, 29.55, 29.52, 26.51, 26.29, 22.84,
1700, 16.92, 14.25, 11.67, 11.63, 11.53; MALDI-TOF MS (My = 1296.04)
miz (%): 1296.24 [M*].

N,N'-Bis| (E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-bis[ (S)-2-methyl-
butoxyIstyryl}-2,5-bis[ (S)-2-methylbutoxy]styryl[phenyl]perylene bisimide
(OPV4-PERY-OPV4): Under an argon atmosphere 3,4,9,10-perylene-
tetracarboxylic dianhydride (43 mg, 0.11 mmol) and ZnCl, (20 mg) were
added to a solution of 3 (430 mg, 0.33 mmol) in freshly distilled quinoline
(2mL). The suspension was heated to 200°C and stirred for 16 h. The
reaction mixture was cooled to room temperature, and water (1 mL) and
ethanol (15 mL) were added. The suspension was filtered, and the residue
was purified by repetitive precipitation from CHCI; in methanol. The
product was purified by column chromatography (silica gel, ethyl acetate to
elute impurities and CH,Cl, to collect the product) and four times by
preparative size exclusion chromatography (Bio-BeadsS-X3, 3 x THF, 1 x
CH,Cl,) to yield 147 mg (45 %) of OPV4—-PERY -OPV4 as a crystalline
dark red solid.

IR (UATR): #=2957, 2922, 2853, 1705, 1669, 1595, 1578, 1504, 1465, 1422,
1345, 1255, 1201, 1116, 1043, 962, 851, 809, 793, 735cm™'; 'H NMR
(CDCLy): 6 =8.79 (d, J=82 Hz, 4H), 8.71 (d, ] =82 Hz, 4H), 772 (d, ] =
8.2 Hz, 4H),757 (d,J = 16.1 Hz, 2H), 752 (s, 4H), 738 (d,/ = 15.7 Hz, 2 H),
736 (d, J=8.1 Hz, 4H), 725 (d, J = 16.5 Hz, 2H), 723 (d, /= 16.5 Hz, 2H),
719 (s, 7 =16.6 Hz, 2H), 7.15 (s, 2H), 7.10 (s, 2H), 703 (d, J = 16.1 Hz, 2H),
6.74 (s, 4H), 4.05-3.95 (m, 12H), 3.95-3.84 (m, 16 H), 1.98 (m, 8H), 1.83
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(m, 12H), 1.78-1.62 (m, 16H), 1.49 (m, 12H), 1.4-1.2 (m, 96H), 1.13 (m,
24H), 1.02 (m, 24H), 0.88 (t, J=6.3 Hz, 18H); 3C NMR (CDCl): 6 =
163.35, 153.34, 151.53, 151.16, 151.05, 150.98, 138.79, 138.27, 134.70, 133.84,
133.36, 131.53, 129.06, 128.81, 128.05, 127.84, 127.43, 127.37, 126.93, 126.59,
126.46, 124.96, 123.49, 123.20, 122.64, 122.47, 111.16, 110.56, 109.74, 109.48,
105.30, 74.72, 74.63, 74.40, 74.28, 73.85, 69.38, 35.58, 35.46, 35.34, 32.34,
32.27,30.77,30.17, 30.15, 30.12, 30.07, 29.85, 29.80, 29.77, 26.83, 26.78, 26.56,
23.11, 17.30, 17.22, 14.54, 12.03, 12.01, 11.94, 11.85; MALDI-TOF MS
(My,=2948.09): m/z (%): 2948.47 [M *]; elemental analysis calcd (%) for
CioeHysN,055: C 79.79, H 9.50, N 0.95; found: C 79.14, H 9.71, N 0.93.

Photoinduced absorption spectroscopy: Near-steady-state photoinduced
absorption (PIA) spectra were recorded between 0.25 and 3 eV by exciting
a thin film on quartz in an Oxford Optistat continuous flow cryostat with a
mechanically modulated (typically 275 Hz) cwAr-ion laser (Spectra
Physics 2025) pump beam tuned to 458 or 528 nm (25 mW, beam diameter
of 2 mm) and monitoring the resulting change in transmission (AT) of a
tungsten —halogen white-light probe beam after dispersion by a triple-
grating monochromator, using Si, InGaAs, and (cooled) InSb detectors.

The femtosecond laser system used for pump-probe experiments consisted
of an amplified Ti-sapphire laser (Spectra Physics Hurricane), providing
150 fs pulses at 800 nm with an energy of 750 uJ at 1 kHz. Pump (450 nm,
fluence 0.5 pymm~2) and probe (1450 nm) pulses were created by optical
parametric amplification and twofold frequency doubling using two OPAs
(Spectra Physics OPA-C). The pump beam was linearly polarized at the
magic angle (54.7°) with respect to the probe beam. The temporal evolution
was recorded using an InGaAs detector and standard lock-in detection at
500 Hz.
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Synthesis of Different Deuterated Carboxylic Acids from Unsaturated Acids
Promoted by Samarium Diiodide and D,0

José M. Concellon* and Humberto Rodriguez-Sollal®!

Abstract: An easy, and rapid reduction of the C=C bond of a,B-unsaturated acids by
means of samarium diiodide in the presence of D,0O provides an efficient method for

synthesizing 2,3-dideuterio acids. Starting from alka-2,4-dienoic acids, (E)-o.0-
dideuterio-fy-unsaturated acids are obtained, the new C=C bond being generated

Keywords: acids deuterium

reduction - samarium

with complete diastereoselectivity. When H,O is used instead of D,O, saturated
carboxylic acids and (E)-f,y-unsaturated acids are isolated. A mechanism to explain

each synthesis has been proposed.

Introduction

Relatively few general methods for the selective conjugated
reduction of a,(-unsaturated carboxylic acids and their
derivatives are known.[! However, this reactivity pattern is
useful for the direct reduction of unsaturated carboxylic acids
because it circumvents synthetic designs requiring conjugate
reduction through an ester, where efficient protection-—de-
protection schemes are necessitated.

Isotopically labeled compounds are very useful to establish
the mechanism of organic reactions and the biosynthesis of
many natural compounds.?!

The selective conjugated reduction of a,5-unsaturated
carboxylic acids and their derivatives is a useful reaction in
organic chemistry and has been achieved using a number of
methodologies.'! However, the conjugated reduction of a,j3-
unsaturated acids using deuterium instead of hydrogen has
been scarcely reported. Traditionally, such transformations were
performed with special deuteration catalysts, although successful
examples of selective deuteration of other types are still rare.

To the best of our knowledge, only three alternative
methodologies to the catalytic addition of D,P! to a,3-
unsaturated acids have been described:™ by using enzymes
in D,0,F! by diimide reductions using potassium azodicarbox-
ylate,l) and by using deuterated formic acid/triethylamine as
the deuterium source.”! For this reason, the development of
an effective general method for the synthesis of 2,3-dideuterio
acids is of significant value.

[a] Dr. J. M. Concellon, H. Rodriguez-Solla
Departamento de Quimica Organica e Inorganica
Facultad de Quimica, Universidad de Oviedo
33071 Oviedo (Spain)
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E-mail: jmcg@sauron.quimica.uniovi.es
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In relation to the synthetic application of samarium
diiodide in organic synthesis, only one paper describing a
general conjugated reduction of a.f-unsaturated acids pro-
moted by Sml, has been reported; hexamethylphosphoric
triamide (HMPA) was required as an additive to facilitate the
reduction.! In addition to this paper, only one case exists of
the reduction of an a,f-unsaturated acid (cinnamic acid); this
was achieved by using a solution of Sml,/methanol/THF® or
by using samarium metal and iodine in methanol.'"]

Despite that the presence of H,O increases the reducing
power of Sml,,'!l to the best of our knowledge, the simpler
1,2-reduction of conjugated carboxylic acid derivatives using
Sml, and D,O or H,O (without additives) has not been
described.

Previously we described two practical methodologies for
the synthesis of various deuterated compounds such as 2,3-
dideuterioesters or amides!'? and (E)-a,6-dideuterio-f,y-un-
saturated esters.['’]

In the present contribution we describe a novel and rapid
method to obtain 2,3-dideuterio acids or saturated acids 2 by
an efficient reduction of the C=C double bond of conjugated
carboxylic acids. The reaction was promoted by Sml, in the
presence of D,O or H,0, respectively.

When alka-2,4-dienoic acids were used as starting com-
pounds, the Sml, promoted 1,4-reduction of the two conju-
gated C=C bonds provides a,0-dideuterio-3,y-unsaturated
acids 8, in which the new C=C bond is generated with
complete diastereoselectivity. Other labeled compounds have
been also obtained.

Results and Discussion

Synthesis of aromatic 2,3-dideuterio acids: Our first attempts
involved the preparation of aromatic 2,3-dideuterio acids.
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Thus, the aromatic a,f-unsaturated carboxylic acids (1 equiv)
were previously stirred with a solution of D,O (2 mL) in THF
(2 mL) for 5 min at room temperature. After this treatment, a
solution of SmI, (3 equiv) in THF (15 mL) was added, and the
resulting solution was stirred for 10 min at room temperature,
affording after acidification with HCl the corresponding
aromatic 2,3-dideuterio acids 2 in high yield. (Scheme 1,
X =D, and Table 1).

Table 1. Synthesis of aromatic 2,3-dideuterio acids.

Entry 2 R! R? X

Yield [% ]t

1 2a ©/ H D 77
2 2b /©/ H D 7
HO
HO.
3 2¢ U H D 73
HO
MeO.
4 2d H D 85
HO
5 2e ©/ Me D 82
6 2f ©/ H H 74

[a] Isolated yield based on compound 1.

o X O
g 220 IR
1
R \2 OH %) smi, R Sz O
R 3) HyO*
1 2

Scheme 1. Synthesis of 2,3-dideuterio acids 2.

The reaction sequence is rather crucial in this case: When
the aromatic a,f-unsaturated acids were not pre-treated with
D,0 and the reaction of 1 was carried out directly with SmlI,
and D,0O, a mixture of mono-, di-, and non-deuterated
aromatic acid was obtained.

Aromatic a,f-unsaturated acids in which the double bond is
di- or trisubstituted can be reduced and the reaction is also
tolerant to aromatic rings with different functional groups, see
Table 1.

The position of deuteration was established by 'H and
3C NMR spectrometry of compounds 2, while the complete
deuterium incorporation was determined by mass spectro-
scopy, and was found to be >99%."l These 2,3-dideuterio
acids were isolated as mixture of diastereoisomers (ranging
between 2:1 to 1:1).

Abstract in Spanish: Se describe una nueva metodologia fdcil,
sencilla y general para reducir dcidos carboxilicos a,(-insatu-
rados, promovida por Sml, y D,O, obteniendose 2,3-dideuterio
dcidos. Si se utilizan como productos de partida dcidos
carboxilicos alca-2,4-dienoicos, se obtienen dcidos carboxilicos
(E)-a,0-dideuterio-f,y-insaturados en los que el nuevo enlace
C=C se genera con total diastereoseleccion. Cuando se emplea
H,O0 en lugar de D0, se aislan dcidos carboxilicos saturados o
dcidos (E)-f,y-insaturados. Se propone un mecanismo para
explicar cada proceso.

4494
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It is noteworthy that D,O is the cheapest deuteration
reagent for obtaining isotopically labeled organic compounds,
and cinnamic derivatives have been widely used in biological
activities.!

Synthesis of labeled compounds 2 may be explained by
assuming that the Sml,-promoted 1,4-reduction of 1 is
initiated by oxidative addition of SmlI, to generate the enolate
1161 4; this radical is then hydrolyzed by the protic medium
(X=D), and afford the corresponding radical 5. After a
second electron transfer from Sml, the radical generated the
anion 6, this being hydrolyzed by D,O to afford the
corresponding compound 2 (Scheme?2). When the a,f(-
unsaturated acids were not pre-treated with D,0, a compet-
itive hydrolysis of 4 and 6 produced by the acid proton of the
carboxylic group and D,O afforded a mixture of mono-, di-,
and non-deuterated compounds. The pretreatment of 1 with
D,O0 could also change the aggregation state of the substrate,
avoiding intermolecular hydrogen transfers.

Synthesis of aliphatic 2,3-dideuterio acids: When the treat-
ment with Sml, and D,0 was performed with aliphatic a-
substituted-a,S-unsaturated acids or diacids, the correspond-
ing 2,3-dideuterio acids 2g-i were isolated in high yields
(Table 2). Starting from unsaturated diacids, no differences
were observed when Z or E diacids were used, and 2,3-
dideuteriobutanedioic acid was obtained, for example, from
maleic and fumaric acids (Table 2, entries 1 and 2).

Table 2. Synthesis of aliphatic 2,3-dideuterio acids.

Entry 2 R! R? Yield [% ]t
1 2g HO,C H 61
2 2g HO,Cl H 65
3 2h CH,s Me 71
4 2i CH,, Me 77

[a] Isolated yield based on compound 1. [b] From maleic acid. [c] From
fumaric acid.

However, when aliphatic, non-a-alkylated acids (Scheme 1,
R2=H) were used as starting compounds, no reduction took
place and the a,3-unsaturated acids were recovered.'’l This
different behaviour with respect to the aromatic or conjugated
acids may be explained taking into account that the initial
oxidative addition of Sml, is favoured in the case of aromatic
acids with respect to the aliphatic non-a-substituted acids,
due to the enolate radical 4 (Scheme 2) being stabilized by

o o) o osml, osml,
2 2 . .
1— Rlﬁ)kox —_— Rl/\)\ox — Rl@(go
R2 R2 X" R?
3 4 5
lSmlz
X O 1) X,0 Sml, OSml,
R1MOH ) Rl)%o
R 2) HyO* X" R?
2 6

Scheme 2. Mechanism of the reduction reaction.
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resonance. In addition, the enolate radical derived from
diacids or aliphatic a-substituted-a,S-unsaturated acids is
more stable than that derived from non-c-alkylated o.f-
unsaturated acids due to resonance, in the first case, and to
higher substitution of the C=C bond in the second.

Preparation of (E)-a,0-dideuterio-f,y-unsaturated acids: Iso-
topically labeled (E)-f,y-unsaturated acids 8 can be prepared
by using the described reaction conditions (Scheme 3) and
starting, in this case, from alka-2,4-dienoic acids 7 (Table 3).

RESNN"on T smp, . R /\H‘\OH
3) H:0* X
7 8

Scheme 3. Synthesis of (E)-a,0-dideuterio-f,y-unsaturated acids 8.

Table 3. Synthesis of (E)-f,y-unsaturated acids.

Entry 8 R! X dst Yield [% ]!
1 8a H D >98 61
2 8b Me D >98 71
3 8c Me H >98 75

[a] Diastereoisomeric purity (ds) of the new C=C bond generated was
determined by GC-MS and 300 MHz 'H and *C NMR analysis of the crude
products 8. [b] Isolated yield based on compound 7.

These labeled unsaturated compounds were synthesized
through an Sml, promoted 1,4-reduction of the two conju-
gated C=C bonds (see mechanism), generating the new C=C
bond with total diastereoselectivity. The incorporation of
deuterium generated a new stereogenic centre and conse-
quently the deuterated compounds 8 were isolated as a
roughly 1:1 mixture of diastereoisomers.['*!

The diastereoisomeric purity of 8 was determined on the
crude reaction products by 'H NMR spectroscopy (300 MHz).
The positions of the newly generated double bond and the
deuterium atoms were established by 'H and *C NMR
spectroscopy of compounds 8. Analysis of the multiplicity of
the signals of the alkene protons allowed us to establish the
proposed structure (Scheme 3) and to verify that the product
was not a result of a possible 1,2-reduction of the two con-
jugated C=C bonds (a,3-dideuterated-y,d-unsaturated acids).
The E-stereochemistry in the C=C bond was established on
the basis of the value of the 'H NMR coupling constant
between the olefinic protons of compounds 8. Complete
deuterium incorporation (>99%) was confirmed by mass
spectrometry.!'*l

Synthesis of 8 may be explained by assuming that the Sml,-
promoted 1,4-reduction of the two conjugated double bonds
C=C, is initiated by oxidative addition of Sml, generating
enolate radical 10, which is hydrolyzed by the acid medium
(X=D). The resulting radical 11 suffers a second electron
transfer from Sml, affording an allylic anion 12, and the
hydrolysis of 12 with D,O produces the corresponding
compound 8 (Scheme 4).

The C5 deuteration instead of C3 deuteration of the allyl
anion 12 (1,4-reduction versus 1,2-reduction) may be ex-

Chem. Eur. J. 2002, 8, No. 19
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44934497
7
lxzo
/\/\)OI\ 4>8m|2 /\/.\/?\Smlz —_— 2 o
RIS ox RIS 0x RIS o
X
9 10 11

Sml, OSml,
R? & o

Sml, OSml,
A Smiz
(o) B —— Rl N
X X
1) X,0
2) H30"

Scheme 4. Proposed mechanism for the conversion of 7 into 8.

plained by taking into account that the carboxylate C-5 anion
structure is more stable than the carboxylate C-3 anion
structure; this as a result of the charge repulsions and the
steric hindrance produced by the two samarium atoms.

Synthesis of saturated or f,y-unsaturated acids: No differ-
ences were observed in the reaction when D,0O or H,O was
used as proton source, and consequently saturated acids
(Table 1, entry 6) and f,y-unsaturated carboxylic acids (Ta-
ble 3, entry 3) can be obtained by reaction of Sml, in the
presence of H,O with 1 or 7, respectively. In these cases no
pre-treating of the «,(-unsaturated acids with H,O was
necessary.

Synthesis of other deuterated carboxylic acids: The described
methodology can be applied to obtain 3-deuterated carboxylic
acids as depicted below. Thus, the treatment of the 2,3-
dideuterio acid 2 e with LDA and further hydrolysis with H,O
afforded the corresponding 3-deuterio acid 13e in 75 % yield.

D D
CO,H CO,H
D Me Me
2e 13e

D o D o
MeWOH MeWOH
D D
8b 14b

Taking into account that the C=C bond of a,0-dideuterio-
p,y-unsaturated acids can be easily hydrogenated, the pro-
posed methodology can be used to prepare saturated a,0-
dideuterio acids. In this respect, 2,5-dideuteriohexanoic acid
14b was prepared by hydrogenation of 8b by using Rh/AlL,O4
as catalyst!' in 82 % yield (Figure 1).
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It is noteworthy that synthesis of deuterated carboxylic
acids in a carbon atom different to the a-position is very
difficult to achieve.

Conclusion

Sml,-promoted reduction in the presence of D,O provides a
rapid and efficient method for synthesizing aromatic or
aliphatic a-alkylated 2,3-dideuterio acids. Starting from
alka-2,4-dienoic acids, «,0-dideuterio-3,y-unsaturated acids
were prepared, their new C=C being generated with total
diastereoselectivity. When H,O was used instead of D,O,
saturated or f,y-unsaturated carboxylic acids were isolated.
The present method is easy, simple and rapid. In addition,
cheap D,O0 is used to obtain isotopically labeled compounds.
Mechanisms to explain these syntheses have been proposed.
Other isotopically labeled acids were also obtained.

Experimental Section

General: Reactions requiring an inert atmosphere were conducted under
dry nitrogen, and the glassware was oven dried (120°C). THF and diethyl
ether were distilled from sodium/benzophenone immediately prior to use.
All reagents were purchased from Aldrich or Merck and were used without
further purification. Samarium diiodide was prepared by reaction of CH,I,
with samarium powder.?”! Deuterium oxide minimun isotopic purity 99.95
atom% D was used. Silica gel for flash chromatography was purchased
from Merck (200 -450 mesh), and compounds were visualized by thin-layer
chromatography on analytical silica gel coated aluminium plates using UV
light (254 nm). '"H NMR spectra were recorded at 200, 300, or 400 MHz.
BC NMR spectra and DEPT experiments were determined at 50 or
75 MHz. Chemical shifts are given in ppm relative to tetramethyl-
silane (TMS), which is used as an internal standard, and coupling constants
(/) are reported in Hz. GC-MS and HRMS were measured at 70 eV or using
FAB conditions. When HRMS could not be measured on molecular ion the
HRMS of a significant fragment is given. Only the most important IR
absortions (incm™') and the molecular ions and/or base peaks in MS are
given.

Synthesis of 2,3-dideuterated or saturated carboxylic acids 2 and prepara-
tion of (E)-2,5-dideuterio-f,y-unsaturated or (E)-f5,y-unsaturated acids 8:
Under nitrogen, a solution of Sml, (1.2 mmol) in THF (15 mL) was added
dropwise to a stirred solution of the appropriate acid 1 or 7 in D,O (2 mL)
and THF (2 mL) at room temperature. The reaction mixture was stirred for
30 min and then treated with 0.1mM aqueous HCI (5 mL). Standard workup
afforded the crude dideuterio acids 2 or 8, which were purified by flash
column chromatography on silica gel (hexane/ethyl acetate 5:1).

If H,O was used instead of D,O, saturated acids or (E)-f,y-unsaturated
acids were obtained.

2,3-Dideuterio-3-phenylpropionic acid (2a): ‘H NMR (300 MHz, CDCl,):
0=10.91 (brs, 1H), 740-723 (m, 5H), 3.00 (brd, J=7.69 Hz, 1H), 2.71
(brd, J=7.69 Hz, 1H); *C NMR (75 MHz, CDCL): 6 =179.2 (C), 140.0
(C),128.4 (CH), 128.1 (CH), 126.2 (CH), 35.2 (t,J =19.5 Hz, CHD), 30.1 (t,
J=19.8 Hz, CHD); MS (70 eV): m/z (%): 152 (43) [M]*, 106 (49), 92 (100) ;
IR (neat): 7=23427, 3056, 2687, 1708 cm~'; R;=0.3 (hexane/AcOEt 3:1).
2,3-Dideuterio-3-(4-hydroxyphenyl)propionic acid (2b): 'H NMR
(300 MHz, [D¢]DMSO): 6=709 (d, /J=847Hz, 2H), 6.76 (d, J=
8.47Hz, 2H), 2.76 (d, J=718Hz, 1H), 2.53 (d, /=718 Hz, 1H);
BC NMR (75 MHz, [D¢]DMSO): 6=176.1 (C), 156.1 (C), 132.4 (C),
130.4 (CH), 116.3 (CH), 35.5 (t, J=18.7 Hz, CHD), 30.2 (t, /=170 Hz,
CHD); MS (70 eV): m/z (%): 168 (23) [M]*, 108 (100), 78 (10); HRMS
caled for CoHgD,0,: 168.0753; found: 168.0759; IR (neat): ¥ = 3423, 3092,
2995, 1652 cm™'; R;=0.3 (hexane/AcOEt 1:1).
2,3-Dideuterio-3-(3,4-dihydroxyphenyl)propionic acid (2¢): 'H NMR
(300 MHz, D,0): 6 =6.78 (d, J=8.26 Hz, 1H), 6.71 (d, /=199 Hz, 1H),
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6.58 (dd, J=8.26, 1.99 Hz, 1H), 2.66 (d, /=740 Hz, 1H), 2.50 (d, J=
740 Hz, 1H); 3C NMR (75 MHz, D,0): 6 =177.9 (C), 143.7 (C), 142.1
(C), 1333 (C), 1204 (CH), 116.1 (CH), 116.0 (CH), 35.1 (t, J=19.5 Hz,
CHD),29.1 (t,J = 19.8 Hz, CHD); MS (70 eV): m/z (% ): 184 (26) [M]*, 124
(100), 108 (18), 78 (13); HRMS: calcd for CoHgD,0O,: 184.0703; found:
184.0705; IR (neat): 7=3399, 3052, 2994, 1660 cm~!; R;=0.2 (hexane/
AcOEt 1:1).

2,3-Dideuterio-3-(4-hydroxy-3-methoxyphenyl)propionic ~ acid  (2d):
'H NMR (200 MHz, CDCL,): 6 =6.85 (d, J=8.46 Hz, 1H), 6.74-6.68 (m,
2H), 3.85 (s, 3H), 2.88 (d, J=7.70 Hz, 1H), 2.64 (d, /=770 Hz, 1H);
BC NMR (50 MHz, CDCl,): 6 =179.0 (C), 146.3 (C), 143.8 (C), 131.9 (C),
120.6 (CH), 114.3 (CH), 110.8 (CH), 55.7 (CH3), 35.5 (t,/ =19.9 Hz, CHD),
29.8 (t,J=19.9 Hz, CHD); MS (70 eV): m/z (%): 198 (34) [M]*, 138 (100);
HRMS: calcd for C,yH;(D,0,: 198.0859; found: 198.0875; IR (neat): 7=
3421, 3055, 2939, 1706 cm~'; R;=0.2 (hexane/AcOEt 1:1).

2,3-Dideuterio-2-methyl-3-phenylpropionic acid (2e): 'H NMR (200 MHz,
CDCl;): 6 =11.40 (brs,2H), 7.49-7.11 (m, 10H), 3.00 (brs, 1H), 2.71 (brs,
1H), 1.22 (s, 6H); BC NMR (50 MHz, CDCl;): 6 =182.6 (C), 138.9 (C),
128.9 (CH), 128.3 (CH), 126.3 (CH), 40.7 (t, /=19.2 Hz, CD), 38.6 (t,J =
19.4 Hz, CHD), 16.2 (CHs;); MS (70 eV): m/z (% ): 166 (21) [M]*, 92 (100),
73 (14); IR (neat): 7 = 3424, 3028, 2931, 1704 cm~'; R; = 0.4 (hexane/AcOEt
3:1).

3-Phenylpropionic acid (2 f): '"H NMR (200 MHz, CDCl;): 6 =10.92 (brs,
1H), 7.40-723 (m, 5H), 3.01 (t,/=7.72 Hz, 2H), 2.72 (t,J = 7.72 Hz, 2H);
BC NMR (50 MHz, CDCl;): 6 =179.2 (C), 140.0 (C), 128.4 (CH), 128.1
(CH), 126.2 (CH), 35.5 (CH,), 30.4 (CH,); MS (70 eV): m/z (%): 150 (41)
[M]*, 104 (57), 90 (100); IR (neat): 7 = 3427, 3056, 2687, 1708 cm~'; R;=0.3
(hexane/AcOEt 3:1).

2,3-Dideuteriosuccinic acid (2g): 'H NMR (300 MHz, [D{]DMSO): 6 =
12.20 (brs, 4H), 2.51 (brs, 2H), 2.40 (brs, 2H); *C NMR (75 MHz,
[Dg]DMSO): 6 =173.9 (C), 28.7 (t, J=19.7 Hz, CHD); HRMS: calcd for
C,H,D,0,: 120.0390; found: 120.0394; IR (neat): #=3424, 1652 cm™!; R;=
0.1 (hexane/AcOEt 1:1).

2,3-Dideuterio-2-methyldecanoic acid (2h): 'H NMR (300 MHz, CDCL,):
0=2.01-1.01 (m, 16 H), 1.00-0.75 (m, 3H); *C NMR (75 MHz, CDCl;):
0=182.8 (C), 38.8 (t, J=22.1 Hz, CD), 33.0 (t, J=18.9 Hz, CHD), 31.7
(CH,), 29.6 (CH,), 29.4 (CH,), 29.3 (CH,), 29.2 (CH,), 26.9 (CH,), 22.6
(CH,), 16.6 (CH3), 14.0 (CH3); MS (70 eV): m/z (%): 188 (3) [M]*, 88 (29),
75 (100); IR (neat): ¥=3432, 2924, 2855, 1705 cm~!; R;=0.3 (hexane/
AcOEt 5:1).

3-Cyclohexyl-2,3-dideuterio-2-methylpropionic acid (2i): 'H NMR
(200 MHz, CDCl3): 6=2.05-0.84 (m, 12H), 1.16 (s, 3H); *C NMR
(75 MHz, CDCL,): 6 =183.6 (C), 40.7 (t, J=19.2 Hz, CHD), 36.1 (1, J=
20.4 Hz, CD), 35.0 (CH), 33.1 (CH,), 32.9 (CH,), 29.6 (CH,), 26.4 (CH,),
26.1 (CH,), 172 (CH,); MS (70 eV): miz (%): 172 (2) [M]*, 127 (35), 98
(100), 75 (61), 55 (48); HRMS: calcd for C,(H;sD,0,: 172.1430; found:
172.1438; IR (neat): ¥=23408, 2923, 2852, 1704 cm™!; R;=0.3 (hexane/
AcOEt 5:1).

(E)-2,5-Dideuteriopent-3-enoic acid (8a): 'H NMR (300 MHz, CDCl;):
0=10.65 (brs, 1H), 5.64 (dd, J=15.65, 5.09 Hz, 1H), 5.57-5.44 (m, 1H),
3.11-3.00 (brm, 1H), 1.82-1.60 (brm, 2H); *C NMR (75 MHz, CDCL):
0=178.7 (C), 130.0 (CH), 121.8 (CH), 374 (t, J=19.7 Hz, CHD), 175 (t,
J=19.5 Hz, CH,D); MS (70 eV): m/z (%): 102 (55) [M]*, 84 (10), 57 (100);
IR (neat): 7=3418, 3013, 2922, 1707 cm~'; R;=0.4 (hexane/AcOEt 3:1).

(E)-2,5-Dideuteriohex-3-enoic acid (8b): '"H NMR (300 MHz, CDCl;): 6 =
10.46 (brs, 1H), 6.65 (dd, J=15.15, 528 Hz, 1H), 5.50 (dd, J=15.15,
5.87 Hz, 1H), 3.08-3.03 (m, 1H), 2.09-1.99 (m, 1H), 0.99 (d, J=7.44 Hz,
3H); “C NMR (75 MHz, CDCly): 6 =178.7 (C), 136.8 (CH), 119.7 (CH),
375 (t, J=19.5Hz, CHD), 25.1 (t, J=19.4 Hz, CHD), 13.2 (CH;); MS
(70 eV): miz (%): 116 (63) [M]*, 70 (63), 56 (100), 42 (85); HRMS: calcd for
CeHgD,0,: 116.0804; found: 116.0810; IR (neat): ¥ = 3325,2964, 1713 cm™';
R;=0.5 (hexane/AcOEt 3:1).

(E)-Hex-3-enoic acid (8¢): 'H NMR (200 MHz, CDCl;): 6 =11.04 (brs,
1H), 5.80-5.41 (m, 2H), 3.07 (d,J=6.26 Hz,2H), 2.13-1.98 (m, 2H), 0.99
(t,J =744 Hz,3H); BSC NMR (50 MHz, CDCl;): 6 =178.8 (C), 136.8 (CH),
119.7 (CH), 37.7 (CH,), 25.4 (CH,), 13.3 (CH;); MS (70 eV): m/z (%): 114
(43) [M]+, 68 (55), 55 (86), 41 (100); IR (neat): ¥=3325, 2964, 1713 cm™!;
R;=0.5 (hexane/AcOEt 3:1).
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Synthesis of 3-deuterio acid 13e: Under nitrogen, a solution of compound
2e (0.4 mmol) in THF (4 mL) was added dropwise to a stirred solution of
lithium diisopropylamide (1.6 mmol) in THF (18 mL) at room temperature
and the reaction was allowed to proceed under reflux. After stirring for
30 min, the reaction mixture was quenched by the addition of H,O (5 mL).
Standard workup provided the 3-deuterio acid 13e which was purified by
flash column chromatography on silica gel (hexane/AcOEt 5:1).
3-Deuterio-2-methyl-3-phenylpropionic acid (13e): 'H NMR (200 MHz,
CDCl): 0 =10.07 (brs,2H), 7.38-7.02 (m, 10H), 3.17-3.07 (m, 1H), 2.84 -
2.66 (m, 3H), 1.21 (d, J=6.65 Hz, 6H); 3C NMR (50 MHz, CDCl,): 6 =
182.6 (C), 138.9 (C), 128.9 (CH), 128.3 (CH), 126.3 (CH), 40.7 (t, J=
19.2 Hz, CD), 38.6 (t, J=19.4 Hz, CHD), 16.2 (CH;); MS (70 eV): m/z
(%): 165 (50) [M]*, 118 (14), 92 (100), 66 (17); HRMS: calcd for
C,H;;DO,: 165.0899; found: 165.0901; IR (neat): ¥=23424, 3028, 2931,
1704 cm™'; R;=0.4 (hexane/AcOEt 3:1)

Synthesis of 2,5-dideuteriohexanoic acid (14b): 5% Rh/alumina (50 mg)
was added to a solution of compound 8b (0.4 mmol) in MeOH (25 mL).
The solution was stirred under H, atmosphere for 12 h. The mixture was
filtered through Celite and washed with 0.1m HCI. Standard workup
provided the 2,5-dideuterio acid 14b which was purified by flash column
chromatography on silica gel (hexane/AcOEt 5:1).

2,5-Dideuteriohexanoic acid (14b): '"H NMR (300 MHz, CDCl;): 6 =11.13
(brs, 1H), 2.31-2.24 (m, 1H), 1.60-0.70 (m, 8H); *C NMR (75 MHz,
CDCl;): 6=180.5 (C), 33.7 (t, /=19.7 Hz, CHD), 31.0 (CH,), 24.2 (CH,),
21.8 (t, J=19.0 Hz, CHD), 13.6 (CH;); MS (70 eV): m/z (%): 118 (<1)
[M]*, 88 (18), 74 (50), 61 (100), 42 (30); IR (neat): 7= 34252993, 2822,
1705 cm™'; R;=0.3 (hexane/AcOEt 5:1).

Acknowledgements

We acknowledge financial support from III Plan Regional de Investigacion
del Principado de Asturias (PB-EXP01-11) and Ministerio de Ciencia y
Tecnologia (BQU2001-3807). J.M.C. thanks Carmen Fernandez-Flérez for
her time. H.R.S. thanks to Principado de Asturias for a predoctoral
fellowship. Our thanks to Robin Walker for revising the English manu-
script.

[1] I Fleming, Comprehensive Organic Synthesis, Vol. 8, Pergamon Press,
Oxford, 1991, Chapter 3, pp. 417-792.

[2] J. Mann, Secondary Metabolism, Oxford University Press, Oxford,
1986, p. 23.

[3] For a review of the use of deuterium to study the mechanism of
heterogeneous organic catalysis, see: B. S. Gudkov, Russ. Chem. Rev.
1986, 55, 259 -270.

[4] a) T. Ohta, H. Tayaka, R. Noyori, Tetrahedron Lett. 1990, 31, 7189 —
7192; b) M. Shaharuzzaman, J. Chickos, C. N. Tam, T. A. Keiderling,
Tetrahedron: Asymmetry 1995, 6, 2929-2932; c) J. Yu, J. B. Spencer,
Tetrahedron 1998, 54, 15821 -15832.

[5] a) By using baker’s yeast reduction: G. Fronza, C. Fuganti, P.
Grasselli, A. Mele, A. Sarra, Tetrahedron Lett. 1993, 34, 6467 —6470;
b) G. Fronza, C. Fuganti, M. Mendozza, R. Rigoni, S. Servi, G. Zuchi,
Pure Appl. Chem. 1996, 68, 2065-2071; c) by using reductasa: A. R.
Battersby, A. L. Gutman, C. J. R. Fookes, H. Giinther, H. Simon, J.
Chem. Soc. Chem. Commun. 1981, 645-647; d) A. Gébler, W. Boland,
U. Preiss, H. Simon, Helv. Chim. Acta 1991, 74, 1773-1789; ¢) M.
Veith, M. Lorenz, W. Boland, H. Simon, K. Dettner, Tetrahedron 1994,
50, 6859-6874; f) R. Eck, H. Simon, Tetrahedron 1994, 50, 13631 -
13 640.

[6] D. Schroder, H. Schwarz, J. Am. Chem. Soc. 1993, 115, 8818 —8820.

[7] W. Leitner, J. M. Brown, H. Brunner, J. Am. Chem. Soc. 1993, 115,
152-159.

[8] A. Cabrera, H. Alper, Tetrahedron Lett. 1992, 33, 5007 —5008.

[9] P. Girard, J. L. Namy, H. B. Kagan, J. Am. Chem. Soc. 1980, 102,
2693 -2698.

[10] R. Yanada, K. Bessho, K. Yanada, Synlett 1995, 443 —444.

[11] E. Hasegawa, D. P. Curran, J. Org. Chem. 1993, 58, 5008 —5010.

[12] J. M. Concellén, H. Rodriguez-Solla, Chem. Eur. J. 2001, 7, 4266 —
4271.

[13] J. M. Concellén, P. L. Bernad, H. Rodriguez-Solla, Angew. Chem.
2001, /13, 4015-4017; Angew. Chem. Int. Ed. 2001, 40, 3897 —3899.

[14] MS and HRMS spectra of compounds 2 and 8 show lack or very weak
peak of the [M]* of the corresponding non-deuterated compound,
indicating a presence of the non-deuterated compound <1%. A new
HRMS spectra of the methyl ester of 2a, obtained from 2a and
diazomethane, was carried out to avoid that the incorporation of
deuterium to the carboxylic group could mask the HRMS spectra of
the dideuterated compounds 2 or 8. Moreover, to calculate the
incorporation of deuterium, HRMS spectra of compounds 2 and 8
have been compared with the corresponding non-deuterated products.

[15] a) M. Sefkow, A. Kelling, U. Schilde, Eur. J. Org. Chem. 2001, 2735 -
2742 and references therein; b) T. Chen, J. Li, J. Cao, Q. Xu, K.
Komatsu, T. Namba, Planta Med. 1999, 65, 56-59; c) T. Saito, H.
Yamane, N. Murofushi, N. Takahashi, B. O. Phinney, Biosci. Bio-
technol. Biochem. 1997, 61, 1397-1398; d) S. Dupre, M. Grenz, J.
Jakupovick, F. Bohlmann, H. M. Niemeyer, Phytochemistry 1991, 30,
1211-1220; e) A. F. Barrero, J. F. Sanchez, E.J. R. Alvarez-Manza-
neda, R.R. Alvarez—Manzaneda, Phytochemistry 1988, 27, 1191-
1194.

[16] Y. Fujita, S. Fukuzumi, J. Otera, Tetrahedron Lett. 1997, 38, 2121 -
2124.

[17] To the best of our knowledge, the conjugated reduction of aliphatic
non-a-alkylated-f,y-unsaturated acids by using Sml, has not been
described (see ref. [8]).

[18] A similar 1,4-reduction of conjugated bond C=C has been described
from alkyl alka-2,4-dienoates (see ref. [13]).

[19] S. G. Davies, G. D. Smyth, Tetrahedron: Asymmetry 1996, 7, 1001 -
1004.

[20] J. L. Namy, P. Girard, H. B. Kagan, Nouv. J. Chem. 1981, 5, 479 —484.

Received: May 10, 2002 [F4079]

Chem. Eur. J. 2002, 8, No. 19

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0947-6539/02/0819-4497 $ 20.00+.50/0 4497






FULL PAPER

PX,", P,X;s", and P;X," (X =Br, I) Salts of the Superweak
Al(OR), Anion [R = C(CF;);]**
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Abstract: PX,TAI(OR),]- (X=I: 1a,
X =Br: 1b) was prepared from X,,
PX;, and Ag[AI(OR),] [R=C(CF;),]
in CH,Cl, at —30°C in 69-86% yield.
P,Xs" salts were prepared from 2PX;
and Ag[AI(OR),] in CH,Cl, at —30°C
yielding almost quantitatively P,Xs*-
[AI(OR),]- (X=I: 3a, X=Br: 3b).
The phosphorus-rich PsX," salts arose
from the reaction of cold (— 78 °C) mix-
tures of PX;, P,, and Ag[AlI(OR),]
giving P:X,*[AI(OR),]- (X=1: 4a,
X =Br: 4b) with a C,-symmetric P;
cage. Silver salt metathesis presumably
generated unstable PX,™ cations from
PX; and Ag[Al(OR),] (X=Br, I) that
acted as electrophilic carbene analogues
and inserted into the X—X (P—X/P—P)

electrophilic and CH,Cl,-soluble PX,"
(P,X51/PsX,") salts. Reactions that
aimed to synthesize P,I;* from P,I, and
Ag[AI(OR),] instead led to anion de-
composition and the formation of
PyI5(CS,)[(RO);AL-F-AI(OR);]  (5).
All salts were characterized by varia-
ble-temperature solution NMR studies
(3b also by *'P MAS NMR), Raman
and/or IR spectroscopy as well as X-ray
crystallography (with the exception of
4a). The thermochemical volumes of the
P—X cations are 121 (PBr,"), 161 (P1,%),
194 (P,Brs*), 271 (P.Is*), and 180 A3

Keywords: ab initio calculations -
cations - halogens - phosphorus -
subvalent compounds

(PsBr,"). The observed reactions were
fully accounted for by thermochemical
calculations based on (RI-)MP2/TZVPP
ab initio results and COSMO solvation
enthalpy calculations (CH,Cl, solution).
The enthalpies of formation of the
gaseous P—X cations were derived as
+764 (PL"), 4617 (PBr,"), +749
(P.Is%), +579 (P,Brst), +762 (PsL"),
and +705 kJmol~! (PsBr,*). The inser-
tion of the intermediately prepared
carbene analogue PX,*' cations into the
respective bonds were calculated, at the
(RI-)MP2/TZVPP level, to be exergonic
at 298 K in CH,Cl, by A,G(CH,Cl,) =
—133.5 (PL;"), —183.9 (PBr,*"), —106.5
(P,Is"), —81.5 (P,Brs"), —113.2 (PsL,"),
and —114.5 kJmol~! (PsBr,*).

bond of X, (PX,/P,) leading to the highly

Introduction

The knowledge on cationic or neutral binary P—X species in
which X may be F, Cl, Br, I is still very sparse and limited to
PVX; (A, X=F, Ql), PVX,* (B, X=F-1),1 PX; (C, X=F-
I), PILIH2 3 (D), PLX, (E, X=F, Cl, I), P;F;s (F), and very
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recently subvalent P;Ig+ (P>3) (G; see Scheme 1). Solution
studies showed the additional existence of small amounts of
the phosphorus-rich cage molecules P,Br, (H) and P,I; (I) in
CS, solutions of P, and X, mixtures (X =Br, I).5)

Structural data are only available for types A—E and G. In
the case of the cations B, D, and G, types D and G are only
known for X = 1. These binary phosphorus —iodine cations are
very electrophilic, and P,Is" immediately decomposed the
EF,~ counterions when prepared from P,I, and I;*'EF,~ (E=
As, Sb) at —78°C furnishing only the decomposition products
PF,, EL;, and 1,.P! The same is true to a lesser extent for the
more stable PI,tEF,~ salts.'>® The P—F bond energy
(490 kJmol~! in PF;)["l is amongst the highest-known single-
bond energies in the periodic table and therefore accounted
for the decomposition reactions. To circumvent the decom-
position of these fluorometalate anions, we employed a new
generation of weakly basic anions of type AI(OR),” (R=
perfluorinated organo ligand C(CF;),)® %22 that also ap-
peared to be ideal spectator ions, since they allowed the
unusual D,,-symmetric Ag(#*-P,)," cation to be isolat-
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Scheme 1. Known neutral or cationic binary P—X species. Note that some
species may only exist with one type of halide X.

ed.[1%11. 121 Recently, we briefly showed® that P,I, and Pl
reacted with Ag[Al(OR),]® " to give P;I;*[Al(OR),] . A
carbenoid “PL,*” cation was possibly an intermediate in this
reaction. Here we investigated the insertion chemistry of the
highly electrophilic carbene-analogous PX," cation (= PX;
minus X~ ; X=Br, I) into X,, PX;, and P, in more detail.
Clean reactions leading to PX,[AI(OR),]” (X=1I: 1a, X=
Br: 1b), P, Xs'[AI(OR),]- (X=1: 3a, X=Br: 3b), and
PsX," [AI(OR),]” (X=1I: 4a, X =Br: 4b) are presented. All
species were fully characterized by experimental and theo-
retical methods. A preliminary account of PsX,* is given.['¥

Results and Discussion

Syntheses: The more basicl”! AI[OC(H)(CF;),],~ anion was
tested in CH,Cl, for some of the reactions given below.
However, all reactions of Ag[AI(OC(H)(CF;),),] with PI;
only led to full decomposition of the anion, even at low
temperatures (—78°C throughout), that is, the 3P NMR
spectra showed singlets that were tentatively assigned to
PIL(OR);_, (x=0-3) at 6(*'P)=233.1 (x=0), 219.0 (x=1),
140.2 (x=2), and 173.9 (x=3). Only with the less basic
Al[OC(CF;);],~ anionl® '] did the reactions lead to the desired
P—I cations and, therefore, in the following, R only denotes
the perfluorinated C(CFs;); ligand.

PX,"[AI(OR),]"1a,b (X=1:1a; X =Br: 1b) was prepared
in 69-86% yield by treating Ag[AI(OR),],I¥! PX;, and X,
according to Equation (1) in CH,Cl, at —30°C:

Ag[AI(OR),] + PX; + X, — PX,*[AI(OR),]", 1ab + AgX )

R =C(CF;); X=1I:1a; X=Br:1b

1a,b is less soluble than 3a,b and 4a,b below, and most of
the dissolved 1a (1b) from approximately 0.1M solutions in
CH,Cl, precipitates upon storage at —30°C (0°C) overnight.
Solutions of 1a,b in CH,Cl, and 1,2-Cl,C,H, are stable for at
least three months at —30°C, and those of 1a may be handled
briefly at RT. Solutions of 1b start to slowly decompose at
about 0°C.I"3! Solid 1a,b is stable at RT for at least several
days and much longer if stored at —30°C.

Attempts were made to synthesize a P,I," cation (i.e., I;P-
I*-P1;) according to Equation (2):

4476 ——

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Ag[AI(OR),] + 2PL + I, — P,I;*[AI(OR),]~, 2 + Agl ®)
R =C(CF5);

However, only PI,*[AI(OR),]~ (1a) precipitated (unit cell
determination and NMR) from the brown-red filtrate of this
reaction, while solid PI; remained with the insoluble com-
pounds (Raman). In an in situ 3P NMR experiment, only the
(broad) resonance of the PI,* cation was visible at —90°C (PI,
is insoluble at this temperature).

P,Xs'[AI(OR),]~ (3a,b) was conveniently prepared in 86
(X=1, 3a) or 67% (X=Br: 3b) yield by treating two
equivalents of PX; with Ag[Al(OR),]™ ([Eq. (3)] in CH,Cl,
(T<-30°C):

Ag[Al(OR),] + 2PX; — P,Xs [AI(OR),]", 3ab + AgX 3)
R = C(CE,), X=1:3a, X=Br: 3b

Although cold solutions of 3a,b in 1,2-Cl,C,H, are stable,
they may not be used as reaction media. 1,2-CL,C,H, is a
stronger and better chelating donor to the Ag"™ ion than
CH,CI, and, therefore, the Ag™ ion is less reactive and not
capable of abstracting halide from PX; in 1,2-Cl,C,H, even at
RT (cf. the very stable [Ag(1,2-CL,C,H,);][AI(OR),]~ struc-
ture in [9]). An in situ 3P NMR spectrum of a PI; reaction in
CD,(Cl, according to Equation (3) recorded immediately after
all visible amounts of PI; were consumed only showed signals
attributable to P,Is*. However, P,Is* [— P! slowly dispro-
portionated in CH,Cl, over several weeks, giving the reduced
Pl [~ P?**] and another more highly oxidized species
invisible on the timescale of NMR spectroscopy (see Equa-
tion (4) and below).

P,Is" —PiIgt+ ? 4)

To obtain pure solid 3a, one therefore has to filter the cold
reaction solution immediately after all visible amounts of PI;
have been consumed (approx. 1-2 h) and remove all volatile
compounds to leave clean 3a in quantitative yield (IR,
elemental analysis).

PsX,"[Al(OR),]” (4a,b) was prepared by reacting P,, PX;
and Ag[AI(OR),] according to Equation (5) at —78°C.

Ag[AI(OR),] +PX; + P, — [PsX,]'[AI(OR),]~, 4a,b + AgX ®)
R =C(CF;); X=I:4a, X=Br: 4b

In situ ¥P NMR spectroscopy at —80°C showed that
P;X,"[AI(OR),]- (4a,b) was the only P-containing product
visible after 10 days’ reaction time. A larger preparation gave
temperature-, air-, and moisture-sensitive crystalline 4b in
almost quantitative yield. Solid 4b is stable for at least two
months at —30°C. Compound 4a was earlier synthesized and
characterized by Raman, NMR, and elemental analysis in an
alternative procedurel® 'l by treating [Ag(P,),]"[AI(OR),]" in
CD,(l, with 3.5 equivalents of I, at —78°C.

When P,l, was treated with Ag[Al(OR),] [Eq. (6)] in CS,/
CH,(Cl, (90:10) at RT, an initially formed, highly electrophilic
cation (P,I;*?) decomposed the anion, and [P,Is(CS,)]*
[(RO);Al-F-AI(OR);]~ 5 was formed as the main soluble
product, crystallizing in 70 % yield (based on Al) from the
concentrated solution.
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Ag[AI(OR),] + P,L, — P,I5(CS,)* [(RO),AL-F-AI(OR);]", 5+ AgI (+?)
R = C(CF;); (6)

This is the third example of the fluoride-bridged (RO);Al-
F-AI(OR);™ anion, which appears to be a general decompo-
sition product of the AI(OR),™ anion. An in situ NMR reaction
according to Equation (6) that was always kept at temperatures
below —30°C showed that the initially produced cation
(P,I5* ?) is not stable under these conditions, and that P,I5"
(80%) and P;It (20% ) were the only P-containing decom-
position products visible in the 3P NMR spectrum at —80°C.

Crystal structures: Details on the crystal structure solution
and refinement are included in Table 15 below. The (normal)
geometries of the AI(OR),™ anions and the solid state packing
of the salts are included and discussed in a deposited section.

The PX," cations in 1a,b: Figure 1 provides views of the S,-
symmetric PX,* cations in 1a,b. Full ellipsoid plots including
the anion have been deposited. The (only) short P—I (P—Br)
bond length is 2.3700(4) (2.1106(9)) A and is about 0.03

Fé s . F6C
3.140(4) .
3333(5) i
F9A |~ -
T snin BT PR €170
FIA 3343(5)
BriC
1
2.3700(4) 2.1106(9)
Pl P
0'// A ./
2L, Bri

Figure 1. Geometry and one set of X—F contacts (X=Br, I) of the S,
symmetric PX,* cations in 1a,b. The other X—F contacts are symmetry-
equivalent and, therefore, not shown. Anisotropic thermal ellipsoids were
drawn at the 25% probability level, the P-X bond lengths [A] are given
within the figure. The I-P-I (Br-P-Br) bond angles range from 109.2(1) to
109.6(1)° (109.3(1) to 109.9(1)°).

(0.02-0.06) A shorter than those found in PI,All, (PBr,*Br-),
which is best described as a network of strongly interacting
P1,* (PBr,") cations and All,~ (Br~) anions with I-I contacts
as short as 3.386 A.l6.71 However, the P—I bond length
compares well with that for the recently published more
ionic PL,*AICl,~ [d(P—T),, =2.368(4) A].l" The PX,* cations,
which are only very slightly distorted from 7 symmetry, are
bisphenoidally elongated (cf. the I-P-I (Br-P-Br) bond angles
range from 109.2(1) to 109.6(1)° (109.3(1) to 109.9(1)°)) and
are stabilized by four sets of symmetry-equivalent weak X—F
contacts at 3.140(4), 3.439(4), and 3.520(4) A (1a) or 3.252(5),
3.333(5), and 3.343(5) A (1b), which are shorter than the sum
of the F and X van der Waals radii of 3.60 (I) or 3.40 A (Br)
(Figure 1). In contrast to AsCl,*,'8 no E—F contacts (E =P,
As) below 4.276 (1a) or 4.047 A (1b) were observed.

The P,X;" salts 3a,b: Both salts form a fourfold twinned
200 K phase. The unit cell of 3a,b appeared to be tetragonal
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Table 1. Lattice constants and volume of the tetragonal PX,*[Al(OR),]~
1ab salts and those of the fourfold twinned P,Xs*[Al(OR),]~ 3a,b salts at
200 K.

Parameter  1a (150 K) 3a (200 K) 1b (200 K) 3b (200 K)
a=b[A] 13.978(2) 14.510(3) 13.640(2) 14.016(3)
c[A] 9.4045(19) 9.778(2) 9.449(2) 9.694(2)
VAY 1837.4(5) 2058.6(7) 1758.0(5) 1904.3(7)

with lattice constants that are similar to but slightly larger
than those of the salts PX,7[Al(OR),] (1a,b) (Table 1).

The PX," and P,Xs" cations reside on similar positions;
however, since the P,Xs" cation only has a local C, symmetry,
it is clear that it is impossible for the cation to reside on a
special position with local S, symmetry without fourfold
twinning. As evident from the triclinic solution of the crystal
structure, which provided a disordered view of the cation, the
twinning element was a fourfold axis parallel to c. By
including this twinning law and lowering the symmetry from
tetragonal to triclinic, the structures could be solved and
refined to final R1- (WR2-) values of 0.0670 (0.1722) for 3a
and 0.0712 (0.1678) for 3b. The four domains of the fourfold
twins were populated by 22 to 28 % . However, as evident from
the difference Fourier maps of the refined twinned structure,
the P,Xs* cations were also disordered over two positions in a
80:20 ratio (figure deposited). Due to the disorder, the
standard deviations of the structural parameters of the cations
are larger, and the solid-state structures are mainly seen as
structural proof for the existence of the P,Xs" and the intact
AI(OR),™ ions. Structural data for the cations of 3ab are
included in Table 13 below. Views of the asymmetric unit of
3ab at 200 K have been deposited. When 3b was crystallized
at —80°C, and the crystals were measured at 150 K, a truly
triclinic phase with similar lattice constants to the 200 K
phase was obtained (a=9.829(2) A, b=13.702(3) A, c=
13.906(3) A, a=90.79(3)°, f=94.08(3)°, y=90.31(3)°, V=
1867.9(6) A%). No disorder was evident in this structure, and
consequently the standard deviations are smaller (Figure 2).

The geometry of the P,Brs* cation of 3b is similar to that of
the P,I5* cation with a very small increase in the P—P bond
length of at most 0.026 A. Two distinct sets of P—Br distances
are found: longer P—Br separations of 2.184(3) and 2.199(3) A
in the P"Br, moiety and shorter P—Br bond lengths of 2.115(2)
to 2.129(2) A in the P'VBr; phosphonium unit. Complete
structural parameters and a discussion of the geometry are
given below (Table 13).

The P,Is* salt 5: Long, thin, yellow needles of 5 (dimensions
up to 20 x 0.5 x 0.3 mm) grew from a solution in CS,/CH,Cl,
(90:10) at —30°C and were found to be triclinic, space group
P1 with two molecules in the unit cell. We recorded several
complete data sets of these crystals at 170 K and 150 K, but in
all cases the P,I5* cation in § resides on two independent
positions in a 85:15 or 20:80 ratio (see Figure 3).

In crystal §', 85% of the P,Is* cations coordinated more
strongly to an incorporated CS, molecule (d(P2—S2)=
3.215 A), and in another crystal 5" of the same batch, 80 %
of the cations were well separated from the CS, molecule
(d(P2—S2) > 4.0 A). The CS, coordination greatly influenced
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Figure 2. Left: Solid-state structure of the salt [P,Brs] [Al(OR),]~ 3b at 150 K. Right: Geometry and E—F contacts (E = Br, P) of the P,X;" cations in 3b.
The bonds within the P,Brs* cation are drawn black and bold, those to the fluorine atoms gray and thin. The 13 Br—F contacts range from 3.172(7) to
3.362(7) A, and the structural parameters of the P,Brs* cation are included in Table 13. Anisotropic thermal ellipsoids were drawn at the 25% probability

level.

Figure 3. The two independent positions of the P,Is" cation in §'. Atoms P1
to I5 have a 85% occupancy (black bonds) and P1A to ISA have a 15%
occupancy (gray bonds). A similar situation was observed in 5”; however,
the occupancy factors were inverted (20:80).

the geometries of the two P,Is" cations in 5, therefore both are
described.

The P,I5(CS,)* cation in 5": Figure 4 shows that 85 % of P,I5*
cations coordinate one CS, molecule via a stronger P2—S2
(3.215(6) A) and a weak I3—S1 (4.072(4) A) interaction (sum

of the P—S and S—I van der Waals radii: 3.75 and 4.00 A). The
overall geometry of the staggered P,I5" cation with slightly
longer P—I separations in the PL, unit is similar to that found in
P,I;All,; however, differences appear when the P—I bond
lengths are studied in more detail. In 5 they are found
between 2.348(4) and 2.542(4) A, which may be compared to
2.399(9) to 2.420(9) A in P,I;All,. This is attributed to the
coordination of the CS, molecule. The S2 lone-pair orbital
presumably donates electron density into the antibonding o*
orbital of the P2—I5 bond and consequently elongates this
bond by about 0.1 A (see Figure 4 for a drawing of the
suitable orientation of CS, and P,Is"). Charge transfer from
the (formally) unipositive phosphonium center P1 to the other
atoms must have occurred, as evidenced by the formation of
one P-S, two I-S, and five I-F contacts (see Figure 4).

The P,I5* cation in 5"": 80% of P,I5" cations in §” are well
separated from the incorporated CS, molecule, therefore the
P—I bond lengths in this species are in the narrower range of
2369 to 2.460 A. All other structural parameters are com-

C100

Figure 4. Geometry of the P,I5(CS,)* cation in [P,I5(CS,)]*[(RO);Al-F-Al(OR)s] -, §'. Anisotropic thermal ellipsoids were drawn at the 25% probability
level, selected bond lengths [A] and bond angles [°] are given in the figure, standard deviations are 0.004 A for P—I and P—P bond lengths and 0.2° for the

bond angles.
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Figure 5. Left: The solid-state structure of 4b at 200 K (25 % ellipsoids). Right: The structure and Br—F contacts
of the PsBr," cation in 4b at 200 K (25% ellipsoids). The six Br—F contacts range from 3.025 to 3.380 A, no P—F
contacts below 3.411 A were observed (sum of P and F van der Waals radii: 3.40 A). Structural parameters of the

cation are included in Table 14.

parable to those of 5, 3a, or P,I;All, (structural parameters in
Table 13 below; figure deposited).

The P;Br," cation in 4b: The crystal structure determina-
tion™ of a colorless monoclinic block of 4b confirmed the
nature of the almost C,-symmetric P;Br,* cation (Figure 5)
and the presence of the intact AI(OR),™ anion.

This Ps cage is without precedence and was not found as
part of the many polyphosphides or organopolyphosphanes
known to date.?> 21 The range of the P—P bond lengths in the
PsBr,* cation of 2.150(7) to 2.262(8) A is close to the values
found in P, (221 A) or Ag(P,)," (2.15-2.32 A). The P—P
bonds to the tetracoordinate PX, phosphonium atom are
shorter than those to the remaining naked P atoms by about
0.06 to 0.08 A.

The (RO);AI-F-Al(OR);~ anion: The fluoride-bridged anion
was earlier found in two salts™ and now in 5. It consists of a
linear central Al-F-Al unit (d(Al-F) =1.758-1.775 A). Each
Al atom is additionally coordinated by three OR ligands with
very short Al-O bond lengths of 1.673 to 1.698 A. The anions
are staggered with respect to the orientation of the two AlO;
units, and the central fluorine atoms reside on centers of
inversion (see Figure 6 and Table 2).

The average Al—O bond lengths (AI-O-C bond angles) in
the fluoride bridged anions are shorter (wider) than those of
the homoleptic AI(OR),™ anion; this accounts for the greater
electron deficiency of the aluminum centers in the (RO);Al-

Table 2. Comparison of the structural parameters of the (RO);Al-F-Al(OR);™ anions in 5 and [P;14][(RO);Al-
F-Al(OR);]~ .Y Typical data of the AI(OR),™ anion are given for comparison (Ag(CLC,H,);* salt).!

F-Al(OR);” anion. Based on

® the structural parameters and
® the space filling model, it is
P2 ' evident that the (RO);Al-F-

AI(OR);™ anion with 54 periph-
eral C—F bonds is more stable

=TT & against RO~ abstraction and
/ Br2 less coordinating than the ho-
< moleptic AI(OR),™ anion, with
P3 @ 36 peripheral C—F bonds.*! The

(RO);AI-F-AI(OR);~ anion is
probably the least coordinating
anion currently known.

Assignment of thermochemical
volumes to the P—X cations:
The thermochemical volume of
the AI(OR),” anion was estab-
lished as 758 A% This knowl-
edge then allowed the thermochemical volumes of the P—X
cations to be established from the unit cell volumes of the salts
(Table 15 below). By using Jenkins’ volume-based lattice-
energy equation,/?! the lattice potential energies of the salts

Figure 6. Structure of the (RO);Al-F-Al(OR);™ anion in 5. The oxygen
(light gray), aluminum (white), fluorine (dark gray), and carbon atoms
(white) were drawn with anisotropic thermal ellipsoids at the 25%
probability level.

were calculated and are collected with the thermochemical
volumes in Table 3.

Due to the large size of the anion, the lattice potential
energies of all prepared salts are very low and are already
close to the “lattice enthalpies” of molecular solids of
comparable atomic weight,
such as Cq (M,=720) or C,
(M,=840), for which sublima-

tion enthalpies of 175 and

Parameter Al-F-All 5 5" Al(OR),

) Al ® ) © 5 © 5 ) 3 200 kJmol~! were reported [cf.
d(Al-O) range [A 1.671(9)—1.700(9 1.673(6)—1.698(5 1.681(6) - 1.694(5 1.714(3)-1.736(3 . .
d(ALOY, [A] Lo Less 1689 175 M,(1b) is 1318 and. higher than
(AL-O-C),, [] 154.9 156.1 153.1 149.5 the molecular weight of any
d(Al-F) range [A] 1.760(4)-1.761(4)  1.758(2)-1.770(2)  1.764(2)-1.775(2) - substance for which a sublima-
d(AL-F),, [A] 1.761 1.764 1.770 - tion enthalpy is tabulated!™).
(ALF-AD [] 180 180 180 - This adds further evidence to

[a] The (RO),Al-F-AI(OR)," anion in P;I5*[(RO);Al-F-AI(OR),]" .1

Chem. Eur. J. 2002, 8, No. 19
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our previous notion that large
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Table 3. Thermochemical volumes V,, [A3] and estimated Lattice potential energies U; ¥ of the binary P—X

cations [kJ mol~!].

bearing the less electronegative
iodine ligand are considerably

Halide Va(PX,") U (PX, Al Vi(PoXs1) U, (P, X;sAl)k Vi(PsX, 1) U, (PsX,Al) more delocalized than those of
X=1 161 345 271 336 _ _ the species with the more elec-
X =Br 121 349 194 342 180 343 tronegative bromine ligand (Fig-

[a] Al=AI(OR),.

and weakly coordinating anions produce “Pseudo Gas-Phase
Conditions” in condensed phases.?* 2!

Computational chemistry: To understand the bonding and the
thermodynamics of the formation of the binary P—X cations,
several binary P—X compounds, AgBr, Ag®, Br—, and Br,,
were optimized at the (RI-)MP2/TZVPP level, which we
showed earlier™ to be the most suitable level of theory to
economically assess the geometries and the thermodynamics
of the species in question. The data of P, (T), PsL,* (C,,), PsI¢*
(G), PIs™ (Cy), oLy (Cp), PL; (C)), PL* (Cyy), L, Agl, and Ag?
were taken from earlier work;* 4l only P,I;* (C;), PL,* (T}),
PBry* (Ty), PBr; (Gs,), PBr,* (Cy), PsBr," (Gy,), and P,Brs*
(C,) were newly optimized (see Figure 7 and deposited table).

w0110

[
[
ST
=)

1.22+0.05

P:Br," (C,)

PBr, (Cy,)

+{.73

21110, .33
1069

+0.13
PBr." ()

PBr," (T, P.Br,” ()

Figure 7. (RI-)MP2/TZVPP geometries of P,I;* (C;), PBr," (7,), PBr;
(Cs), PBr,* (Cy,), PsBr,* (C,,), and P,Brs* (C,). Computed partial charges
are given in italics, shared electron numbers (SEN) in italics and under-
lined. All species included are true minima with no imaginary frequencies.

Comparison of the computed P—X distances of 2.225 or
2.451 A (PX;) and 2.130 or 2.373 A (PX,") to the experimen-
tal PX; and PX," geometries with d(P—X)=2.22 or 2.43 A
(PX;) and 2.1106(9) or 2.3700(4) A (PX,*) establishes the
quality of the MP2 calculation. In contrast, earlier calcula-
tions'® 3% on the PX,* cations gave an overestimation of the
P—X bond lengths of about 0.05A. Also the difficult to
model® P,Xs* geometries with an experimental d(P—P) of
2.22(1) to 2.246(3) A were reproduced by MP2 to within
0.02 A, while BP86 and B3LYP optimizations overestimated
the P—P distance by 0.10 to 0.19 A.¥ The calculated P,I;*
geometry is rather remarkable — the ion contains what is
almost a P=P double bond [SEN(P—P)=1.70] and extensive
charge delocalization, which leads to short P—I bonds with
high shared electron numbers SEN(P—I). When comparing
the computed partial charges of all P—1 against the P—Br
species, one notes that the partial charges of the species
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ure 7). This shows most strongly
for the tetracoordinate phospho-
nium centers in PX,", P,Xs",
and PsX,*. For X =1, the partial charges of the tetracoordi-
nate phosphorus atoms are + 0.48, +0.47, and +0.57, but for
X =Br the charges increase to +1.10, +0.93, and +0.89.
However, the SENs of the P-P and P—X bonds of the
homologous species are nearly unchanged and similar to
within 0.04.

Enthalpies of formation of the P—X cations: The enthalpies of
formation of gaseous PBr,",[*>1 P, Br, 1 L, and
PBr;* 31 at 298 K were determined as +862, +54, +31,
and —91 kJmol~'. Those of P1,* and PI; were derived?®! as
+919 and +52kJmol~'. With these and the calculated
reaction enthalpies in Table 11 below, the enthalpies of
formation of the gaseous P—X cations were assessed at
298 K.22%1), The P,Is* and PsI,* values of 749 and
784 kImol~! in Table4 are in good agreement with our
earlier,™ independently derived values of 733 (P,Is*) and
792 kI mol~! (PsI,*).

Table 4. Derived enthalpies of formation of the gaseous P—X cations at
298 K.

Halide  AH(PX,) AH(P,XsY) AH(PX,")
X =Br -+ 617 kJ mol 127 + 579 kJ mol~!27] + 705 kJ mol 127
X=1I + 764 kJ mol 1128 + 749 kJ mol-![280] + 784 kJ mol 128

Raman and IR spectra of the P—X cations, calculated bands of
PX,", P,Xs", and PsX,": The PI,™ and P,I5" cations are very
sensitive to the IR laser (1064 nm) and decompose easily in
the beam. We only succeeded in obtaining a reasonablel®!
room-temperature Raman spectrum of 1a and 5 when large
single crystals (at least 0.5 x 0.5 x 0.5 mm) were sealed in a
NMR tube. Smaller crystals, powders, and ground material of
la and 3a decomposed much faster and never gave a
spectrum of sufficient quality, even if low laser power and
wide focus were used. In spectra of these samples of 1a, we
only observed a weak iodine band at 180 cm~!. All P—Br
cations and PsI, " are less sensitive toward the laser beam, and
we succeeded in obtaining their Raman and/or IR spectra.
The vibrational spectra of the anions in 1a,b, 3a,b, and 4ab
are deposited (Supporting Information, Tables 3 and 4).

PX," vibrations: The bands of the PBr," salts 1ab are
collected and assigned in Table 5. The positions of the bands
in 1ab are in good agreement with the calculations and the
experimental spectra of PBr,*AsF,~ and P1,*AlCl,.l'® How-
ever, more basic anions such as AlX,” and GaX,” (X=Br, I)
shifted all bands to lower energy by about 10—20 cm~' due to
cation—anion interactions.'™ It may be noted that three
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Table 5. Experimental vibrational wavenumbers of 1b and PBr,*AsF,~,['" calculated wavenumbers of PBr,* (MP2/TZVPP).
PBr,* 1b 1b PBr,*AsFs~ PBr,"AsF,~ PL* la 1a PI,*AICl,~ PI,TAICl,~ Assignment
Caled (sy) (IR: %) IR (Int.) RA (%) IR (Int.)™ RA (%) caled (sy) (IR:%) IR (Int.) RA (%) IR RA®
528 (T,) (100) 514 (vs) - 513 (s) 512 (8) 437 (T,) (100) 400 (vs) 406 (w) 399 (s) 400 (17)  #P-X
394 (17)

270 (A,) (0) - 265 (100) - 266 (100) 187 (4,) (0) - 175 (100) - 169 (100)  Breathing mode
155 (T3) (0) - 152 (88) - 153 (66) 104 (T5) (0) - - - 98 (25)  PX, deformation
101 (E) (0) - - - 106 (34) 68 (E) (0) - - - PX, torsion
different values of the most intense symmetric A; mode were IR \\ )
reported for PItAsF,: 193 cm L1 180 cm~!3% 3 and 2

. . . c
178 cm~!.B%] The first value appears to be very high in energy L8

=

since PI,*AICl,~, with a rather short P—I distance of
2.368(4) A, shows this band at 169 cm™; 1a, including a less-
basic anion than AsF;, is found at 175 cm~'. The second and
third reported values of 180 and 178 cm™! are at the positions
where solid iodine is found (18042 cm™!). With the usual
accuracy of the Raman spectrometer of 2—-4 cm™!, we there-
fore suggest that the assignment of the two bands at 178 or
180 cm™! being the A; mode of PI,* may possibly be wrong
and be due rather to decomposition and formation of I,.

P,X* vibrations: Figure 8 and Table 6 include the vibrational
spectra and assignments of the bands of the P,Xs* salts 3a,b
and 5. The actual spectra of 3a and 5 have been deposited.
The Raman samples of 3a always decomposed in the laser
beam and therefore showed bands due to decomposition
(P,1,); however, the five most intense bands of 3a at 328, 223,
137, 105, and 87 cm™' are in good agreement with those
observed for 5 containing the more stablel (RO);Al-F-
AI(OR);™ anion or P,I;All, (Table 6). The high-energy bands
of 3a were also observed in the IR spectrum. The vibrational
bands of the hitherto unknown P,Br;* cation in 3b shown in
Figure 8 are related to those of the P,I5" cation. All modes of
P,Brs* are found at higher energy by 40 to 70 cm~! than those
of the P,I5* cation, and 11 out of the 15 expected fundamental
vibrational bands were observed.

The vibrational spectra of 3a and 5 are very similar, the
observed bands represent the vibrations of an almost “naked”

L L L

800 600 400

Figure 8. Vibrational spectra of the new P,Brs* cation in 3b.

200 cm’

P,Is* cation, and all vibrations of P,I;All, are at lower energy
than the respective bands in 3a or 5 due to the strongly
interacting P,Is* and All,~ ions.’!) The Raman spectra of the
P,LElL, (E=Al, Ga, In) series of compounds were recently
assigned based on a B3LYP optimization and frequency
calculation of the P,I5* cation.® 32 This B3LYP optimization!
failed considerably to reproduce the experimental geometry
(i.e., the optimized P—P bond length was 2.366 A vs. 2.218 A
found in P,I,All, or 2.223 A in §; see ref. [4] for a comment on
the calculation). The highest calculated vibrational wave-
number of this P,I;* was reported at 394 cm~L. Since in (the
similar) P,I, a Raman band at 443 cm~' (14% relative
intensity, P—P stretch) is observed, it appeared surprising that
no band at a higher energy than 394 cm~! was calculated (and
no band above 390 cm~! was assigned in the experimental

Table 6. Experimental vibrational wavenumbers of 3a, 3b, 5, and P,I;All,; calculated wavenumbers of P,Xs" (X =Br, I; MP2/TZVPP).

P,I*+ 3a 3all 5 P,LAILP P,Brs*+ 3b 3b Assignment
caled (sy) [IR: %] IR RA exp. [%] exp. [%] caled (sy) [IR: %] IR (Int.) RA [%]
462 (a') (59) 430 (sh) - (4307) 43001 528 (a’) (65) 517 (s) 515 (3) 7 PP, 7,, PX;
437 (a”) (100) 413 (s) - 409 (6) 390 (10) 517 (a”) (100) 504 (s) n.o.l°l 7, PX, of PX; unit
420 (a’) (66) 401 (s) - 398 (6) 384 (20) 483 (a’) (34) 475 (m) 475 (4) 7 P—P, 7, PX;
389 (a”) (63) 364 (s) - 363 (10) 348 (5) 442 (a") (44) 430 (m) 431 (9) V. PX,
354 (a') (23) 330 (s) 328 331 (57) 324 (10) 418 (a’) (16) 408 (w) 408 (24) 7, PX,
235 (a') (23) 223 (m) 223 223 (84) 210 (100) 287 (a’) (25) 278 (w) 279 (100) PX;P breathing modeld]
142 (a') (2) - 137 136 (100) 129 (60) 192 (a’) (4) 189 (69) o, trans P,X, unit
107 (a”) (0) - - in 104? in 97? 147 (a") (0) in 1447 04 PX;
105 (a’) (1) - 105 104 (10) 97 (40) 146 (a') (2) 144 (86) o, PX,
88 (a’) (0)k - 87 86 (6) 89 (20) 127 (a’) (0) 124 (6) o, trans-P,X, unit
- - - - - 102 (a”) (0)1 102 (6) 04 PX;

[a] Compound 3a decomposed rapidly in the Laser beam of the Raman spectrometer with formation of P,1,, and therefore only the five most intense bands,
which were unambiguously assigned, are given. [b] In the depicted spectrum in Ref. [3] a very weak and unassigned band at about 430 cm™! is visible in all
three spectra of P,IsEIL, (E = Al, Ga, In). [c] Not observed. [d] Breathing mode of the ligands of the tetrahedrally coordinated P atom. [e] Calculated low-
frequency bands: 74 (a”) (0), 69 (a) (0), 53 (a") (0), 47 (a”) (0), 27 (a") (0). [f] Calculated low-frequency bands: 89 (a’) (0), 69 (a’) (0), 59 (a”) (0), 38 (a’) (0).
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spectrum).B] We suggest that this is due to overestimation of
the P—P bond length of the P,Is* cation at the B3LYP level
(0.14t0 0.15 A too long). Our MP2/TZVPP frequencies of the
P,I5* cation with a P—P separation only overestimated by 0.01
t0 0.03 A showed the highest two (unscaled) bands at 462 and
437 cm~'. With the knowledge of an expected band above
400 cm~!, we reinspected the Raman spectra depicted in
ref. [3] and, indeed, very weak bands around 430 cm™! are
visible in all three spectra of P,I;EI, (E = Al, Ga, In). Also the
IR spectrum of 3a has a shoulder at 430 cm~.* Therefore we
propose that the assignments of the vibrations w; to w, given
in ref. [3] are wrong. Due to the insufficient quality of the
optimized geometry of P,I5* in ref. [3], all calculated bands
appeared at lower energy and, therefore, the very weak
highest energy P—P stretching bands at approximately
430 cm™! (exp.) were overlooked.

Ps X, vibrations: Raman spectroscopy showed that also the
bulk material is pure 4a,b. Observed and calculated vibra-
tional wavenumbers of the PsX," cations are collected in
Table 7, and the actual spectra have been deposited. Ten (4a)
and 13 (4b) out of the 15 expected vibrational bands of the
cations were observed, and all bands of the Ps; cage are
strongly mixed. The symmetric breathing mode of the Ps cage
(A, 4a: 541, 4b: 553 cm™!) is slightly weakened compared
with the A, mode of P, (600 cm™!') but higher in energy than
the P—P vibrations of red phosphorus (highest energy band at
461 cm").1»l

Variable-temperature 3'P NMR spectroscopy of the P—X
cations: All *'P NMR shifts assigned to the P—X cations are
collected in Table 10 below and compared to known shifts.
One comment prior to discussion: It is not adequate to
calculate the *'P NMR chemical shifts of the P—X cations by
the standard procedures built into many quantum chemical
program codes due to relativistic spin—orbit effects. Iodine,
and to a lesser extent also bromine, substituents at a
tetracoordinate phosphorus atom lead to a very pronounced
relativistic upfield shift that may reach several hundred

ppm.1*

3P NMR of PX,*: The room temperature *P NMR spectrum
of crystalline 1a dissolved in CD,Cl, showed one broad line at
O0(*'P) = —475 that was considerably sharpened when the
compound was cooled to 223 or 183 K. However, small
impurities, that is a small excess of PI; as present in the NMR-
scale reaction of 1.18PI;, 1.021,, and 1.00 Ag[Al(OR),] in
CD,Cl, (=0.1m), led to a fourfold increase in the half width of
the signal and a worse signal-to-noise ratio than that in the
less-concentrated solution of crystalline 1la in CD,Cl,
(~0.02Mm; figure deposited). The line width at half height of
the sample prepared from crystalline 1a was 330 Hz, and that
of the in situ reaction was 1370 Hz. The solid state 3'P MAS
NMR shift of PIL,VEFy,~ (E=As, Sb) of 6=-517 to
—519 ppmP is in good agreement with our solution value
of 6=—475ppm for 1a. The small low-field shift (Ad=~
43 ppm) presumably originates from solvent —cation interac-
tions, which may be seen in analogy to the strong solid-state
I-1 contacts in PI,All,, for which a solid-state 3P MAS NMR
shift of only —304 ppm was observed (Ad ~214 ppm).B The
reason for the extreme upfield shift of the P1,* cation of about
700 ppm was shown to be due to spin-—orbit coupling in an
external field mediated by an very efficient Fermi contact
mechanism. B!

Compound 1b is considerably less soluble than 1a, and *'P
NMR spectra of a reasonable resolution could only be
obtained at +10°C; they showed the PBr,* cation to have a
sharp resonance at d(*'P) = — 83. The PBr,* shift in 1b is less
affected by relativistic spin — orbit effects; however, it is still at
higher field than expected by more than 200 ppm®! and is in
good agreement with the solid-state MAS NMR shift of
PBr,*AsF¢~ at — 83 ppm.['*!

3P NMR spectroscopy and disproportionation of P,I;*: The
P,I5* cation in P,I;All, is only stable in the solid state, and
NMR spectra of CS, solutions of the salt only furnished the
signals of PI; and AlL;.P! The solid-state 3P MAS NMR
spectrum of P,IsAll, showed two broad resonances centered
at 0(*'P) =+ 114 and — 142; this is in good agreement with our
solution values for 3a of +126 and —156 ppm.B!l All low-
temperature spectra of solutions of the P,I5* (P™) cation of 3a
and 5 in CD,Cl, showed the concentration- and time-depend-
ent presence of subvalent P;I;" (= doublet (2P) and triplet

Table 7. Experimental and nonscaled calculated vibrational wavenumbers of 4a and 4b in cm™!.

4a v, (Int. %) 4a v Sym. 4b v, (Int. %) 4b vy (Int. % )0 Sym. Assignment for 3
541 (32) 544 A, 553 (71) 571 (100) A, v,, “breathing mode” of the P; cage
Within A, at 5417 537 B, 534 (20) 557 (7) B, v, P2-P1-P3
502 (20) 505 A 523 (51) 538 (27) A, v,, Ps cage
Within B, at 4482 450 B, 504 (11) 486 (4) B, v, P23,1 and Brl 2
448 (10) 444 B, 443 (20) 465 (10) B, Vo, P23,4,5
385 (30) 390 B, 387 (31) 409 (35) B, vy, P cage
359 (sh) 357 A, 375 (77) 383 (34) A, v, P23,4.5
354 (80) 350 A, 361 (37) 382 (17) A, Vo, P2.3,4,5
329 (70) 314 A, 331 (29) 344 (12) A, v, Ps cage
Within A, at 1687 170 B, 203 (100) 203 (35) A, v, PBr, unit
168 (100) 169 A, 191 (37) 191 (11) B, V., PBr, unit
126 (4) 132 B, 150 (20) 148 (5) B, P2-P1-P3 bend
87 (4) 86 A, 120 (9) 115 (10) A, PBr, bend
n.o.l 79 A, n.o. 84 (3) A, cage deformation
n.o. 56 B, n.o. 60 (2) B, cage deformation

[a] MP2/TZVPP frequencies. [b] MPW1PW91/6-311G(2df) frequencies. [c] Not observed.
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(1P) at 6('P)=91 and -2 ). In a more concentrated
(0.095Mm) solution of 3a, the amount of reduced P;I;* (P?3)
grew over time to about 40 mol % after six weeks storage at
—30°C (see Figure 9). In diluted solutions of crystalline 3a or
5 (0.013 to 0.014m), only P;I;* was visible after 90 days’
storage at —30°C (Figure 9).

+

Pl : PyL
=11.1:1

ﬂ il

100 50 0 -50 -100 -150 -200
S/ppm

Figure 9. Solution *'P NMR spectra of [P,I;]*[Al(OR),]~ (3a) in CD,Cl, at
183 K. Time and concentration dependence of the P;ly" formation.
a) 0.095m solution of [P,Is][AI(OR),] after 12 hours’ storage at —30°C;
b) 0.095Mm solution of [P,I;][AI(OR),] after 21 days’ storage at —30°C;
¢) 0.095M solution of [P,I;][AI(OR),] after 42 days’ storage at —30°C;
d) 0.014 ™ solution of [P,I5][Al(OR),] after 90 days’ storage at —30°C.

The broad singlets of P,Is™ with no visible P—P coupling
suggest that this cation is in rapid intermolecular exchange
with another species. However, although a chemical-shift
range of 6(*'P) =+ 1200 to — 1000 ppm was scanned at several
temperatures and with several independently prepared sam-
ples, no additional signal(s) apart from P,I5* or P;I;" were
observed.’”l However, stoichiometry requires the formation
of a more highly oxidized cation with a lower P and higher I
content than P,Is* (PM™). The only known P—I cation that
fulfills this prescription is PI;* (PY). Therefore the free
energies AG of a disproportionation according to Equa-
tion (7) in Table 8 were assessed in the gas phase and in

Table 8. Free energies of dissociation of P,I5* at +25, —30, and —80°C [in
kJmol™'].

Temperature [°C]

Equation (7) +25°C —30°C —80°C

2P, (P) — Pylgt (P2) 4+ PL* (PY) AG,, —263 423 571
2P,I5* (PU) - Pyt (P22) + PI; (PY) AGema, —546 141 2.88

CH,CIl, at +25, —30, and —80°C based on the MP2/TZVPP
and COSMOM™I calculations. The thermal and entropic
contributions to the free energy AG at several temperatures
were calculated by Gaussian98.[4 64

An isodesmic calculation as in Equation (7) is expected to
be highly accurate due to substantial error cancellation.
Including the zero-point energy (ZPE), thermal corrections to
the enthalpy, and entropic contributions to the free energy,
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Equation (7) is slightly exergonic in the gas phase and in
CH,Cl, at +25°C. Upon cooling, entropy slightly favors
the P,Is* side (by 1.41 kJmol! at —30°C). With the AG =
—nRTInK relationship, an equilibrium constant K of 0.57
resulted for the storage temperature of the samples at —30°C.
Given the concentrations of the NMR samples of 0.095 and
0.013 mol L, it can be shown! that in the less concentrated
0.013 M sample only the NMR shifts of the right hand side of
Equation (7) are observed, while in the more concentrated
0.095 m sample, a slow disproportionation became evident,
and both sides of the equilibrium were visible in the NMR
spectrum.P8 However, PI,* itself gives a clear 3P NMR signal
at 0 =—475 ppm with a half width of 330 Hz at —50°C.
However, we showed that by exchange processes, for example
with P15, the signal of the PI,* cation broadened by a factor of
four and resulted in a bad signal-to-noise ratio. However, PI;
is almost insoluble in CH,Cl, at low temperatures and even a
little dissolved PI; is sufficient to considerably broaden the
signal. It is therefore reasonable to propose that a compound
such as P,I5™, which is highly soluble at low temperatures, in
exchange with PI,* should lead to a more pronounced line
broadening. Therefore we propose—in agreement with the
calculations and the absence of P—P coupling in the broad
singlets of P,I5" in Figure 9—that due to exchange processes
with P,Is*, the PI,* cation in Equation (7) is invisible on the
timescale of NMR spectroscopy. Attempts to verify this
hypothesis by solution Raman spectroscopy of a solution of
3a in CD,Cl, (0.1m) failed due to fluorescence and low
intensities of the cations in question. An experimental proof
of Equation (7) could therefore not be given, and the
disproportionation remains an, albeit reasonable, hypothesis.
Similar (reversible) disproportionation reactions are known
for [Seql,]* [AsFy]~, (6). Dissolution of single crystals of 6 in
SO, reversibly gave at least 15 different cations as shown by
7Se NMR spectroscopy.?® Also the Sg@* dication in
[Ss]*[AsF4]~, (reversibly) disproportionates in SO, to give
various sulfur cations.*] The related and structurally similar
Sb,Mes* cation interconverts rapidly in solution.[*!!

Coalescence of P,Is*: A room-temperature 3P NMR of a
freshly prepared solution of 3ain CD,Cl, showed only a broad
signal at 0(*'P)=35 (¥,,=1580Hz) that vanished upon
cooling to 253K (= coalescence temperature). Further
successive cooling to 193 K again showed the two independ-
ent P nuclei in L,PA—PBL;* at 6(*'P) =126 (P*) and — 156 (P®)
(figure deposited). The free activation energy for the process :
LPA-PBL* — LPP—PALY  AG*=38kJmol ' ®)
was estimated by using the Eyring equation® to be
38 kJmol L

3P NMR of P,Brst: The P,Brs* cation in 3b appears to be
even more dynamic than the P,Is™ cation. In several NMR
samples of crystalline 3b even at temperatures of — 90 °C only
broad signals at 0(*'P)=228, 155, and 45 were observed
(Figure 10). No further signal was visible between + 1300 and
—1000 ppm at —90, —80, —70, —50, and —30°C. Already
upon warming to —50°C, the two signals at 6(*'P) =228 and
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Figure 10. Solution 3'P NMR spectrum of crystalline P,Br;*[AI(OR),],
3b, in CD,CL, at —90°C

300 250

45 vanished leaving the resonance at = 155 ppm as the only
remaining signal. To obtain a reliable comparison for the
assignment of the *P NMR shifts of the dissolved P,Brs*
cation, we recorded the 3'P MAS spectrum of solid 3b at room
temperature shown in Figure 11.

P ——
I T 7 T T T
168 166 164 J J
T T T
48 46 44
L L e
200 150 100 50 0 -50

1)
Figure 11. 3P MAS NMR of 3b at RT with 25 kHz spinning frequency.

This shows that the two phosphorus atoms in P,Brs™ appear
as doublets at 0(*'P)=46.5 (PBr; moiety) and 166.7 (PBr,
moiety) with YJpp =503 Hz. In contrast, the low-temperature
solution NMR spectrum of 3b shown in Figure 10 indicated
rapid exchange of the dissolved P,Brs™ cation.

Comparing the signals in Figure 10 with those of the solid-
state NMR spectrum in Figure 11 indicates that the two

signals at (*'P) =155 and 45 in CD,Cl, at 193 K in Figure 10
are due to rapidly exchanging P,Brs*. A possible tentative
assignment of the third signal at O0(*'P)=228 could be
exchanging PBr; (cf. d('P) of free PBr; is 228). Upon
warming the compound to 193 and 203 K, the signal at 0 =
228 ppm moves to higher field, to 210 ppm. Alternatively,
however, the signal at 0(*'P; 193 K) =228 could be due to
another isomer of P,Brs", and the similarity of this shift and
that of PBr; might only be a coincidence. To investigate this
possibility, several other P,Brs* isomers were fully optimized
at the MP2/TZVPP level, and their relative energies in
CH,CI, were calculated. The MP2 geometries are shown in
Figure 12, and the total and relative energies are shown in
Table 9.

O7

(109

A(C)

E(C)

007 ik

Figure 12. The geometries of six P,Brs" isomers A—F optimized at the
MP2/TZVPP level. Computed partial charges are given in italics.

An analysis of Figure 12 and Table 9 shows that the
experimentally found isomer A is the global minimum of all
the assessed species. Free rotation around the P—P bond to
give isomer E [U,,,(gas, 0 K) =+21.35 kImol~'] is very likely
in solution; however, it does not explain the third observed
NMR shift. The relative energies of the MP2 calculations of
all isomers B—D and F are at least 61.96 kI mol~! higher in
energy than isomer A. This shows that the signal at 6(°'P;
193 K) =228 is not due to another isomer of P,Brs* and must
be assigned to PBr;. But where does the free PBr; originate
from ? Hydrolysis was ruled out by preparing several samples

Table 9. Total and relative energies of six P,Brs* isomers A —F at the MP2/TZVPP level.

Type

P,Brs* Isomers A (Cy) B (C,,) C (Cy) D (C,) E (C) F (C,)
MP2/TZVPP: U [a.u.] —13544.51217 —13544.47448 —13544.47902 —13544.45696 —13544.50404 —13544.47650
ZPE (MP2/TZVPP) [a.u.] 0.00830 0.00702 0.00714  Nimag =1L Nimag = 1l 0.00709
H,,, (BP86/SVP) COSMO™! [a.u.] —0.06013 —0.06177 —0.06131 - - —0.06114
PM3: Thermal + Entropict* [a.u.] —0.03859 —0.04133 —0.04580 - - —0.04134
U, (gas, 0 K) [kJmol™'] 0.00 98.96 87.05 144.96 21.35 93.64
G,..(CH,Cl,, 298 K) [kJmol~'] 0.00 84.07 61.96 - - 80.58

[a] U(gas, 0K) denotes the relative internal energy at 0 K. [b] G, (CH,Cl,, 298 K) denotes the relative free energy in CH,Cl, solution at 298 K.

[c] Transition state with one imaginary frequency.
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of crystalline material of different batches—all samples gave
the same spectra as the one shown in Figure 10. Therefore an
equilibrium according to Equation (9) might possibly be the
reason for the presence of PBr; in the solution NMR spectrum
of 3b:

P,Brs* + CH,Cl, = PBr; + PBr,*(CH,CL,) )

The 3P NMR shift of the naked PBr," cation would be
expected to occur in the range between 6=+500 to
+1000 ppm and therefore a coordination of at least one
molecule of CH,Cl, was also assumed. DFT and MP2
calculations of several isomers of PBr,"(CH,Cl,) showed that
i) coordination of one molecule of CH,Cl, is exothermic
(exergonic) by about 75 (50) kJmol~! and ii) coordination of
one molecule of CH,CI, leads
to an upfield shift of several
hundred ppm versus the calcu-

24 20 16

165 160 -234  -238

- | | ~

400 200 0 -200 -400 -600
S5/ppm

Figure 13. 3'P NMR spectrum of 4b in CD,Cl, at —70°C.

Table 10. Summary of the P NMR shifts of the known binary P—X cations. P4, Py, and P denote the following
nuclei: P,X,", X,Po-PpX;*, and X,PA(Pg),(Pc),*.

lated 3'P NMR shift of PBr,* of

b - Compound O('P,) O('Pg) O(*'Pe)
about +900 ppm. e exact N ~
chemical shift of PBr,"(CHLCL) i’ o i OBR - -
will be strongly affected by  pBr,*[Al(OR),] 1b —83 (283K) _ B
spin—orbit effects,® which  PBr,*AsFy — 83l - -
may lead to a further upﬁeld P,I;[AI(OR),]” 3a +126 (183 K) —156 (183 K) -
shift. However, also carefully Pl AlL, + 1145 1420 -

. . , P,Brs*[AI(OR),]- 3b +165.7 (Upp =503 Hz)l® 44655 (pp =503 Hz)ll _
scanning a chemical shift range  p g;.+[AI(OR),] 3b +155 (183K, br) +45 (183 K, br) -
of +1300 to —1000ppm at  P,L'[AI(OR),] 4a ~ 89 (193K) +168 (193 K) ~194 (193 K)
several temperatures between  PsBr,[Al(OR),]” 4b +23 (193 K) +163 (193 K) —236 (193K)

—90 and —30°C, we never
observed another NMR signal
that could be assigned to
PBr,"(CH,Cl,). It appears that, due to exchange with PBr;
and the CH,Cl,, the signal due to PBr,*(CH,Cl,) is invisible in
the NMR spectrum. A chemical hint for the possible presence
of PBr,"(CH,CL,) in solution as an intermediate was given by
the following reaction of [P,Brs][AI(OR),]~ with P, kept at
—80°C [Eq. (10):

[a] Solid-state MAS NMR at RT.

P,Brs'[AI(OR),]” + P, — P;Br,'[Al(OR),]” + PBr, (10)

Possibly the proposed PBr,"(CH,Cl,) intermediate reacted
with the P, molecule by insertion into the P—P bond to give
the PsBr," cation. The actual spectrum has been deposited. No
other *'P NMR signal of an in situ reaction as in Equation (10)
kept at —80°C was observed in the —90°C P NMR
spectrum. Therefore, Equation (10) provides evidence for
our proposal that dissolved P,Brs™ might be in equilibrium
with PBr; and PBr,"(CH,Cl,); however, it must be concluded
that the solution behavior of the P,Brs" cation is complex and
only partly understood. Therefore the equilibrium according to
Equation (9) remains only a reasonable working hypothesis.

3P NMR of P;X,": In contrast to 3a and b above, 4a and b are
rigid at room temperature and have a first-order spectrum.
The structure of the C,,-symmetric Ps cage of 4a,b followed
from the 3'P NMR spectrum of the PsX,* cations (X =Br, I;
PsBr," spectrum shown in Figure 13).

As shown in Table 10, the position of the PX, moiety in
P;X,* is shifted considerably from O0(*'P) =+23 (X=Br) to
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O('P)=—-89 (X=I) due to an effective Fermi contact
mechanismP that is also responsible for the extreme upfield
shift of the PI,* cation (3(*'P; 1a) = — 475, see above).

Thermodynamics of the formation of PX,", PX,", P,I;",
P,Xs, and P;X,": The thermochemistry of the formation of
the P—X cations was assessed in the gas phase and in CH,Cl,
with the COSMO model by including approximate free
solvation energies.[*¥l All values given include the ZPE and
thermal corrections to the enthalpy (H) or the free energy
(G)* at a temperature of 298 K [Egs. (a)—(h) in Table 11].
To establish the quality of the calculations, we independently
calculated A.H*3 for the reaction of gaseous P;*+ Br, —
PBr," +0.5P, [(Eq. (11)] based on the published enthalpies
of formation at 298 KI* 4 53

P;* +Br, — PBr," +0.5P, (11)
AH* = —148 kI mol~'(*] (enthalpies of formation)
AHY = —142 kI mol-! (MP2/TZVPP)

Our MP2 value of —142 kJmol™! and the enthalpy from
Equation 10 (derived from the experimentally determined
heats of formation) of — 148 kImol '] agree very nicely
within 6 kJmol~!. Therefore it is reasonable to suggest that
that the enthalpies of reactions collected in Table 11 below
will be accurate to a similar order of magnitude. The
thermochemistry of the formation of all the cations prepared
here is presented in Table 11, below.

0947-6539/02/0819-4485 $ 20.00+.50/0 4485





I. Krossing et al.

FULL PAPER

Table 11. MP2/TZVPP calculated enthalpies and free energies!*! of reaction at 298 K [kJ mol~!] for the formation of the P—X cations (X = Br, 1) in the gas
phase and in CH,Cl, (COSMO model).**l The values in parenthesis include the formation of solid AgX.

Reaction X=1: AH g

+43.9 (—153.0)
—177.6 (—374.5)1

X =Br: AH gy

+91.9 (— 125.5)l)
—183.0 (—400.4)0]

X=I: AGcnay

+63.6 (—100.3)
—69.8 (—233.7)

X=Br: A,Gcn,a,

+81.5 (—101.8)1
—102.4 (—284.7)l

(a) Ag" + PX; - PX," + AgX
(b) Agt + X, + PX; - PX," + AgX

(c) PXy* + X, — PX,* —217.1 —2749 —1335 —183.9

(d) Ag" + 2 PX, —P,Xs" + AgX —177.7 (- 374.6)1 —99.7 (=317.1)1 —42.8 (—206.7) +03 (—182.0)4
() PX," + PX, —P,X;* —2216 — 1916 —106.5 —812

(f) Ag* + P, + PX; —PX," + AgX —145.5 (—342.1)8 —112.3 (—329.7)1 —49.6 (—213.5)¢ —32.7 (~215.0)
(&) PX;* + P,—P:X,* — 1886 —210.6 1132 —1142

(h) Ag* + P, > P,I;+ + AgX +14.6 (—182.3)l - —6.7 (—170.3) -

[a] The enthalpy for the process Agl,, — Agl is —196.9 kImol~". [b] The enthalpy for the process AgBr(,, — AgBris —217.4 kImol . [c] The enthalpy for

the process Agloy) — Agl, in CH,Cl, is —163.6 kImol . [d] The enthalpy for the process AgBr(,, — AgBr(, in CH,Cl, is —182.3 kTmol .

From Equation (a), the intermediate presence of PX,"
follows when the formation of solid AgX is assumed.
However, this cation rapidly reacts with X,, PX;, or P,
according to Equations (c), (e), or (g) to give PX,*, P,X;T,
and PsX," so that the overall reactions as in Equations (b),
(d), or (f) are highly favored. The intermediate formation of
P,I;* from P,I, and Ag" proposed above appears very likely
since reaction (h) in Table 11 is exergonic in solution even
without formation of solid Agl, which further favors the
formation of P,I;".

Structure and bonding of the P—X cations:

The PX," cations: As seen by the good agreement between
experimental and MP2-optimized geometries, the PX," cat-
ions in 1a,b represent naked isolated cations similar to the gas
phase situation (see Table 12). The phosphonium character of
the P atom in PX," is evident from the calculated partial
charges, which grew from Ag =+ 0.38 to +0.59 on going from
PMX, to PVX,* (Table 12). Compared with PX;, the P—X
bonds are shortened by 0.06 to 0.11 A. This is also reflected in
the increase in the calculated SENs of the P—X bonds, which
grew from 1.03-1.06 in PX; to 1.09-1.12 in the PX," cations.
Both are attributed to the higher charge of and therefore the
contracted orbitals of the PY center in PX,*, which also lead to
higher coulombic contributions to the bonding here than in
PWX, (cf. P and X partial charges).

Pentavalent neutral PVI; is unknown[ “l—however, it may
be I, PL;—and it was argued that the positive charge
stabilizes the PI,* cation against the loss of I, and formation of
the unstable PL,".

The P,X;* cations: Two competing simple bonding descrip-
tions of the P,Xs" cation are possible and shown in Scheme 2:
either a) the tetracoordinate phosphorus atom is a phospho-
nium center, and therefore the P—P bond lengths fall into the

P.XS(C)

/Trivalcnt Phosphorus\‘

;P//x+//x
AN 4N

Phosphonium
Adduct

Scheme 2. Possible bonding descriptions of the P,Xs" cation: phospho-
nium cation or Lewis acid base adduct.

normal range of a P—P single bond (about 2.21 A) or b) the
P,X" cation may be described as a Lewis acid base adduct of
the PX," cation acting as a Lewis acid toward the PX; Lewis
base. Therefore a longer dative P—P bond is expected as, for
example, in the Mes*NP*«— PPh; cation, in which the
Mes*NP* acid is stabilized by a PPh; base; this leads to a
long dative P—P bond length of 2.625(2) A (Mes* =24,6-
Bu;CeH,).#7]

In the solid state, the normal to slightly elongated P—P bond
lengths of 2.22(1) to 2.246(3) A in 3a)b, 5, and P,Ij[All]?
clearly show that the phosphonium description as in Scheme 2
is correct (see structural data in Table 13). However, DFT and
HF-DFT calculations considerably overestimate the lengths
of the P—P bond by 0.1 to 0.2 A regardless of the type and size
of the basis sets employed,[® that is also with flexible all-
electron basis sets or quasi-relativistic ECP cores and a
flexible description of the valence electrons. DFT and HF-
DFT calculations appear to favor the Lewis acid base
description, as in Scheme 2, while MP2 gives a phosphonium
species that was also observed in the solid state. The
ambiguity of the bonding of the P,Xs" cations is also reflected
in their unusual solution behavior. P,Is" slowly dispropor-
tionates into the reduced P;I* and the oxidized PI,*, while

Table 12. Experimental and MP2/TZVPP-calculated structural parameters of the PX,* cations (X =Br, I) in PI,AICl,, PBr,Br, and 1ab.

Parameter la PL,AICL, MP2 1b PBr,Br MP2
P—X,, [A] 2.3700(4) 2.368(4) 2.373 2.1106(9) 2.15(3) 2.130
P—Xnge [A] — 2.361(4)-2.372(4) - - 2.13(3)-2.17(3) -
X-P—Xange [°] 109.1(1)-109.6(1) 108.4(2)-110.1(2) 109.5 109.2(1)-109.9(1) 107.9(16)-110.0(10) 109.5
q(P) - - +0.4802 - - +1.10!
q(X) - - +0.130] - - —0.03M
SEN(P—X) - - 1.091] - - 1.12

[a] PI; values for comparison: g(P)=0.11, g(I) = — 0.04, SEN(P—I) = 1.06. [b] PBr; values for comparison: g(P)=0.51, ¢(Br)=—0.17, SEN(P—Br) =1.03.
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Table 13. Experimental and MP2/TZVPP-calculated structural parametersl®? of the P,Xs* cation (X=Br, I) in
P,I;All,, 3ab and 5.

with a high +0.89 (+0.47) par-
tial charge residing on the phos-

Parameter 32(200K) 5 P,L;AlL MP2 3b(200K) 3b(150K) MP2 phonium atom P1 and lower
P1-P2 224(1) 2.240(7) 2.22(1) 2253 2.248(7) 2.246(3) 2064  Ccharges of +0.05 (+0.15) on
P1-X1 2.378(7) 2394(4)  2399(9) 2375 2.169(6) 2.129(2) 2139 P23 or +0.10 (+0.13) on P4,5.
P1-X2 2361(7) 2390(4) 2399(9) 2.376 2139(6) 2115(2) 2.142 The more electronegative Br172
P1-X3 2.367(8) 2369(4)  2409(10) 2376 2.156(6) 2.129(2) 2142 ioms are slightly negative
P1-X,,; (av.) 2.369 2.384 2.403 2376 2154 2124 2141
P2-X4 2.48(1) 2460(5)  2.420(9) 2413 2.158(6) 2.199(3) 2192 (=0.09 or —0.02). The shorter
P2-X5 2.43(1) 2.451(4) 2.419(9) 2413 2.221(6) 2.184(3) 2192 P—P bond lengths of 2.156(7) A
P2-X, 5 (av.) 2.455 2.455 2.420 2413 2.190 2192 2192 around the tetracoordinate P1
mrix 1015 10040 - 030 106® 10010y  oes  Cuom are mot reflected in an
P2-P1-X3 104.7(4) 103.8(2) - 1050 1046(3) 106.4(1) 106.8 increase in the SEN of the P-P
P1-P2-X4 92.3(4) 953(3) - 97.0 93.2(2) 95.1(1) 95.1 bond and all SEN(P-P) in
P1-P2-X5 92.6(4) 94.6(3) - 97.0 91.4(2) 93.7(1) 95.1 PsBr," (PsI,*) range from 1.21
X1-P1-X2 104.5(3) 110.7(2) 108.4(4) 1102 109.4(2) 108.8(1) 109.5 to 127 (120 to 126) (cf.
X2-P1-X3 113.9(3) 108.4(2) 108.8(4) 1090  117.0(2) 110.5(1) 109.1 SEN(P,)=126). Therefore it
X3-P1-X1 110.7(3) 110.9(2) 109.3(4) 1102 1109(2) 109.5(1) 109.5 o ;
X4-P2-X5 102.2(4) 104.1(3) 103.8(4) 105.3 112.8(2) 104.2(1) 104.5 is likely that the shortening of
the P—P,; bond lengths by
about 0.05 to 0.07 A is due to

e
[a] Labeling as in /Pi—P
X5

e

P,Br;*, with a slightly longer and thus weaker P—P bond*!
than P,Is* (Table 13), appears to be in equilibrium with
PBr,*(CH,Cl,) and PBr;. Both observations and calculations
indicate that the P—P bond resides in a shallow potential
where larger deviations from the equilibrium geometry only
lead to small increases of the overall energy. This may be
attributed to the partially m-bonded nature of the free PX,*
cation, in which the formation of one additional  bond
compensates for the loss of a P—P ¢ bond (Figure 14) and
therefore accounts for the difficulties in computationally
modeling the P,X;* cations as well as the observed dissoci-
ation reactions of the P,Xs" cations in 3a,b.

The P;X,* cations: The Ps cage of 4ab is without prece-
dence,®™ and the range of the P—P bond lengths in the
PBr,* cation of 2.150(7) to 2.262(8) A resembles values
found for P—P single bonds as in P, (2.21 A) or Ag(P,),"
(2.15 to 2.32 A).10. 11 The P—Br distances of 2.140(3) A are
short relative to d(P-Br)=222 A in PBr;. Ab initio MP2/
TZVPP and HF-DFT MPW1PW91/6-311GG(2df)[*-> calcu-
lations reproduced the solid-
state geometry of PsBr,™ to
within 0.024 A and 1.2°. P;Br,*

separations in A and angles in °.

the onium character of P1, with

contracted orbitals and a small-

er covalent radius leading to the

shorter P—P bonds but no in-
crease in the bond order or the SEN.

PX,"— An intermediate on the pathway to PX,", P,X5", and
Ps;X,"? We have shown above that the intermediate formation
of PX," cations is thermodynamically possible if the (ob-
served) formation of solid AgX is assumed (Table 11).
Intermediate PX," formation is also in agreement with the
observation that AgX is immediately formed when solid or
liquid PX; is added to solutions of AgAl(OR), in CH,Cl, at

7 '\ ’
x// x X 1 X m + nb
X
- \
5xP-Xo 5xP-Xo Y/g\g % b.
1xP-Po 1xP-Xn

Figure 14. Compensation for the P—P ¢ bond in P,Xs* by an P—X 7t bond in
PX,* upon dissociation; bonding (b), nonbonding (nb), and antibonding
(ab) @ MOs of PX,".

Table 14. Structural parameters of the PsX,* cations averaged according to local C,, symmetry (X=Br, I);

is a true minimum at both

. Param. P,Br," Exp. P,Br,* MP2kl P,Br," MPW1PW910l’l P,L,+ MP2k!
levels; calculated and experi-
mental structural parameters P-X Br: 2.140(3) Br: 2.163 Br: 2.164 1: 2.383
. P-P,; 2.156(7) 2.167 2171 2.181
are compared in Table 14. For
1p : I 2.239(8) 2.259 2239 2254
comparison the MP2/TZVPP-  p_p, 2211(8) 2202 2194 2229
calculated PsI,* geometry is  X-P-X Br: 106.4(2) Br: 105.8 Br: 106.1 I: 1085
also included. 113213I—)P1I—)X Br: 1;411‘7‘8; Br: 1;4212 Br: 1;(5)8 I: 1;35
_ _ 2-F1-I3 B 8 - B
.The calculated quy Da PP, P, 83.003) .0 $31 @1
d NBOM I ch =
vidson ( ) partial char-  p) - +0.89 +0.470 +0.57
ges at the MP2 (HF-DFT) level  4(p,5) - +0.05 +0.151 +0.05
suggest that part of the unipos-  (Pss) - +0.10 +0.13¢ +0.09
q(X) - ~0.09 —0.021 +0.07

itive charge of the PsBr," cation
is delocalized over the Ps cage

Chem. Eur. J. 2002, 8, No. 19

[a] TZVPP basis set. [b] 6-311G(2df) basis set. [c] NBO charges at the MPW1PW91/6 —-311G(2df) level.l'
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—78°C. The following reactions of the PX,* cation inter-
mediates with X,, PX;, and P, are highly exothermic and
favored by —191.6 to —274.9 kJmol~! (A.H in the gas phase,
see Table 11). We understand the formations PX,", P,Xs",
and PsX,* as well as P;I;*"l to be insertion reactions of the
electrophilic carbene-analogous PX," intermediate into the
bonds of X,, PX;, P,, and P,I, as shown in Scheme 3.

X=X +

" PXy
M P2X5+
PXs + Agw — OPX," —

P Y

L]~

L— P

Scheme 3. PX," insertion reactions. Bonds where PX," is assumed to insert
are labeled with an arrow.

The intermediate presence of PX,* cations was further
supported by the solution behavior of P,Brs*; here the P,Brs*
cation in 3b served as a PBr,* source when treated with P, at
—80°C and gave PsBr," and PBr; (*'P NMR at —90°C, see
above). The carbene-like behavior of PR,* cations (R =H, Cl,
NH,, OH, SH, organo) was earlier investigated on theoretical
grounds.Y In agreement with our results, it followed from this
paper that only for electronegative ligands R with little it back
donation—that is, R = H, Cl—should the PR,* cation act as an
electrophilic carbene analogue with a HOMO mainly residing
on the phosphorus atom. With stronger ©t back donation, as
for R=0H, NH,, the HOMO is centered on the oxygen or
nitrogen atoms.”!l We consistently calculated lower SENs of
1.35 to 1.38 for the P—X bonds in PX," (expected: 1.50) and
higher positive partial charges of +0.39 to +0.73 to reside on
the P atoms; a visualization of the MOs of PX," at the MP2
level verified that the HOMO is P-centered.

Stability of the AI(OR), anion in comparison with EFs~ (E=
As, Sb): Previous attempts to prepare P,I5* salts by reaction of
I;*MF,~ (M= As, Sb) with P,I, in various solvents failed,
leading to immediate decomposition and formation of PF;, I,,
and MI; even at —78°C.’”l The more stable PI,*MF,~ salts
were also shown to decompose in the solid state at around
0°C.1%l To put this qualitative picture on a quantitative basis,
we assessed the decomposition of the hypothetical
[P,Is]*[AsF,]~ based on the published enthalpies of formation
of gaseous AsFy~ (—1919 kJmol 1), gaseous PF;
(—958.4 kJmol 1), solid Asly (—58.2 kJmol ), and solid
L, (0kImol™)" as well as our enthalpy of formation of
gaseous P,Is* (749 kI mol ') assessed above and the estimated
lattice potential enthalpy AH,, of a hypothetical
[P,Ls]*[AsF;] salt (427 kJmol 1)l as in Scheme 4.

From Scheme 4 it follows, in agreement with experiment,?!
that a hypothetical solid [P,I5]"[AsF,]~ salt is unstable toward
decomposition into 2PF;,, solid Asl; and I, by 379 kJmol .
This instability may be contrasted with the fact that solid
samples of 1a,b and 3ab are stable at room temperature for
days. The isolation of 1a,b, 3a,b, and 4ab is therefore only
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Pals’(g) + AsFe (g)
AHf = +749 -1919

l AHL att. = -427
Pals AsFg (s)
AHf = -1597

AHr =-379

2 PF3(g) + Asla(s) *+ lx(s)

AHf = -958.4 -58.2 0

Scheme 4. Scheme used to estimate the enthalpy of reaction for the
decomposition of solid P,Is* AsF,~ into 2 PF; ), solid Asl; and I,. All values
given are in kJmol~!, and the enthalpies of formation AH, at 298 K are
written below the respective species.

consequent, and due to the higher (kinetic) stability of the
Al(OR),™ anion relative to the MF¢~ class of ions.

Conclusion

Silver-salt metathesis of Ag[Al(OR),] with PX; generated the
highly reactive PX," intermediates. For R = CH(CF;),, all
generated cations fully decomposed the anion, but with R =
C(CF;); moderately stable P—X cation salts were obtained.
The PX," intermediates acted as an electrophilic carbene
analogueP! and inserted themselves into the X—X, P—X, or
P—P bond of X,, PX;, or P, to quantitatively give stable but
highly electrophilic and soluble PX,*, P,Xs", and phosphorus-
rich PsX,* [ as well as subvalent Pyl salts of the weakly
basic AIJOC(CF;);],~ anion. Previously PX,* cations (X =Cl,
Br, I) were only investigated in the gas phase.P>% 3
Dissolved P,Xs* is fluxional on the timescale of 3'P NMR
spectroscopy and disproportionates for X =1 in a time- and
concentration-dependent manner into the reduced P;I¢* and
an oxidized species that was assigned as PI,*. P,Brs* is even
more fluxional than P,Is* and may be in equilibrium with
PB1," 01,y and PBr;. The loss of one P—P ¢ bond energy
upon dissociation of P,Brs" is partially compensated for by
P—Br zm-bond formation in PBr,*, which may facilitate the
dissociation. The phosphorus-rich PsX," cations are the first
binary P—X cations that include a phosphorus cage and are the
closest approximation of the homopolyatomic phosphorus
cations, which are as yet unknown on a preparative scale.l
Further efforts will be directed toward the synthesis of new
examples of P-rich binary P—X or pure P cations.

Silver-salt metathesis reactions of the very reactive Ag[Al-
(OR),] salt with elemental halides provide an alternative
approach to polyatomic nonmetal cations that are conven-
tionally prepared by direct oxidation with strong one- or two-
electron oxidizers such as PtF,, WX, (X=F, Cl), MF; M =
As, Sb,[*%I Nb, AuP!) or strong Lewis acids such as AlX; (X =
Cl, Br, )%l and transition metal halides or oxohalides.’® The
silver-salt metathesis approach allows reduced subvalent
cations that are difficult to prepare by oxidative approaches
to be stabilized. Moreover, the AI(OR),” salts are highly
soluble in moderately polar solvents such as CH,Cl, even at
low temperatures and therefore allow the often fluxional
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cations to be studied in detail by low-temperature NMR
spectroscopy.

Experimental Section

All manipulations were performed by using grease-free Schlenk or dry-box
techniques and a dinitrogen or argon atmosphere. All apparatus were
closed by J. Young valves. The solvents were rigorously dried over P,Os,
stored under N, on molecular sieves (4 A), and degassed prior to use. PI,
and P,I, were prepared from stoichiometric amounts of (sublimed) P, and
iodine in CS, solution and their purity was checked by Raman spectroscopy.
PBr; was purchased from Merck and distilled prior to use. Yellow P, was
melted, filtered through a fine sintered-glass frit and sublimed prior to use.
The silver aluminates Ag[AI(OR),] were prepared according to the
literature.l”’ Raman and IR spectra were recorded with a 1064 nm laser
on a Bruker IFS66v spectrometer equipped with the Raman module
FRA106. IR spectra were recorded in Nujol mull between Csl plates, and
Raman spectra were obtained from solid samples sealed in a melting point
capillary or (better) a S mm NMR tube. NMR spectra of sealed samples
were run on a Bruker AC250 spectrometer and were referenced to the
solvent (3C) or external C¢Fy (°F), H;PO, (°'P), or aqueous AICl; (YAl).
The 3P MAS NMR spectrum was obtained on a Bruker DSX400
spectrometer with a frequency of 161.97 MHz and a spinning frequency
of 25000 Hz, d1 (trigger time) 360 s; standard: 1M H;PO,. Data of the
vibrational spectra were included into the text (cations) or were deposited
(anion bands).

Synthesis of [PL]T[AI(OR),]- (1a): Ag(CH,CL)[AI(OR),] (0.747 g,
0.64 mmol), I, (0.163 g, 0.64 mmol), and PI; (0.265 g, 0.64 mmol) were
weighed into one bulb of a single-piece apparatus.®® CH,Cl, (ca. 20 mL)
was condensed onto the solid mixture at 77 K, and the resulting suspension
was stirred overnight at —30°C. The resulting orange solution was filtered,
concentrated to about 5 mL, and cooled to —30°C overnight. Large orange
blocks of PI,*[Al1(OR),]~ (1a) crystallized and were isolated (0.83 g, 86 %).
BCNMR (63 MHz, CD,Cl,, 25°C): 6 =121.7 (q, CF;, Jop = 293.3 Hz); 77Al
NMR (78 MHz, CD,Cl,, 25°C): 6=38.8 (s, 7#,,=9Hz); *P NMR
(101 MHz, CD,Cl,, —50°C): 6 = —475 (v,, =330 Hz).

In situ NMR reaction according to Equation (1): Ag(CH,CL,)[Al(OR),]
(0.108 g, 0.093 mmol), I, (0.028g, 0.110 mmol), and PI; (0.039 g,
0.095 mmol) were weighed into a NMR tube glass-blown onto a valve.
CD,Cl, (0.7 mL) was condensed onto the mixture at 77 K, and the sealed
tube was then stored at —30°C and occasionally heavily shaken. Solid
yellow Agl formed in an orange-brown solution. 3'P NMR spectra of this
sample were recorded after 12 h and showed the (broad) signal of PI,*,
shown in the upper trace of a deposited figure (6(*'P; —50°C) = —475 (s,
1P, 7,,=1370 Hz)).

Synthesis of [PBr,]"[AI(OR),]- (1b): Ag(CH,CL)[AI(OR),] (0.661 g,
0.57 mmol), Br, (0.03 mL, 0.57 mmol), and PBr; (0.054 mL, 0.57 mmol)
were put into one bulb of a single-piece apparatus.*® CH,Cl, (ca. 7 mL) was
added to the mixture at —78°C, and the mixture was stirred overnight at
—30°C. The resulting slightly yellowish solution over colorless precipitate
(0.106 g, calcd AgBr: 0.107 g) was filtered, concentrated to about 5 mL, and
cooled to —30°C overnight. Long colorless needles of PBr,*[AI(OR),]~
(1b) crystallized and were isolated (0.198 g, 26 % ). The yield was improved
by further concentration of the filtrate and cooling to —30°C to give
another 0.324 g of 1b, a total yield of 69%. *C NMR (63 MHz, CD,Cl,,
+10°C): 6 =121.5 (q, Jer=293.4 Hz, CF;); F NMR (376 MHz, CD,Cl,,
+10°C): 6=-73.7; Al NMR (78 MHz, CD,Cl,, +10°C): 6=36.2 (s,
7,,=11 Hz); 3P NMR (101 MHz, CD,Cl,, +10°C): 6 = —83.

Attempted in situ preparation of [P,I;]'[AI(OR),]: Ag(CH,CL)-
[AI(OR),] (0.182 g, 0.157 mmol), I, (0.040 g, 0.157 mmol), and PI; (0.130 g,
0.314 mmol) were weighed into a NMR tube glass-blown onto a valve.
CD,Cl, (0.7 mL) was condensed onto the mixture at 77 K, and the sealed
tube was then stored at —30°C and occasionally heavily shaken. Solid
yellow Agl formed in an intensely brown-red solution. 3'P NMR spectra of
this sample were recorded after 12 h and showed the very broad signal of
PL* (0('P; —90°C) = —475). In a preparative reaction—Ag(CH,CL)[Al-
(OR),] (0.243 g, 0.210 mmol), I, (0.053 g, 0.210 mmol), and PI; (0.172 g,
0.420 mmol) in CH,Cl, (10 mL)—Ilarge amounts of PI,*[AI(OR),]~ (1a)
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crystallized from the filtered and concentrated solution (unit cell determi-
nation, NMR) while unreacted PI; remained with the insoluble compounds
(Raman).

Synthesis of [P,Is]*[AI(OR),]- (3a): Ag(CH,CL)[AI(OR),] (1.966 g,
1.695 mmol) and PI; (1.396 g, 3.391 mmol) were weighed into one bulb of
a single-piece apparatus.l’®®! CH,Cl, (ca. 35 mL) was condensed onto the
solid mixture at 77 K, and the resulting suspension was stirred at —30°C
until all visible PI; was consumed (1-2 h). The resulting yellow solution
over Agl was filtered, and all volatile compounds were removed in vaccuo
to leave P,I5*[AI(OR),]~ (3a) as a yellow powder (Agl + 3a calcd: 3.218 g,
found: 3.180 g). Isolated yield of 3a: 2.383 g (85%); *C NMR (63 MHz,
CD,Cl,, 25°C): 6=122.0 (q, Jor=292.9 Hz, CF;); Al NMR (78 MHz,
CD,Cl,, 25°C): 6=36.0 (s, 7,,=9Hz); 3P NMR (101 MHz, CD,Cl,,
25°C): 6 =35 (v, =1580 Hz); 0(*'P; 101 MHz, CD,Cl,, —90°C) =124.9 (s,
1P, #,,=290 Hz), —154.5 (s, 1P, %,,=580 Hz); AICsF3I;0,P, (M,=
1663.60): 1 caled 38.1%, found 38.4%. Compound 3a is highly solublel®”
and stable in cold CH,Cl, and 1,2-CL,C,H, (T <—20°C). It is also soluble in
CHCl;, but slowly decomposes with formation of P,I, (Raman, unit cell
determination) and other as yet unidentified products. Attempts to dissolve
3a in dry HOC(H)(CF;), or CH;CN also led to decomposition and
precipitation of an orange material that contained P,I, (Raman) in a clear
colorless solution that did not contain phosphorus species (NMR). It
appeared that C¢HsCF; and 1,3-(CF;),C.H, were also attacked by 3a (dark
coloring of the solution). Solutions of 3a in CH,Cl, may be handled briefly
at room temperature. Solid yellow 3a is stable for at least 3 months at RT
and longer if stored at —30°C (IR).

Synthesis of [P,Brs]'[AI(OR),]~ (3b): Ag(CH,CL,)[AI(OR),] (0.803 g,
0.69 mmol) and PBr; (0.132 mL, 1.38 mmol) were put into one bulb of a
single-piece apparatus.l’®®! CH,Cl, (ca. 7mL) was added to the mixture at
—78°C, and the mixture was kept for two days at —30°C. The resulting
slightly yellowish suspension was filtered (0.098 g residue, calcd AgBr:
0.129 g), concentrated to about 3 mL, and cooled to —78°C overnight.
Large yellowish blocks of P,Brsf[AI(OR),]~ (3b) crystallized and were
isolated (0.661 g; 67 %). *C NMR (63 MHz, CD,Cl,, —30°C): 6 =121.2 (q,
Jer=293.1 Hz, CF;); YF NMR (376 MHz, CD,Cl,, —30°C): 6 =—73.7;
YAl NMR (78 MHz, CD,Cl,, —30°C): 8 =375 (s, #,,= 13 Hz); P NMR
(101 MHz, CD,Cl,, —90°C): 6 = —228 (br), —155 and 45 (br); *'P NMR
(101 MHz, CD,Cl,, —50°C): 6 = —150. The —90°C 3'P NMR spectrum of
3b is shown in Figure 10.

In situ NMR synthesis of [PsL,]"[AI(OR),]- (4a): Ag(CH,CL,)[AI(OR),]
(0.262 g, 0.22 mmol), P, (0.028 g, 0.22 mmol), and PI; (0.091 g, 0.22 mmol)
were weighed into a NMR tube glass-blown onto a valve. CD,Cl, (0.7 mL)
was condensed onto the mixture at 77 K, and the sealed tube was then
stored at —80°C and occasionally heavily shaken. Solid yellow Agl formed
in a yellow colored solution. NMR spectra of this sample were recorded
after 12 h and showed the exclusive presence of the [PsL,]*[AI(OR),]" salt:
YF NMR (376 MHz, CD,Cl,, —70°C): 6 = —73.6 (s); Al NMR (78 MHz,
CD,Cl,, —30°C): =375 (s, #;,=15Hz); *P NMR (101 MHz, CD,Cl,,
—80°C): 6=168.2 (dt, Jpy3p; =278.5 Hz, Jpy3p45=152.6 Hz, 2P), —89.0
(tt, Ypipp3=2785Hz, 2pipys=26.7Hz, 1P), —193.9 (td, Ypssprz=
152.6 Hz, %Jp, 50 =26.7 Hz, 2P).

Synthesis of [PsBr,]'[AI(OR),]~ (4b): Ag(CH,CL)[AI(OR),]- (0.848 g,
0.731 mmol) was weighed into a two-bulbed glass vessel incorporating a
fine-sintered glass frit and two J. Young valves. P, (0.086 g, 0.694 mmol) was
added to the solid, then PBr; (0.188 g, 0.066 mL, 0.695 mmol) was added at
77 K, and CH,Cl, (ca. 10 mL) was condensed onto the mixture and allowed
to stir at —78°C for 8 h. For completion of the reaction, the vessel was
stored in a freezer at — 80 °C for 10 days and occasionally heavily shaken. A
clear colorless solution was obtained by filtration of the insoluble AgBr.
The volume of the solvent was quickly reduced to about 1 mL at 0°C.
[PsBr,]"[A] crystallized in colorless blocks almost quantitatively from the
cooled concentrated filtrate (—30°C). Yield: 0.752 g (85%). C NMR
(63 MHz, CD,Cl,, —70°C): 6 =121.5 (q, Jor =292.0 Hz, CF;); Al NMR
(78 MHz, CD,Cl,, —70°C):  =38.7 (s, 7, =12 Hz); *'P NMR (101 MHz,
CD,Cl,, —80°C): 6=162.0 (dt, 'Jp,3p =320.9 Hz, 'Jp,3p,5=148.7 Hz,
2P), 20.0 (tt, Upypy3=320.9 Hz, %Jp; py5s=25.8 Hz, 1P), —237.1 (td, Jpys.
p2s=148.7 Hz, 2Jpy5p; =25.8 Hz, 2P).

Reaction leading to [P,I5(CS,)]"[(RO);AI-F-Al1(OR);]- (5): Ag(CH,.
CL,)[AI(OR),] (0.863 g, 0.744 mmol) and P,I, (0.445 g, 0.782 mmol) were
weighed into one bulb of a single-piece apparatus.® CS, (ca. 15 mL) was
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condensed onto the solid mixture at 77 K, and the resulting suspension was
stirred overnight at —30°C. Apparently little had dissolved, and therefore
CH,(], (ca. 2 mL) was additionally condensed onto the suspension at 77 K.
The resulting yellow solution over a little yellow precipitate (Agl) was
stirred for 1h at room temperature and filtered. The solution was
concentrated to about 3mL, and long yellow needles of
[P,I5(CS,)][(RO);AL-F-Al(OR);]~ (1) were isolated (0.587 g, 70 % based
on Al). The Raman data of these crystals were incorporated into the text,
NMR data of the crystals dissolved in CD,Cl, (0.013 m solution): *C NMR
(63 MHz, CD,Cl,, 25°C): 6=122.3 (q, Jcr=284.4 Hz, CF;); YAl NMR
(78 MHz, CD,Cl,, 25°C): 6=36.0 (s, #,,=>5Hz); 3'P NMR (101 MHz,
CD,(Cl,, 25°C): not observed; 3'P NMR (101 MHz, CD,Cl,, —70°C): 6 =
91 (d, Jpp =382 Hz, 2P), —2 (t, Jpp =382 Hz, 1P) (P;I;*; see text).

In situ NMR reaction according to Equation (6): Ag(CH,CL,)[Al(OR),]
(0.186 g, 0.160 mmol) and P,I, (0.092 g, 0.161 mmol) were weighed into a
NMR tube glass-blown onto a valve. CD,Cl, (0.7 mL) was condensed onto
the mixture at 77 K, and the sealed tube was then stored at —30°C and
occasionally heavily shaken. Solid yellow Agl formed in a yellow solution.
3P NMR spectra of this sample were recorded after 12 h and showed the
signals of P,Is* (80 %, 0(*'P; —70°C) =126.1 (d, Jpp =322 Hz, 1P), — 1570
(d, Ypp=322 Hz, 1P)) and PsI;* (20%, o(*'P; —70°C)=89.7 (d, Ypp=
381 Hz, 2P), —4.7 (t, Vpp =381 Hz, 1P)).

In situ NMR reaction according to Equation (11): [P,Br]*[AI(OR),]~
(0.104 g, 0.073 mmol) and P, (0.009 g, 0.073 mmol) were weighed into a
NMR tube glass-blown onto a valve. CD,Cl, (0.7 mL) was condensed onto
the mixture at 77 K, and the sealed tube was then stored at —80°C and
occasionally heavily shaken. A slightly yellow solution resulted, but no
precipitate was formed. 3P NMR spectra of this sample were recorded
after 5 days at —80°C and showed the signals of PsBr,* (see above) and
PBr; (6(*'P) =228). The actual spectrum has been deposited.

X-ray crystal structure determinations: Data collection for X-ray structure
determinations were performed on a STOE IPDS diffractometer by using
graphite-monochromated Moy, (0.71073 A) radiation. Single crystals were
mounted in perfluoro ether oil on top of a glass fiber and then brought into
the cold stream of a low-temperature device so that the oil solidified. All
calculations were performed on PCs by using the SHELX97 software
package. The structures were solved by direct methods and successive

Table 15. Crystallographic and refinement details.

interpretation of the difference Fourier maps, followed by least-squares
refinement. Compounds 3a,b at 200 K were fourfold twinned and the
anions of these structures were restrained by a set of about 100 SADI
instructions. Within all of the many tested crystals of 3b at 150 K some
(tetragonal?) domains of another phase (cf. fourfold twinning of 3ab at
200 K) remained, and reflections of this phase were visible in all of the
collected images. Therefore, the intensities of 1600 of the 7000 unique
reflections were affected by reflections of the other phase and had to be
omitted manually by using the OMIT command in SHELXL97. With the
5406 remaining less- or unaffected unique reflections, the structure was
refined to a final R1 (WR2) value of 0.0876 (0.1634). The monoclinic crystals
of 4b with a § angle of 90.15(3)° might possibly be twinned, with a mirror
plane being the twin element. However, despite many attempts, we were
unable to find the twinning law. Upon cooling the crystals of 4b from 200 to
150 K, a phase transition occurred, and all of the many tested crystals of 4b
were destroyed. One crystal lasted for about 7 images, and a unit-cell
determination of this crystal showed it to be truly monoclinic with a  angle
of 94.5° and similar lattice constants to the 200 K structure. However, this
crystal was also destroyed by the strain imposed on it after the phase
transition. Therefore the data for 4b could not be collected at lower
temperatures, so that the thermal parameters of the anion and the
agreement factors of the structure remained relatively high. Although
cooled to 170 or 150 K, many of the CF; groups in 5 and 5” were still
rotating, and therefore a series of SADI restraints was used to keep the CF;
groups in place. Several fluorine and carbon atoms had to be split over two
positions and were included isotropically in the refinement with occupation
factors of 20 to 40 % for the disordered positions. All other atoms were
refined anisotropically. Relevant data concerning crystallographic data,
data collection, and refinement details are compiled in Table 15. CCDC-
179450-179456 (1ab, 3ab, 5) and CCDC-167142 (4b) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).

Computational details: All computations were done with the program
TurBOMOLE.™ The geometries of all species were optimized at the (RI-)-
MP2 level®! with triple  valence polarization (two d and one f functions)

Compound 1la 1b 3a (200 K) 3b (200 K) 3b (150 K) 4b 5 5"

Cryst size [mm] 06%x03x03 06x01x01 04x03x03 04x04x04 05x04x04 03x03x05 01x02x05 05x03x0.3

Crystal system tetragonal tetragonal triclinic triclinic triclinic monoclinic triclinic triclinic

Space group 14 11 Pl Pl Pl P2/n Pl Pl

a[A] 13.978(2) 13.6400(19) 9.778(3) 9.6937(19) 9.829(2) 13.536(3) 10.493(2) 10.462(2)

b [A] 13.978(2) 13.6400(19) 14.501(3) 14.016(3) 13.702(3) 9.554(2) 12.715(3) 12.696(3)

c[A] 9.405(2) 9.4489(19) 14.519(3) 14.016(3) 13.906(3) 14.508(3) 23.237(5) 23.358(5)

a[°] 90 90 90.00(3) 90.00(3) 90.79(3) 90 80.56(3) 80.31(3)

A1 90 90 90.00(3) 90.00(3) 94.08(3) 90.15(3) 79.13(3) 77.63(3)

v [°] 90 90 90.00(3) 90.00(3) 90.31(3) 90 76.16(3) 76.20(3)

V[A3] 1837.4(5) 1758.0(5) 2058.6(7) 1904.3(7) 1867.9(6) 1876.2(6) 2933.2(10) 2920.6(10)

V4 2 2 2 2 2 2 2 2

p(caled) [Mgm—] 2.722 2.489 2.684 2.492 2.540 2.269 2.554 2.565

u [mm™1] 3.671 4.870 4.067 5.589 5.689 2.61 3.021 3.021

Max./min. Trans. 0.421/0.215 0.582/0.791 0.625/0.731 0.438/0.701 0.365/0.670 0.230/0.429 0.504/0.809 0.879/0.653

Index range —-17<h<17 —-16<h<9 -11<h<11 -9<h<ll -12<h<12 -16<h<16 —-11<h<11 —-12<h<12
-16<k<16 —-16<k<13 —17<k<17 —-17<k<17 -—15<k<16 —11<k<11 —-15<k<15 —15<k<15
—-11<i<11 —-11<i<11 -17<1<17 —-17<I<17 —-17<I<17 —-17<I<16  —-28<[<28 —28<I<28

26 [°] 51.44 51.80 51.84 51.76 51.78 51.96 51.98 51.92

T [K] 150 200 200 200 150 200 170 150

Refl. Collected 6490 3445 16061 9802 11479 14525 23335 21764

Refl. Unique 1710 1457 7375 6517 5406 3469 10691 10395

Refl. Observed (20) 1705 1282 4964 3305 2951 2323 5891 8036

R (int.) 0.0464 0.0973 0.0570 0.0556 0.1635 0.0577 0.0554 0.0475

GOOF 1.124 1.035 0.988 0.938 0.918 1.082 0.880 1.074

Final R (20) 0.0222 0.0633 0.0670 0.0713 0.0876 0.0957 0.0763 0.0736

Final wR2 0.0556 0.1674 0.1722 0.1678 0.1634 0.2823 0.1911 0.2226

Ap (max/min) [eA~%]  0.653 0.876 1.244 1.038 0.988 0.853 1.646 1.254

(near I) (near anion)
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TZVPP basis set.l! The 28 and 46 core electrons of Ag and I were replaced
by a quasi-relativistic effective core potential.l®?! All species were also fully
optimized at the BP86/SV(P) (DFT) level, although these geometries are
not shown and are only discussed in a few cases. Approximate solvation
energies (solution in CH,Cl, with &=28.92) were calculated with the
COSMO model®! at the BP86/SV(P) (DFT) level by using the MP2/
TZVPP geometries. Frequency calculations were performed for all species,
and, if not stated otherwise, all structures represent true minima without
imaginary frequencies on the respective hypersurface. For thermodynamic
calculations the zero point energy and thermal contributions to the
enthalpy and the free energy at 298 K or other given temperatures have
been included." The calculation of the thermal contributions to the
enthalpy and entropic contributions to the free energy were done with
Gaussian98W.I*! For all species, a modified Roby—Davidson population
analysis was performed by using the MP2/TZVPP electron density.
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A Novel Open-Chain Nononic Acid Linked by an Ether Bond to Glucose

as a Polysaccharide Constituent

Elisabeth J. Faber, J. Albert van Kuik, Koen M. Halkes, Johannis P. Kamerling,* and

Johannes F. G. Vliegenthart!?!

Abstract: A novel sugar constituent was isolated from the heteropolysaccharide

excreted by Streptococcus thermophilus 8S when grown in skimmed milk. The
structure and absolute configuration were determined by means of chemical analysis,
mass spectrometry, NMR spectroscopy, along with molecular dynamics simulations,
and was shown to be 6-0-(3',9'-dideoxy-D-threo-p-altro-nononic acid-2'-yl)-p-gluco-

pyranose.

Introduction

The exopolysaccharides (EPSs) produced by lactic acid
bacteria are promising candidates for a new generation of
food thickeners because of their physical properties in
combination with their GRAS (generally recognized as save)
status. For this reason, detailed structural studies have been
performed on EPSs produced by various species of the
Lactobacillus, Lactococcus, and Streptococcus genera, as
summarized in reference [1]. The EPSs characterized so far
mainly consist of combinations of glucose, galactose, and/or
rhamnose, and to a minor extent of N-acetylglucosamine, N-
acetylgalactosamine, or glucuronic acid. In some cases, non-
carbohydrate substituents, such as phosphate, acetyl, and
glycerol groups, are present.

Here, we report on the structural elucidation of a novel
sugar constituent found in the EPS excreted by the lactic acid
bacterium Streptococcus thermophilus 8S when grown in
skimmed milk. The absolute configuration of this sugar
constituent was determined by NMR analysis and compari-
son to reference compounds, supplemented with MD calcu-
lations.

Results and Discussion

Isolation, purification, and composition of the exopolysac-
charide: The EPS produced by S. thermophilus 8S in recon-
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stituted pasteurized skimmed milk was isolated and purified
by means of ethanol precipitation, followed by acetone
precipitation and gelfiltration on Sephacryl S-500. Monosac-
charide analysis of the native EPS (n-EPS), including the
determination of absolute configurations, showed the pres-
ence of b-Gal, p-Glc, p-GalNAc, and D-Rib in a molar ratio
of 2:1:1:1, as well as an unknown sugar component in a molar
ratio of 0.7 in terms of peak areas relative to Glc. Methylation
analysis of n-EPS revealed the presence of an unknown sugar
component along with 4-substituted Galp, 4-substituted Glcp,
4-substituted GalpNAc, and 2-substituted Ribf in a molar
ratio of 2:1:1:1. According to NMR experiments (data not
shown), the Gal and Glc residues are in the pyranose ring
form and the Rib residue is in the furanose ring form. No
conclusive structural information could be deduced from the
[1-D]alditol mass spectrum of the unknown sugar component.
To investigate whether the identification problems might be
caused by the presence of a carboxyl group, n-EPS was
subjected to a carboxyl reduction (NaBD,; cr-EPS) prior
to methylation analysis. EIMS of the partially methylated
[1-D]alditol acetate originating from the unknown sugar
component in cr-EPS revealed a fragmentation pattern in
accordance with a polyhydroxy C, chain linked at C2’ to C6 of
a [1-D]Hex-ol residue through an ether bond (Figure 1). The
O-acetyl groups at C1 and C5 of [1-D]Hex-ol indicated a
pyranose ring for the Hex moiety of the unknown sugar
component, whereas the O-acetyl group at C7' suggested a
glycosylation site. The doubly deuterium-labeled C1’ atom
reflects a carboxyl group, originally present. Furthermore, the
fragmentation pattern indicated deoxygenation at C3’ and CY’
to give rise to a dideoxy sugar. To determine the identity of
the Hex residue, the carboxyl-reduced component was
isolated from a hydrolyzate of cr-EPS and subjected to
treatment with BBr; in order to cleave the ether bond
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Figure 1. EIMS spectrum of the partially methylated [1-D]alditol acetate
of the novel sugar constituent isolated from cr-EPS.

between C2' and C6. Monosaccharide analysis of the obtained
material and determination of the absolute configuration
indicated the Hex residue to be p-Glc. On the basis of this
information, the unknown sugar component is proposed to be
a 6-0-(3',9’-dideoxynononic acid-2’-yl)-b-glucopyranose.

Identification of the unknown sugar component: For the
structural characterization of the unknown exopolysaccharide
constituent, the nonderivatized and the carboxyl-reduced
(NaBH,) unknown sugar components were isolated from acid
hydrolyzates of n-EPS and cr-EPS, respectively, by means of
graphitized carbon. MALDI-TOF analysis of the compound
isolated from n-EPS revealed a [M*+Na] pseudomolecular
ion at m/z =421, corresponding to the mass of structure 1,
which is the lactonized form (C, moiety) of 6-O-(3',9'-
dideoxynononic acid-2'-yl)-p-glucopyranose (Scheme 1).

In the anomeric region (0=4.4-5.4ppm) of the one-
dimensional 'H NMR spectrum of 1 (Figure 2A) doublets
were observed at 0 =5.205 (3J;,=3.8 Hz; a-pyranose) and
4.629 ppm (3J,,=79 Hz; B-pyranose), indicating the two
anomers of the Glc moiety of 1. Furthermore, signals for the
methylene (6~2.71, 2.23 ppm) and methyl (6 =1.180 ppm)
protons were observed that originated from the C, moiety of
1. Comparison of the two-dimensional TOCSY spectra of 1
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Scheme 1. The lactonized form (1), the acid form (2) and the reduced form
(3) (Cy moiety) of 6-O-(3',9'-dideoxynononic acid-2'-yl)-p-glucopyranose.
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Table 1. '"H NMR chemical shiftsi? of 1, 2, and 3, and *C NMR chemical shifts!® of 1, recorded in D,O at 27°C.

Coupling constants (/[Hz]) are included in parentheses.

D-Glep in gentiobiose.Fl The

methylene protons of the C,

Proton 1 214 3 Carbon 1 moiety were assigned as proR
a-D-Glep Hi 5205  (J;,=3.8) 5206 5224 Cl 929  andproS in accordance with the
H2 3.518 (/,5=9.8) 3.345 3.50 C2 722  configuration of the Cy moiety
H3 3.694 (34=93) n.d. 3.70 a3 73.6 of compound 1 (vide infra). The
H4 3437 (J,5=10.0) n.d. 3.52 c4 703 {wo-dimensional “C,'H HMQC
HS 3964 (Jsgpmos=2.0) n.d. 3.93 cs 71.0 ¢ 1 (Fi 2 allowed
H6proS 4,051 Usgpror="5-1) nd. 3.98 c6 70.0 Spema.o (Figure 4) a owe
HéproR 3846 (Jgrosapror=—11.0) nd. 378 the assignment of the BC sig-
B-0-Glep HI 4629 (J;,=79) 4685 4643  Cl 968 nals (Table 1). The downfield
H2 3.231 (/,5=9.5) 3.065 3.24 C2 74.9 chemical shifts of aC6 (0=
H3 3.468 (/34=93) n.d. 3.47 C3 76.5 700ppm) and BC6 (0=
H4 3420 (J,5=10.0) n.d. 347 c4 03 504 m) in comparison with
H5 3606 (Jsgmos=1.9) nd. 3.56 cs 75.4 PP p
H6prosS 4095 Usgpor=060) nd. 403 c6 704 NMR data of Glep (a-p-Glep,
Hé6proR 3.812 (eprospror = —11.2) nd. 3.74 0ce=61.6; [B-D-Glcp, Oc=
C, moiety H2' a 4.699 (2 3pr0s =8.7) 3.971 3.77 cr nd.  61.7ppmi#) confirmed the
B 4.686 (/2 3pror=10.7) &4 76.5  6-substitution of the Glcp moi-
H3'proS a 2710 (sprosspor=—123) 1.90 1.77 c3 280 otyof 1.
ﬁ 2.699 (J3'pmS,4':2'7) As indi d bv NMR d
H3proR  a 2233 Usprora =10.3) 1.79 1.60 S 1 lFate y an
B 2223 MS analysis of 1, this compound
H4 a 4.886 (Jy5=2.6) 4.07 4.12 c4 79.5  was released as an 1',4'-lactone
B 4.876 by hydrolysis of n-EPS. The
HY 4173 (Jy4=93) 3.68 3.82 cs’ 693 | ione rine of 1 was opened
HE 3539 (Jgp=14) 3.66 3.60 c6 71.0 g P
H7 3594 (Joy=71) 3.58 3.62 c7 745  (—2) by adding NaOD prior to
H8' 3.887 (Js90=6.5) 3.90 3.91 cs' 69.4 NMR analysis. The H1 and H2
HY 1.180 1179 1200  CY 18.9

signals of the Glcp moiety and

[a] Relative to the signal of internal acetone at 6 =2.225. [b] Relative to the a-anomeric signal of external
[1-BC]glucose at 0=92.9. [c] Data were refined by simulation of the one-dimensional 'H NMR spectrum.

[d] n.d. =not determined.

with increasing mixing times (25 —250 ms) allowed the assign-
ment of the 'H signals belonging to each of the spin systems of
each of the anomers (Table 1). The «H1 and fH1 TOCSY
tracks showed spin systems characteristic of a- and -Glcp,
respectively, and the H3'proR, H3'proS, and H9" TOCSY
tracks revealed the complete spin system of the C, moiety
(Figure 3). Stereospecific assignments of Hé6proR and H6proS
in Glc were performed by analogy with 'H NMR studies of
stereospecifically deuterated D-Glcp,?! and are in agreement
with the assignments of H6proR and H6proS of 6-substituted

¥
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Figure 3. Parts of the 500 MHz two-dimensional TOCSY spectrum of 1,
recorded in D,O at 27°C. Diagonal peaks of the anomeric protons of the
Glcp moiety, and of H3'proR, H3'proS, H4', and HY' of the Cy moiety are
indicated. Labels near crosspeaks refer to the protons of the scalar-coupling
network belonging to the diagonal peak. The absence of the H2' track in F2
is caused by HOD suppression.
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all the 'H resonances of the C,
moiety of 2 were assigned by
means of TOCSY experiments
(mixing times 25-250 ms), and
were consistent with structure 2 depicted in Scheme 1. In
addition, the 'H signals of the component isolated from cr-
EPS (Table 1) were essentially assigned as described for 1, and
were indicative of structure 3 (Scheme 1).

'H,'"H coupling constants of compound 1 (Table 1) were
determined by simulation of 'H subspectra for the a- and f3-
anomers of 1 (Figure 2B and C). Two sets of chemical shifts
are observed for H2', H3'proR, H3'proS, and H4', induced by
the two anomeric configurations of Glcp. The vicinal coupling
constants J, 5 (2.6), J54 (9.3), Jg7 (1.4), and J; ¢ (7.1 Hz) in the
C, moiety indicate that the dihedral angles y! (H4'-C4'-C5'-
H5"), »? (H5-C5'-C6’-H6'), * (H6'-C6'-C7'-H7'), and x* (H7'-
C7'-C8'-H8') are predominantly in the regions of +60°, 180°,
+60°, and 180°, respectively.’! The coupling values of 2.6 Hz
and 7.1 Hz imply noticeable contributions of other conforma-
tions.

For the determination of the R/S configurations at the chiral
C2’ and C4' atoms, distance information for the intraresidual
protons of 1 (1',4'-lactone) was essential. In the two-dimen-
sional ROESY spectrum (Figure 5) H3'proS showed strong
crosspeaks with H2" and H4', whereas H3'proR showed weak
crosspeaks with H2" and H4'. This proves that H2', H3'proS,
and H4' are located on the same side of the lactone ring. This
observation excludes the 2'S,4'R and 2'R,4'S configurations;
this means that it is necessary to differentiate between the
2'S4'S and 2'R,4'R configurations.

ROE interactions between protons of D-Glcp and the
lactone ring, detected in the spectrum of 1, allow the
determination of the absolute configuration of the chiral
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Figure 5. 500 MHz two-dimensional ROESY spectrum of 1, recorded in
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atoms in the lactone ring. In the case of compound 1, it is
expected that the conformation at C2'-O6-C6-CS5 is similar to
a (1 — 6)-glycosidic linkage in oligosaccharides. The confor-
mation of a (1 — 6) linkage is determined by three glycosidic
dihedral angles, ¢ (O5'-C1’-06-C6), 3 (C1'-06-C6-C5), and w
(06-C6-C5-C4). The vicinal coupling constants Jsg,z and
Js 6pros (=6 and ~2 Hz) in 1 indicate conformational behavior
for w as expected for a (1 — 6)-glycosidic linkage.¥! Crystal
structures and molecular mechanics (MM) modeling results
of monosaccharides that are (1— 6)-linked to glucose, as
in raffinose (a-p-Galp-(1 — 6)-a-D-Glcp-(1 — 2)-B-D-Fruf),l!
melibiose (a-D-Galp-(1 — 6)-a-D-Glcp),! and panose (a-D-
Glcp-(1 — 6)-a-D-Glcp-(1 — 4)-a-D-Glcp),B! show an extend-
ed planar conformation for C1-O6-C6-C5. Crosspeaks of
equal intensity observed on the H2" ROESY track of 1,
H2' H6proR and H2',H6proS, indicated a similar extended
planar conformation for C2'-O6-C6-C5 (Figure 6A). The

Figure 6. The four main (¢, ¥)-conformations of compound 1. A) ¢, v =
95°,175°. B) ¢, ¥ =155°,175°. C) ¢, yp =95°, 85°. D) ¢, 1 =155°, 85°.

crosspeaks observed on the H3'proR and H3'proS ROESY
tracks to the H6proR signal show that these methylene
protons are predominantly in the proximity of H6proR, but
not in that of H6proS. These findings indicate the S config-
uration (2'S,4'S) rather than the R configuration (2'R,4'R)
occurs at both chiral atoms in the lactone ring. In oligosac-
charides, the flexibility of a (1 — 6)-glycosidic linkage results
in multiple conformational regions. Similarly, ROESY cross-
peaks related to the extended planar conformation in 1 are
most likely the result of conformational averaging, and,
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therefore, the ¢, 1 conformational space of 1 was explored to
estimate the contribution of other conformations to these
ROESY crosspeaks. It should be noted that the w dihedral
angle in compound 1 does not influence the ROESY cross-
peak intensities between D-Glcp and the lactone ring. The
dihedral angles ¢ (C3'-C2’-06-C6) and 3 (C2'-06-C6-C5) in
compound 1 were examined by molecular dynamics (MD)
calculations with the method of adaptive umbrella sampling
of the potential-of-mean-force.’! Free-energy profiles, ob-
tained by sampling the individual dihedral angles, were
translated into rotamer population distributions (Figure 7).
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Figure 7. Potential-of-mean-force profiles (solid lines) and probability
distribution profiles (dotted lines) of the orientation of the dihedral angles
¢ (C3'-C2'-06-C6) (top panel) and 3 (C2'-O6-C6-C5) (left panel). Scatter
plot (bottom-right panel) of the orientations of the dihedral angles ¢ and v
of a MD simulation of compound 1 in water. The orientations of the
dihedral angles of the four main (¢, ¥)-conformations (Figure 6) are
indicated by arrows.

The ¢, y conformational space occupies a single large region
with local minima at 95° and 155° for ¢ and at 85° and 175° for
1. This region was explored further in a 5 ns MD simulation.
The two most populated areas were at ¢, y =95°, 175° and
¢, p=155°175°. The ¢, y set 95°, 175° has also been found
for the crystal structures of raffinose ¢ =71.9°,  =—169.6;
melibiose ¢ =76.5°, =—173.9°; and panose ¢ =71.4°, y =
165.2°. Figure 6 shows models constructed according to the
four main ¢, ¥ conformations. Only for conformations with
¢, ¥ =95°, 175° and ¢, yp =95°, 85° (Figure 6A and 6) are
ROE contacts expected between H3' and H6 (H3'pro-
R H6proR, H3'proS,HéproR, H3'proR,H6proS or
H3'proS,H6proS). In Figure5, the ROESY crosspeaks
H3'proR,H6proR and H3'proS,H6proR, together with the
similar intensities of the H2' ,H6proR and H2',H6proS
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300 360

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ROESY crosspeaks, are in agreement with the calculated
preference for v =175° (> 85 %, Figure 7 bottom-right figure,
A and B areas). A preference for 1 =85° would have been
revealed by a strong H2',H6proS ROE contact in combination
with a weak H2',H6proR contact (Figure 6C). The free-energy
profiles of the mirror image of the lactone ring, the (2'R4'R)-
configuration, gave essentially opposite results. Therefore,
only the (2'S,4'S) configuration fits the NMR data.

To determine the R/S configurations at the chiral C5’, C6/,
C7', and C8 atoms, model structures with all possible
combinations for these chiral atoms were computer-generated
and investigated. The model structures were created with y' =
+60°, ¥>*=180°, ¥*=+60°, and y*=180° (vide supra), in
agreement with the vicinal coupling constants (Table 1). This
resulted in 64 possibilities. The structures were labeled
according to the configurations of the chiral C5', C6', C7',
and C8 atoms as follows: Cggrrs=model structure with a
5S'R,6'R,7R,8'S configuration, etc.

The strong crosspeaks in the ROESY spectrum of 1
(Figure 5), originating from atoms separated by more than
four bonds (H3'proR,H6', H3'proS,H6' and H6',HY'), were
used to check the 64 structures for violations of 'H-'H
distances. To compensate for idealized values of the dihedral
angles in the model structures, the upper proton distance was
set to 3.6 A, which is approximately 1 A larger than the
distances between H3'proR,H6', H3'proS,H6', and H6',HY',
calculated from the ROE intensities. Note that assuming
conformational averaging will make these distances shorter.
This resulted in eight possible configurations: Crgrrs (x'=
—60, x*=—060), Crrsr (x' =—60, 1*=060), Crgs (' =—60,
1’=—060), Crsse (x'=-160, x*=60), Csrrs (x'=—060, ’=
—60), Cgpsr (' =—60, x*=60), Cssrs (x' =—60, 1*=—60),
and Cger (x' =—60, x*=60). Evaluation of the computer-
generated structures with a 5'S configuration showed that,
because of the significant differences in distances between
H3'proRH6' (x~2.6 A) and H3'proSH6' (~3.6A) within
these structures, the ROESY crosspeak H3'proR,H6" is
expected to be much stronger than the crosspeak H3'proS,H6’
(Figure 8A). This is in contrast to the computer-generated
structures with 5'R configuration, whereby the two crosspeaks
are expected to have the same intensity. The crosspeaks
observed in the ROESY spectrum (Figure 5) have equal
intensity and therefore suggest the 5'R configuration, an
assignment that will be reassessed below. This reasoning
leaves four possible configurations for the C5'— C8' fragment:
Crrrs Crrsr» Crsrs, and Crggr. The use of additional ROESY
crosspeaks did not produce conclusive evidence for further
reduction of the number of allowed model structures.

To select from the remaining four configurations, four
deoxy-alditol model compounds were prepared, in which the
coupling constants J,3, Js4, J45 correspond to the coupling
constants J; g, Jg7,J5¢1n 1, respectively, and a possible H1,H4
ROESY crosspeak to the HY ,H6' crosspeak in 1. The model
compounds were 1-deoxy-D-Alt-ol, 1-deoxy-L-Glc-ol, 1-de-
oxy-L-Ido-ol, and 1-deoxy-p-Gal-ol, representing Cgzggs
Crrsrr Crsrss and Cpgggr, respectively (Scheme 2). Of the
vicinal coupling constants of the C5-C1 fragment in the
4 deoxy-alditols (Table 2), only those of 1-deoxy-L-Glc-ol
match the corresponding data in compound 1. This leaves
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Figure 8. A) ROE contacts for configurations of compound 1 with the 5'S
configuration (left) and the 5'R configuration (right) and with ' = —60° for
both configurations. B) ROE contacts in the minimal energy conformations
of compound 1 with the Cgrg (x'=60°) and the Cgrer (x'=—60°)
configuration.

Crrsr to represent the correct configuration. Because the
H7 H8' coupling constant (/;g=71Hz) in compound 1
indicates a notable contribution of y*=+ 60°, the assumption
that y* is predominantly 180° might be too strict. Therefore, a
new set of compounds was generated without the constraint
x*=180°, but with y'=+60°, »*=180°, y*=+60°, and the
H3'proR,H6', H3'proSH6', and H6',H9" upper proton dis-
tance set to 3.6 A. This allows Crrss and Crgrr to become
candidates. These configurations are represented by 1-deoxy-
L-Man-ol and 6-deoxy-D-Glc-ol (1-deoxy-L-Gul-ol), respec-
tively (Scheme 2 and Table 2). Cgszx could be rejected on the
basis of the vicinal coupling constants. The coupling constants
of 1-deoxy-L-Man-ol are essentially identical to those of
1-deoxy-L-Glc-ol and match the corresponding data of com-
pound 1. The strong HY9,H6" crosspeak in the ROESY
spectrum of compound 1 was used to select between Cpgggs
and Czgsr- ROESY spectra were recorded for both 1-deoxy-L-

Table 2. '"H NMR chemical shifts and 'H,'H coupling constants (J[Hz]) of deoxyalditols and the C5 -C9’

fragment of compound 1, in D,0.

CRRSR

CRRSS CRSRR

Scheme 2. Fischer projection of six deoxy-alditol model compounds
together with the C1'-C9’ fragment of 1. The configurations of the chiral
C5, C4, C3, and C2 atoms in the deoxy-alditols correspond to the
configurations of the chiral C5’, C6', C7’, and C8' atoms in 1, respectively.
The deoxy-alditols were labeled according to the configurations of the
chiral C5’, C6', C7’, and C8 atoms in 1 as follows: Cyrrs = model structure
of 1 with 5R,6'R,7'R,8'S configuration, etc. The actual R/S assignments of
the deoxy-alditols are depicted in the boxes on the right side of the
projections. The p-alditols, 1-deoxy-p-Alt-ol and 1-deoxy-p-Gal-ol, were
used because the starting compounds for the respective L-alditols, L-Alt
and D-Fuc, were unavailable. 1-Deoxy-p-Alt-ol and 1-deoxy-p-Gal-ol,
actually represent the mirror image of the configurations Cgggs and Cprgsr,
respectively.

Man-ol and 1-deoxy-L-Glc-ol to assess the intensity of the
H1,H4 crosspeak. The ROESY crosspeak intensities are given
in Table 3, expressed relative to the crosspeak intensity of the
methyl group and its nearest neighbor proton. The low
intensity of the H1,H4 crosspeak in the spectrum of 1-deoxy-
L-Man-ol, and the high intensity of this crosspeak in the
spectrum of 1-deoxy-L-Glc-ol, justifies the elimination of
Crrss and confirms Cgggr to represent the correct configu-
ration. The selection of 1-deoxy-L-Glc-ol over 1-deoxy-L-
Man-ol is supported by the chemical shift of the methyl group,
observed at d =1.195 and 1.180 ppm for 1-deoxy-L-Glc-ol and
compound 1, respectively, and at 6 = 1.268 ppm for 1-deoxy-L-
Man-ol (Table 2). Finally, the mirror image of this config-
uration, Cgegs, Was evaluated to
reassess the 5'R configuration.
For both Cggez and Cggrg the

H1 (J,,) H2 (/,3) H3 (J54) H4 (J,5) HS5 H6 population distribution of the
3 1

1-deoxy-p-Alt-ol 1230 (66) 4075 (23)  3478(76)  3765(52) 3918 38063674  dihedral angle ' was analyzed
1-deoxy-L-Gle-ol 1195 (64) 3906 (74)  3.602(15)  3613(88) 3755  3.836/3.634 by the method of adaptive um-
1-deoxy-L-Ido-ol 1214 (65)  3943(54)  3488(42)  3708(47) 3840  37223.640  brella sampling of the poten-
1-deoxy-p-Gal-ol 1243(66) 4090 (19)  3479(00)  3639(16) 3963 36873677 (ialof-mean-force.’) It appears

1-deoxy-L-Man-ol 1268 (64)  3862(77)  3591(L6) 3785 (34) 3740 38MBESE o d conformati
l-deoxy-L-Gulol® 1223 (64)  3.890 (6.5  3515(3.1) 3783 (54) 3795  3.718/3.619 at the lavored conlormation
HY (Jy) HS (J;5) H7 (Jg7) H6' (/) H5 for Csy is y'=—60" (—60":
i = i o 60°:180° =85:9:6), while for
1 1180 (6.5)  3.887(7.1) 3594 (14)  3539(93) 4173 Cons 7 =60°  (—60°:60°

[a] To simplify comparison, 6-deoxy-D-Glc-ol is written as 1-deoxy-L-Gul-ol.
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180° =1:98:1). This means that
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Table 3. ROESY crosspeak intensities for deoxyalditols and the C5'—C9’
fragment of compound 1, in D,O.

H1,H2 HI1,H3 H1,H4
1-deoxy-L-Man-ol 1.00 0.62 0.18
1-deoxy-L-Glc-ol 1.00 0.52 1.06

H9' HE' HY H7 H9' H6'
1 1.00 0.76 0.96

for Cgers, the ROESY crosspeaks H3'proR,H6' and
H3'proS,H6' are expected to be much weaker than the
ROESY crosspeaks H3'proR,HS and H3'proSHS (Fig-
ure 8B). This is not in agreement with the ROESY crosspeaks
in Figure 5, and therefore Cggzg could be rejected.

In conclusion, the absolute configurations at the chiral
centers in the C, moiety of 1 (1',4'-lactone) are determined to
be 2'S,4'S,5'R,6'R,7'S,8'R. Thus, compound 1 is the lactonized
form (C, moiety) of 6-O-(3',9'-dideoxy-D-threo-D-altro-non-
onic acid-2'-yl)-p-glycopyranose. A low-energy conformation
of the methyl glycoside of 1, together with intraresidual
ROEs, is presented in Figure 9. The nononic acid linked

Figure 9. Snap shot from a MD simulation of the methyl a-glycoside of
compound 1. Dotted lines indicate important ROEs observed in the 2D
ROESY spectrum. Aliphatic protons were reattached.

through an ether-bond to a monosaccharide presents a novel
constituent of naturally occurring polysaccharides. Detailed
analysis of the complete EPS repeating unit will be reported
elsewhere.

4504 —— © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Culture conditions of the microorganism and isolation of the exopolysac-
charide: S. thermophilus 8§, obtained from NIZO food research (Ede, The
Netherlands), was cultivated in reconstituted skimmed milk, and the EPS
was isolated and purified as described previously.!!

Isolation of the unknown sugar component: The exopolysaccharide (5 mg)
was hydrolyzed with trifluoroacetic acid (2M, 2 h, 100 °C), and the obtained
mixture lyophilized. The residue was dissolved in water and fractionated on
graphitized carbon.'"”) The unknown component, eluted with 40 % aceto-
nitrile that contained 0.05 % trifluoroacetic acid, was lyophilized prior to
analysis. A similar protocol was followed for the carboxyl-reduced
(NaBH,) polysaccharide.

Carboxyl reduction: Carboxyl reduction of the EPS was performed as
described previously."!! A solution of polysaccharide (2mg) in 2-(4-
morpholino)-ethanesulfonic acid (0.2m, 1 mL, pH 4.75), containing N-
ethyl-N-(3-dimethylaminopropyl)carbodiimidehydrochloride (30 mg), was
stirred for 90 min at room temperature. After reduction with NaBD,
(10 mg, 1h), the obtained material was neutralized with HCI (1.5m),
desalted on graphitized carbon, and lyophilized prior to analysis. To obtain
a complete carboxyl reduction the procedure was repeated twice.

Ether bond cleavage: The unknown sugar component was isolated from the
reduced EPS as described. Freshly distilled BBr; was added to a cooled
solution of the isolated sugar component in dry dichloromethane
(I mgmL-!, —80°C). The mixture was kept at —80°C for 30 min, then
slowly brought to room temperature. After 18 h, the excess of reagent was
decomposed with water, the solution evaporated to dryness, and boric acid
removed by coevaporation with methanol.

Monosaccharide and methylation analysis: Monosaccharide analysis,
including the determination of the absolute configurations, and methyl-
ation analysis were performed as described previously.!! Obtained
derivatives were analyzed by GLC and GLC-EIMS as described previous-
ly.u

Preparation of deoxy-alditols: 1-Deoxy-D-galactitol, 1-deoxy-L-mannitol,
and 6-deoxy-D-glucitol (1-deoxy-L-gulitol) were prepared by borohydride
reduction of L-fucose, L-rhamnose, and D-quinovose, respectively.
1-Deoxy-L-glucitol, 1-deoxy-L-iditol, and 1-deoxy-D-altritol: These com-
pounds were prepared? from L-glucose, L-idose, and D-altrose, respec-
tively, as follows: The aldose (100 mg) was dissolved in fuming hydrochloric
acid (2 mL), cooled to 0°C on an ice/water bath, and ethanethiol (2 mL)
was added. After 1h, the reaction mixture was slowly poured into a
saturated sodium hydrogen carbonate solution. Solid sodium hydrogen
carbonate was carefully added until an alkaline solution was obtained. The
aqueous solution was extracted with ethyl acetate (5x25mL). The
combined organic layers were dried (Na,SO,), filtered, and concentrated.
The aldose diethyl dithioacetal was dissolved in pyridine (7.5 mL) and
acetic anhydride (7.5 mL) was added. The reaction mixture was stirred
overnight, then concentrated and co-concentrated with toluene, ethanol,
and finally dichloromethane. The diethyl dithioacetal pentaacetate was
purified by vacuum-line chromatography (dichloromethane/acetone 99:1).

The aldose diethyl dithioacetal pentaacetate was boiled under reflux in
ethanol for 16 h with approximately four times its weight of Raney nickel.
The Raney nickel was filtered off and washed carefully with methanol and
ethyl acetate. The organic phase was concentrated and re-O-acetylated
with pyridine (5 mL) and acetic anhydride (5 mL). After 2 h, the reaction
mixture was concentrated and co-concentrated with toluene, ethanol, and
finally dichloromethane. The 1-deoxyalditol pentaacetate was purified by
vacuum-line chromatography (dichloromethane/ethyl acetate 98:2). The
pure compound was dissolved in methanol and sodium methoxide was
added until a pH of 9 was reached. The reaction mixture was stirred for 2 h,
then Dowex H* was added until a neutral pH was obtained. The reaction
mixture was filtered and concentrated.

Mass spectrometry: Matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) experiments were performed
as described previously.!!]

NMR spectroscopy: One- and two-dimensional NMR spectra were
recorded in D,O on a Bruker AMX500 spectrometer (Bijvoet Center,
Department of NMR Spectroscopy). NMR spectra were recorded and
processed as described.l!! The two-dimensional off-resonance ROESY
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spectrum was recorded with an adiabatic spin-lock pulse of 350 ms at a field
strength corresponding to 6.1 kHz. The spin-lock frequency was alterna-
tively placed 3520 Hz upfield or downfield of the centre of the spectrum,
thus obtaining an average spin-lock angle v of 60°. Proton distances were
estimated from crosspeak intensities in the two-dimensional ROESY
spectrum and were calibrated to distances on the basis of distances of the
geminal methylene protons H6proR,H6proS and H3'proR,H3'prosS (1.8 A).
Spectral simulations were performed with in-house software based on the
LAOCOON program.I”¥ Vicinal and geminal coupling constants were
taken positively and negatively, respectively.

Computer-generated structures: Theoretical R/S configurations of the C,
moiety of compound 1 were generated by computer. To this end, the Glc
residue was replaced by an O-methyl group. All R/S configurations for the
chiral C5',6',7',8" atoms were generated with dihedral angles (H,_,-C,_;-C,-
H,) in agreement with the vicinal coupling constants (+60° and —60° for
Jo1, <3, 180° for J,_,,>7) and tested for compliance with NOE-derived
distance constraints. All possible combinations of dihedral angles +10°
were also evaluated.

Adaptive umbrella sampling of the potential-of-mean-force: Potential-of-
mean-force (PMF) calculations”? were performed on theoretical R/S
configurations of compound 1 or the Cy moiety of compound 1, with the
method of adaptive umbrella sampling. The calculations were performed
with the GROMOS program!' with the standard force field for carbohy-
drates.'”) All simulations were divided into jobs of 10 ps. Dihedral angle
values were partitioned into 72 classes, each having a width of 5°. The
derivative of the PMF was evaluated as a 12-term Fourier series. Each
system was simulated for 5-10 ns, and the final PMF for each system was
used to obtain the rotamer population distributions of the sampled dihedral
angle.

Molecular dynamics simulations: MD simulations in water were performed
with the GROMOS program!'¥! with the standard force field for carbohy-
drates.l'"] Molecules were placed in a truncated octahedron with periodic
boundary conditions containing approximately 500 water molecules by
means of the SPC/E model.l'") All bond lengths were kept fixed by means of
the SHAKE procedure.l'”? Simulations were performed at constant
temperature (300 K) and pressure (1 atm) with relaxation times of 0.1
and 0.5 ps, respectively. For the simulations, a cut-off radius of 0.8 nm, a
time step of 2 fs, and a total simulation time of 5 ns were used.
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The 1-Norbornene Skeleton by Carbene Rearrangement

Sascha Dorok, Burkhard Ziemer, and Giinter Szeimies*!?!

Abstract: 4-Bromo-1-(dibromometh-

yl)bicyclo[2.1.1]hexane (18) was syn-
thesized by formation of the dienolate
of dimethyl cyclopentanedicarboxylate
15b, which is then transformed into 16.
Reaction of 16 with diiodomethane
gives the diester 14b, and selective
saponification leads to the half-ester
14c. Degradation of 14c¢ to methyl

ylate (17a), reduction of the ester to the
corresponding carbinol 17b, oxidation
of 17b to the aldehyde 17¢, and con-
version of the aldehyde with triphenyl
phosphite/bromine gives compound 18.

Keywords: bisenolates - bridgehead
alkenes - cycloaddition - reactive

Reaction of 18 with NaN(SiMe;) in
diethyl ether in the presence of diphe-
nylisobenzofuran afforded a 3.3:1 mix-
ture of the Diels— Alder adducts 22 and
23, indicating the presence of 2,4-dibro-
mobicyclo[2.1.1]hept-1-ene as a reactive
intermediate generated by rearrange-
ment of carbene 19.

> intermediates -
4-bromobicyclo[2.1.1]hexane-1-carbox-

Introduction

A successful route for the generation of bridgehead alkenes is
the rearrangement of carbenes in which the carbenic carbon is
bound to a bridgehead of a bicyclic or polycyclic carbon
framework.['! We have recently shown that bicyclo[1.1.1]pen-
tyl carbenes of type 1 rearrange to 1-bicyclo[2.1.1]hexenes
2.4 These strongly twisted olefins could be trapped only
rather inefficiently, because the alkenes 2 isomerized over low
energy barriers to carbenes of type 3. When one of the bridges
in 1 was enlarged by two methylene groups, the analogous
rearrangement of carbene 4 to alkene 5 took place, but the
destabilization of the olefinic bond was not sufficiently high to
cause the consecutive rearrangement to carbenes 6 or 7.
Instead, 5 dimerized to afford a mixture of the stereoisomers 8
and 9.5 The application of computational methods indicated
that the rearrangement of carbenes 1 and 4 to the corre-
sponding bridgehead alkenes should be fast, but that only
bridgehead alkene 2 could be further converted into carbene 3
by a subsequent rearrangement.[> 3

The barrier of isomerization of 1-bicyclo[2.1.1]hexylcar-
bene 10 to 1-norborne 11 was computed to be as low as
2.3 kcalmol~!, whereas the barrier leading to 1-bicyclo[2.1.1]-
heptene 12 was somewhat higher (7.3 kcalmol').5) The
barrier of 11 to give 2-norbornylidene 13 was calculated as
22.3 kcalmol LBl This leads to the prediction that at low
temperature 1-norbornene 11 will not further rearrange.

[a] Prof. Dr. G. Szeimies, Dipl.-Chem. S. Dorok, Dr. B. Ziemer
Institut fiir Chemie, Humboldt-Universitit zu Berlin
Brook-Taylor-Strasse 2, 12489 Berlin (Germany)

Fax: (-+49)30-2937365
E-mail: guenter.szeimies@rz.hu-berlin.de
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ring expansion

To investigate these predictions experimentally, the tribro-
mide 18 has been synthesized. We report here on the results
that were obtained when 18 was treated with one equivalent
of methyllithium in the presence of a suitable trap. It should
be remembered that 1-norbornene 11 has been generated as a
reactive intermediate by Keese and Krebs and trapped by
furan as a mixture of stereoisomeric Diels— Alder adducts.l® 7]
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Results

Access to 1,4-bicyclo[2.1.1]hex-
ane dicarboxylic acid (14a) has
been reported by Wibergl®l and
by Warner.’l We followed the
procedure of Warner, starting
from cyclopentane-1,3-dicar-
boxylic acid (15a); however, it
seemed appropriate to develop
a one-pot synthesis of the di-
ester 14b. This was achieved by
adopting the methodology of
Della and Tsanaktsidis, who
converted the diester dienolate 16 in a one-pot procedure
with 1,2-dichloroethane into dimethyl bicyclo[2.2.1]heptane-
1,4-dicarboxylate.'”) A solution of the diester 15b in diethyl

R10,C CO,R? R!O,C CO,R?
Rl =R? =
b: R'=R?= CH3
c:R=H,R*=CH; 15

11

OL| OL|

H3CO- C C OCHj3
a: R=CO,CH3

b R = CH,OH
16 c: R=CH=0

ether with four equivalents of hexamethylphosphorus tri-
amide (HMPA) was treated with 2.7 equivalents of lithium
diisopropylamide (LDA) at —78°C; this led to the formation
of the bisenolate 16. Reaction of 16 with diiodomethane at
room temperature afforded a 58 % yield of 14b.

After partial saponification of the diester 14b to the half-
ester 14¢, this compound was converted by the procedure of
Barton, Crich, and Motherwelll'l into methyl 4-bromo-1-
bicyclo[2.1.1]hexylcarboxylate (17a) in 70% yield. LiAlH,
reduction of 17a to the corresponding carbinol 17b and
Dess—Martin periodane oxidation['? afforded the aldehyde
17c. Reaction of 17¢ with a reagent prepared from triphe-
nylphoshite and bromine!! gave a 65% yield of 4-bromo-1-
dibromomethylbicyclo[2.1.1]hexane (18).

(4-Bromo-1-bicyclo[2.1.1]hexyl)bromocarbene (19) was
generated from 18 by metalation with sodium bis(trimethyl-
silyl)amide via carbenoid 20 in diethyl ether in the presence of
diphenylisobenzofuran in the temperature range of —15 to
20°C. The high propensity of 19 to rearrange by enlargement
of the four-membered ring of 19 to give 2,4-dibromobicy-
clo[2.2.1]hept-1-ene 21 was seen from the fact that compounds
22 and 23, the two adducts formed from 21 and diphenyl-
isobenzofuran, formed in 44% yield as a 3.3:1 mixture.
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Proof of the structures of 22 and 23 has been obtained by
NMR spectroscopy as well as single-crystal X-ray analysis
(Figure 1).

Figure 1. ORTEP Plots of 22 (left) and 23 (right).

Concerning the structures of the adducts, a significant point
is the location of the bromine at C6 of the norbornane subunit
of 22 and 23; it is found in the endo position in both cases. This
is consistent with the results of our calculation on 1-norbor-
nene 24; these showed that only
the endo configuration 24-endo
of this pyramidalized bridge-
head alkene was a local mini-
mum on the corresponding en-
ergy hypersurface.l!

In conclusion we note that (4-
bromo-1-bicyclo[2.1.1]hexyl)-
bromocarbene 19 rearranges by
migration of the one-carbon bridge to give 2,4-dibromo-1-
norbornene (21). Compound 21 is trapped by diphenyliso-
benzofuran to form adducts 22 and 23. The structure of these
adducts show that it is the endo-pyramidalized bridgehead
alkene 21 that has been trapped. A further rearrangement of
21 to the 1,4-dibromobicyclo[2.1.1]hept-2-ylidene, a derivative
of carbene 13, was not observed.

24-endo
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Table 1. Crystal data and structural refinement of 22 and 23.

(70 eV, EI): m/z (%): 198 (0.40) [M*],

167 (18), 166 (36), 138 (24), 137 (18),

2 B 107 (89), 79 (100), 78 (16), 77 (36), 59
formula C,;H,,Br,0 C,;H,,Br,0 (43); elemental analysis calcd (%) for
T [K] 180(2) 180(2) C,oH,,0, (198.22): C 60.60, H 7.12;
A[A] 0.71073 0.71073 found: C 60.31, H 6.86.
cry§tal system/space group orthorhombic/P2,2,2, monoclinic/P2,/c 4-Carbomethoxy-1-bicyclo[2.1.1]hex-
a [A] 8.3446(13) 14.140(8) ane carboxylic acid (14¢): A solution
b [,A] 14.963(3) 10.525(3) of potassium hydroxide (404 mg,
c[A] 17.611(3) 15.646(6) 720 mmol) in methanol (10.0 mL)
VA 2198.9(7) 2145.0(17) was added slowly over a period of
z 4 4 1.5 h to a refluxing solution of dicar-
p [Mgm~] 1.578 L1617 boxylic ester 14b (2.00 g, 10.1 mmol)
# [mm~] 3.703 3.796 in methanol (60 mL). The mixture
F(000) 1048 1048 kept refluxing for 1h. The solvent
crystal size [mm] 0.39 x 0.20 x 0.08 0.48 x 0.40 x 0.20 was removed in vacuo, and the re-
? range [’] 2.31-255 1.56-25.24 maining oil was dissolved in water
index range —10<h<9 —l6<h<16 (40 mL). The solution was washed

—18<k<18 0<k<12 with dichloromethane (2 x 25 mL),

—-21<i<21 —18</<18 and from the organic layer of 14b
reflections collected/unique 14656/4073 4246/3886 (180 mg, 0.91 mmol) was recovered.

[R(int) = 0.0977] [R(int) =0.0256] The aqueous solution was saturated
completeness to 6=25.50 [%] 99.3 99.9 with sodium chloride and acidified
max/min transmission 0.7560/0.3261 0.5173/0.2630 with dilute HCI to pH 1. The mixture
refinement method full-matrix least-squares on F2 was extracted with dichloromethane
data/restraints/parameters 4073/7/1270 3886/0/272 (4x25mL). From the combined or-
goodness-of-fit on F? 1.115 1.138

final R indices [/>20(I)]

R indices (all data)
extinction coefficient

largest diff. peak/hole [e A3

R1=0.0875, wR2 = 0.1993
R1=0.1078, wR2 = 02078
0.036(3)

0.570/ — 0.728

ganic layers the crude monoester 14¢
(1.44 g) was isolated as a yellow solid.
After recrystallization from a mixture
of chloroform/heptane (1:1), 14¢ was
obtained as colorless crystals (1.36 g,

R1=0.0441, wR2 = 0.1049
R1=0.0719, wR2 =0.1271
0.0019(4)

0.766/0.599

Experimental Section

General: Melting points were determined on a Biichi 530 and are
uncorrected. 'H (at 300 MHz) and *C NMR spectra (at 75 MHz) were
measured in CDCl; on a Bruker DPX300 with TMS as an internal
standard. IR spectra were recorded on a Perkin— Elmer 881 spectrometer.
MS spectra were taken on a MSI Concept 1H. Elemental analysis were
carried out by the Analytisches Labor des Instituts fir Chemie der
Humboldt-Universitdt zu Berlin. Data collection for X-ray analysis was
carried out on the Stoe diffractometers pds (22) and stadi4 (23). Both data
sets were corrected for absorption by psi-scan measurements (23) and after
the isotropic refinement by DIFABS (Walker et al.l'¥) modeling (22). The
structures were solved by direct methods and refined by the least-squares
basing on F2 data. The methods are implemented in the SHELX97
program package (Sheldrick, 1990 and 19970%1).8] Dimethyl 1,3-cyclo-
pentanedicarboxylate (15b) was prepared as described in the literature.!'")

Dimethyl bicyclo[2.1.1]hexane-1,4-dicarboxylate (14b): Lithium diisopro-
pylamide was prepared by addition of n-butyllithium (17.04 mL, 27.3 mmol,
1.6M in hexane) to a solution of diisopropylamine (3.54 mL, 27.2 mmol) in
diethyl ether (60 mL) at 0°C followed by further stirring at —20°C to
—30°C for 15 min. Dry hexamethylphosphoric triamide (HMPT, 7.90 mL,
45.1 mmol) was then added to this solution. The mixture was cooled to
—78°C, and a solution of 15b (2.00 g, 10.7 mmol) in diethyl ether (10 mL)
was added dropwise over a period of 5 min. The mixture was warmed to
0°C and maintained at that temperature for 15 min. Diiodmethane
(980 mL, 12.2 mmol) in dry diethyl ether (20 mL) was added to the
bisenolate over a period of 15 min. The mixture was stirred for 2 h at room
temperature and then treated with an aqueous solution of saturated
ammonium chloride (100 mL) and diethyl ether (100 mL). The aqueous
layer was extracted twice with diethyl ether (100 mL). Distillative workup
of the remaining oil of the diethyl ether extract under reduced pressure
afforded the diester 14b as a colorless waxy solid (1.24 g, 58 %). B.p. 58—
60°C (1.0 x 10~ mbar); analytical sample (from hexane): m.p. 27-28°C;
IR (film): #=1723 cm~'; '"H NMR (300 MHz, CDCl;): 6 =1.72-1.70 (m,
2H; 5-, 6-H,,4,), 1.97-2.01 (m, 4H; 2-H,, 3-H,), 2.12-2.16 (m, 2H; 5-,
6-H,,,), 3.69 (s, 6H; OCHj;); BC NMR (75 MHz, CDCl;): 6 =29.72 (C-2,
C-3), 4451 (C-5, C-6), 48.98 (C-1, C-4), 51.65 (OCHs;), 172.96 (C=0); MS

4508
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73%). M.p. 69°C; IR (KBr): v=

1728 cm™'; 'H NMR (300 MHz,

CDCL): 6=1.69-1.80 (m, 2H; 5-,
6-H,,4,), 2.00-2.07 (m, 4H; 2-H,, 3-H,), 2.15-2.25 (m, 2H; 5-, 6-H,,,),
3.70 (s, 3H; OCHj;); *C NMR (75 MHz, CDCl;): 6 =29.61, 29.73 (C-2,
C-3), 44.48 (C-5, C-6), 48.76, 49.06 (C-1, C-4), 51.73 (OCH,), 172.82
(CO,Me), 178.29 (COOH); MS (70 eV, EI): m/z (%): 184 (0.42) [M*], 152
(22), 139 (7), 124 (16), 123 (15), 107 (69), 97 (10), 81 (21), 80 (17), 79 (100),
77(35); elemental analysis calcd (% ) for C,H;,0,4 (184.19): C 58.69, H 6.57;
found: C 58.34, H 6.30.

Methyl (4-bromo-1-bicyclo[2.1.1]hexyl carboxylate (17a): Monoester 14¢
(1.04 g, 5.65 mmol) in dichloromethane (14 mL) was added dropwise to a
solution of dicyclohexyl carbodiimide (1.30 g, 6.30 mmol) and N-hydroxy-
pyridine-2-thione (767 mg, 6.03 mmol) in dichloromethane (25 mL), cooled
in an ice bath. The mixture was stirred for 12 h at room temperature, and
the bright yellow suspension filtered through a bed of silica gel. Bromotri-
chloromethane (1.20 g, 6.05 mmol) was added, and the mixture was
irradiated with a 250 W tungsten lamp for 2 h under reflux. The solvent
was removed, the residue dissolved in diethyl ether, and the diethyl ether
layer was extracted four times with dilute HCI. After evaporation of the
diethyl ether in vacuo, the remaining oil was purified by flash column
chromatography (silica, petroleum ether/ethyl acetate 25:1) to give 17a
(874 mg, 71%, R;=0.39) as a colorless oil. IR (film): #=1737 cm™!;
'"H NMR (300 MHz, CDCl;): 6 =1.92-1.95 (m, 2H; 5-, 6-H,,,4,), 1.98-2.05
(m, 2H; 2-H,), 2.09-216 (m, 2H; 3-H,), 2.24-2.29 (m, 2H; 5-,6-H,,,), 3.70
(s, 3H; OCH,;); BC NMR (75 MHz; CDCl,): 6 =30.69 (C-2), 36.74 (C-3),
48.41 (C-1), 50.42 (C-5, C-6), 51.06 (C-4), 51.89 (OCH,), 171.53 (C=0);
elemental analysis caled (%) for CgH,,BrO, (219.08): C 43.86, H 5.06, Br
36.47; found: C 43.55, 5.08, Br 36.69.

(4-Bromo-1-bicyclo[2.1.1]hexyl)methanol (17b): A solution of 17a (1.60 g,
730 mmol) in diethyl ether (10 mL) was added to a suspension of lithium
aluminum hydride (612 mg, 16.1 mmol) in diethyl ether (50 mL) at 0°C.
The mixture was then heated under reflux for 2 h and then treated with a
saturated aqueous sodium sulfate solution (5 mL). The mixture was stirred
for 10 min and filtered, and the residue washed with diethyl ether (3 x
15 mL). After removal of the solvent, flash column chromatography of the
oily residue (silica, dichloromethane) afforded the alcohol 17b (1.24 g,
89 %) as a colorless solid. IR (KBr): 7 =2957, 2955, 2925, 2876, 1435, 1406,
1170, 1155, 1045, 1044, 1026, 821, 700, 673, 667, 664, 663 cm~'; '"H NMR
(300 MHz, CDCl;): 6 =1.65-1.73 (m, 4H; 2-H,, 5-, 6-H,,,4,), 1.89-1.94 (m,
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2H;5-, 6-H,,,), 2.07-2.14 (m, 2H; 3-H,), 3.72 (s, 2H; CH,OH); *C NMR
(75 MHz; CDCL): 6 =30.10 (C-2), 37.33 (C-3), 48.76 (C-5, C-6), 49.35 (C-
1), 52.57 (C-4), 64.11 (CH,OH); HRMS (70 eV, EI): m/z caled for C;H,,0
[M* —Br]: 111.08099; found: 111.08095; elemental analysis calcd (%) for
C;H;;BrO (191.07): C 44.00, H 5.80, Br 41.82; found: C 43.80, H 5.77, Br
41.56.

4-Bromo-1-bicyclo[2.1.1]hexylcarbaldehyde (17¢): Alcohol 17b (278 mg,
1.45 mmol) in dichloromethane (10 mL) was added dropwise to a solution
of Dess—Martin periodinane (683 mg, 1.61 mmol) in dichloromethane
(30 mL) in an ice-bath. The mixture was stirred for 30 min at 0°C and for
4h at 20°C. Subsequently the mixture was first washed (4 x 10 mL) with an
aqueous solution of potassium hydrogencarbonate (saturated) and sodium
thiosulfate (1.6M) and then with water (2 x 10 mL). The organic layer was
dried with magnesium sulfate, and the solvent was removed under reduced
pressure. The crude aldehyde 17 ¢ (238 mg, 87 %) was used without further
purification. IR (KBr): #=1710 cm™'; '"H NMR (300 MHz, CDCl;): 6 =
1.66-1.85 (m, 4H; 2-H,, 5-, 6-H,,,,), 1.92-2.03 (m, 2H; 3-H,) 2.05-2.13
(m, 2H; 5-, 6-H,,,), 9.74 (s, LH; CH=0); HRMS (70 eV, EI): m/z calcd for
[M* — Br]: 109.06534; found: 109.06534.
4-Bromo-1-(dibromomethyl)bicyclo[2.1.1]hexane (18): A solution of bro-
mine (491 mg, 3.07 mmol) in dichloromethane (3.0 mL) was added drop-
wise to a stirred mixture of triphenylphosphite (951 mg, 3.07 mmol) in
dichloromethane (6 mL) at 0°C. The mixture was cooled to —10°C, a
solution of the aldehyde 17¢ (276 mg, 1.46 mmol) in dichloromethane was
added slowly by syringe, and the mixture stirred for 30 min at 0°C. Then
basic aluminium oxide (ca. 50 mg) was added, and the suspension stirred
for further 15 min. After filtration through a bed of basic aluminum oxide
and washing with diethyl ether, flash column chromatography (silica gel,
petroleum) of the residual oil, which was obtained after evaporation of the
solvent, afforded the desired tribromide 18 (R;=0.38, 316 mg, 65%). IR
(KBr): 7=2996, 2981, 2961, 2879, 1450, 1434, 1307, 1280, 1246, 1221, 1208,
1190, 1177, 1158, 1144, 1098, 1032, 972, 955, 941, 921, 818, 715, 674,
630 cm~!; 'H NMR (300 MHz, CDCl;): 6 =1.87-1.90 (m, 2H; 5-, 6-H,,.4,),
1.94-2.00 (m, 2H; 3-H,), 2.00-2.05 (m, 2H; 5-, 6-H,,,,), 2.15-2.21 (m, 2H;
2-H,),5.91 (s, 1H; 1’-H); *CNMR (75 MHz, CDCl;): 6 =30.35 (C-3), 38.05
(C-2), 47.37 (C-1), 49.29 (C-4), 50.79 (C-5, C-6), 54.60 (C-1); elemental
analysis caled (%) for C;HyBr; (332.86): C 25.26, H 2.73, Br 72.02; found: C
25.38, H 2.77, Br 72.26.

Generation and trapping of 2,4-dibromobicyclo[2.2.1]hept-1-ene (21):
Tribromide 18 (250 mg, 0.751 mmol) in ether (3 mL) was added to a
solution of sodium (bistrimethylsilyl)amide (840 mL, 0.92 mmol, 1.09M
solution in THF) and diphenylbenzo[c]furan (308 mg, 1.14 mmol) in
diethyl ether (4 mL) at —15°C. The mixture was stirred for 20 h at 20°C
and then treated with maleic anhydride (110 mg, 1.12 mmol) and triethyl-
amine (230 mg, 2.27 mmol) in THF (4 mL). After stirring for 30 min, the
mixture was added to an aqueous solution of sodium hydroxide (10 mL,
2N). The phases were separated, and the organic layer extracted twice with
water (10 mL). The combined aqueous layers were extracted with diethyl
ether (15mL), and the combined organic layers were dried with
magnesium sulfate. After removal of the solvent, the residue was purified
by column chromatography (silica, petroleum/ethyl acetate 25:1) and
afforded the Diels— Alder adduct of 21 with diphenylisobenzofuran as a
diastereomeric mixture (172 mg, 44 %, 22:23 =3.3:1).

(1-R,2-R,5-5,6-S,8-R)- and (1-S,2-S,5-R,6-R,8-S)-6,8-Dibromo-2,5-diphe-
nyl-benzo[c]-12-oxatetracyclo[6.2.1.12°.0¢]dodec-3-ene (22): M.p. 184°C;
IR (KBr): 7=3364, 3349, 2950, 2923, 1445, 1299, 1002, 979, 805, 765, 753,
734,701, 685 cm~'; "H NMR (300 MHz, CDCl;): 6 =1.78 (dd, 3Jyy; = 4.1 Hz,
1H; 11-H,,;), 1.95-2.06 (m, 1H; 10-H,,,), 2.20-2.30 (m, 3H; 10-H,,4,
9-H,u40» 11-Hy,,), 2.45-2.58 (m, 1H; 9-H,,,), 2.66 (d, Jyuz=13.6 Hz, 1H;
7-H,.,), 2.87 (dd, V= 13.6 Hz, 3y =4.1 Hz, 1H; 7-H,,,4,), 7.10-7.30 (m,
4H; aromatic H), 7.35-7.57 (m, 6 H; aromatic H.), 7.65 (d, 2H; aromatic
H), 7.96 (d, 2H; aromatic H); *CNMR (75 MHz, CDCl;): 6 =31.14 (C-10),

39.08 (C-9), 52.51 (C-11), 55.78, 65.36, 82.73 (C-1, C-8, C-6), 59.65 (C-7),
,88.80,92.40 (C-1, C-5), 120.74, 121.69, 124.81, 126.32, 126.50, 126.88, 127.83,
128.31, 128.57 (aromatic C-H), 134.67, 136.59, 141.85, 151.34 (aromatic C);
HR-MS (70eV, EI): m/z caled for C,H,,”Br,0: 520.00374; found:
520.00337; elemental analysis caled (%) for C,;H,,Br,0 (522.28): C 62.09,
H 4.25; found: C 62.04, H 4.29.

(1-R,2-S,5-R,6-S,8-R)- and (1-S,2-R,5-S,6-R,8-S)-6,8-Dibromo-2,5-diphe-
nyl-benzo[c]-12-oxatetracyclo[6.2.1.12°.0'¢]dodec-3-ene (23): M.p. 203°C;
IR (KBr): 7 =3032, 2997, 2942, 1456, 1447, 1306, 1274, 1111, 1049, 1007, 979,
843, 803, 766, 748, 698, 681, 657,632 cm~'; 'H NMR (300 MHz, CDCL;): 6 =
0.52-0.60 (m, 1H; 11-H,,,), 1.83-1.95 (m, 1H; 10-H,,,), 2.06 (dd, Yy =
38 Hz, 1H; 11-H,,,), 2.15-2.30 (m, 2H; 10-H,,,,, 9-H,,,), 2.58—2.69 (m,
1H;9-H,,,), 2.75 (dd, Yyy =132 Hz, 1H; 7-H,,,), 3.06 (dd, V3 =13.2 Hz,
3Jun=3.8 Hz, 1H; 7-H,,,,),7.12-7.25 (m, 4H; aromatic H), 7.38-7.66 (m,
10H; aromatic H); *C NMR (75 MHz, CDCl;): 6 =34.89 (C-10), 39.21(C-
9), 54.39 (C-11), 57.01 (C-7), 56.14, 68.72, 85.70, 88.14, 94.12 (C-2, C-1, C-8,
C-6, C-5),117.73,123.50, 125.10, 127.18, 127.72, 12779, 127.98, 128.33, 128.61
(aromatic C-H), 139.48, 143.11, 149.82, 150.74 (aromatic C); HR-MS
(70 eV, El): m/z caled for C,;H,,””Br,O: 520.00374; found: 520.00307;
elemental analysis calcd (%) for C,;H,,Br,O (522.28): C 62.09, H 4.25;
found: C 61.68, H 4.26.
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Insertion of Unsaturated Organic Electrophiles into Molybdenum—Alkoxide
and Rhenium—Alkoxide Bonds of Neutral, Stable Carbonyl Complexes
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Santiago Garcia-Granda,™ and Daniel Miguel!

Dedicated to Professor Pascual Royo on the occasion of his 65th birthday

Abstract: Alkoxo complexes [Re-

through the nitrogen atom. The solid-

and the resulting ligand is bound to the

(OR)(CO)3(N-N)] (R=Me, Et, rBu;
N-N=22"-bipyridine (bipy), 44'-di-
methyl-2,2'bipyridine (bipy’), 1,10-phe-
nanthroline (phen)) and [M(OMe)(#*-
allyl)(CO),(phen)] (M=Mo, W) have
been synthesized in good yields and
using mild conditions by the reaction of
sodium alkoxides with [Re(OTf)-
(CO)3(N-N)] and [MCI(7*-allyl)(CO),-
(phen)] precursors. These have been
characterized by IR and NMR spectro-
scopy as well as by X-ray diffraction for
[W(OMe)(*-allyl)(CO),(phen)]  (10).
The reactions of the molybdenum and
rhenium alkoxo complexes with isocya-

state structures of Mo and Re examples
have been determined by X-ray diffrac-
tion. The geometry around the carba-
mate nitrogen of these compounds is
planar, and the distances indicate deloc-
alization of the nitrogen lone pair in-
volving mainly the carbonyl groups.
Experiments carried out with the Re
complexes showed that aryl isocyanates
are more reactive than their alkyl coun-
terparts, and that bulky R’ groups led to
slow rates of insertion. Insertion reac-
tions were also observed with isothio-
cyanates, although here it is the S—C
bond that inserts into the M—OR bond,

metal by sulfur. Competition experi-
ments with the Re compounds indicate
that isocyanates are more reactive than
isothiocyanates towards the Re—OR
bonds. Tetracyanoethylene inserts into
the Re—OMe bond of [Re(OMe)-
(CO);(bipy’)], forming a complex with
a 2-methoxytetracyanoethyl ligand; the
structure of which was determined by
X-ray diffraction. The formation of the
xanthato complex [Re(SC(S)OrBu)-
(CO),(bipy)] (20) by reaction of [Re-
(OT£)(CO);(bipy)] with CS, and NaO-
fBu, but not by the reaction of CS, and
[Re(OrBu)(CO);s(bipy)] (5a), suggests

nates, R'NCO, yield [L,M{N(R")C(O)-
OR}] complexes; the carbamate ligand,
which results from an R’'NCO insertion
into the M—OR bond, is monodentate

Introduction

The insertion of unsaturated molecules into transition metal-
—alkyl bonds, a prevalent step in catalytic processes, requires
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that the insertion reactions do not take
place by ionization of the alkoxo com-
plexes to give the free alkoxide ion.

prior coordination of the substrate to a site adjacent to the
bond that undergoes the insertion.l! Therefore, a vacant site
or a labile ligand must be present in the alkyl complex.
Insertion into metal—alkoxide bonds can take place by a
similar mechanism. However, the presence of lone pairs of
electrons on the oxygen atom and the high polarity of the
M—-O bond open new mechanistic possibilities, such as
nucleophilic attack on the uncoordinated substrate by either
free alkoxide ions (resulting from heterolytic M—O bond
cleavage) or the undissociated alkoxo ligand.?!

Alkoxo complexes of low-valent, organometallic-type met-
al fragments are particularly attractive since the destabilizing
interaction between the lone pairs of electrons of the alkoxo
group and the metal d-electrons should enhance the reactivity
of the M—O bond.P! Thus, in a few instances, the reactions of
these complexes with unsaturated organic electrophiles have
been used to create new C—O bonds.! However, their high
reactivity and the existence of facile decomposition pathways
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may hamper the isolation of low-valent alkoxo complexes.[*!
Further complications may arise when the more general
synthetic route, namely, the reaction of an alkaline alkoxide
with a halocomplex, suffers from lack of selectivity. As a
result, there is a paucity of alkoxo derivatives in some areas of
the chemistry of transition metals in low oxidation states.

The [Re(CO);(N-N)] fragments show little tendency to
undergo loss of ligands or to otherwise be the center of
reactivity, a fact that makes their complexes ideal candidates
to study the processes taking place on the ligand that occupies
the remaining sixth coordination site. [Re(OR)(CO);L,]
(L,=two phosphines or a bidentate phosphine or arsine)
complexes have been shown to insert CO, CO, and CS,.P
Chelating diimines such as 2,2'-bipyridine (bipy) and 1,10-
phenanthroline (phen) ligands are stronger electron donors
than diphosphines or diarsines (see below). Since a more
electron-rich metal center enhances the reactivity of alkoxo
complexes towards electrophiles,*®! diimine complexes of the
type [M(OR)(CO),;(N-N)] are expected to be more reactive
than their phosphine or arsine counterparts. The planarity and
lack of bulky substituents on the diimine rings should
contribute to a higher reactivity by facilitating the approach
of the incoming electrophile to the alkoxo group. This is
particularly important since the two nitrogen atoms of the
N-N chelate and the anionic ligand X in [ReX(CO);(N-N)]
complexes are in a facial disposition.

We have recently found that [MCI(73-allyl)(CO),(N-N)]
complexes (M =Mo, W; N-N =bipy, phen) react with carba-
nionic alkylating reagents to yield specifically the new alkyls
[M(R)(77?-allyl)(CO),(N-N)].’] We hoped that an analogous
route could be used to synthesize new alkoxo complexes
[M(OR)(#*-allyl)(CO),(N-N)], and that these species could
share the interesting attributes mentioned above for the
rhenium compounds.

The present paper deals with the synthesis of the alkoxo
complexes [Re(OR)(CO);(N-N)] and [M(OR)(7-allyl)-
(CO),(N-N)] (M=Mo, W) and their reactivity towards
several unsaturated organic electrophiles.[®

Results and Discussion

The reactions of [Re(OTf)(CO);(N-N)] (N-N = bipy, phen, or
4.4'-dimethyl-2,2'bipyridine (bipy’)) compounds with a slight
excess of sodium alkoxides in dichloromethane have been
found to be an effective synthetic approach to the alkoxo
complexes [Re(OR)(CO);(N-N)]. The starting triflato com-
plexes could be prepared in virtually quantitative yield by the
reaction of equimolar amounts of the corresponding bromo
complexes and silver triflate in dichloromethane in the
absence of light,” see Scheme 1.

The entire preparation of the methoxo complexes could be
carried out in less than one hour with good yields from the
bromoprecursors, as detailed in the Experimental Section.
Previous preparations of [Re(OCH;)(CO);(bipy)] involve the
reaction of [Re(NCMe)(CO);(bipy)]PF; (in turn prepared by
refluxing [ReCl(CO),(bipy)] with AgPF,; in CH;CN for
eight hours) with two equivalents of sodium methoxide in
methanol (reaction time: 17 hours, yield: 42%)E! and the

Chem. Eur. J. 2002, 8, No. 19
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(‘:o TO (|:o
AgOTf cO
[ofe] ~ NaOR co
dl—;Ref»co dl—/Re—Co CJ_/Re/_CO
N CHaCly N | CH,Cly N
Br oTt OR
N-N N-N N-N R
1a bipy 2a bipy 3a bipy Me
1b phen 2b phen 3b phen Me
1c bipy' 2c bipy' 3c bipy' Me
4 bipy Et

5a bipy tBu
5b  bipy Bu

Scheme 1. Synthesis of the alkoxo complexes. Preparation of the triflato-
complex starting materials is possible in almost quantitative yields from the
bromo precursors.

photolysis in methanol of [Re(CH,OH)(CO);(bipy)] (ob-
tained by reaction of [Re(CO),(bipy)]OTf with NaBH, in
methanol).)

Good yields of the ethoxo and fert-butoxo complexes were
obtained using similar routes, although two and five equiva-
lents, respectively, of the corresponding sodium alkoxide had
to be used in order to keep reaction times short. Notably the
[Re(OTf)(CO)5(L-L)] complexes (L-L=1,2-(dimethylarsi-
no)benzene or 1,2-bis(diethylphosphino)ethane) do not react
with sodium fert-butoxide ;! a difference that can be attrib-
uted to a destabilizing steric interaction between the sub-
stituent on the donor atoms of the chelates and the bulky tert-
butyl group.

The new alkoxo complexes have been characterized by IR
and NMR spectroscopy (see Experimental Section) and were
found to be quite thermally stable; no appreciable decom-
position was detected after a 20 hour refluxing period in THF.
This is an important difference with regard to the zero-valent
group 6 anionic alkoxo carbonyl complexes studied by Dare-
nsbourg: In this case the m-donor alkoxo ligand causes a
strong CO-labilization,['!l that may result in the formation of
bimetallic or cluster compounds in which the alkoxo groups
act as bridging ligands. Another feature of those zero-valent
complexes, not shared by the alkoxo derivatives reported
here, is their tendency to undergo f(-elimination reactions
unless electron-withdrawing substituents are present at the
alkoxo group.!?l

The alkoxide ligand in [Re(OR)(CO);(N-N)]compounds is
a nucleophilic center. Thus, [Re(OCH;)(CO);(bipy)] (3a)
reacted with methyl iodide, ethyl iodide and ethyl bromide to
give the corresponding [ReX(CO);(bipy)] (X=1 or Br)l
complex and (CH;),O or CH;OCH,CH;. Analogous reac-
tions with acetyl chloride or acetic anhydride yielded [Re-
CI(CO)5(bipy)] (7) or [Re(OC(O)CH;)(CO); (bipy)] (8)
(independently prepared, see Experimental Section), respec-
tively, and methyl acetate,'¥l as shown in Scheme 2

Molybdenum and tungsten(i) alkoxo complexes could be
prepared by means of similar straightforward procedures. The
complex [MoCl(#*-C;Hs)(CO),(phen)] (9a) reacted with
sodium methoxide to yield, as indicated by the spectroscopic
data, a single product. The product displayed, as did complex
9a, two bands of similar intensity, indicatives of a cis-
dicarbonyl geometry. A decrease of some 20 cm~! relative to
9a in the position of these bands is consistent with the
substitution of CI by the strongly electron-donating methoxo
group, as displayed in Scheme 3.
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RX co
CO
N—R|e/—co N—Re——CO + ROMe
QN/| CD,Cly N
OMe X
N-N= bipy
R X
Me | 6
Et | 6
Et Br 1a
CHsCO cl 7

CH,CO OC(O)CHs 8

Scheme 2. The reactions of complex 3a with RX.

R—< R

| _co | _co
N—MZ—co * NaOMe ———— N—mZ—CO
CN/I QN/I

cl OMe

M R N-N M R N-N
9a Mo H phen 1la Mo H phen

9b Mo Me phen 11b Mo Me phen
0 W H phen 12w H phen

Scheme 3. Preparation of Mo and W (11) alkoxo complexes whereby the Cl
ligand of the precursor is substituted by the strongly electron-donating
methoxo group.

The product was isolated (see Experimental Section) in
good vyield as a microcrystalline garnet solid for which
spectroscopic and analytic data support a [Mo(OMe)(7?-
C;H;5)(CO),(phen)] (11a) formulation. The methoxo group
appears as a sharp three-hydrogen singlet at 4.45 ppm in the
'H NMR spectroscopy. The presence of phenanthroline (as a
set of four signals) and of a static and symmetric 73-C;H;
ligand is evident in the same spectrum (see Experimental
Section) and indicates that the metal has been the site of the
methoxide attack. Specific attack at the metal was also found
in the reaction of 9a with simple alkyl anions, in contrast with
the allylic alkylation observed with stabilized carbanions.['”]
The symmetric phen and allyl '"H NMR patterns indicate that
a mirror plane is present in 11a, which, therefore, should have
a pseudo-octahedral structure with trans OMe and allyl
groups.

Polymetallic complexes having alkoxo-bridged {Mo(#>-
methallyl)(CO),} fragments, which result from the reaction
of alkaline alkoxides with [MoCl(7*-methallyl)(CO),
(NCMe),] and [Mo(7*-methallyl)(CO),(NCMe),(THF)] com-
plexes, have been reported recently by Limberg.['®]

Given that very few low-valent molybdenum alkoxo com-
plexes are known, a crystallographic structural determination
of 11a was sought. However, repeated attempts failed to yield
suitable crystals. The similar complex [Mo(OMe)(7*-meth-
allyl)(CO),(phen)] (11b), for which preparative details and
characterization are given in the Experimental Section, was
equally reluctant to afford X-ray quality single crystals. The
tungsten methoxo complex [W(OMe)(7°-C;H;)(CO),(phen)]
(12) was prepared in a manner analogous to 11a-b, and its
spectroscopic data indicate a similar structure. A red crystal of
12, obtained by hexane diffusion into a CH,Cl, solution, could
be used for the X-ray determination of the structure. The
results are displayed in Figure 1 and Table 1.
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Table 1. Selected bond lenghts [A] and angles [°] for complex 12.

W(1)-C(1) 1.972(7) W(1)-N(1) 2253(5)
W(1)-C(2) 1.959(7) W(1)-N(2) 2.259(5)
W(1)-C(4) 2.332(6) Cc(1)-0(1) 1.147(7)
W(1)-C(5) 2.218(6) C2)-0() 1.150(8)
W(1)-C(6) 2.343(6) 0(3)-C(3) 1.371(8)
W(1)-0(3) 2.031(4)

C(2)-W(1)-C(1) 77.9(3) C(2)-W(1)-0(3) 94.9(2)
C(1)-W(1)-N(2) 1713(2) 0O(3)-W(1)-N(1) 78.60(17)
C(2)-W(1)-N(1) 171.92) 0(3)-W(1)-N(2) 79.93(16)
C(1)-W(1)-0(3) 91.5(2) C(3)-0(3)-W(1) 125.4(4)
N(1)-W(1)-N(2) 72.97(17)

Figure 1. Molecular structure and numbering scheme of 12.

The solid-state structure corresponds with the one deduced
from the spectroscopic data in solution (see above). The W—O
distance (2.031(4) A) in 12 is slightly longer than in the other
tungsten neutral alkoxo complexes structurally characterized,
and shorter than in the anionic aryloxo complexes [W(O-2,6-
Ph,-CH;)(CO)s]~  (2.175(9) A)'  and  [W(OPh)(CO),-
(PMePh,)]~ (2.191(6) A),['" in which ni-donation from oxygen
to tungsten must be less than in 12 due to the negative charge,
the lower oxidation state and the reduced electron releasing
ability (compared with CHj;) of aryl groups. The W-O-C angle
in 12 (125.4(4)°) is lower than in other neutral tungsten
compounds with terminal alkoxo ligands (132.5(2)° for [W(#°-
CsMes)(172-C{NCMe;}CH,CMe;) (OCMe;)(NO)] 18! and
128.4(6)° to 136.8(7)° values for [W(OCH,Bu),(py)(n*
OCPh,)]™1), which is likely to be due to the low steric profile
of 12.

The single, terminal alkoxo ligand and the lack of labile
ligands in our rhenium and molybdenum alkoxo complexes
make them good candidates to study the non-associative
reactivity of a metal-alkoxide bond.

Reactions with isocyanates:? The complex [Re(OCH;)-
(CO);(bipy)] (3a) reacts instantaneously at room temper-
ature with phenyl isocyanate affording the new compound
[Re(N(Ph)C(O)OCH;)(CO),(bipy)] (13a) (see Scheme 4),
which was characterized spectroscopically. The most informa-
tive features are the three-hydrogen singlet at 3.32 ppm in the
'H NMR and the weak singlet at 162.31 ppm in the 3*C NMR
spectrum assigned to the methoxo group and the carbonyl
carbon of the N-phenyl-O-methylcarbamate ligand, respec-
tively.2l

Since our attempts to grow single crystals of 13a were
unsuccessful, we scanned similar derivatives and found that

0947-6539/02/0819-4512 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 19





Insertion into Metal-Alkoxide Bonds 4510-4521
[m] - [m] The carbamate ligand in 13b,
(|:\ oMe MeochstAchcone NGO ’L o formed by isocyanate insertion
MeO,C”™ " C” -~  [M}oOMe ———— R™ ¢ into the Re—O bond is N-bond-
COzMe OCHs ed to rhenium, with a Re—N
NS M R distance (2.195(5) A) slightly
13a  {Re(CO)s(bipy)} Ph longer than that found in
136 {Re(CO)(bipy)} Ph the amido complex [Re-
14 {Mo(n3-allyl)(CO)(phen)} p-tolyl
(W] 15 {Re(CO)x(bipy)} Et (NHPh)(CO)s(P-P)] — (P-P=
é oMe 16 {Re(CO)3(bipy)} iPr 1,2—bls(dlethylphosghlno)—
¢ ethane) (2.170(7) A).d How-
g ever, the N—C(iposo) distance
™) R in 13b (1.436(7) A) is signifi-
7 (Mo metnaly)(CO)phen))  Ph cantly. longer thal.l the corre-
18 {Re(CO)s(bipy)} Ph sponding distance in the amido
19 {Re(CO)s(bipy)} Et complex (1.375(11) A); this in-
20 {Re(CO)3(bipy)} tBu

Scheme 4. Reactions with DMAD, isocyanates and isothiocyanates.

[Re(OCH;)(CO);(phen)] (3b) inserts PANCO to give, in an
identical manner, [Re(N(Ph)C(O)OCH;)(CO);(phen)] (13b),
for which single crystals suitable for X-ray diffraction could be
obtained. The results of the structural determination are
shown in Figure 2 and Table 2.

cay

ot

Figure 2. Molecular structure and numbering scheme of 13b.

Table 2. Selected bond lengths [A] and angles [] for complex 13b.

Re(1)-C(1) 1.916(6) N(3)-C(31) 1.436(7)
Re(1)-C(2) 1.908(6) C(4)-0(4) 1.220(8)
Re(1)-C(3) 1.904(6) C(4)-0(5) 1.379(8)
Re(1)-N(1) 2.173(4) c(1)-0(1) 1.149(7)
Re(1)-N(2) 2.194(4) C(2)-0(2) 1.150(8)
Re(1)-N(3) 2.195(5) C(3)-0(3) 1.161(7)
N(3)-C(4) 1.332(7)

C(2)-Re(1)-C(1) 89.4(2) C(2)-Re(1)-N(3) 93.2(2)
C(3)-Re(1)-C(2) 86.6(3) C(1)-Re(1)-N(3) 175.35(19)
C(3)-Re(1)-C(1) 88.0(2) N(1)-Re(1)-N(3) 82.71(17)
C(1)-Re(1)-N(1) 94.45(19) N(2)-Re(1)-N(3) 84.77(16)
C(2)-Re(1)-N(1) 174.1(2) C(4)-N(3)-Re(1) 127.2(4)
C(3)-Re(1)-N(1) 98.0(2) C(31)-N(3)-Re(1) 118.7(3)
C(2)-Re(1)-N(2) 100.0(2) C(4)-N(3)-C(31) 114.1(5)
C(1)-Re(1)-N(2) 90.9(2) O(4)-C(4)-N(3) 129.3(6)
C(3)-Re(1)-N(2) 173.3(2) 0(4)-C(4)-0(5) 120.2(6)
N(1)-Re(1)-N(2) 75.44(17) N(3)-C(4)-0(5) 110.5(3)
C(3)-Re(1)-N(3) 96.0(2)

Chem. Eur. J. 2002, 8, No. 19
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dicates that the phenyl ring

does not participate apprecia-

bly in the delocalization of the
nitrogen lone pair. On the other hand, the N(3)—C(4) distance
(1.332(7) A) is virtually identical to the corresponding dis-
tance in the complex [Ni(mesityl){N(Ph)C(O)CHPh,}-
(PMe;),] (1.339(3) A) which was considered to imply signifi-
cant electronic delocalization involving the carbonyl group.?!
For complex 13b, this delocalization is further substantiated
by the planarity around the nitrogen atom of the carbamate
ligand.

Analogously, the reaction of [Mo(OR)(73-allyl)(CO),-
(phen)] (11a) with p-tolylisocyanate led to the quantitative
transformation of 1la into the complex [Mo{N-
(R)C(O)OCH,)(7-C;H;) (CO),(phen)] (R =p-tolyl) (14), as
shown in Scheme 4. The most relevant spectroscopic data of
14 are a three-hydrogen singlet at 1.69 ppm in 'H NMR,
attributable to the methoxo group, and a weak signal at
162.8 ppm in 3C NMR, corresponding to the carbonyl carbon
of the N-p-tolyl-O-methylcarbamate ligand. The structure of
14 was also determined by X-ray diffraction (Figure 3 and
Table 3). The carbamate ligand, resulting from isocyanate
insertion into the Mo—O bond, is again N-bound to the metal.

Isocyanate insertion into M—O bonds of alkoxo complexes
has some precedents.’!l However, so far, the crystallograph-

Figure 3. Molecular structure and numbering scheme of 14.
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Table 3. Selected bond lengths [A] and angles [°] for complex 14.
Mo(1)—-C(1) 1.955(5) C(1)-0(1) 1.151(5)
Mo(1)-C(2) 1975(5)  C(2)-0(2) 1.149(5)
Mo(1)-C(3) 2352(4)  N(3)-C(31) 1.448(5)
Mo(1)-C(4) 2234(4)  N(3)-C(6) 1.348(5)
Mo(1)-C(5) 2347(4)  C(6)-O(6) 1.227(5)
Mo(1)-N(1) 2.279(4) C(6)—0O(7) 1.367(5)
Mo(1)-N(2) 2.250(3) O(7)—C(7) 1.438(5)
Mo(1)-N(3) 2216(3)

C(1)-Mo(1)-C(2) 7864(19)  C(6)-N(3)-Mo(1) 121.93)
C(1)-Mo(1)-N(1) 172.53(16) C(31)-N(3)-Mo(1) 122.7(3)
C(2)-Mo(1)-N(2) 17257(16)  N(3)-C(6)-0(7) 112.7(4)
C(1)-Mo(1)-N(3) 89.88(16)  O(6)-C(6)-N(3) 126.8(4)
C(2)-Mo(1)-N(3) 89.25(16)  C(6)-O(7)-C(7) 117.5(4)
N(1)-Mo(1)-N(3) 8420(12)  N(2)-Mo(1)-N(1) 73.29(14)
N(2)-Mo(1)-N(3) 8333(12)  C(31)-N(3)-C(6) 1153(3)

ically characterized insertion products have been N,O-biden-
tate carbamate ligands,?'*¢f due to the existence of vacant
sites cis to the alkoxo group in the precursor complex. The
sum of angles around N(3) in 14 is 360°. This planar geometry
indicates a delocalization of the nitrogen lone pair that, given
the bond lengths, involves mainly the bond N(3)—C(6). This
distance (1.348(5) A) is nearly identical to that mentioned
above for the complex 13b. An important consequence of this
electronic delocalization is that 13b and 14 do not react with a
second equivalent of RNCO, whereas amido complexes
usually insert isocyanates.??]

To determine a relative order of reactivity, a competition
experiment for the rhenium complexes was conducted. The
reaction of 3a with EtNCO is instantaneous at room temper-
ature, giving an insertion product (15) analogous to 13a-b,
which was spectroscopically characterized. Thus, 3a was
added to a CD,(lI, solution of equimolar amounts of PhANCO
and EtNCO in an NMR tube. Compound 13a was the only
product detected by 'H NMR, which indicates that PANCO is
significantly more reactive than EtNCO. As a Ph unit is less
electron releasing than Et, the aryl isocyanate should be as
stronger electrophile than EtNCO. This order of reactivity is
consistent with the isocyanate being the electrophilic counter-
part in the reaction with the nucleophilic alkoxo group.

The reaction of 3a with /PrNCO to afford the insertion
product 16 takes one hour at room temperature; no reaction
was observed with tBuNCO, probably reflecting a combina-
tion of less electrophilic character (as a consequence of a
more electron-donating alkyl chain) and an increase in steric
hindrance of the isocyanate. The bulkier alkoxo group of
[Re(O1Bu)(CO);(bipy’)] (5b) inserted only the more reactive
PhNCO (30 min, room temperature). Since the tBuO ligand is
more basic (and, therefore, considering electronic factors,
should be more reactive) than OMe, this reflects the
importance of the steric bulk on the nucleophilic oxygen.¥

Reactions with isothiocyanates:> The insertion of isothio-
cyanates into Re—~OR and Mo—OR bonds was also studied.
The reaction of phenylisothiocyanate with [Mo(OMe)(#*-
methallyl)(CO),(phen)] (11b)P afforded the insertion prod-
uct [Mo{SC(NPh)OCHj;}(*-C;H,4(CH;))(CO),(phen)] (17)
(see Scheme 4). The '"H NMR spectra showed the incorpo-
ration of the isothiocyanate (aromatic multiplets at 6.95 and
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6.68 ppm), as well as a signal at 3.88 ppm corresponding to the
methoxo group. The results of an X-ray structural determi-
nation of 17 are showed in Figure 4 and Table 4.

Figure 4. Molecular structure and numbering scheme of 17.

Table 4. Selected bond lengths [A] and angles [°] for complex 17.

Mo(1)-C(1) 1.949(8)  C(1)-0O(1) 1.154(9)
Mo(1)-C(2) 1.951(8)  C(2)-0(2) 1.166(9)
Mo(1)-C(3) 23378)  S(1)-C(9) 1.766(8)
Mo(1)-C(4) 2284(9)  C(9)-N@3) 1.264(10)
Mo(1)-C(5) 2329(9)  C(9)-0(10) 1.334(9)
Mo(1)-N(1) 2253(5)  O(10)-C(10) 1.429(10)
Mo(1)-N(2) 2261(6)  N(3)-C(11) 1.405(11)
Mo(1)-S(1) 2.493(2)

C(1)-Mo(1)-C(2) 792(3) N(2)-Mo(1)-S(1) 79.20(18)
N(1)-Mo(1)-N(2) 72.8(2) C(9)-8(1)-Mo(1) 110.2(3)
C(1)-Mo(1)-N(1) 167.1(3) 0(10)-C(9)-S(1) 112.5(6)
C(2)-Mo(1)-N(2) 168.7(3) N(3)-C(9)-S(1) 112.7(4)
C(1)-Mo(1)-S(1) 89.0(3) C(9)-0(10)-C(10)  117.4(7)
C(2)-Mo(1)-S(1) 89.6(2) C(9)-N(3))-C(11) 120.7(7)
N(1)-Mo(1)-S(1) 78.57(16)

The regiochemistry is different to the one found for the
insertion of p-tolylisocyanate described before. In 17 the S—C
bond rather than the N—C bond was inserted into the
molybdenum—alkoxo bond. The resulting ligand is coordi-
nated through the sulfur atom. The bond distances N(3)—C(9)
(1.246(6) A) and C(9)-S(1) (1.766(8) A) are consistent with
double and single bonds, respectively. A simple rationale for
the different coordination mode of the ligands resulting from
the insertion in complexes 14 and 17 is that the softer sulfur
would be preferred for the coordination to an organometallic
fragment. However, it should be noted that the isothiocyanate
ligand is N-bound in the complexes [Mo(NCS)(7*-allyl)-
(CO),(N-N)] (N-N =bipy, phen), for which structures have
been determined by X-ray diffraction.?”)

The methoxo complex 3a was found to react with PhNCS,
EtNCS, and rBuNCS (Scheme 4). While the reactions with
phenyl and ethyl isothiocyanates took place in 15 minutes at
room temperature, the reaction with the bulkier fert-butyl-
isothiocyanate needed one day to reach completion. Com-
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petition experiments between PhANCO and PhNCS, and be-
tween EtNCO and EtNCS, established that isocyanates are
more reactive towards 3a than related isothiocyanates (see
Experimental Section), a result reminiscent of the relative
reactivities of RNCO and RNCS towards alcohols.”! There-
fore, the reaction of fBuNCS with 3a is surprising given the
lack of reaction between this complex and BuNCO (see
above). Aiming to obtain information that could clarify this
point, complex [Re{SC(NEt)OCH,}(CO),(bipy)] (18) was
structurally characterized by X-ray diffraction.

The results (Figure 5 and Table 5) indicate the presence of
the SC(NEt)OMe group (resulting from ethylisothiocyanate
insertion into the Re—O bond) S-bonded to rhenium. The
N(3)—C(4) (1.255(7) A) and C(4)-S(1) (1.773(5) A) distances
are consistent with double and single bonds respectively, as
depicted in Scheme 4. The different coordination modes
found for the products of the reactions with isocyanates and
isothiocyanates account for the fact that 3a reacts with
tBuNCS but does not with tBuNCO. Thus, S-coordination to
Re of the resulting organic group keeps the bulky fert-butyl
group away from the metal, whereas the unobserved product
of tBuNCO insertion, with a structure such as 13-16 (see
Schemes 4 and 5) would have the tert-butyl group on the
nitrogen coordinated to rhenium, and therefore would suffer a

Figure 5. Molecular structure and numbering scheme of 18.

Table 5. Selected bond lengths [A] and angles [°] for complex 18.

Re(1)-C(1) 1.921(7) N(3)-C(4) 1.255(7)
Re(1)-C(2) 1.925(6) C(4)-0(4) 1.358(6)
Re(1)-C(3) 1.911(6) 0(4)—C(5) 1.432(6)
Re(1)-N(1) 2.176(4) c(1)-0(1) 1.147(8)
Re(1)-N(2) 2.181(4) C(2)-0(2) 1.143(7)
Re(1)-S(1) 2.5131(14) C(3)-0(3) 1.155(7)
S(1)-C(4) 1.773(5)

C(1)-Re(1)-C(2) 89.2(3) C(1)-Re(1)-8(1) 176.8(2)
C(3)-Re(1)-C(2) 86.5(2) C(2)-Re(1)-8(1) 90.95(18)
C(3)-Re(1)-C(1) 89.5(3) C(3)-Re(1)-8(1) 93.69(17)
C(1)-Re(1)-N(1) 94.6(2) N(1)-Re(1)-S(1) 84.97(11)
C(2)-Re(1)-N(1) 173.4(2) N(2)-Re(1)-S(1) 82.95(11)
C(3)-Re(1)-N(1) 99.0(2) C(4)-8(1)-Re(1) 107.93(18)
C(2)-Re(1)-N(2) 99.5(2) N(3)-C(4)-O(4) 118.9(5)
C(1)-Re(1)-N(2) 93.9(2) N(3)-C(4)-S(1) 128.6(4)
C(3)-Re(1)-N(2) 173.21(19) O(4)-C(4)-S(1) 112.6(4)
N(1)-Re(1)-N(2) 74.87(15) C(4)-0(4)-C(5) 116.1(4)
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destabilizing interaction between the {Re(CO);(bipy)} and
tBu groups.

co co co

| co tBUNCS | co tBUNCO | _co
N—ReZ—CO N—RE—CO —_S¢ . N—Re—CO
Cn | THF ¢ THF Cn

oM N. _OCH
S\C,OMe e BU” c 3
/Kj 3a o
tBu
20

Scheme 5. The different coordination modes found for the products of the
reactions with isocyanates and isothiocyanates account for the fact that
complex 3a reacts with fBuNCS to give compound 20 but does not react
with fBuNCO.

Reactions with tetracyanoethylene (TCNE):®! A significant
shift to higher wavenumbers occurred in the IR 7q values
when TCNE was added to a THF solution of 3¢. The single
product of the reaction, [Re{C(CN),C(CN),(OMe)}(CO);-
(bipy’)] (21) (see Scheme 6), was isolated as a thermally
unstable crystalline solid and structurally characterized by
X-ray diffraction (Figure 6 and Table 6).

(‘:o TO TO
co cs, co TCNE co
N—Re"—CO T N—ReZ—C —Re™—CO

Cn | Cn THF N7

5. OMe OMe C(CN),C(CN),OMe
"

2 S 3 21

N-N= bipy N-N= bipy"

Scheme 6. The formation of complexes 21 and 22 from THF solutions of 3.

Figure 6. Molecular structure and numbering scheme of 21.

The molecule of 21 consists of a fac-{Re(CO);(bipy’)}
fragment bound to a 2-methoxytetracyanoethyl group result-
ing from TCNE insertion into the Re—~OMe bond. The Re—C
distance (2.339(9) A) is somewhat longer than the values
found in rhenium complexes with simple alkyl groups,”” in
line with what is found for other metals.?!l Insertion reactions
of TCNE with transition metal alkyls are well documented;
in contrast, this is, to our knowledge, the first TCNE insertion
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Table 6. Selected bond lengths [A] and angles [°] for complex 21. Table 7. Selected bond lengths [A] and angles [°] for complex 22.
Re(1)-C(1) 1.903(9) Re(1)-C(4) 2.339(9) Re(1)~C(1) 1.920(8) S(2)-C(4) 1.652(6)
Re(1)-C(2) 1.915(7) C(4)-C(5) 1.533(10) Re(1)-C(2) 1.900(8) C(4)-0(4) 1.315(7)
Re(1)-C(3) 1.930(8) C(1)—0(1) 1.162(10) Re(1)—C(3) 1.924(7) O4)—C(5) 1.471(8)
Re(1)-N(1) 2.183(6) C(2)-0(2) 1.153(9) Re(1)-N(1) 2.168(4) C(1)-0(1) 1.146(8)
Re(1)-N(2) 2.185(6) C(3)-0(3) 1.142(10) Re(1)-N(2) 2.168(5) C(2)-0(2) 1.170(9)
C(1)-Re(1)-C(2) 89.3(3) C(2)-Re(1)-C(4) 96.2(3) Re(1)-S(1) 2.5059(15) C(3)-0(3) 1.142(8)
C(2)-Re(1)-C(3) 86.1(3) C(3)-Re(1)-C(4) 177.3(3) S(1)—-C(4) 1.729(6)
C(1)-Re(1)-C(3) 88.3(4) N(1)-Re(1)-C(4) 85.0(2) C(2)-Re(1)-C(1) 89.9(3) C(1)-Re(1)-S(1) 177.40(19)
C(1)-Re(1)-N(1) 97.8(3) N(2)-Re(1)-C(4) 88.4(3) C(2)-Re(1)-C(3) 87.2(3) C(2)-Re(1)-S(1) 91.0(3)
C(2)-Re(1)-N(1) 172.8(3) C(5)-C(4)-Re(1) 116.1(5) C(1)-Re(1)-C(3) 88.8(3) C(3)-Re(1)-S(1) 93.7(2)
C(3)-Re(1)-N(1) 92.9(3) C(7)-C(4)-Re(1) 110.0(5) C(1)-Re(1)-N(1) 94.7(2) N(1)-Re(1)-S(1) 82.77(12)
C(2)-Re(1)-N(2) 98.2(3) C(6)-C(4)-Re(1) 105.4(5) C(2)-Re(1)-N(1) 97.3(2) N(2)-Re(1)-S(1) 85.29(12)
C(1)-Re(1)-N(2) 172.5(3) C(7)-C(4)-C(6) 108.0(6) C(3)-Re(1)-N(1) 174.4(2) C(4)-S(1)-Re(1) 111.9(2)
C(3)-Re(1)-N(2) 92.6(3) C(7)-C(4)-C(5) 108.5(7) C(2)-Re(1)-N(2) 171.6(2) 0(4)-C(4)-S(2) 1243(2)
N(1)-Re(1)-N(2) 74.7(2) C(6)-C(4)-C(5) 108.5(7) C(1)-Re(1)-N(2) 93.5(2) 0(4)-C(4)-S(1) 113.5(4)
C(1)-Re(1)-C(4) 90.4(3) C(3)-Re(1)-N(2) 100.6(2) S(2)-C(4)-8(1) 1222(3)
N(1)-Re(1)-N(2) 74.78(15) C(4)-0(4)-C(5) 118.9(5)

into a transition metal—alkoxide bond. As noted for the
products of isocyanate insertion, 21 is deactivated with respect
to insertion of a second molecule of TCNE.

The reaction of the molybdenum alkoxo complex 11b with
TCNE in CH,Cl, afforded a solution with IR bands suggestive
of an insertion similar to that described above.l**! However,
the scantly informative NMR spectra and our failure to obtain
X-ray quality crystals preclude further discussion.

Reactions with carbon disulfide:* The complex [Re-
(OCH;)(CO);(bipy)] (3a) reacts instantaneously with carbon
disulfide to afford the xanthato complex [Re{SC(S)OCHa}-
(CO);(bipy)] (22) (Scheme 6), which was characterized by IR
and NMR spectroscopy and by X-ray diffraction (see Figure 7
and Table 7).

o

Figure 7. Molecular structure and numbering scheme of 22.

Similar complexes were obtained by reaction of [Re-
(OCH;)(CO)5(L-L)] (L-L=(PMes),; 1,2-(dimethylarsino)-
benzene) with CS,, although 22 seems to be the only
crystallographically characterized rhenium derivative with a
monodentate xanthato ligand.?®y The Re—S distance
(2.5059(15) A) is slightly longer than the Re—S distances
found in the bidentate xanthato ligand of [Re(#’
CsMes)Cly(S,CO-cCH )] (2.457(2) and 2.488(2) A).33 The

4516 ——
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S—C distances for the coordinated and uncoordinated sulfur
atoms of the xanthato ligand (1.729(6) and 1.652(6) A,
respectively) are almost identical to the distances found in
other neutral transition metal complexes with monodentate
xanthato groups.>!

The complex [Re(OrBu)(CO);(bipy)] (5a) does not react
with CS,. This is not surprising given the importance of the
steric bulk of the substituent at the oxygen atom (see above).
However, the reaction of [Re(OTf)(CO),(bipy)] (2a) with a
mixture of sodium fert-butoxide and CS, gives the xanthato
complex [Re(SC(S)OrBu)(CO);(bipy)] (23), which has been
spectroscopically characterized. Therefore, the lack of reac-
tion between 5a and CS, can be taken as a strong indication
that 5a does not undergo significant ionization in solution
otherwise dissociated fert-butoxide anion would, in the
presence of CS,, react to give 23 as it does when the separate
components of the xanthate anion are added to Sa. Since
dissociation would be more favored for the much bulkier tert-
butoxide group, one can assume that insertion reactions of
[Re(OR)(CO);(N-N)] complexes occur by means of a non-
dissociative mechanism.’!

The reaction of [Mo(OMe)(r*-methallyl)(CO),(phen)]
(11b) with CS, afforded a new cis-dicarbonyl species with
IR 7., bands at 1944 and 1858 cm~!. However, further
characterization was impossible due to its extreme insolubil-
ity.

To conclude, straightforward routes to [Re(OR)(CO)s-
(N-N)] (N-N=bipy, phen) and [M(OR)(#*-allyl)(CO),-
(phen)] (M =Mo, W) (previously unknown) complexes have
been developed. These alkoxo derivatives, which are ther-
mally stable towards both S-elimination of the alkoxo group
and towards CO labilization, react in mild conditions with
several organic unsaturated electrophiles, affording the
products of single insertion of the organic molecule into the
M—OR bond. The relative reactivities indicate that the alkoxo
complexes act as nucleophiles towards the organic substrates.
Insertion reactions are most likely initiated by the bimolec-
ular attack of the undissociated alkoxo ligand to the organic
substrate. The products of these insertions are inert towards
further reactions with the organic electrophiles. Six insertion
products have been fully characterized, including single-
crystal X-ray structure determinations.

0947-6539/02/0819-4516 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 19





Insertion into Metal-Alkoxide Bonds

4510-4521

Experimental Section

General procedures: All reactions were carried out under dinitrogen using
standard Schlenk techniques. Solvents were distilled from Na (hexanes),
and CaH,
CH,CH,OH). CD,Cl, and CD;COCD; were dried over 4 A molecular
sieves and CD,Cl, was stored in the dark over Na,CO;. Elemental analyses
were obtained using a Perkin — Elmer 240-B microanalyzer. The IR and 'H,
YF and BC{'H} NMR spectra were recorded on Perkin - Elmer FT 1720-X
(over the range 2200 - 1600 cm™'), and Bruker AC-200 (or AC-300 or DPX-

Na/benzophenone (tetrahydrofuran)

300) spectrometers, respectively.

The complexes [ReBr(CO)3(N-N)][38] were prepared in quantitative yield

by refluxing the equimolar quantities
of [ReBr(CO)5]"” and the N-N ligand
in toluene for 4 h.

The complexes [MCI(5*-allyl)(CO),-
(phen)] (M=Mo, W) were synthe-
sized according to the literature pro-
cedures.[*!

Crystal structure determination for
compounds 12, 13b, 14, 17, 18 and 22:
A suitable crystal was attached to a
glass fiber and transferred to a Bruker
AXS SMART1000 diffractometer
with graphite monochromatized Moy,
X-radiation and a CCD area detector.
A hemisphere of the reciprocal space
was collected up to 260 =48.6°. Raw
frame data were integrated with the
SAINTHI program. The structure was
solved by direct methods with
SHELXTL. A semiempirical ab-
sorption correction was applied with
the program SADABS.®! All non-
hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were set in
calculated positions and refined as
riding atoms, with a common thermal
parameter. All calculations and graph-
ics were made with SHELXTL. Crys-
tal and refinement data are presented
in Tables 8 and 9.

Crystal structure determination for
compound 21: The crystal structure
was solved by Patterson Methods us-
ing the program Dirdif.*} Anisotropic
least-squares refinement was carried
out with SHELXL-97.14 All non-hy-
drogen atoms were anisotropically
refined. Hydrogen atoms were geo-
metrically placed and refined riding on
their parent atoms. An empirical ab-
sorption correction was applied using
XABS2.#l Geometrical calculations
were made with PARST.¥l The crys-
tallographic plots were made with
PLATON."I All calculations were
carried out at the University of Oviedo
using the Scientific Computer Center
and X-Ray group computers. Crystal
and refinement data are presented in
Table 9.

Crystallographic  data  (excluding
structure factors) for the structures
reported in this paper have been
deposited with the Cambridge Crys-
tallographic Data Centre as supple-
mentary publication no. CCDC
179604 (12), 179606 (13b), 179605
(14), 179607 (17), 179608 (18), 179 609

Chem. Eur. J. 2002, 8, No. 19

(CH,ClL,, CH,OH,

(21) and 179610 (22). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge, CB21EZ, UK
(fax:(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk)

Preparation of [Re(OTH)(CO);(bipy)] (2a):1 AgOTf (0.257 g, 1 mmol)
was added to a solution of [ReBr(CO);(bipy)] (1a) (0.506 g, 1 mmol) in
CH,Cl, (20 mL), and the mixture stirred in the dark for 40 minutes. The
solution was filtered through Celite. The solvent was evaporated under
vacuum, hexane added and the complex 2a precipitated as a pale yellow
solid which was dried under vacuum to yield the title compound (0.545 g,
95 %). Elemental analysis calcd (%) for C;,;HgF;N,O¢ReS: C 29.21, H 1.40,

N 4.86; found: C 29.87, H 1.52, N 4.71; IR (CH,Cl,): v=2035, 1935,
1914 cm~!; '"H NMR (CD;COCD3): 6 =9.22, 8.79, 8.48, 7.92 (m, 2H each;

bipy); F NMR (CD;COCD;): 6 =—"77.6.

Table 8. Crystal data and refinement details for complexes 12, 13b, 14 and 17.

12 13b 14 17
formula C3H3,N,OgW, C,,H;sCLN;04Re CyH,3MoN;0, C,;H,;MoN;0,S
Fy 984.36 685.51 537.41 581.48
crystal system triclinic monoclinic monoclinic triclinic
space group Pl P2,/n P2/n Pl
a[A] 11.0572(15) 9.0202(6) 9.0687(17) 10.2817(19)
b [A] 11.6774(16) 16.2213(12) 10.918(2) 10.955(2)
c[A] 14.0048(19) 17.4774(12) 23.867(4) 13.172(3)
a[] 101.195(3) 90 90 73.908(4)
A1 106.646(2) 99.4060(10) 94.889(4) 89.367(4)
v [°] 102.577(2) 90 90 60.664(4)
V[A3] 1626.14 2522.9(3) 2354.6(7) 1300.8(4)
V4 4 4 4 2
T [K] 293(2) 295(2) 2952 295(2)
Peatea [gem ™) 4.021 1.805 1.516 1.485
F(000) 1888 1328 1069 592
A (Moy,) [A] 0.71073 0.71073 0.71073 0.71073
crystal size [mm] 0.26x0.12x0.12  0.11x0.13 x0.21 0.07x0.11x0.19  0.03 x 0.15 x 0.30
wu [mm~] 14.245 5.068 0.595 0.622
scan range [°] 1.58 6 23.31 1.72 6 23.28 1.71 6 23.30 1.62 6 23.44
no refls measured 7427 11116 10176 5930
no independent refls 4622 3622 3390 3740
data/restraints/parameters  4622/0/436 3622/0/318 3390/0/309 3740/0/327
goodness-of-fit on F?2 1.043 1.006 1.000 1.059
R\/Ry, [I>20(1)] 0.0298 0.0268/0.0743 0.0378/0.0797 0.0546/0.1501
R\/R,, (all data) 0.0335 0.0310/0.0761 0.0614/0.0860 0.0732/0.1663

Table 9. Crystal data and refinement details for complexes 18, 21 and 22.

18 21 22
formula C;H(N;O,ReS C,H,;N;O,Re CsH(N,O,ReS,
Fy 544.59 685.75 522.49
crystal system monoclinic orthorhombic monoclinic
space group P2/c Pcab P2/c
a[A] 14.1351(15) 13.1706(2) 7.5200(4)
b [A] 8.3436(9) 20.1255(3) 13.6333(7)
c[A] 17.5543(18) 20.8107(3) 17.4955(9)
a[’] 90 90 90
A1 113.087(2) 90 100.9810(10)
v [°] 90 90 90
V[A3] 1904.5(3) 5516.19(14) 1760.84(16)
V4 4 8 4
T [K] 295(2) 120(2) 293(2)
Peatea [gem ™) 1.899 1.651 1.971
F(000) 1048 2704 972
A(Moy,) [A] 0.71073 0.71073 0.71073
crystal size [mm)] 0.14 x 0.27 x 0.39 0.40 x 0.20 x 0.18 0.10 x 0.12 x 0.21
u [mm™] 6.516 8.993 7.157
scan range [°] 1.57 6 23.32 4.39 6 69.87 1.91 6 23.28
no refls measured 8147 47658 7840
no independent refls 2736 5184 2541
data/restraints/parameters 2736/0/238 5184/11/319 2541/0/218
goodness-of-fit on F? 1.188 1.193 1.088
Ri/R,, [I>20(])] 0.0252/0.0627 0.0494/0.1613 0.0254/0.0724
R\/R,, (all data) 0.0266/0.0633 0.0594/0.2250 0.0291/0.0746
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Preparation of [Re(OTf)(CO);(phen)] (2b): The procedure was similar to
that described above for 2a, starting from [ReBr(CO)s;(phen)] (1b)
(0.530 g, 1 mmol) and AgOTf (0.257 g, 1 mmol) to yield the title compund
(0.515 g, 85%). Elemental analysis caled (%) for C,sHgFsN,O¢ReS: C
32.05,H 1.34, N 4.67; found: C 32.17, H 1.42, N 4.71; IR (CH,Cl,): v =2035,
1934, 1914 cm~'; '"H NMR (CD;COCD3): 6 =9.62, 9.09, 8.39, 8.26 (m, 2H
each; phen); F NMR (CD;COCD;): 6 =—77.8.

Preparation of [Re(OTf)(CO);(bipy’)] (2¢): Following the procedure
described for 2a—b, AgOTf (0.257 g, 1 mmol) was added to a solution of
[ReBr(CO);(bipy’)] (1¢) (0.534 g, 1 mmol) in CH,Cl, (20 mL). Subsequent
workup afforded complex 2¢ (0.579 g, 96 % ). Elemental analysis calcd (%)
for CsH,F5N,O4ReS: C 31.84, H 2.00, N 4.64; found: C 31.61, H 2.15, N
4.51; IR (CH,ClL,): v=2033, 1933, 1913 cm™}; 'H NMR (CD;COCD;): 6 =
9.10 (d, J =5.65 Hz, 2H; bipy’) 8.10 (s, 2H; bipy’), 7.52 (d, J = 5.65 Hz, 2 H;
bipy’), 2.71 (s, 6H; CH;, bipy'); YF NMR (CD,COCD,): 6 = —772.
Preparation of [Re(OMe)(CO);(bipy)] (3a): Sodium (0.230 g, 10 mmol)
was added to methanol (10 mL) at 0°C and stirred for 20 minutes to give a
1.0M solution of NaOMe in methanol.

NaOMe (0.095 mL of the 1.0M in methanol solution, 0.095 mmol) was
added to a solution of 2a (0.050 g, 0.087 mmol) in CH,Cl, (15 mL). The
color of the mixture changed from yellow to red and after 15 minutes the
solvent was evaporated under vacuum. The solid residue was extracted with
CH,C], (10 mL) and the solution was filtered with a cannula tipped with
filter paper. The solvent was removed to give 3a (0.034 g, 87 % ). Elemental
analysis calcd (%) for C,H;;N,O,Re: C 36.75, H 2.42, N 6.12; found: C
36.49, H 2.15, N 6.25; IR (THF): »=2001, 1894, 1876 cm™!; 'H NMR
(CD,CL): 6 =9.02, 8.07, 7.57, 7.53 (m, 2H each; bipy), 3.73 (s, 3H; OMe).
Complexes 3b and 3¢ were prepared similarly.

Preparation of [Re(OMe)(CO);(phen)] (3b): This was done from 2b
(0.050 g, 0.083 mmol) in CH,Cl, and NaOMe (0.091 mL of a 1.0M solution
of MeOH)) to yield the title compound (0.032 g, 80 % ). Elemental analysis
caled (%) for C,iH;;N,O,Re: C 39.91, H 2.30, N 5.81; found: C 39.75, H
2.51, N 5.37; IR (THF): »=2001, 1895, 1876 cm~!; 'H NMR (CD,Cl,): 6 =
9.42,9.07, 8.27,7.93 (m, 2H each; phen), 3.70 (s, 3H; OMe).

Preparation of [Re(OMe)(CO);(bipy’)] (3¢): A 1.0M solution of NaOMe
in methanol (0.091 mL) was added to a solution of 2¢ (0.050 g, 0.083 mmol)
in CH,Cl,. The resulting red solution was stirred for 15 minutes. Sub-
sequent workup was done as described for 3a to yield the title compound
(0.036 g, 90 % ). Elemental analysis caled (%) for C;¢HsN,O,Re: C 39.58,
H 3.11, N 5.76; found: C 39.12, H 3.58, N 5.21; IR (THF): » =2000, 1892,
1876 cm™!; 'TH NMR (CD,Cl,): 6 =8.82 (d, J =5.65 Hz, 2H; bipy’), 7.99 (s,
2H; bipy’), 7.32 (d,J=5.65 Hz, 2H; bipy’), 3.77 (s, 3H; OCH,), 2.53 (s, 6 H;
CHj;, bipy’).

Preparation of [Re(OEt)(CO);(bipy’)] (4): Sodium (0.230 g, 10 mmol) was
added to ethanol (10 mL) at 0°C and stirred for 20 minutes to afford a 1.0M
solution of NaOEt in ethanol.

NaOEt (0.248 mL of a 1.0 M solution in ethanol, 0.248 mmol) was added to
a solution of [Re(OTf)(CO);(bipy’)] (0.050 g, 0.082 mmol) in CH,CL,
(15 mL). The color of the mixture changed from yellow to red and after
30 minutes. The solvent was evaporated under vacuum. The workup was as
described for 3a, affording the title compound (0.037 g, 91 % ). Elemental
analysis caled (%) for C;;H;N,O,Re: C 40.87, H 3.43, N 5.60; found: C
40.76, H 3.72, N 5.29; IR (THF): v=1999, 1889, 1872 cm~!; 'H NMR
(CD,CL): 6=8.79 (d, J=5.69 Hz, 2H; bipy’), 798 (s, 2H; bipy’), 7.29 (d,
J=5.69 Hz, 2H; bipy’), 3.78 (q, J=6.84 Hz, 2H; OCH,CHj,), 2.55 (s, 6H;
bipy’), 0.83 (t, /= 6.84 Hz, 3H; OCH,CHj).

Preparation of [Re(O7Bu)(CO);(bipy)] (5a): NaOrBu (0.042 ¢,
0.437 mmol) was added to a solution of 2a (0.050 g, 0.087 mmol) in CH,Cl,
(20 mL) and the mixture was stirred in the dark for 5 h. The solution was
filtered with a cannula tipped with filter paper. The solvent was removed
under vacuum to give 5a (0.034 g, 78 % ). Elemental analysis calcd (%) for
C;H;;N,ORe: C 40.87, H 3.43, N 5.66; found: C 40.61, H 3.72, N 5.85; IR
(THF): v=1998, 1888, 1870 cm~!; '"H NMR (CD,Cl,): 6 =8.64, 8.35, 8.07,
7.37 (m, 2H each; bipy), 0.82 (s, 9H; OC(CH,);).

Preparation of [Re(O7Bu)(CO);(bipy’)] (5b): Following the procedure
described above, 5b was prepared by reaction of 2¢ (0.050 g, 0.083 mmol)
and NaOrBu (0.040 g, 0.415 mmol) in CH,Cl, to yield the title compound
(0.039 g, 90 % ). Elemental analysis calcd (%) for C;yH,;N,O,Re: C 43.25,
H 4.01, N 5.30; found: C 43.47, H 4.39, N 5.71; IR (THF): » =1998, 1888,
1870 cm~'; '"H NMR (CD,Cl,): 6 =8.73 (d, J=5.69 Hz, 2H; bipy’), 7.95 (s,
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2H; bipy’), 7.25 (d, J =5.69 Hz, 2H; bipy’), 2.52 (s, 6 H; CHj3, bipy’), 0.83 (s,
9H; OC(CH,);); BC{'H} NMR (CD,Cl,): 6 =201.60 (2CO), 194.55 (CO),
156.05, 152.18, 151.39, 12725, 123.80 (bipy’), 71.25 (OC(CH,);), 34.28
(OC(CH3,)5), 21.79 (CHs, bipy’).

Reaction of 3a with methyl iodide: A 5 mm NMR tube was charged with a
solution of 3a (0.015 g, 0.032 mmol) in CD,Cl, (0.5 mL) and then capped
with a rubber septum. Mel (2 pL, 0.032 mmol) was injected. The reaction
was monitored by 'H NMR. After 7 hours at room temperature the color of
the solution changed from red to yellow and the 'H NMR spectrum showed
the signals of Me,O (0 =3.25; s, 6H) and of the [Rel(CO);(bipy)] (6)
complex.

Reaction of 3a with ethyl iodide: Compound 3a (0.015 g, 0.032 mmol) was
dissolved in CD,Cl, (0.5 mL) in a5 mm NMR tube which was capped with a
rubber septum. EtI (1.9 uL, 0.032 mmol) was injected and the reaction
monitored by 'H NMR. After 10 hours at room temperature the color of
the solution changed from red to yellow and the '"H NMR spectrum showed
signals due to MeOEt (3.26 [s, 3H; OCH;], 3.40 [q, /J=7.11Hz, 2H;
OCH,], 1.15 [t, /=711 Hz, 3H; CH,CH,0]) and the complex 6.

Independent preparation of [Rel(CO);(bipy)] (6): [ReCl(CO);(bipy)]
(0.150 g, 0.296 mmol) was dissolved in CH,Cl, (15 mL) and KI (0.049 g,
0.296 mmol) was added. The solution was stirred for 2h and filtered
through Celite. The solvent was evaporated under vacuum, hexane added
and 6 was obtained as a yellow solid (0.146 g, 89 %). Elemental analysis
caled (%) for C3;HgIN,O5;Re: C 28.21, H 1.45, N 5.06; found: C 28.75, H
1.67, N 5.29; IR (CH,CL,): v =2024, 1920, 1899 cm™!; 'H NMR (CD,Cl,):
0=9.07, 8.22, 8.05, 7.53 (m, 2H each; bipy).

Reaction of 3a with ethyl bromide: A 5 mm NMR tube was charged with a
solution of 3a (0.015 g, 0.032 mmol) in CD,Cl, (0.5mL), EtBr (2.4 uL,
0.032 mmol) was added with a syringe and then the tube was stoppered.
The reaction was monitored by 'H NMR. After 48 h the 'H NMR spectrum
showed the signals of MeOEt and [ReBr(CO);(bipy)] (1a) (6 =9.02, 8.22,
8.06, 7.54; m, 2H each; bipy).

Reaction of 3a with acetyl chloride: An NMR tube was charged with 3a
(0.015 g, 0.032 mmol) and CD,ClL, (0.5 mL) and fitted with a rubber septum.
CH;COCI (2.3 pL, 0.032 mmol) was injected. When CH;COCl reached the
solution, a yellow color immediately developed. A 'H NMR spectrum
taken 10 minutes after the addition showed the complete conversion of 3a
to [ReCl(CO),(bipy)] (7)1 and CH;C(O)OCH; (6 =3.62 (s, 3H; OCH;),
2.02 (s, 3H; CH,)).

Reaction of 3a with acetic anhydride: In a 5 mm NMR tube was placed a
solution of 3a (0.015 g, 0.032 mmol) in CD,Cl, (0.5 mL). The tube was
capped with a rubber septum and CH;COOCOCH; (3 pL, 0.032 mmol)
was injected. The color of the solution changed from red to yellow. The
'H NMR spectrum taken 10 minutes after the addition showed the
conversion of 3a into the complex [Re(OC(O)CH,)(CO);(bipy)] (8) and
CH,;COOCH;.

Independent preparation of [Re(OC(O)CH;)(CO);(bipy)] (8): Potassium
acetate (0.018 g, 0.183 mmol) was added to a solution of [Re(OT£)(CO);-
(bipy)] (2a)(0.100 g, 0.173 mmol) in CH,Cl, (10 mL) and the mixture was
stirred for 2 h. The solution was filtered with a cannula tipped with filter
paper and the solvent evaporated under vacuum to give 8 (0.067 g, 78 %).
Elemental analysis calcd (%) for C;sH;;N,OsRe: C 37.11, H 2.28, N 5.77;
found: C37.60,H2.13, N 5.51; IR (CH,CL,): v =2018, 1916, 1889; 1631 cm™!
(C=0 ester); '"H NMR (CD,CL): 6=9.12, 8.19, 8.11, 755 (m, 2H each;
bipy), 1.51 (s, 3H; CH;CO).

Preparation of [Mo(OMe)(*-C;H;)(CO),(phen)] (11a): NaOMe
(0.25 mL of a 1M solution in MeOH, 0.25 mmol) was added to a solution
of [MoCl(7*-C;Hs)(CO),(phen)] (0.100 g, 0.24 mmol) in CH,Cl, (20 mL).
After stirring for 30 min the solvent was evaporated under vacuum. The
residue was extracted with CH,Cl, and filtered through Celite. The solvent
was evaporated under reduced pressure, hexane was added and the
complex 11a was obtained as a dark red microcrystalline solid (0.082 g,
83 % ). Elemental analysis calcd (% ) for C;gH;(MoN,O;: C 53.48, H3.99, N
6.93; found: C 53.71, H 3.81, N 7.06; IR (CH,CL,): v =1927,1837 cm™! (¥¢0);
'"H NMR (CD,Cl,): 0=9.12 (dd, Jy3 =Juos =5.0 Hz, Jyp 4 =Jy79 =15 Hz,
2H; H,y), 8.45 (dd, Jy,; =Ju;s=8.2 Hz, 2H; H,,), 7.92 (s, 2H; Hsg), 7.79
(dd,2H; Hsg), 4.45 (s, 3H; OMe), 3.15 (d, Jy, = 6.7 Hz, 2H; H,,,,), 3.03 (m,
1H; CH of #*-C;Hs), 1.17 (d, Jy, .= 9.1 Hz, 2H; H,,,).

Preparation of [Mo(OMe)(#*-C;H,(CH;))(CO),(phen)] (11b): Following
the procedure described above, 11b was prepared by the reaction of 9b
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(0.10 g, 0.24 mmol) and NaOMe (0.24 mL of a 1M solution in MeOH,
0.20 mmol) in CH,Cl, to yield the title compound (0.089¢g, 90%).
Elemental analysis caled (%) for C,H;sMoN,O;: C 54.56, H 4.34, N
6.70; found: C 54.27, H4.39, N 6.61; IR (CH,Cl,): v =1931, 1843 cm ! (V)
"H NMR (CD,Cl,): 6=9.09 (dd, Jy5 =J05 = 5.0 Hz, Jypp4 =Jyr0=1.5 Hz,
2H; Hy), 842 (dd, Jyes =Jus =82 Hz, 2H; H,,), 7.89 (s, 2H; Hyy), 777
(dd,2H; Hs;), 4.34 (s, 3H; OMe), 2.95 (s,2H; H,,,,), 1.20 (s, 2H; H,,,;), 0.72
(s, 3H; C;H4(CH3)).

Preparation of [W(OMe)(*-C;H;)(CO),(phen)] (12): A procedure similar
to that described for 11a, using [WCI(»>-C;Hs)(CO),(phen)] (0.100 g,
0.20 mmol) and NaOMe (0.20 mL of a 1M solution in MeOH, 0.20 mmol)
gave complex 12 as a dark red solid (0.078 g, 79%). Elemental analysis
caled (%) for CgH N,O;W: C43.93, H3.28, N 5.69; found: C44.12, H 3.53,
N 5.56; IR (CH,CL): v=1916, 1822 cm™! (¥0); '"H NMR (CD,CL,): 6 =
9.19 (dd, Jyp3=Juos=5.0Hz, Jy,=Ju9=15Hz, 2H; H,,), 8.49 (dd,
Juas=JTws=83Hz,2H; H,), 7.94 (s,2H; Hs), 7.81 (dd, 2H; Hsg), 4.52 (s,
3H; OMe), 2.99 (d, Jy,.=6.2 Hz, 2H; H,,,), 2.13 (m, 1 H; CH of #*-C;Hj),
1.38 (d, Jy,.=8.9 Hz, 2H; H,,;); *C{'"H} NMR (CD,Cl,): 6 =224.59 (CO),
153.05, 152.28, 138.70, 138.39, 128.44, 128.26 (phen), 67.34 (C? of 1’-C;Hs),
53.35 (C, C° of 13-C;H;), 46.44 (OCH;).

Reaction of 3a with PANCO: PhNCO (12 pL, 0.109 mmol) was added to a
solution of 3a (0.050 g, 0.109 mmol) in THF (15 mL). The color of the
solution changed from red to orange immediately. The solvent was
removed under vacuum to give the complex 13a (0.051 g, 81 % ). Elemental
analysis caled (%) for C,;H;{N;OsRe: C 43.74, H 2.79, N 7.28; found: C
43.19, H 2.45, N 759; IR (THF): v=2018, 1914, 1899 cm™; 'H NMR
(CD,Cl,): 0 =8.67,8.09,7.95,7.25 (m, 2 H each; bipy), 6.82 (m, 2H; Ph), 6.72
(m, 2H; Ph), 6.28 (m, 1H; Ph), 3.32 (s, 3H; OCH;); “C{'H} NMR
(CD,CL): 6=198.95 (2CO), 193.41 (CO), 162.31 (0=C), 155.81, 154.17
(bipy), 151.75 (N=C,,,,), 139.18, 128.20 (bipy), 127.76, 126.63 (Ph), 122.99
(bipy), 122.83 (Ph), 51.55 (OCHS).

Reaction of 3b with PANCO: The procedure is as described for the reaction
of 3a and PhNCO, using [Re(OMe)(CO);(phen)] (3b) (0.050 g,
0.103 mmol) and PhNCO (11 pL, 0.103 mmol). Slow diffusion of hexanes
into a CH,Cl, solution of 13b at —20°C afforded orange crystals (0.046 g,
74%), one of which was suitable for an X-ray experiment. Elemental
analysis calcd (%) for C,;H,,N;05Re: C 45.96, H 2.68, N 6.99; found: C
4541, H 2.59, N 6.75; IR (THF): »=2018, 1914, 1899 cm~!; '"H NMR
(CD,Cl,): =9.37,9.01, 8.35, 7.95 (m, 2H each; phen), 6.78 (m, 2H; Ph),
6.69 (m, 2H; Ph), 6.29 (m, 1H; Ph), 3.32 (s, 3H; OCHs).

Reaction of 1la with (p-toly)NCO: RNCO (R=p-tolyl) (22 puL,
0.17 mmol) was added to a solution of 11a (0.060 g, 0.14 mmol) in CH,Cl,
(20 mL). The solution was stirred for 2 h and the solvent evaporated under
vacuum. Slow difussion of hexanes into a CH,Cl, solution of 14 at —20°C
afforded red crystals (0.062 g, 82%). Elemental analysis calcd (%) for
CyH,3sMoN;0,: C 58.11, H 4.31, N 7.82; found: C 5791, H 4.42, N 7.87; IR
(CH,CL): v=1945, 1862; 'H NMR (CD,Cl,): 6=9.03 (dd, J,3=Jios=
5.0 Hz, Jy,4=Juo=13Hz, 2H; H,,), 829 (dd, Jy,3;=Ju;3=8.2 Hz, 2H;
H,;), 770 (s, 2H; Hsg), 7.68 (dd, 2H; Hsg), 5.69, 5.11 (QAB, Jya 3 = 8.0 Hz,
4H; CsH,), 3.54 (s, 3H; OMe), 3.05 (d, Jy,.=6.2 Hz, 2H; H,,,)), 2.27 (m,
1H; CH of #*-C;H;), 1.19 (s, 3H; CH,-CH3), 1.36 (d, Ju,.=9.2 Hz, 2H;
Hy)-

Reaction of 3a with EENCO: E{NCO (8.7 uL, 0.109 mmol) was added to a
solution of 3a (0,050 g, 0.109 mmol) in THF (15 mL). The color of the
solution changed from red to dark orange. Subsequent workup afforded the
complex 15 (0.046¢g, 80%). Elemental analysis caled (%) for
CHN;OsRe: C 38.63, H 3.05, N 7.95; found: C 38.42, H 3.16, N 7.85;
IR (THF): v=2012, 1909, 1887 cm~!; 'H NMR (CD,Cl,): 6 =9.09, 8.17,
8.08, 7.53 (m, 2H each; bipy), 3.21 (s, 3H; OMe), 2.75 (q, /= 6.99 Hz, 2H;
NCH,CH,), 0.4 (t, J = 6.99 Hz, 3H; NCH,CH,); “C{'H} NMR (CD,CL):
5=198.98 (2CO), 193.63 (CO), 163.62 (0=C), 156.28, 154.19, 139.38,
126.47, 123.14 (bipy), 50.33 (OCH,), 46.73 (NCH,CHs), 15.48 (NCH,CHs,).

Reaction of 3a with iPrNCO: ;PrNCO (0.011 pL, 0.109 mmol) was added
to a solution of 3a (0.050 g, 0.109 mmol) in THF (15 mL). The solution was
stirred at room temperature for 1 h, resulting in complete conversion of 3a
into 16 (0.049 g, 83 % ). Elemental analysis calcd (%) for C;sH;sN;OsRe: C
39.84, H 3.34, N 7.74; found: C 39.61, H 3.21, N 7.65; IR (THF): »=2012,
1909, 1887 cm™'; 'TH NMR (CD,CL,): 6 =9.01, 8.21, 8.11, 7.53 (m, 2 H each;
bipy), 3.13 (s, 3H; OMe), 2.97 (m, J =6.45 Hz, 1H; NCH(CHs;),), 0.77 (d,
J=6.45Hz, 6H; NCH(CH,),); “C{'H} NMR (CD,Cl,): 6 =198.98 (2CO),
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193.76 (CO), 161.69 (O=C), 156.30, 154.34, 139.35, 126.36, 122.96 (bipy),
5535 (OCHS), 49.80 (NCH(CH,),), 20.19 (NCH(CH),).

Competition experiment between PhNCO and EtNCO: A 5 mm NMR
tube was charged with a solution 3a (0.015 g, 0.032 mmol) in CD,Cl,
(0.3 mL) and fitted with a rubber septum. A solution of EtNCO (2.5 pL,
0.032 mmol) and PhNCO (3.5 uL, 0.032 mmol) in CD,Cl, (0.3 mL) was
injected. A 'H NMR spectrum taken 10 minutes after the addition showed
the complete conversion of 3a into 13a and EtNCO.

Reaction of 5b with PANCO: PhNCO (10 pL, 0.095 mmol) was added to a
solution of [Re(OrBu)(CO);(bipy’)] (5b) (0.050 g, 0.095 mmol) in THF
(15mL) and the mixture was stirred for 30 minutes. The solvent was
removed under vacuum to give 16 (0.046 g, 75 % ). Elemental analysis calcd
(%) for C,sHpN;0sRe: C 48.28, H 4.05, N 6.49; found: C 48.59, H 4.19, N
6.75; IR (THF): v =2013, 1910, 1885 cm~'; '"H NMR (CD,Cl,): 6 =8.51 (d,
J=5.69 Hz, 2H, bipy’), 7.85 (s, 2H; bipy’), 7.02 (d, J =5.69 Hz, 2H; bipy’),
6.74 (m, 2H; Ph), 6.66 (m, 2H; Ph), 6.26 (m, 1H; Ph), 2.48 (s, 6H; CH;
bipy’), 1.22 (s, 9H; OC(CH,);); “C{'H} NMR (CD,Cl,): 6 =199.38 (2CO),
194.06 (CO), 160.14 (O=C), 155.50, 153.74, 151.38 (bipy’), 152.31 (N—C,,,),
128.12,(Ph), 127.66 (bipy’), 126.66 (Ph), 123.88 (bipy’), 122.05 (Ph), 58.15
(OC(CH3,)5), 28.76 (OC(CHs,)s), 21.65 (CH3, bipy’).

Reaction of 11b with PhNCS: PhNCS (18 uL, 0.15 mmol) was added to a
solution of 11b (0.055 g, 0.13 mmol) in CH,Cl, (25 mL). The solution was
stirred for 2 h and then the solvent was evaporated under reduced pressure.
Slow diffusion of hexanes into a CH,Cl, solution of 17 at room temperature
afforded red crystals (0.062 g, 85 % ), one of which was suitable for an X-ray
experiment. Elemental analysis calcd (%) for C,H,;MoN;05S: C 56.42, H
418, N 759; found: C 56.34, H 427, N 751; IR (CH,Cl,): v=1941,
1858 cm™! (¥co); 'H NMR (CD,Cl,): 6=8.96 (dd, Jip3=Jies=5.1 Hz,
Jipa=Jur9=13 Hz,2H; H,,), 8.36 (dd, Jyy 3 =Ju1s=8.1 Hz, 2H; H,,), 7.83
(s,2H; Hsg), 773 (dd, 2H; Hsg), 6.95 (m, 2H; Ph), 6.68 (m, 3H; Ph), 3.88 (s,
3H; OCH;), 2.87 (s,2H; H,;,), 1.54 (s, 2H; H,,,), 0.50 (s, 3H; C;H,(CH})).
Reaction of 3a with PhNCS: [Re(OMe)(CO);(bipy)] (3a) (0.050 g,
0.109 mmol) was dissolved in THF (15mL) and PhNCS (13 pL,
0.109 mmol) was added. After 15 minutes of stirring, the color of the
solution changed from red to orange. The solvent was removed to afford 18
(0.052 g, 81 %). Elemental analysis calcd (%) for C,;H;{N;O,ReS: C 42.56,
H 2.72, N 7.09; found: C 42.17, H 2.69, N 7.25; IR (THF): »=2015, 1913,
1889 cm~!; 'TH NMR (CD,Cl,): 6 =9.00, 8.16, 8.05, 7.50 (m, 2H each; bipy),
7.10, 6.84, 6.57 (m, 5H; Ph), 3.68 (s, 3H; OCHj).

Reaction of 3a with EtNCS: The procedure was similar to that described
for 18, using 3a (0.050 g, 0.109 mmol) and EtNCS (9.5 uL, 0.109 mmol) in
THF (15 mL). Slow diffusion of hexanes into a solution of 19 in THF
afforded orange crystals (0.047 g,79 %), one of which was used for an X-ray
experiment. Elemental analysis calcd (%) for C;;H;(N;O,ReS: C 3749, H
2.96, N 771; found: C 37.17, H 2.75, N 7.25; IR (THF): »=2016, 1917,
1896 cm~'; 'TH NMR (CD,Cl,): 6 =9.00, 8.21, 8.05, 7.51 (m, 2H each; bipy),
3.42 (s, 3H; OCHs;), 2.98 (q, /=729 Hz, 2H; NCH,CH;), 0.88 (t, J=
729 Hz, 3H; NCH,CH;); “C{'H} NMR (CD,ClL,): 6=198.54 (2CO),
190.85 (CO), 164.72 (N=C), 155.88, 153.72, 139.09, 127.00, 123.48 (bipy),
53.35 (OCH;), 46.39 (NCH,CHs;), 16.30 (NCH,CHs).

Reaction of 3a with fBuNCS: Following the procedure described above for
18-19, 3a (0.050 g, 0.109 mmol) and tBuNCS (13.8 uL, 0.109 mmol) were
allowed to react in THF (15 mL). The solution was stirred 24 h and the
solvent removed under vacuum to give 20 (0.048 g, 77%). Elemental
analysis calcd (%) for C;oH,N;O,ReS: C 39.85, H 3.52, N 7.33; found: C
39.17, H 3.41, N 7.16; IR (THF): »=2015, 1916, 1895 cm™'; 'H NMR
(CD,Cl,): 6 =8.98, 8.19, 8.02, 7.48 (m, 2H each; bipy), 3.32 (s, 3H; OCH,),
1.04 (s, 9H; NC(CH,);); BC{'H} NMR (CD,Cl,): 6 =198.81 (2CO), 191.16
(CO), 159.39 (N=C), 156.00, 153.75, 138.93, 126.80, 123.75 (bipy), 52.89
(OCHy), 52.17 (NC(CHs);), 29.63 (NC(CHs);).

Competition experiment between PANCO and PhNCS: A 5 mm NMR
tube was charged with a solution 3a (0.015 g, 0.032 mmol) in CD,Cl,
(0.3mL) and capped with a rubber septum. A solution of PhNCS
(3.8 uL, 0.032mmol) and PhNCO (3.5puL, 0.032 mmol) in CD,Cl,
(0.3 mL) was added using a syringe. A '"H NMR spectrum taken 10 minutes
after the addition showed the complete conversion of 3a into complex 13a
along with unreacted PhNCS.

Competition experiment between EtNCO and EtNCS: Following the
procedure described above, the complex 3a (0.015 g, 0.032 mmol) was
dissolved in CD,Cl, (0.3 mL). A mixture of EtNCO (2.5 pL, 0.032 mmol)
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and EtNCS (2.8 uL, 0.032 mmol) in CD,Cl, (0.3 mL) was injected. A
'"H NMR spectrum taken 10 minutes after the addition showed the
complete conversion of 3a into 15 and unreacted EtNCS.

Reaction of 3¢ with tetracyanoethylene: Tetracyanoethylene (0.026 g,
0.205 mmol) was added to a solution of [Re(OMe)(CO);(bipy’)] (3¢)
(0.100 g, 0.205 mmol) in THF (15 mL). The color of the solution changed
immediately from red to pale yellow. Slow diffusion of hexanes into a THF
solution of 21 at —20°C afforded yellow crystals (0.107 g, 85%). One of
these crystals was used for an X-ray experiment. Elemental analysis calcd
(%) for C,H;5sNO,Re: C 43.06, H 2.46, N 13.69; found: C 43.55, H2.17, N
13.51; IR (THF): » =2219 (CN), 2029, 1927, 1920 cm~'; '"H NMR (CD,Cl,):
0=2_8.83 (d, /=5.70 Hz, 2H; bipy’), 8.11 (s, 2H; bipy’), 7.42 (d, / =5.70 Hz,
2H; bipy’), 3.75 (s, 3H; OCHy;), 2.59 (s, 6 H; bipy’).

Reaction of 3a with CS,: CS, (0.041 mL, 0.545 mmol) was added to a
solution of [Re(OCH,)(CO);(bipy)] (3a) (0.050 g, 0.109 mmol) in THF
(10 mL). A change of color was seen immediately in the solution, from red
to orange. The solvent and the excess of CS, were removed under vacuum
to afford 22. Orange crystals of 22 (0.052 g, 90 % ) were obtained from slow
diffusion of hexanes into a THF solution at room temperature. A single
crystal obtained in this way was used for an X-ray experiment. Elemental
analysis caled (%) for C;sH;N,O,ReS,: C 33.76, H 2.07, N 5.24; found: C
33.51, H 2.29, N 5.31; IR (THF): »=2018, 1920, 1904 cm~'; 'H NMR
(CD,CL,): 6=9.00, 8.22, 8.06, 7.51 (m, 2H each; bipy), 3.95 (s, 3H; OCHs;);
BC{'H} NMR (CD,Cl,): 6 =224.72 (C=S), 197.84 (2CO), 191.23 (CO),
155.84, 153.86, 139.41, 127.35, 123.79 (bipy), 59.76 (OCHs;).

Preparation of [Re(SC(S)O7Bu)(CO);(bipy)] (20): A solution prepared by
reaction of NaO7Bu (0.017 g, 0.180 mmol) and CS, (0.042 mL, 0.900 mmol)
in THF (10 mL) was added using a cannula over solution of 2a (0.100 g,
0.173 mmol) in THF (10 mL). The mixture was stirred for 2 h, the solvent
was removed under reduced pressure. The solid residue was extracted with
CH,Cl, (10 mL) and the solution filtered through Celite. The solvent was
evaporated under vacuum to afford 20 (0.089 g,89 % ). Elemental analysis
caled (%) for C;gH;;N,O,ReS,: C 37.55, H 2.97, N 4.86; found: C 37.40, H
2.79,N 4.67; IR (THF): v =2015, 1916, 1901 cm~'; '"H NMR (CD,ClL,): 6 =
9.03, 8.21, 8.07, 7.54 (m, 2H each; bipy), 1.74 (s, 9H; OC(CHs);); *C{'H}
NMR (CD,Cl,): 6 =221.54 (C=S), 198.15 (2CO), 192.21 (CO), 155.46,
153.88, 139.29, 127.66, 123.65 (bipy), 89.49 (OC(CH,)s), 28.11 (OC(CHs),).
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Carbonylchromium Derivatives of Bismuth:
New Syntheses and Relevance to C—O Activation

Minghuey Shieh,*!*! Jiann-Jang Cherng,*! Yun-Wen Lai,?! Chuen-Her Ueng,!?!
Shie-Ming Peng,”! and Yi-Hung Liu'"

Abstract: We have discovered a series
of novel pentacarbonylchromium deriv-
atives of bismuth from the reactions of
NaBiOj; with [Cr(CO)4] in KOH/MeOH
solutions. When the reaction was carried
out at room temperature, the highly
charged [Bi{Cr(CO)s},]*> (1) was ob-
tained, whose structure was shown by
X-ray analysis to possess a central bis-

four [Cr(CO);] groups. As the reaction
was heated at 80°C, the methyl-substi-
tuted complex [MeBi{Cr(CO)s};]*~(2)
was obtained, presumably via the C—O
activation of MeOH. Further reactions
of 1 with CH,Cl, or CH=CCH,Br form

Keywords: bismuth -  carbonyl
ligands - C—O activation - chromium

the halo-substituted complexes [XBi-
{Cr(CO)s);]* (X =Cl, 3; Br, 4), respec-
tively. On the other hand, the reactions
of 1 with RI (R=Me, Et) led to the
formation of the alkyl-substituted com-
plexes [RBi{Cr(CO);s}]* (R =Me, 2; Et).
The formation of complexes 1-4 is
discussed, presumably via the intermedi-
ate bismuthinidene [Bi{Cr(CO)s};]~ or

muth atom tetrahedrally coordinated to

Introduction

Although Hieber et al. published the general syntheses of
main-group —iron carbonyl complexes several decades ago,
this methodology only worked nicely for the Fe system.[:2]
Recently, the Mn system was studied by using K,TeO; and
[Mn,(CO),(] in superheated MeOH;; this gave rise to a series
of tellurium-bridging manganese carbonylates.?! For the early
transition metal Cr, the use of E,O; (E=As, Sb) and
[Cr(CO),] in concentrated KOH/MeOH led to complexes of
the type [HE{Cr(CO)s};]* ™ but unfortunately not for their
congener Bi.

Whereas Bi-Fe-CO and Bi-Co-CO complexes are well-
known,”: ° previously reported Bi-Cr-CO complexes are more
rare: [Cr(CO);BiR;] (R=Me, Et, cyclohexyl, Ph, /Bu),"
[Bi{Cr(CO);Cp};]. and [Ph,Bi{Cr(CO)s},] .8l Very recently,
a closo-[(us-Bi);Cry,(CO)gJ>~ cluster anion has been dis-
cussed.”! Herein we report a route to a series of novel
carbonylchromium complexes of bismuth: [Et,N];[Bi{Cr-
(CO)sla] ([EtN]s-1), [Et,N[MeBi{Cr(CO)s};] ([Et,N],-2),
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National Taiwan University

Taipei, Taiwan, 117 (Republic of China)

=

4522

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the trianion [Bi{Cr(CO);};]*~.

[Et,N],[CIBi{Cr(CO)s}s] ([Et,N],-3), and [Et,N],[BrBi{Cr-
(CO)sk] ([EtyN],-4) and the relevance to the C—O activation
of MeOH.

Results and Discussion

Syntheses of [Et,NL;[Bi{Cr(CO)s},] [Et,N],[MeBi{Cr-
CO);};]: By varying the sources of bismuth oxides and bases
and the concentration of the bases applied, we have success-
fully discovered a facile route to the rare class of bismuth—
chromium carbonyl complexes [Et,N];[Bi{Cr(CO)s},] ([Et,N];-
1]) and [Et,N],[MeBi{Cr(CO)s};] ([Et,N],-2) from the reac-
tion of NaBiOj; and [Cr(CO)] in a highly concentrated KOH
methanolic solution under the different reaction conditions
(Scheme 1).

[Et,N]5-1 was afforded in high yield from the reaction
solution at ambient temperature followed by metathesis with
[Et,N]Br. Complex 1is extremely reactive and its formulation
as [Bi{Cr(CO)},]*~ is well supported by spectroscopic char-
acterization and elemental analyses. After numerous attempts
at crystallization, the structure of 1 was finally confirmed by
single-crystal X-ray analysis (see Figure 1) to possess a
tetrahedral u,-BiCr, core geometry in which each Cr atom is
further coordinated with five terminal carbonyl ligands.
Complex 1 can be viewed as a central Bi¥ ion tetrahedrally
coordinated to four [Cr(CO)s]>~ groups or alternatively be de-
scribed as a complex consisting of a Bi*~ ligand coordinated
through a lone pair of electrons to the 16e~ [Cr(CO);s]

0947-6539/02/0819-4522 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 19
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e
(0C)sCr” N Cr(CO)s
Cr(CO)s
2
Scheme 1. Synthesis of 1 and 2 from NaBiO; and [Cr(CO)4]/KOH.

moieties. The assignment of the oxidation state of Bi is not
unambiguous because of the small difference in the electro-
negativities of Bi and Cr.

By refluxing the reaction solution at 80 °C, surprisingly, the
methyl-substituted bismuth complex [MeBi{Cr(CO)s};]*~ (2)
was obtained. The X-ray analysis of [Et,N],-2, which was
carried out at 150 K (see Figure 2), shows that the central
bismuth atom is tetrahedrally coordinated to three [Cr(CO);]
moieties and one Me group. The 'H and *C NMR spectra of 2
display signals at 0 =2.15 and —30.40 ppm, respectively, for
the methyl group attached to the central bismuth atom.

The formation of 2 is believed to result from the C—O bond
cleavage of MeOH, which is rare in the literature. Related
examples were observed in the hydrothermal syntheses of
telluride complexes [M,(Te,),(Te),(TeMe),(CO)s]> (M = Fe,
Ru)!' and [Fe; W, Teg(TeMe)(CO),,]> [ by the employment
of superheated MeOH solution in sealed tubes. Note that the
activation of C—O in this study is achieved under milder
conditions. The cleavage of the C—O bond of alcohol is further
confirmed by the fact that the corresponding Et-substituted
bismuth complex [EtBi{Cr(CO)s};]>~ is obtained under similar
conditions in EtOH solution. The 'H NMR spectrum of
[Et,N],[EtBi{Cr(CO)s};] gives a triplet signal at = 1.680 ppm
and a quartet resonance signal at 6 =1.681 ppm, and the
3C NMR spectrum displays resonances at 6 = —30.27 and 6 =
17.92 for the ethyl group attached to the bismuth center.

Abstract in Chinese:

$4r1#] ANaBiO; Cr(CO)s ikt 6 F BLERR BT » b A — A FIMAM
Sz apkiutdh ERBEHETBTRAH  TRAFHTFMHNL
44 [Bi{Cr(CO)s}al> (1) BB e X-KERGUM ¥ Tod SHMA—UBR
FhPoRSEmESEBERK DR FHKBYBERHS0C RIAL
T FRRKLIESH [MeBi{Cr(CO)s)” (2) M A Aith b iEib F B ey 5- 5,
sem Ak o 248 RN E & — 5 85 R A A CHClL % CH=CCH,Brit it 44 1 R
B 31435 @ A RA 816 SH[XBi{Cr(CO)s}s)* (X=CL, 3;Br,4)* 5 —F & °
#lM RI R = Me, Et) 2644 1 RE > ATHIREARKRGLCESY
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Reactivity of 1: Upon stirring in CH,Cl,, [Et,N];-1 converts to
the chloro-substituted compound [Et,N],[CIBi{Cr(CO)s}]
([Et,N],-3; Scheme 2), which has also been structurally

X 2-

CH,Cl, or CHCCH,Br J
> i
~ VIICr(CO)s
Cr(CO)s

X=Cl,3;X=Br, 4

crco)s ¥ 0OCr
5

g
/BRnerco)s
©9:5” Ny coy, RO

1 J
RI
> i

11111 Cr(CO
(©C)cr” \(I:r(gog)s

R=Me, 2; R=Et

Scheme 2. Reactions of 1 with organic halides.

characterized by X-ray analysis (see Figure 3). [Et,N];-1 also
reacts with CH=CCH,Br to give the bromo-substituted
compound [Et,N],[BrBi{Cr(CO)s};] ([Et,N],-4). Moreover,
[Et,N];-1 can react with alkyl halides RI (R =Me, Et) to form
the alkyl-substituted bismuth complexes [Et,N],[RBi{Cr-
(CO)sh] (R=Me, 2; R=Et). This reaction type is parallel
to that of the tetrahedral bismuth complex [Et,N];[Bi{Fe-
(CO),}s] with alkyl halides.P* <] However, the reaction of 1
toward organic halides is very sensitive to organic reagents
with Cl or Br functionality due to the ease of formation of the
halo-substituted bismuth complexes.

Structures of [Me/N];-1-CH,;CN, [EtN],-2, [Et,N],-3-
CH,Cl,, and [Et,N],-4: The structures of 1-4 are depicted
in Figure 1-4; selected bond lengths and angles are listed in
Table 1. As shown, the structures of 1-4 can basically each be
considered as a central bismuth atom tetrahedrally bonded to
four [Cr(CO);s] groups (1) or three [Cr(CO)s] groups and one
other substituent, namely Me (2), Cl (3), or Br (4).

Very few three-coordinate bismuth complexes are known in
which the lone pair on the naked bismuth center remains
unavailable for further coordination. > Only in a few cases is
the naked bismuth center four-coordinate to transition metal
carbonyl fragments;? ° examples of the type u-BiM, with no
M-M bonds are limited to [Bi{Fe(CO),}]*~ and
[Bi{Co(CO),}s]~ ! Complexes 1-4 provide a novel class of
four-coordinate bismuth compounds, and more importantly,
complex 1 represents the first Bi-Cr-CO tetrahedral complex
with the rare u,-BiM, bonding mode.

For comparison, the average Bi—Cr distances and the
average Cr-Bi-Cr bond angles of complexes 1-4 and related
compounds are listed in Table 2. Note that the average Bi—Cr
distances in 1 and 2 are 2.925 and 2.816 A, respectively, which
are significantly larger than the only other Bi—Cr distances
reported previously in [Ph,Bi{Cr(CO)sh,]~ (2.750(2) A),l8!
[PhsBiCr(CO)s] (2.705(1) A),7 [Ph,Bi{Cr(CO)s}{Fe(CO),})]-
(2.722(2) A)¥ and  [Bi{Fe,(CO)g}{Fe(CO),}{Cr(CO)s}]-
(2.718(2) A).I This is indicative of the weaker Bi—Cr bonds
due to steric hindrance of [Cr(CO)s] groups. The Bi—Cr
distances decrease as the number of [Cr(CO);] groups and as
the size of substituent ligands become smaller. Additionally,
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Table 1. Selected bond lengths [A] and angles [°] for [Me,N];-1- CH,CN,
[Et,N],-2, [Et;N],-3- CH,CL,, and [Et,N],-4.

[Me NL[Bi{Cr(CO)s},] - CH,CN ([Me,N],-1- CH;CN)

Bi—Crl 2.935(1) Bi—Cr2 2.932(2)
Bi—Cr3 2.905(1) Bi—Cr4 2.929(2)
Crl-Bi-Cr2 109.70(4) Crl1-Bi-Cr3 113.03(4)
Crl-Bi-Cr4 105.95(4) Cr2-Bi-Cr3 108.76(5)
Cr2-Bi-Cr4 112.19(5) Cr3-Bi-Cr4 107.23(4)
[EtN],[MeBi{Cr(CO)s}] ([Et,N],-2)
Bil-C16 2.289(3) Bil-Crl 2.8123(5)
Bil-Cr2 2.8170(5) Bil-Cr3 2.8195(5)
C16-Bil-Crl 101.59(8) C16-Bil-Cr2 99.61(9)
Crl-Bil-Cr2 115.54(2) C16-Bil-Cr3 101.45(9)
Crl-Bil-Cr3 114.29(2) Cr2-Bil-Cr3 119.74(2)
[Et,N],[CIBi{Cr(CO)s};] - CH,Cl, ([Et,N],-3- CH,Cl,)
Bi—Crl 2.740(2) Bi—Cr2 2.804(2)
Bi—Cr3 2.763(2) Bi—Cl1 2.678(3)
Crl-Bi-Cr2 118.32(5) Crl-Bi-Cr3 119.61(5)
Crl1-Bi-Cl1 98.82(7) Cr2-Bi-Cr3 115.69(6)
Cr2-Bi-Cl1 98.34(8) Cr3-Bi-Cl1 98.34(8)
[EtNL[BrBi{Cr(CO)sk] ([Et,N],-4)

Bi—Br 2.798(1) Bi—Crl 2.792(2)
Bi—Cr2 2.761(2) Bi—Cr3 2.777(2)
Br-Bi-Crl 99.90(5) Br-Bi-Cr2 99.76(5)
Br-Bi-Cr3 99.14(5) Crl-Bi-Cr2 117.49(5)
Crl-Bi-Cr3 116.99(5) Cr2-Bi-Cr3 116.99(5)

the Cr-Bi-Cr angle of 1is smallest among 1-4 due to the steric
effect of the other three [Cr(CO)s] groups. The Cr-Bi-Cr angle
of 3 is slightly larger than that of 4 owing to the smaller size of
Cl versus Br. The Bi—C bond in 2 is 2.289(3) A, which is
comparable to that (2.339(1) A) in [Bi,W,(CO)g(u-BiMe{W-
(CO)sH]' and that (2.32(9) A) in [iBuBi{Fe(CO),};]>.59

Formation of the Bi—Cr complexes: The halogenation of 1
may be proposed to occur via the intermediate bismuthini-
dene [Bi{Cr(CO)s}; ], which is derived from the loss of a

013

Figure 1. Structure of the trianion 1 (ORTEP diagram; 30 % thermal ellipsoids).
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Figure 2. Structure of the dianion 2 (ORTEP diagram; 30% thermal
ellipsoids).

[Cr(CO)s]*>~ fragment of 1, followed by the attack of the
incoming chloride or bromide group. This assumption is based
on the fact that the chloroarsinidene complex [ClAs{Cr(-
CO)s},] can be attacked by Lewis bases to form adducts.['*]
The bismuthinidene [Bi{Cr(CO);};]~ is reminiscent of the
extremely air-sensitive stibinidene,! [Sb{Cr(CO)s};]-. An
alternative mechanism might involve the loss of the neutral
[Cr(CO)s] group from 1, leading to the formation of the
intermediate anion [Bi{Cr(CO)s}]*~ followed by the redox
processes and the attack of halides. The formation of
[Bi{Cr(CO)s}]*~ is also conceivable in the alkylation of 1.
[Bi{Cr(CO)s};] may also presumably represent an inter-
mediate in the formation of 1 and 2 in the reaction of NaBiO,
with  Cr(CO)¢/KOH/MeOH.
Complex 1 may result from
the attack of [Cr(CO)s]*~ on
the bismuth atom of [Bi{Cr-
(CO)s}s]~, while complex 2 is
derived from the attack of
OMe~ on the carbonyl carbon
atom followed by elimination
of CO, and then migration of
the Me~ group onto the bis-
muth center. Alternatively, the
formation of [Bi{Cr(CO);}]*~ as
the intermediate, accompanied
by redox processes is also pos-
sible. The site of attack on the
bismuth center or the carbonyl
carbon atom is controlled by
the softness of the nucleophiles.
It was proposed that the yield of
2 would be increased if the
reaction were conducted under
a CO atmosphere; however, the
yield of 2 did not increase
significantly when we carried
out the reaction under a CO
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Figure 3. Structure of the dianion 3 (ORTEP diagram; 30% thermal
ellipsoids).

Figure 4. Structure of the dianion 4 (ORTEP diagram; 30 % thermal ellipsoids).

Table 2. Average Bi—Cr distances [A] and Cr-Bi-Cr bond angles [°] in
complexes 1-4 and other related complexes.

Compounds Bi—Cr Cr-Bi-Cr
[Me,N];-1- CH,CNI 2.925 109.48
[Et,N],-20 2.816 116.52
[Et,N],-3- CH,CL 2.769 117.81
[Et,N],-4t 2.777 117.28
[Ph,Bi{Cr(CO);},] 2.750 125.48
[Ph;BiCr(CO)s] 2.705

[a] This work.

pressure. The decreased efficiency of CO, elimination may be
the reason for this outcome because of the external CO
pressure applied. However, other possible mechanisms in-
volving more complicated atom- and electron-transfer proc-
esses cannot be excluded.
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Conclusion

This work describes the discovery of a new series of carbon-
ylchromium derivatives of bismuth and the rare example of
the highly charged complex [Bi{Cr(CO);},]*>~ with the u,-Bi
bonding mode. Furthermore, the reactivity of
[Bi{Cr(CO)s},]>~ with organic halides is investigated and the
possible routes to the formation of 1-4 are discussed. This
study demonstrates that the novel C-O bond activation of
alcohol can be promoted by the simple system of NaBiO; and
Cr(CO)/KOH, presumably via the intermediate bismuthini-
dene [Bi{Cr(CO)s};]~ or the trianion [Bi{Cr(CO)s};]*~. Fur-
ther work on useful applications of this system is in progress.

Experimental Section

All reactions were performed under
an atmosphere of pure nitrogen using
standard Schlenk techniques.'” Sol-
vents were purified, dried, and distil-
led under nitrogen prior to use. Na-
BiO; (ACROS), [Cr(CO)4] (Strem),
Et,NBr (Lancaster), CH=CCH,Br
(Lancaster), were used as received.
IR spectra were recorded on a Perkin-
Elmer Paragon 500 IR spectrometer
as solutions in CaF, cells. The 'H and
3C NMR spectra were taken on a
JEOL 400 instrument at 399.78 and
100.53 MHz, respectively. Elemental
analyses of C, H, and N were per-
formed on a Perkin-Elmer 2400 ana-
lyzer at the NSC Regional Instrumen-
tal Center at National Taiwan Univer-
sity, Taipei (Taiwan).

Synthesis of [Et,N];[Bi{Cr(CO)s},]
([Et,N];-1): MeOH (20 mL) was add-
ed to a mixture of NaBiO; (0.217 g,
0.78 mmol), KOH (5.589 g,
99.6 mmol), and [Cr(CO),] (0.685 g,
3.11 mmol). The mixture was allowed
to stir for 14 h at ambient temperature,
and the resulting greenish-brown sol-
ution was filtered and concentrated to
the appropriate volume; the product was then precipitated by addition of
Et,NBr (0.825¢g, 3.93 mmol) in aqueous solution. The precipitate was
washed with deionized water and THF several times and was then
extracted with MeCN to give the greenish-brown sample of [Et,N];-1.
Yield: 0.81 g, 0.59 mmol; 76 % (based on Bi). Crystals suitable for X-ray
analysis were grown from MeCN by using the [Me,N]* salts. IR (MeCN):
Vo =1982 (vs), 1930 (w), 1899 (s), 1859 (w), 1826 (s) cm™!; elemental
analysis (% ) caled for [Me,N];-1- CH;CN: C32.92, H 3.17, N 4.52; found: C
32.78, H 3.10, N 4.33.

Synthesis of [Et,N],[MeBi{Cr(CO)s};] ([Et,N],-2): MeOH (20 mL) was
added to a mixture of NaBiO; (0.180 g, 0.64 mmol), KOH (5.880 g,
105 mmol), and [Cr(CO)4] (0.582 g, 2.58 mmol). The mixture was allowed
to stir for 18 h at 80 °C. The solution was filtered and concentrated, and the
product was then precipitated by the addition of Et,NBr in aqueous
solution. The precipitate was then washed with deionized water several
times and extracted with THF to give the reddish-brown sample of [Et,N],-
2. Yield: 0.42 g, 0.40 mmol; 62 % (based on Bi). IR (THF): 7o =1993 (vs),
1917 (vs), 1854 (s) cm~'; elemental analysis (% ) calcd for [Et,N],-2: C 36.24,
H 4.09, N 2.64; found: C 35.97, H 3.76, N 2.53; '"H NMR (400 MHz,
[Dg]DMSO, 298K): 6=2.15ppm (s, CH;); BC NMR (100 MHz,
[Dg]DMSO, 298 K): 6 =—30.40 ppm (the chemical shifts for [Et,N]* are
not given).
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Synthesis of [Et,NL[EtBi{Cr(CO)s};]:
EtOH (20 mL) was added to a mixture

of NaBiO; (0.18 g, 0.64 mmol), KOH  ([Et,N],-4).

Table 3. Crystallographic data for [Me,N];[Bi{Cr(CO)s},]- CH;CN ([Et,N];-1- CH;CN), [Et,N],[MeBi{Cr-
(CO)] ([EtNL-2), [ELNLICIBI{Cr(CO)J]- CH,Cl, ([ELNL-3-CH,CL), and [ELNL[BIBI{Cr(CO)s)]

(5.73 g, 102mmol), and [Cr(CO)4]
(0.83 g, 3.95 mmol). The mixture was

[Et,N]-1-CH,CN [Et,N],-2

[Et,N|-3-CH,Cl,  [Et,N],-4

allowed to stir for 18 h at 80°C. The empirical formula

C3H3BiCryN,Oy  C5,HisBiCrsN,Oy5

CyH,BiCLCEN,0,;  CyH, BiBrCryN,0,

solution was filtered and concentrated, F, 1240.65 1060.66 1166.01 1125.52
and then the product was precipitated crystal system triclinic monoclinic triclinic monoclinic
by the addition of Et,NBr in aqueous space group P1 P2,/c P1 P2i/n
solution. The precipitate was then crystal dimensions [mm] 0.50 x 0.35x0.20  0.25x0.15x0.10  0.60 x 0.50 x 0.25 0.40 x 0.15 x 0.08
washed with deionized water several — a [A] 12.174 20.5885(1) 9.835(2) 12.110(2)
times and extracted with THF to give b [A] 12.260(8) 11.3531(2) 11.913(2) 16.029(4)
the reddish-brown sample of [Et, c[A] 19.564(4) 17.8053(2) 12.192(2) 22.424(2)
NL[EtBi{Cr(CO)s}s]. Yield: 033g,  «[] 89.60(3) 112.96(3)

031 mmol; 48% (based on Bi). IR B[] 75.25(2) 96.307(1) 113.27(3) 102.22(1)
(THF): 9o = 1994 (vs), 1914 (vs), 1849y [°] 60.70(4) 93.93(3)

(s) cm™'; elemental analysis (%) calcd V [A3] 2438(2) 4136.68(9) 1165.6(4) 4254(1)

for [Et,NL,[EtBi{Cr(CO)}]: C 3688, Z 2 4 1 4

H 4.22,N 2.61; found: C 36.32, H3.91,  p.q [gem 7] 1.69 1.703 1.661 1.76

N 266; 'H NMR (400MHz,  u(Moy,) [cm 1] 453 50.73 4675 587
[D¢]DMSO, 298K): 6=1.69 (t, J= diffractometer Nonius (CAD4)  Bruker SmartCCD Nonius (CAD4) Nonius (CAD4)
16 Hz; CHy), 244 ppm (q, J=16Hz; 1 [A] 0.70930 0.71073 0.71073 0.70930
CH,); 13C NMR (100 MHz, T [°C] 25 —123 25 25
[Dg]DMSO, 298 K): 6 =—30.27 (CH,), T ind Tnax 0.29/0.38 0.43/0.56 0.25/0.18 0.18/0.30
1792 ppm (CH,;) (the chemical shifts reflections (I >2.00(1)) 7445 7037 5342 4877

for [Et,N]* are not given). Rl Rwla] 0.028; 0.031 0.040; 0.042
Reaction of [Et,NJ[Bi{Cr(CO)d,] R1Plw ROl 0.0203/0.0419 0.0411/0.1098

(EtNl+D) with CHCl: CHcl,  [>200]

(20 mL) was added to a sample of R1P/wR2l (all data) 0.0280/0.0470 0.0435/0.1124

[ELN]1 (024, 0.8 mmol). The Flack parameter 0.099(7)

mixed solution was allowed to stir for
14 h at room temperature. The result-
ing greenish-brown solution was fil-
tered and the solvent was removed
under vacuum. The residue was ex-
tracted with THF and recrystallized by
Et,0/CH,Cl, to give [Et,N],[CIBi{Cr(CO)s};] ([Et,N],-3). Yield: 0.09 g,
0.08 mmol; 44 % (based on [Et,N];-1). IR (THF): 7o = 2009 (vs), 1930 (vs),
1867 (s) cm™'; elemental analysis (%) calcd for [Et,N],[CIBi{Cr(CO)s}]: C
34.44, H 3.73, N 2.59; found: C 33.81, H 3.82, N 2.55.

Reaction of [Et,N];[Bi{Cr(CO)s},] ([Et,N];-1) with CH=CCH,Br:
CH=CCH,Br (0.1 mL, 1.32 mmol) was added to a solution of [Et,N];-1
(0.33 g,0.24 mmol) in MeCN (20 mL) in an ice/water bath. The mixture was
stirred in an ice/water bath for 2 h. The resultant solution was filtered to
collect the filtrate, and the solvent was removed under vacuum. The residue
was extracted with THF, and the extract was recrystallized with THF/Et,O
to give [Et,N],[BrBi{Cr(CO)s};] ([Et,N],-4). Yield: 0.22 g, 0.20 mmol; 81 %
(based on [Et,N];-1). IR (THF): %o =2007 (vs), 1932 (vs), 1922 (vs),1867
(s)em™!; elemental analysis (%) caled for [Et,N],[BrBi{Cr(CO)sk]: C
33.08, H 3.58, N 2.49; found: C 33.07, H 3.48, N 2.73.

Reaction of [Et,N];[Bi{Cr(CO)s}s] ([Et;N]5-1) with Mel: Mel (0.04 mL,
0.64 mmol) in CH;CN (20 mL) was added to a sample of [Et,N];-1 (0.52 g,
0.38 mmol). The mixed solution was allowed to stir for 40 min at room
temperature. The resulting purplish-red solution was filtered and the
solvent was removed under vacuum. The residue was extracted with THF
and recrystallized by THF/Et,0 to give [Et,N],-2. Yield: 0.25 g, 0.24 mmol;
63 % (based on [Et,N];-1)

Reaction of [Et,N];[Bi{Cr(CO)s},] ([Et,N];-1) with EtI: EtI (0.04 mL,
0.50 mmol) in CH;CN(20 mL) was added to a sample of [Et,N];-1 (0.41 g,
0.30 mmol). The mixed solution was allowed to stir for 2.5h at room
temperature. The resulting purplish-red solution was filtered and the
solvent was removed under vacuum. The residue was extracted with THF
and recrystallized by THF/Et,0 to give [Et,;N];[EtBi{Cr(CO)s};]. Yield:
0.29 g, 0.27 mmol; 90 % (based on [Et,N];-1).

X-ray structural characterization of complexes [Me,N];-1-CH;CN,
[Et,N],-2, [Et,N],-3-CH,Cl,, and [Et,N],-4: A summary of selected
crystallographic data for [Me,N];-1- CH;CN, [Et,N],-2, [Et,N],-3- CH,Cl,,
[Et,N],-4 are given in Table 3. All crystals were mounted on glass fibers
with Epoxy cement. Data collection of [Me,N];-1- CH;CN and [Et,N],-4
was carried out on a Nonius CAD-4 diffractometer using graphite-
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[a] The functions minimized during least-squares cycles were R=ZX|F,— F.|/SF, and Rw=[Ew(F,—F.)/
Zw(F,)’]'"™. [b] Rl =Z||Fo| — || Fl/Z|F,|. [c] wR2 = [Z[w(F, — Fo)*/Z[w(F,)*]]".

monochromated Mo, radiation at 25°C employing the 6/26 scan mode.
Cell parameters were obtained from 25 reflections with 26 angle in the
range 18.52-24.14° for [Me,N];-1- CH;CN, 1.00 < 6 < 25.00° for [Et,N],-2,
1.92 < 6 <2747° for [Et,N],-3- CH,Cl,, 19.04 <26 < 25.08° for [Et,N],-4. A
¥ scan absorption correction was made.'l Data reduction and structural
refinement were performed using the NRCC-SDP-VAX packages,'” and
atomic scattering factors were taken from International Table for X-ray
Crystallography.'® Data collection for [Et,N],-2 and [Et,N],-3 - CH,Cl, was
carried out on a SMART CCD diffractometer. A SADABS scan
absorption correction was made,'”! and all calculations were performed
using SHELXTL packages.? All the non-hydrogen atoms were refined
with anisotropic temperature factors. CCDC-181785 ([Me,N];[1] - CH;CN),
CCDC-172341 ([Et,N],[2]), CCDC-172342 ([Et,N],[3]-CH,Cl,) and
CCDC-181786 ([Et,N],[4]) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Center, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(444)1223-336033; or deposit@ccdc.cam.ac.uk).
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Carbonylchromium Derivatives of Bismuth:
New Syntheses and Relevance to C—O Activation

Minghuey Shieh,*!*! Jiann-Jang Cherng,*! Yun-Wen Lai,?! Chuen-Her Ueng,!?!
Shie-Ming Peng,”! and Yi-Hung Liu'"

Abstract: We have discovered a series
of novel pentacarbonylchromium deriv-
atives of bismuth from the reactions of
NaBiOj; with [Cr(CO)4] in KOH/MeOH
solutions. When the reaction was carried
out at room temperature, the highly
charged [Bi{Cr(CO)s},]*> (1) was ob-
tained, whose structure was shown by
X-ray analysis to possess a central bis-

four [Cr(CO);] groups. As the reaction
was heated at 80°C, the methyl-substi-
tuted complex [MeBi{Cr(CO)s};]*~(2)
was obtained, presumably via the C—O
activation of MeOH. Further reactions
of 1 with CH,Cl, or CH=CCH,Br form

Keywords: bismuth -  carbonyl
ligands - C—O activation - chromium

the halo-substituted complexes [XBi-
{Cr(CO)s);]* (X =Cl, 3; Br, 4), respec-
tively. On the other hand, the reactions
of 1 with RI (R=Me, Et) led to the
formation of the alkyl-substituted com-
plexes [RBi{Cr(CO);s}]* (R =Me, 2; Et).
The formation of complexes 1-4 is
discussed, presumably via the intermedi-
ate bismuthinidene [Bi{Cr(CO)s};]~ or

muth atom tetrahedrally coordinated to

Introduction

Although Hieber et al. published the general syntheses of
main-group —iron carbonyl complexes several decades ago,
this methodology only worked nicely for the Fe system.[:2]
Recently, the Mn system was studied by using K,TeO; and
[Mn,(CO),(] in superheated MeOH;; this gave rise to a series
of tellurium-bridging manganese carbonylates.?! For the early
transition metal Cr, the use of E,O; (E=As, Sb) and
[Cr(CO),] in concentrated KOH/MeOH led to complexes of
the type [HE{Cr(CO)s};]* ™ but unfortunately not for their
congener Bi.

Whereas Bi-Fe-CO and Bi-Co-CO complexes are well-
known,”: ° previously reported Bi-Cr-CO complexes are more
rare: [Cr(CO);BiR;] (R=Me, Et, cyclohexyl, Ph, /Bu),"
[Bi{Cr(CO);Cp};]. and [Ph,Bi{Cr(CO)s},] .8l Very recently,
a closo-[(us-Bi);Cry,(CO)gJ>~ cluster anion has been dis-
cussed.”! Herein we report a route to a series of novel
carbonylchromium complexes of bismuth: [Et,N];[Bi{Cr-
(CO)sla] ([EtN]s-1), [Et,N[MeBi{Cr(CO)s};] ([Et,N],-2),
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Department of Chemistry

National Taiwan Normal University

Taipei, Taiwan, 116 (Republic of China)
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Department of Chemistry

National Taiwan University

Taipei, Taiwan, 117 (Republic of China)

=

4522

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the trianion [Bi{Cr(CO);};]*~.

[Et,N],[CIBi{Cr(CO)s}s] ([Et,N],-3), and [Et,N],[BrBi{Cr-
(CO)sk] ([EtyN],-4) and the relevance to the C—O activation
of MeOH.

Results and Discussion

Syntheses of [Et,NL;[Bi{Cr(CO)s},] [Et,N],[MeBi{Cr-
CO);};]: By varying the sources of bismuth oxides and bases
and the concentration of the bases applied, we have success-
fully discovered a facile route to the rare class of bismuth—
chromium carbonyl complexes [Et,N];[Bi{Cr(CO)s},] ([Et,N];-
1]) and [Et,N],[MeBi{Cr(CO)s};] ([Et,N],-2) from the reac-
tion of NaBiOj; and [Cr(CO)] in a highly concentrated KOH
methanolic solution under the different reaction conditions
(Scheme 1).

[Et,N]5-1 was afforded in high yield from the reaction
solution at ambient temperature followed by metathesis with
[Et,N]Br. Complex 1is extremely reactive and its formulation
as [Bi{Cr(CO)},]*~ is well supported by spectroscopic char-
acterization and elemental analyses. After numerous attempts
at crystallization, the structure of 1 was finally confirmed by
single-crystal X-ray analysis (see Figure 1) to possess a
tetrahedral u,-BiCr, core geometry in which each Cr atom is
further coordinated with five terminal carbonyl ligands.
Complex 1 can be viewed as a central Bi¥ ion tetrahedrally
coordinated to four [Cr(CO)s]>~ groups or alternatively be de-
scribed as a complex consisting of a Bi*~ ligand coordinated
through a lone pair of electrons to the 16e~ [Cr(CO);s]
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MeOH 1
NaBiOj3 + Cr(CO)s/KOH
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e
(0C)sCr” N Cr(CO)s
Cr(CO)s
2
Scheme 1. Synthesis of 1 and 2 from NaBiO; and [Cr(CO)4]/KOH.

moieties. The assignment of the oxidation state of Bi is not
unambiguous because of the small difference in the electro-
negativities of Bi and Cr.

By refluxing the reaction solution at 80 °C, surprisingly, the
methyl-substituted bismuth complex [MeBi{Cr(CO)s};]*~ (2)
was obtained. The X-ray analysis of [Et,N],-2, which was
carried out at 150 K (see Figure 2), shows that the central
bismuth atom is tetrahedrally coordinated to three [Cr(CO);]
moieties and one Me group. The 'H and *C NMR spectra of 2
display signals at 0 =2.15 and —30.40 ppm, respectively, for
the methyl group attached to the central bismuth atom.

The formation of 2 is believed to result from the C—O bond
cleavage of MeOH, which is rare in the literature. Related
examples were observed in the hydrothermal syntheses of
telluride complexes [M,(Te,),(Te),(TeMe),(CO)s]> (M = Fe,
Ru)!' and [Fe; W, Teg(TeMe)(CO),,]> [ by the employment
of superheated MeOH solution in sealed tubes. Note that the
activation of C—O in this study is achieved under milder
conditions. The cleavage of the C—O bond of alcohol is further
confirmed by the fact that the corresponding Et-substituted
bismuth complex [EtBi{Cr(CO)s};]>~ is obtained under similar
conditions in EtOH solution. The 'H NMR spectrum of
[Et,N],[EtBi{Cr(CO)s};] gives a triplet signal at = 1.680 ppm
and a quartet resonance signal at 6 =1.681 ppm, and the
3C NMR spectrum displays resonances at 6 = —30.27 and 6 =
17.92 for the ethyl group attached to the bismuth center.

Abstract in Chinese:
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Reactivity of 1: Upon stirring in CH,Cl,, [Et,N];-1 converts to
the chloro-substituted compound [Et,N],[CIBi{Cr(CO)s}]
([Et,N],-3; Scheme 2), which has also been structurally

X 2-

CH,Cl, or CHCCH,Br J
> i
~ VIICr(CO)s
Cr(CO)s

X=Cl,3;X=Br, 4

crco)s ¥ 0OCr
5

g
/BRnerco)s
©9:5” Ny coy, RO

1 J
RI
> i

11111 Cr(CO
(©C)cr” \(I:r(gog)s

R=Me, 2; R=Et

Scheme 2. Reactions of 1 with organic halides.

characterized by X-ray analysis (see Figure 3). [Et,N];-1 also
reacts with CH=CCH,Br to give the bromo-substituted
compound [Et,N],[BrBi{Cr(CO)s};] ([Et,N],-4). Moreover,
[Et,N];-1 can react with alkyl halides RI (R =Me, Et) to form
the alkyl-substituted bismuth complexes [Et,N],[RBi{Cr-
(CO)sh] (R=Me, 2; R=Et). This reaction type is parallel
to that of the tetrahedral bismuth complex [Et,N];[Bi{Fe-
(CO),}s] with alkyl halides.P* <] However, the reaction of 1
toward organic halides is very sensitive to organic reagents
with Cl or Br functionality due to the ease of formation of the
halo-substituted bismuth complexes.

Structures of [Me/N];-1-CH,;CN, [EtN],-2, [Et,N],-3-
CH,Cl,, and [Et,N],-4: The structures of 1-4 are depicted
in Figure 1-4; selected bond lengths and angles are listed in
Table 1. As shown, the structures of 1-4 can basically each be
considered as a central bismuth atom tetrahedrally bonded to
four [Cr(CO);s] groups (1) or three [Cr(CO)s] groups and one
other substituent, namely Me (2), Cl (3), or Br (4).

Very few three-coordinate bismuth complexes are known in
which the lone pair on the naked bismuth center remains
unavailable for further coordination. > Only in a few cases is
the naked bismuth center four-coordinate to transition metal
carbonyl fragments;? ° examples of the type u-BiM, with no
M-M bonds are limited to [Bi{Fe(CO),}]*~ and
[Bi{Co(CO),}s]~ ! Complexes 1-4 provide a novel class of
four-coordinate bismuth compounds, and more importantly,
complex 1 represents the first Bi-Cr-CO tetrahedral complex
with the rare u,-BiM, bonding mode.

For comparison, the average Bi—Cr distances and the
average Cr-Bi-Cr bond angles of complexes 1-4 and related
compounds are listed in Table 2. Note that the average Bi—Cr
distances in 1 and 2 are 2.925 and 2.816 A, respectively, which
are significantly larger than the only other Bi—Cr distances
reported previously in [Ph,Bi{Cr(CO)sh,]~ (2.750(2) A),l8!
[PhsBiCr(CO)s] (2.705(1) A),7 [Ph,Bi{Cr(CO)s}{Fe(CO),})]-
(2.722(2) A)¥ and  [Bi{Fe,(CO)g}{Fe(CO),}{Cr(CO)s}]-
(2.718(2) A).I This is indicative of the weaker Bi—Cr bonds
due to steric hindrance of [Cr(CO)s] groups. The Bi—Cr
distances decrease as the number of [Cr(CO);] groups and as
the size of substituent ligands become smaller. Additionally,
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Table 1. Selected bond lengths [A] and angles [°] for [Me,N];-1- CH,CN,
[Et,N],-2, [Et;N],-3- CH,CL,, and [Et,N],-4.

[Me NL[Bi{Cr(CO)s},] - CH,CN ([Me,N],-1- CH;CN)

Bi—Crl 2.935(1) Bi—Cr2 2.932(2)
Bi—Cr3 2.905(1) Bi—Cr4 2.929(2)
Crl-Bi-Cr2 109.70(4) Crl1-Bi-Cr3 113.03(4)
Crl-Bi-Cr4 105.95(4) Cr2-Bi-Cr3 108.76(5)
Cr2-Bi-Cr4 112.19(5) Cr3-Bi-Cr4 107.23(4)
[EtN],[MeBi{Cr(CO)s}] ([Et,N],-2)
Bil-C16 2.289(3) Bil-Crl 2.8123(5)
Bil-Cr2 2.8170(5) Bil-Cr3 2.8195(5)
C16-Bil-Crl 101.59(8) C16-Bil-Cr2 99.61(9)
Crl-Bil-Cr2 115.54(2) C16-Bil-Cr3 101.45(9)
Crl-Bil-Cr3 114.29(2) Cr2-Bil-Cr3 119.74(2)
[Et,N],[CIBi{Cr(CO)s};] - CH,Cl, ([Et,N],-3- CH,Cl,)
Bi—Crl 2.740(2) Bi—Cr2 2.804(2)
Bi—Cr3 2.763(2) Bi—Cl1 2.678(3)
Crl-Bi-Cr2 118.32(5) Crl-Bi-Cr3 119.61(5)
Crl1-Bi-Cl1 98.82(7) Cr2-Bi-Cr3 115.69(6)
Cr2-Bi-Cl1 98.34(8) Cr3-Bi-Cl1 98.34(8)
[EtNL[BrBi{Cr(CO)sk] ([Et,N],-4)

Bi—Br 2.798(1) Bi—Crl 2.792(2)
Bi—Cr2 2.761(2) Bi—Cr3 2.777(2)
Br-Bi-Crl 99.90(5) Br-Bi-Cr2 99.76(5)
Br-Bi-Cr3 99.14(5) Crl-Bi-Cr2 117.49(5)
Crl-Bi-Cr3 116.99(5) Cr2-Bi-Cr3 116.99(5)

the Cr-Bi-Cr angle of 1is smallest among 1-4 due to the steric
effect of the other three [Cr(CO)s] groups. The Cr-Bi-Cr angle
of 3 is slightly larger than that of 4 owing to the smaller size of
Cl versus Br. The Bi—C bond in 2 is 2.289(3) A, which is
comparable to that (2.339(1) A) in [Bi,W,(CO)g(u-BiMe{W-
(CO)sH]' and that (2.32(9) A) in [iBuBi{Fe(CO),};]>.59

Formation of the Bi—Cr complexes: The halogenation of 1
may be proposed to occur via the intermediate bismuthini-
dene [Bi{Cr(CO)s}; ], which is derived from the loss of a

013

Figure 1. Structure of the trianion 1 (ORTEP diagram; 30 % thermal ellipsoids).
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Figure 2. Structure of the dianion 2 (ORTEP diagram; 30% thermal
ellipsoids).

[Cr(CO)s]*>~ fragment of 1, followed by the attack of the
incoming chloride or bromide group. This assumption is based
on the fact that the chloroarsinidene complex [ClAs{Cr(-
CO)s},] can be attacked by Lewis bases to form adducts.['*]
The bismuthinidene [Bi{Cr(CO);};]~ is reminiscent of the
extremely air-sensitive stibinidene,! [Sb{Cr(CO)s};]-. An
alternative mechanism might involve the loss of the neutral
[Cr(CO)s] group from 1, leading to the formation of the
intermediate anion [Bi{Cr(CO)s}]*~ followed by the redox
processes and the attack of halides. The formation of
[Bi{Cr(CO)s}]*~ is also conceivable in the alkylation of 1.
[Bi{Cr(CO)s};] may also presumably represent an inter-
mediate in the formation of 1 and 2 in the reaction of NaBiO,
with  Cr(CO)¢/KOH/MeOH.
Complex 1 may result from
the attack of [Cr(CO)s]*~ on
the bismuth atom of [Bi{Cr-
(CO)s}s]~, while complex 2 is
derived from the attack of
OMe~ on the carbonyl carbon
atom followed by elimination
of CO, and then migration of
the Me~ group onto the bis-
muth center. Alternatively, the
formation of [Bi{Cr(CO);}]*~ as
the intermediate, accompanied
by redox processes is also pos-
sible. The site of attack on the
bismuth center or the carbonyl
carbon atom is controlled by
the softness of the nucleophiles.
It was proposed that the yield of
2 would be increased if the
reaction were conducted under
a CO atmosphere; however, the
yield of 2 did not increase
significantly when we carried
out the reaction under a CO
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Figure 3. Structure of the dianion 3 (ORTEP diagram; 30% thermal
ellipsoids).

Figure 4. Structure of the dianion 4 (ORTEP diagram; 30 % thermal ellipsoids).

Table 2. Average Bi—Cr distances [A] and Cr-Bi-Cr bond angles [°] in
complexes 1-4 and other related complexes.

Compounds Bi—Cr Cr-Bi-Cr
[Me,N];-1- CH,CNI 2.925 109.48
[Et,N],-20 2.816 116.52
[Et,N],-3- CH,CL 2.769 117.81
[Et,N],-4t 2.777 117.28
[Ph,Bi{Cr(CO);},] 2.750 125.48
[Ph;BiCr(CO)s] 2.705

[a] This work.

pressure. The decreased efficiency of CO, elimination may be
the reason for this outcome because of the external CO
pressure applied. However, other possible mechanisms in-
volving more complicated atom- and electron-transfer proc-
esses cannot be excluded.

Chem. Eur. J. 2002, 8, No. 19
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Conclusion

This work describes the discovery of a new series of carbon-
ylchromium derivatives of bismuth and the rare example of
the highly charged complex [Bi{Cr(CO);},]*>~ with the u,-Bi
bonding mode. Furthermore, the reactivity of
[Bi{Cr(CO)s},]>~ with organic halides is investigated and the
possible routes to the formation of 1-4 are discussed. This
study demonstrates that the novel C-O bond activation of
alcohol can be promoted by the simple system of NaBiO; and
Cr(CO)/KOH, presumably via the intermediate bismuthini-
dene [Bi{Cr(CO)s};]~ or the trianion [Bi{Cr(CO)s};]*~. Fur-
ther work on useful applications of this system is in progress.

Experimental Section

All reactions were performed under
an atmosphere of pure nitrogen using
standard Schlenk techniques.'” Sol-
vents were purified, dried, and distil-
led under nitrogen prior to use. Na-
BiO; (ACROS), [Cr(CO)4] (Strem),
Et,NBr (Lancaster), CH=CCH,Br
(Lancaster), were used as received.
IR spectra were recorded on a Perkin-
Elmer Paragon 500 IR spectrometer
as solutions in CaF, cells. The 'H and
3C NMR spectra were taken on a
JEOL 400 instrument at 399.78 and
100.53 MHz, respectively. Elemental
analyses of C, H, and N were per-
formed on a Perkin-Elmer 2400 ana-
lyzer at the NSC Regional Instrumen-
tal Center at National Taiwan Univer-
sity, Taipei (Taiwan).

Synthesis of [Et,N];[Bi{Cr(CO)s},]
([Et,N];-1): MeOH (20 mL) was add-
ed to a mixture of NaBiO; (0.217 g,
0.78 mmol), KOH (5.589 g,
99.6 mmol), and [Cr(CO),] (0.685 g,
3.11 mmol). The mixture was allowed
to stir for 14 h at ambient temperature,
and the resulting greenish-brown sol-
ution was filtered and concentrated to
the appropriate volume; the product was then precipitated by addition of
Et,NBr (0.825¢g, 3.93 mmol) in aqueous solution. The precipitate was
washed with deionized water and THF several times and was then
extracted with MeCN to give the greenish-brown sample of [Et,N];-1.
Yield: 0.81 g, 0.59 mmol; 76 % (based on Bi). Crystals suitable for X-ray
analysis were grown from MeCN by using the [Me,N]* salts. IR (MeCN):
Vo =1982 (vs), 1930 (w), 1899 (s), 1859 (w), 1826 (s) cm™!; elemental
analysis (% ) caled for [Me,N];-1- CH;CN: C32.92, H 3.17, N 4.52; found: C
32.78, H 3.10, N 4.33.

Synthesis of [Et,N],[MeBi{Cr(CO)s};] ([Et,N],-2): MeOH (20 mL) was
added to a mixture of NaBiO; (0.180 g, 0.64 mmol), KOH (5.880 g,
105 mmol), and [Cr(CO)4] (0.582 g, 2.58 mmol). The mixture was allowed
to stir for 18 h at 80 °C. The solution was filtered and concentrated, and the
product was then precipitated by the addition of Et,NBr in aqueous
solution. The precipitate was then washed with deionized water several
times and extracted with THF to give the reddish-brown sample of [Et,N],-
2. Yield: 0.42 g, 0.40 mmol; 62 % (based on Bi). IR (THF): 7o =1993 (vs),
1917 (vs), 1854 (s) cm~'; elemental analysis (% ) calcd for [Et,N],-2: C 36.24,
H 4.09, N 2.64; found: C 35.97, H 3.76, N 2.53; '"H NMR (400 MHz,
[Dg]DMSO, 298K): 6=2.15ppm (s, CH;); BC NMR (100 MHz,
[Dg]DMSO, 298 K): 6 =—30.40 ppm (the chemical shifts for [Et,N]* are
not given).

0947-6539/02/0819-4525 $ 20.00+.50/0 4525





FULL PAPER

M. Shieh et al.

Synthesis of [Et,NL[EtBi{Cr(CO)s};]:
EtOH (20 mL) was added to a mixture

of NaBiO; (0.18 g, 0.64 mmol), KOH  ([Et,N],-4).

Table 3. Crystallographic data for [Me,N];[Bi{Cr(CO)s},]- CH;CN ([Et,N];-1- CH;CN), [Et,N],[MeBi{Cr-
(CO)] ([EtNL-2), [ELNLICIBI{Cr(CO)J]- CH,Cl, ([ELNL-3-CH,CL), and [ELNL[BIBI{Cr(CO)s)]

(5.73 g, 102mmol), and [Cr(CO)4]
(0.83 g, 3.95 mmol). The mixture was

[Et,N]-1-CH,CN [Et,N],-2

[Et,N|-3-CH,Cl,  [Et,N],-4

allowed to stir for 18 h at 80°C. The empirical formula

C3H3BiCryN,Oy  C5,HisBiCrsN,Oy5

CyH,BiCLCEN,0,;  CyH, BiBrCryN,0,

solution was filtered and concentrated, F, 1240.65 1060.66 1166.01 1125.52
and then the product was precipitated crystal system triclinic monoclinic triclinic monoclinic
by the addition of Et,NBr in aqueous space group P1 P2,/c P1 P2i/n
solution. The precipitate was then crystal dimensions [mm] 0.50 x 0.35x0.20  0.25x0.15x0.10  0.60 x 0.50 x 0.25 0.40 x 0.15 x 0.08
washed with deionized water several — a [A] 12.174 20.5885(1) 9.835(2) 12.110(2)
times and extracted with THF to give b [A] 12.260(8) 11.3531(2) 11.913(2) 16.029(4)
the reddish-brown sample of [Et, c[A] 19.564(4) 17.8053(2) 12.192(2) 22.424(2)
NL[EtBi{Cr(CO)s}s]. Yield: 033g,  «[] 89.60(3) 112.96(3)

031 mmol; 48% (based on Bi). IR B[] 75.25(2) 96.307(1) 113.27(3) 102.22(1)
(THF): 9o = 1994 (vs), 1914 (vs), 1849y [°] 60.70(4) 93.93(3)

(s) cm™'; elemental analysis (%) calcd V [A3] 2438(2) 4136.68(9) 1165.6(4) 4254(1)

for [Et,NL,[EtBi{Cr(CO)}]: C 3688, Z 2 4 1 4

H 4.22,N 2.61; found: C 36.32, H3.91,  p.q [gem 7] 1.69 1.703 1.661 1.76

N 266; 'H NMR (400MHz,  u(Moy,) [cm 1] 453 50.73 4675 587
[D¢]DMSO, 298K): 6=1.69 (t, J= diffractometer Nonius (CAD4)  Bruker SmartCCD Nonius (CAD4) Nonius (CAD4)
16 Hz; CHy), 244 ppm (q, J=16Hz; 1 [A] 0.70930 0.71073 0.71073 0.70930
CH,); 13C NMR (100 MHz, T [°C] 25 —123 25 25
[Dg]DMSO, 298 K): 6 =—30.27 (CH,), T ind Tnax 0.29/0.38 0.43/0.56 0.25/0.18 0.18/0.30
1792 ppm (CH,;) (the chemical shifts reflections (I >2.00(1)) 7445 7037 5342 4877

for [Et,N]* are not given). Rl Rwla] 0.028; 0.031 0.040; 0.042
Reaction of [Et,NJ[Bi{Cr(CO)d,] R1Plw ROl 0.0203/0.0419 0.0411/0.1098

(EtNl+D) with CHCl: CHcl,  [>200]

(20 mL) was added to a sample of R1P/wR2l (all data) 0.0280/0.0470 0.0435/0.1124

[ELN]1 (024, 0.8 mmol). The Flack parameter 0.099(7)

mixed solution was allowed to stir for
14 h at room temperature. The result-
ing greenish-brown solution was fil-
tered and the solvent was removed
under vacuum. The residue was ex-
tracted with THF and recrystallized by
Et,0/CH,Cl, to give [Et,N],[CIBi{Cr(CO)s};] ([Et,N],-3). Yield: 0.09 g,
0.08 mmol; 44 % (based on [Et,N];-1). IR (THF): 7o = 2009 (vs), 1930 (vs),
1867 (s) cm™'; elemental analysis (%) calcd for [Et,N],[CIBi{Cr(CO)s}]: C
34.44, H 3.73, N 2.59; found: C 33.81, H 3.82, N 2.55.

Reaction of [Et,N];[Bi{Cr(CO)s},] ([Et,N];-1) with CH=CCH,Br:
CH=CCH,Br (0.1 mL, 1.32 mmol) was added to a solution of [Et,N];-1
(0.33 g,0.24 mmol) in MeCN (20 mL) in an ice/water bath. The mixture was
stirred in an ice/water bath for 2 h. The resultant solution was filtered to
collect the filtrate, and the solvent was removed under vacuum. The residue
was extracted with THF, and the extract was recrystallized with THF/Et,O
to give [Et,N],[BrBi{Cr(CO)s};] ([Et,N],-4). Yield: 0.22 g, 0.20 mmol; 81 %
(based on [Et,N];-1). IR (THF): %o =2007 (vs), 1932 (vs), 1922 (vs),1867
(s)em™!; elemental analysis (%) caled for [Et,N],[BrBi{Cr(CO)sk]: C
33.08, H 3.58, N 2.49; found: C 33.07, H 3.48, N 2.73.

Reaction of [Et,N];[Bi{Cr(CO)s}s] ([Et;N]5-1) with Mel: Mel (0.04 mL,
0.64 mmol) in CH;CN (20 mL) was added to a sample of [Et,N];-1 (0.52 g,
0.38 mmol). The mixed solution was allowed to stir for 40 min at room
temperature. The resulting purplish-red solution was filtered and the
solvent was removed under vacuum. The residue was extracted with THF
and recrystallized by THF/Et,0 to give [Et,N],-2. Yield: 0.25 g, 0.24 mmol;
63 % (based on [Et,N];-1)

Reaction of [Et,N];[Bi{Cr(CO)s},] ([Et,N];-1) with EtI: EtI (0.04 mL,
0.50 mmol) in CH;CN(20 mL) was added to a sample of [Et,N];-1 (0.41 g,
0.30 mmol). The mixed solution was allowed to stir for 2.5h at room
temperature. The resulting purplish-red solution was filtered and the
solvent was removed under vacuum. The residue was extracted with THF
and recrystallized by THF/Et,0 to give [Et,;N];[EtBi{Cr(CO)s};]. Yield:
0.29 g, 0.27 mmol; 90 % (based on [Et,N];-1).

X-ray structural characterization of complexes [Me,N];-1-CH;CN,
[Et,N],-2, [Et,N],-3-CH,Cl,, and [Et,N],-4: A summary of selected
crystallographic data for [Me,N];-1- CH;CN, [Et,N],-2, [Et,N],-3- CH,Cl,,
[Et,N],-4 are given in Table 3. All crystals were mounted on glass fibers
with Epoxy cement. Data collection of [Me,N];-1- CH;CN and [Et,N],-4
was carried out on a Nonius CAD-4 diffractometer using graphite-
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[a] The functions minimized during least-squares cycles were R=ZX|F,— F.|/SF, and Rw=[Ew(F,—F.)/
Zw(F,)’]'"™. [b] Rl =Z||Fo| — || Fl/Z|F,|. [c] wR2 = [Z[w(F, — Fo)*/Z[w(F,)*]]".

monochromated Mo, radiation at 25°C employing the 6/26 scan mode.
Cell parameters were obtained from 25 reflections with 26 angle in the
range 18.52-24.14° for [Me,N];-1- CH;CN, 1.00 < 6 < 25.00° for [Et,N],-2,
1.92 < 6 <2747° for [Et,N],-3- CH,Cl,, 19.04 <26 < 25.08° for [Et,N],-4. A
¥ scan absorption correction was made.'l Data reduction and structural
refinement were performed using the NRCC-SDP-VAX packages,'” and
atomic scattering factors were taken from International Table for X-ray
Crystallography.'® Data collection for [Et,N],-2 and [Et,N],-3 - CH,Cl, was
carried out on a SMART CCD diffractometer. A SADABS scan
absorption correction was made,'”! and all calculations were performed
using SHELXTL packages.? All the non-hydrogen atoms were refined
with anisotropic temperature factors. CCDC-181785 ([Me,N];[1] - CH;CN),
CCDC-172341 ([Et,N],[2]), CCDC-172342 ([Et,N],[3]-CH,Cl,) and
CCDC-181786 ([Et,N],[4]) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Center, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(444)1223-336033; or deposit@ccdc.cam.ac.uk).
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Preparation and Crystallographic Characterization of a New Endohedral,
Lu;N@Cy, - 5 (0-xylene), and Comparison with S¢;N@Cy, - S (0-xylene)

Steve Stevenson,” Hon Man Lee,*! Marilyn M. Olmstead,*! Carrie Kozikowski,!
Paige Stevenson,™ and Alan L. Balch*[?!

Abstract: The trimetallic nitride tem-
plate (TNT) approach has been success-
fully utilized to prepare the new endo-
hedral Lu;N@Cy,. Well-ordered crystals
of Lu;N@Cy) -5 (0-xylene) and Sc;N@Cy, -
5(o-xylene) form upon cooling of o-
xylene solutions of these endohedrals
and they are isomorphous. Although the

fully ordered and located at a crystallo-
graphic center of symmetry) and the o-
xylene molecules are nearly identical in
these two structures, the positioning of

Keywords: endohedrals - fullerenes
- lutetium - scandium - structure
elucidation - X-ray diffraction

the metal ions in the two crystals differ
in significant ways. However, the ex-
pected difference in sizes of lutetium
and scandium does not affect the di-
mensions of the Cg, cage. Nevertheless,
the positions of the metal atoms do
produce a slight outward dislocation of
the immediately adjacent carbon atoms.

positions of the fullerene cage (which is

Introduction

Endohedral fullerenes, that is, fullerenes with atoms mechan-
ically trapped in their interior, have been known since the
beginnings of fullerene chemistry.l!! However, acquisition of
sufficient quantities of these novel molecules for chemical and
physical study has been limited by the low yields in which
most endohedrals are produced. Moreover, some endohedrals
display low solubility in organic solvents and sensitivity
toward dioxygen. Despite these limitations, a substantial
number of endohedral species have been detected, and in a
number of cases the endohedrals have been purified by
chromatography as noted in recent reviews.>

Recently the novel endohedral Sc;N@Cg, has been pre-
pared in remarkably high yield and purity.l> ® Endohedral
Sc;N@Cy, contains a planar tetraatomic ScsN unit confined
within an Cg, cage with I, symmetry. This is one of seven
isomeric structures for the Cg, cage that fulfill the isolated
pentagon rule.’l Sc;N@Cy, is produced by modifying the
normal Kritschmer—Huffman arc fullerene preparation
through the use of a dynamic atmosphere that contains
dinitrogen in addition to the usual helium- and scandium-

[a] Prof. Dr. A. L. Balch, Dr. H. M. Lee, Dr. M. M. Olmstead
Department of Chemistry, University of California
Davis, California 95616 (USA)
Fax: (+1)530-752-8995
E-mail: albalch@ucdavis.edu
[b] Dr. S. Stevenson, Dr. C. Kozikowski, Dr. P. Stevenson

Luna Nanomaterials, 2851 Commerce Street
Blacksburg, VA 24060 (USA)
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oxide-doped graphite rods. This process, the trimetallic nitride
template (TNT) method, produces Sc;N@Cy, in quantities
which exceed that of Cg,, which is generally the third most
abundant fullerene after C¢y and C,,. As a result, macroscopic
quantities of Sc;N@Cg, are now available for chemical and
physical characterization. Physical studies conduced so far on
Sc;N@Cy, include characterization by NMR (2C, “N, and
#8Sc) spectroscopy, UV-visible absorption spectroscopy, and
single-crystal X-ray diffraction.”) The NMR results indicate
that the Sc;N portion freely rotates with regard to the Cg, cage
in solution at room temperature. The entire neutral endohe-
dral is viewed as composed of a central N*~ unit surrounded
by three Sc** ions and enclosed within a Cy cage bearing a 6 —
charge. Density functional calculations support this sort of
charge distribution for Sc;N@Cg, and show that the barrier for
rotation of the Sc;N unit within the Cg, cage is small.[®!
Chemical studies have shown that Sc;N@Cg, undergoes
Diels — Alder addition to a 5:6 ring junction, rather that at a
6:6 ring junction which is generally the prefered site of
addition in Cg and C,.[) The structure of the resulting
product, Sc;N@Cg,C,,H;,O,, has been determined by single-
crystal X-ray diffraction.['"]

The TNT process with scandium-oxide-doped graphite rods
also produces smaller quantities of two other endohedrals:
Sc;N@Co5, with the Sc;N unit located at the waist of a
fullerene cage with D, symmetry,'!l and Sc;N@Cgg, which
contains a fullerene cage that cannot obey the isolated
pentagon rule.'2l By employing graphite rods doped with
rare earth metal oxides, it has been possible to prepare other
TNT fullerenes including Er;N@Cg, and Y N@Cs,.l% Utiliza-
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tion of graphite rods doped with a mixture of scandium oxide
and a rare earth metal oxide has led to the formation of the
mixed metal endohedrals: Sc, MN@Cg, and ScM,N@Cg, in
which M=Er, Ho, Y, La, Gd, and Tm.[% Of these,
ErSc,N@Cg, has been isolated and purified.['*l Its structure
has been determined by single-crystal X-ray diffraction. The
Er** fluorescence from Er,Sc;_,N@Cg, (n =1, 2,0r 3) has been
interpreted in terms of the structures of these endohedrals.['¥
The electron affinities of Er,Sc;_,N@Cg, (n =0, 1,2,0r 3) have
been measured by a mass spectrometric procedure.[”]

Here we report the formation, purification and isolation of
a new rare earth endohedral, Lu;N@Cyg,. Since the ionic
radius of Lu3* (0.848 A) is larger than that of Sc* (0.68 A),116]
the structures of Lu;N@Cy, and Sc;N@Cy, have been exam-
ined by single-crystal X-ray diffraction to assess the effects of
accommodating the presumably larger rare earth ions. A
theoretical study that compared La;N@Cg, to Sc;N@Cy,
suggested that the La;N portion in the former might adopt a
pyramidal rather than planar arrangement.l'”! Although La3*
(ionic radius 1.061 A) is even larger than Lu’*, the size
discrepancy between Lu** and Sc* is significant enough to
expect some degree of structural variation between LusN@Cy,
and Sc;N@Cy,.

Results

Synthesis, isolation, and characterization of Lu;N@Cg,: Fol-
lowing the usual TNT procedure, arc-burning of graphite rods
packed with 5% Lu,05/95 % graphite powder (with cobalt()
oxide as a catalyst) in a Kritschmer—Huffman fullerene
generator under dynamic flow of helium and dinitrogen
produced black soot. This soot contains primarily amorphous
carbon with small amounts of fullerene species: empty-cage
fullerenes (Cy, Cyy, Cyy), classical metallofullerenes Lu,@Cy,,
as well as the newly discovered TNT metallofullerene
Lu;N@Cy,. Fullerene-containing extracts can be readily
obtained by extracting the soot with organic solvents, such
as carbon disulfide, aromatic hydrocarbons, and polar sol-
vents, such as N,N-dimethylformamide. Characterization of
these TNT fullerene extracts was done by mass spectrometry.
The negative ion, desorption chemical ionization mass spectra
for carbon disulfide extracts of lutetium and scandium soot
are compared in Figure 1.

Lu;N@Cy, was isolated from the raw soot and purified
through two stages of high-pressure liquid chromatography
(HPLC) with o-xylene as solvent. The fullerene extracts in o-
xylene were initially separated through the use of a penta-
bromobenzyl (PBB) column to remove the empty-cage
fullerenes (particularly C4 and Cy). The second stage of
HPLC involved the injection of the enriched PBB fraction
into a BuckyPrep column (Phenomenex, 10 x 250 mm). The
final HPLC traces as well as their corresponding mass spectral
data are shown in Figure 2. From six packed graphite rods
(0.5 x 15.5 cm), 150 mg of soluble extract was obtained and
5 mg of purified Lu;N@Cg, was recovered.

Figure 3 compares the UV-visible absorption spectra of
Lu;N@Cy and Sc;N@Cy,,. The differences seen show that the
spectra are affected by the contents of the cage and are not
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Figure 1. Negative ion mass spectra of lutetium and scandium fullerene
extracts.
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Figure 2. HPLC and mass spectra of the purified samples of LusN@Cg, and
Sc;N@Cy, used in this work.

simply a reflection of the presence of Cg, cage with icosahe-
dral symmetry.

Crystallization and structural analysis of Lu;N@Cg, -5 (0-
xylene) and Sc;N@Cg,-5(o-xylene) at 90 K: During the
processing of extracts of Sc;N@Cy, in o-xylene, we noticed
that crystalline material formed when hot, concentrated
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Figure 3. UV-visible spectra of LusN@Cyg, and Sc;N@Cy,.

solutions of the extract were allowed to cool. These crystals
along with similar crystals from the Lu;N@Cy, extract were
examined by single-crystal X-ray diffraction at low temper-
ature (90 K).

As seen from the crystallographic data (Table 1), crystals of
Lu;N@Cyg, - 5(0-xylene) and Sc;N@Cg,- 5 (0-xylene) are iso-
morphous. Table 2 presents a comparison of selected inter-
atomic distances and angles in the two structures. Figure 4
shows a view of the unit cell for Lus;N@Cg, - 5 (0-xylene). (That
of Sc;N@Cy, - 5(o-xylene) is identical.) In this drawing the
positions of the metal atoms, which are disordered, are not
shown. The nitrogen atom of the Lu;N@Cg, molecule sits at a
crystallographic inversion center. Consequently the fullerene
cage, which is fully ordered, also is situated at a crystallo-
graphic center of symmetry. There are three different o-
xylene molecules in the asymmetric unit. Two of these, o-

Table 1. Crystallographic data for LusN@Cg,-5(o-xylene) and Sc;N@Cy) -5

Table 2. Selected bond lengths [A] and angles [°] for Lu,N@Cg, and

(o-xylene).

Lu;N@Cy) - 5(o-xylene)  Sc;N@Cg, - 5 (o-xylene)
formula C,5HsNLus C50HsoNScs
M, 2030.52 1640.49
a[A] 10.9873(19) 10.9735(9)
b[A] 11.0872(19) 11.1665(9)
c[A] 14.356(3) 14.3101(11)
a[’] 82.747(3) 82.716(2)
BI°] 84.111(4) 84.728(2)

v [°] 80.741(3) 80.395(2)
v [A3] 1706.2(5) 1710.5(2)
zZ 1 1

crystal system triclinic triclinic
space group Pl Pl

T [K] 90(2) 90(2)

2 [A] 0.71073 0.71073
p [gem—3) 1.976 1.593

u [mm~'] 4.374 0.357
max/min transmission 0.45/0.34 0.92/0.89
data/restraints/parameters 6689/0/656 6737/0/611
R1 (obsd data)l@! 0.060 0.080
wR2 (all data, F? refinement)®!  0.183 0.244

[a] R1=Z||F,| — |F.||/Z|F,|, observed data [I>40(l,)]. [b] wR2=[Z[w(F2—F2)?]/

S[w(F2)?]]"?, all data.
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Sc;N@C,.

Lu;N@Cy, Sc;N@Cy,
M1-N1 2.001(3) 1.9931(14)
M2—N1 2.0819(8) 2.0323(16)
M3—N1 2.0592(10) 2.0526(14)
M1B—N1 1.980(6)
M2B—N1 2.0083(16) 1.981(10)
M3B—N1 2.0728(18)
MI1C—N1 2.00(2)
M2C—N1 2.003(9)
M3C—N1 2.063(11)
MI1D-NI1 2.07(2)
M3D—N1 2.07(3)
M1 ---M2 3.554(3) 3.498(2)
M1---M3 3.543(3) 3.490(2)
M2---M3 3.528(1) 3.510(2)
MIB--M2B 3.469(7) 3.421(10)1
MI1B---M3B 3.500(8)
M2B ---M3B 3.530(3) 3.443(10)
MI1C---M2C 3.51(3)
MI1C---M3C 3.49(3)
M2C---M3C 3.50(2)
MI1D ---M2C 3.52(3)
MID ---M3D 3.54(4)
M2C---M3D 3.57(3)
M1-C8 2.220(7) 2.205(4)
M2—C21 2.112(7) 2.147(4)
M3-C28 2.165(7) 2.145(4)C29
M1B—-C25 2.21909)
M2B—C32 2.147(6) 2.134(10)
M3B—C11 2.142(7)
M1C—C27 2.15(2)
M2C—C24 2.115(12)
M3C-C31 2.058(13)
M1D—C1 2.07(2)
M3D—-C14 2.04(3)
M1-N1-M2 121.00(11) 120.70(7)
M1-N1-M3 121.51(11) 119.21(6)
M2-N1-M3 123.97(15) 118.47(7)
M1B-N1-M2B 120.8(3) 118.8(3)
M1B-N1-M3B 119.4(3)
M2B-N1-M3B 119.74(10) 117.5(3)
MI1C-N1-M2C 122.8(9)
MI1C-N1-M3C 118.3(9)
M2C-N1-M3C 118.6(7)
M1D-N1-M2C 119.4(8)
M1D-N1-M3D 117.6(11)
M2C-N1-M3D 122.3(9)

[a] Distance or angle to Scl. [b] Distance or angle to Sc3.

xylene-1, which contains C49-C56, and o-xylene-2, which
contains C57-C64, make face-to-face contact with the
adjacent fullerene cage. The distance from the plane of the
o-xylene molecules to the nearest fullerene carbon atom
(C11) is 3.223(10) A for o-xylene-1 and 3.110(10) A to C22 for
o-xylene-2. The shortest nonbonded C--- C distance between
o-xylene-1 and the cage is 3.343(10) A (for C11---C49) and
between o-xylene 2 and the other cage it is 3.135(10) A (for
C57---C22D). The third o-xylene molecule (o-xylene-3,
which contains C41—C48) is situated at a center of symmetry
and is disordered over two alternate orientations. There is no
close face-to-face contact of o-xylene-3 with any of the nearby
fullerene cages.

Although the positions of the fullerene cage and the o-
xylene molecules are nearly identical in both LusN@Cy,- 5 (o-
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Figure 4. A stereoview of the unit cell for Lu;N@Cy, - 5 (o-xylene). For clarity the positions of the metal atoms

and the nitrogen atom are not shown.

xylene) and Sc;N@Cy, -5 (o-xylene), the positioning of the
metal ions within the carbon cages in the two crystals differ in
significant ways. The triangular M; unit cannot have a center
of symmetry, and these portions of the solids are disordered.
Figure 5A shows a drawing of the entire fully ordered Cg, cage
portion of Sc;N@Cg, with 30% thermal contours for the
carbon atoms. Figure 5B shows the positions of the scandium
and nitrogen atoms (using 30 % thermal contours) within the

Figure 5. A) The Cy cage in Sc;N@Cy, with 30 % thermal contours without
the Sc;N unit. B) Positions of the Sc;N units within Sc;N@Cy,. The Cy, cage
is shown as simple lines with 30 % thermal contours for Sc;N the units. The
locations of individual groups of metal atoms are shown, but there are
additional sets of metal atom positions generated by the presence of the
center of inversion which are not shown.

Chem. Eur. J. 2002, 8, No. 19
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cage. Here the locations of the
individual metal atoms in
Sc;N@Cy, are shown, but there
are additional metal atom posi-
tions generated by the crystal-
lographic center of inversion
(for the sake of clarity these
are omitted).

Figure 6 shows similar infor-
mation for Lu;N@Cy,. Fig-
ure 6A shows a drawing of the
Cq cage with 30% thermal
contours for the carbon atoms,
whereas Figure 6B shows the
position of the nitrogen atom
and the major positions of the
lutitium atoms (using 30% thermal contours) within that
cage. Figure 6C shows the minor positions of the lutitium
atoms (using 30 % thermal contours) within that cage. There
is an additional set of metal atom positions generated by the
center of inversion, but for clarity this set is not shown.
However, Figure 7 shows stereo views of Lu;N@Cyg, and
Sc;N@Cy, in which all of the metal atom positions, including
those generated by the enter of symmetry, are shown.

The arrangement of metal atoms is considerably simpler for
Sc;N@Cy, than it is for Lu;N@Cy,. In Sc;N@Cy, the principle
metal atom sites involve Scl, Sc2, and Sc3 with site
occupancies of 0.5, 0.5, and 0.407(2), respectively. The larger
site occupances of Sc(1) and Sc(2) occur because these sites
combine with an alternative site, Sc2B with a site occupancy
of 0.093(2), which forms a second Sc; triangle. The Sc—N
distances span the narrow range 1.981(10)-2.0526(14) A. For
comparison, the Sc—N distances in the well-ordered endohe-
dral addition product Sc;N@CyC,(H;(O, range from
2.020(3)-2.032(3) A" and the Sc-N distances in
ErSc,N@Cy, are 1.966(12) and 2.011(19) A.'3 The Sc-N-Sc
angles in Sc;N@Cy, fall in the narrow range from 117.5(3) to
120.70(7)°, and the Sc;N units are nearly planar.

In Lu;N@Cg, there are four orientations of the Lus; unit
within the fullerene as seen in Figure 6B and C. The principal
site for this group involves Lul, Lu2, and Lu3 with equal sites
occupancies of 0.2986(10). An alternate location with a lower
population involves the atoms LulB, Lu2B, and Lu3B with
equal site occupancies of 0.1714(10). A third, minor orienta-
tion involves the atoms LulC, Lu2C, and Lu3C with
occupancies of 0.0209(8), 0.03, and 0.0209(8), respectively.
There are two other metal atoms sites, LulD and Lu3D with
equal site occupancies of 0.00091(8). Sites LulD and Lu3D
combine with added occupancy of site Lu2C to form a fourth
orientation of the Lu; group. Each of these four orientations is
converted into a second orientation by the center of
symmetry. Thus there are 22 sites within the Cy, cage that
are populated with some fraction of a Lu atom in the crystal at
90 K.

All four of the resulting Lu;N groups are nearly planar with
Lu-N-Lu angles that range from 117.6(11)-123.97(15)°. The
Lu—N distances range from 1.980(6)—2.0819(8) A. Notice
that the Sc—N distances in Sc;N@Cg, fell in a similar range,
1.981(10)-2.0526(14) A. Consequently despite the larger
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Figure 6. A) The Cg, cage in Lu;N@Cg, with 30 % thermal contours, but
without the Lu;N unit. B) Positions of the major two Lu;N units (Lul —Lu3
with 0.2986(10) occupancy; LulB-Lu3B with 0.1714(10) occupancy)
within Lu;N@Cg,. C) Positions of the minor Lu;N units (LulC-Lu3C
with 0.0209(8) occupancy; LulD, Lu2C, Lu3D with 0.0091(8) occupancy)
within Lu;N@Cg,. The Cy, cage is shown as simple lines with 30 % thermal
contours for Lu;N the units. There are additional sets of metal atom
positions generated by the presence of the center of inversion which are not
shown.

ionic radius expected for lutetium, this factor does not appear
to lengthen the Lu—N bonds, and the Lu—N and Sc—N
distances are surprisingly similar in the two structures
reported here.

Also the difference in expected sizes of lutetium and
scandium does not effect the dimensions of the Cg, cage. In the
first place the unit cell volume for Lu;N@Csg, is slightly smaller

4532
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Figure 7. Stereo views of Sc;N@Cy, (top) and Lu;N@Cy, (bottom). All of
the metal atom positions, including those generated by the center of
symmetry, are shown.

than that of the isomorphous Sc;N@Cg,. Additionally, the
average C—C bond lengths at the 6:6 and 6:5 ring junctions are
similar in the two structures. In Sc;N@Cy, the average C—C
bond length at the 6:6 ring junctions is 1.417(6) A, and that at
the 6:5 ring junctions is slightly larger, 1.449(6) A. These
figures are similar to those found in Sc;N@Cy,C,,H,,0,, in
which the average C—C bond lengths (excluding those at the
site of addend attachment) are 1.421(18) A at the 6:6 ring
junctions and 1.437(15) A at the 6:5 ring junctions. In
Lu;N@Cy, the average C—C bond length at the 6:6 ring
junctions is 1.427(10) A, and that at the 6:5 ring junctions is
1.438(10) A.

The metal atoms within the Cg, cages are positioned at 90 K
so that they reside close to a single carbon atom. The distance
from Sc or Lu to the nearest carbon atoms are given in
Table 2. For the major sites (for which the parameters are
most accurate), the Sc—C distances range from 2.145(4)-
2.205(4) A. The Lu—C distances span a similar range,
2.112(7)-2.220(7) A.

The positions of the metal atoms do produce a slight
outward projection of the immediately adjacent carbon
atoms. This is best seen in Figure 8, which shows the non-
bonded C---N distances for each of the different carbon
atoms in the fullerene for both Sc;N@Cg, and Lu;N@Cy,.
Since these fullerene cages sit on sites of inversion symmetry,
the nitrogen atom is precisely located at the center of each
cage. Consequently, the C---N distances reflect subtle varia-
tions in the cage geometry. Since the structures are disor-
dered, the effect on lengthening the C---N distances is
greatest for those sites at which the fractional occupancy of
the metal atom is greatest. As Figure 8 shows, the
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Figure 8. The nonbonded C---N distances for each of the different
fullerene carbon atoms in Sc;N@Cy, and Lu;N@Cyg,. The carbon atoms
nearest and next nearest to the predominant metal sites are labeled with
the primes indicating the next nearest carbon atoms.

C---N distances are greatest for those carbon atoms that are
closest to the metal atoms sites.

The distortion of the fullerene surface can also be seen by
observing the pyramidalization angles (6p) for each fullerene
carbon.!'®! The relevant data for Lu;N@Cg, and Sc;N@Cy, are
shown in Figure 9. (For comparison, the 8p values of graphite
and Cg, are 0° and 11.6°, respectively.) The pyramidalization
angles are greatest for those carbon atoms that are nearest the
Sc or Lu atoms inside the fullerene cages. Similar data
regarding the pyramidalization angles have been reported
earlier for Sc;N@Cy,C,(H,(,O,.["" The plots of the pyramidal-
ization angles seen in Figure 9 closely parallel the plots of the
C---N distances seen in Figure 8.

The crystal sturucture of Sc;N@Cg,- 5 (0-xylene) at 200 K: A
different crystal was selected for this experiment. Data were
collected as before, first at 200 K and then at 90 K without
removing the crystal from the cold stream. The structure at
90 K proved to be identical, even with respect to the Sc
disorder, to that collected on the previous crystal: R1 =0.072
for 4329 F, > 4(F,) and 637 parameters. The data collected at
200 K did not yield an ordered structure. The crystal system
was still triclinic. The unit cell volume at 200 K was 2.4 %
larger, and all unit cell dimensions were increased. Although
the high-temperature structure was basically isostructural,
there were large thermal parameters for some of the carbon
atoms and geometric distortions of the C—C framework. At
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Figure 9. A plot of the pyramidazation angles (6,) for each of the different
fullerene carbon atoms in Sc;N@Cy, and LusN@Cyg,. The carbon atoms
nearest and next nearest to the predominant metal sites are labeled with
the primes indicating the next nearest carbon atoms.

least one other orientation of the Cg, cage was clearly present.
The scandium atoms were distributed over the interior in at
least 16 different sites, the largest with 0.15 occupancy and the
smallest with 0.05 occupancy. Interestingly, the central N atom
of the Sc;N unit was one of the few well-behaved atoms. It
thus appears that there is a reversible ordering of the ball and
its contents as the crystal is cooled. Such orientational
ordering is well known for C4 and has been observed to
occur as a distinct phase change at the transition temperature
of 168 K in 2C¢, - 3 CS,.[" Further experiments on this system
are planned in order to describe the phase transitions
involved.

Discussion

The TNT approach has been successfully utilized to prepare
and purify the new endohedral Lu;N@Cy,. Comparison of the
structures of Lu;N@Cy, and Sc;N@Cy, reveals that the full-
erene cage retains the same size even when it accommodates
the larger lutetium atoms. The Lu;N portion, like the
corresponding Sc;N portion, is nearly planar, and the Lu—N
distances are similar to the Sc—N distances. Consequently, the
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Cy cage constrains both metals, despite their expected
differences, to very similar geometries. However, there is
significant disorder in the positions of the metal ions within
the cage even at 90 K. Theoretical calculations have shown
that there is little energetic difference between a variety of
selected locations of the Sc;N unit within Sc;N@Cg,.[5 171
Consequently, it is not surprising to find the Lu;N and Sc;N
units occupying several sites within the Cg, cage. Indeed given
the high symmetry of the I}, Cg, cage and the small distortions
of the cage that the metal atoms produce, it is surprising that
the interior contents of these endohedral are as ordered as
they are, particularly for Sc;N@Cy,. For a striking comparison,
note that the two erbium atoms in isomer I of Er,@Cg, are
distributed over 23 sites in crystalline Er,@Cg, - Co'(OEP)-
1.4 (C4Hg) - 0.3 (CHCl;) .20

Previous structural studies of endohedral complexes, in-
cluding Sc;N@Cq, P! ErSc,N@Csg, I3 S¢;N@C ' Er,@Cyg, [
and Kr@Cg,,*"! have used co-crystallization with a metal-
loporphyrin as a method of obtaining suitable crystals with
sufficient ordering of the fullerene cage to produce informa-
tive structural information.”? However, only in the cases of
Er,@Cg,["1 and Kr@Cy* did the fullerene cages adopt a
single orientation that allowed individual refinement of the
cage carbon atoms. The serendipitous discovery that
Lu;N@Cy and Sc;N@Cy, crystallize from o-xylene in a form
that involves only one fullerene cage orientation makes this
procedure the preferred method of crystallizing endohedral
fullerenes of the M, Sc;_,N@Cy, family.

Experimental Section

Formation of Lu;N@Cg, -5 (o-xylene): Graphite rods (0.5 cm diameter,
15.5 cm length) were core-drilled and subsequently packed with cobalt
oxide (180 mg) in a mixture of of graphite powder (1.0 g), Lu,O; (2.5 g) per
3.2 g of hollowed graphite rod. These rods were then vaporized in a
Kratschmer — Huffman-type fullerene generator under dynamic flow of He
(1250 mLmin~!) and N, (22 mLmin™!) to obtain samples that contained
Lu;N@Cy,. The resulting soot from this process was extracted with boiling
o-xylene to obtain the initial endohedral extract. A NI-DCI mass spectrum
of a typical extract solution is shown in Figure 1.

Separation of Lu;N@Cg, -5 (o-xylene): The purification of Lu;N@Cg,
utilized a two-stage HPLC procedure. The initial scandium and lutetium
fullerene extracts in o-xylene were injected directly into a pentabromo-
benzyl (PBB) column (Phenomenex, 10 x 250 mm) for a first-pass prep-
arative cleanup. The objective of this first PBB pass was to remove the
dominant Cy, and C,, empty-cage fullerenes and obtain an enriched HPLC
fraction of metallofullerenes (both classical and TNT-based). By using a
flow rate of 6 mLmin~! of xylene, the TNT metallofullerene-enriched
fraction eluted and was collected from 40 -45 minutes. The second stage of
the purificationc scheme involved the injection of the enriched PBB
fraction o-xylene into a BuckyPrep column (Phenomenex, 10 x 250 mm).
The dominant peak for these series of BuckyPrep injections was always the
TNT metallofullerene of interest. A smaller HPLC peaks resulted from the
classical metallofullerene Lu;N@Cy, as well as empty-cage fullerenes Cgy—
Cyy. Continuous injection and re-injection of the dominant peak eventually
resulted in a single, sharp homogeneous peak (Figure 2). To ascertain the
purity of these collected fractions, mass spectra characterization was
necessary. The final HPLC traces as well as their corresponding mass
spectral data (Kratos MALDI-TOF) are shown in Figure 2. Similar
techniques were employed in the preparation and separation of Sc;N@Cg,.
Crystal growth for Lu;N@Cg, -5 (o-xylene) and Sc;N@Cg- 5 (0-xylene):
Crystals of Lu;N@Cy, - 5 (0-xylene) and Sc;N@Cy, - 5 (o-xylene) suitable for

4534 —— © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

X-ray crystallography were obtained by dissolving each compound in hot o-
xylene and allowing the solution to cool slowly.

X-ray crystallography and data collection: The black crystals were removed
from the glass tubes in which they were grown together with a small amount
of mother liquor and immediately coated with a hydrocarbon oil on the
microscope slide. Suitable crystals were mounted on glass fibers with
silicone grease and placed in the cold stream of a Bruker SMART CCD
with graphite-monochromated Moy, radiation at 90(2) K. Check reflec-
tions were stable throughout data collection. Crystal data are given in
Table 1.

The structures were solved by direct methods and refined using all data
(based on F2) using the software of SHELXTL 5.1. Hydrogen atoms were
added geometrically to the o-xylene carbon atoms and refined with a riding
model.

CCDC-184939 and CCDC-184940 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK fax:
(444)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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Sr[C,(COO),]: The First Anhydrous Salt of Acetylenedicarboxylic Acid

Frauke Hohn, Ingo Pantenburg, and Uwe Ruschewitz*!?!

Dedicated to Prof. Dr. Dieter Naumann on the occasion of his 60th birthday

Abstract: Single crystals of
St[C,(COO0),] were formed at the phase
boundary of an aqueous silica gel that
contained acetylenedicarboxylic acid
and an aqueous solution of SrCl,. The
crystal structure (/4,/amd, Z =4) shows
a diamond-like topology, with the stron-
tium ions in an eightfold co-ordination

nation and, therefore, bridging two
strontium atoms, a three-dimensional
framework results. Sr[C,(COO),] exhib-
its a surprising thermal stability. In air
decomposition starts at about 720 K and
in an argon atmosphere around 750 K.
This decomposition is accompanied by a
mass loss of approximately 12 %, which

is probably due to the loss of one CO
molecule. The resulting residue is amor-
phous to X-rays. A small negative ther-
mal expansion is found between 30 and
280 K, whereas between room temper-
ature and 573 K almost no thermal
expansion is observed. Single-crystal
investigations at different temperatures

by the oxygen atoms of six carboxylate
ligands with two of them co-ordinating
in a chelating-type bidentate mode. As
each oxygen atom of the carboxylate
groups is involved in both a chelating-
type bidentate and unidentate co-ordi-

structures
expansion

Introduction

The design of new solid-state architectures consisting of metal
ions and polydentate organic ligands has received much
attention in the last years.'l The interest is mainly driven by
two aspects: the crystal engineering of co-ordination poly-
mers, with the aim to gain control of the topology and
geometry of the frameworks formed,? and the synthesis of
porous materials as zeolite analogues.P! In both cases the co-
ordination geometry of the metal, which is a transition or rare-
earth metal in most cases, and the structure of the polydentate
ligand are essential for the desired tuning of the properties of
inorganic—organic frameworks. Therefore ligands with a rigid
carbon backbone are preferred. In this respect we have
started to investigate possible co-ordination polymers of the
acetylenedicarboxylate dianion (C,(COO),> = ADC>),1
which has not received too much interest up to now.

To the best of our knowledge—besides some salts of the
hydrogen acetylenedicarboxylate anion (HADC)P-'"'1—only
BeADC-4H,0,'”) MnADC-2H,0,¥1 BaADC - H,0!" and
very recently Zn(ADC),- (HTEA),,[' which contains disor-

[a] Prof. Dr. U. Ruschewitz, F. Hohn, Dr. I. Pantenburg
Institut fiir Anorganische Chemie der Universitét zu Koln
Greinstrasse 6, 50939 Koln (Germany)

Fax: (-+49)221-470-4899
E-mail: uwe.ruschewitz@uni-koeln.de
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show a strong “guitar string” vibration
of the oxygen atom perpendicular to the
contacts to the strontium atoms; this
could be responsible for the thermal
expansion behaviour.

ligands

thermal

dered ADC?" ligands and disordered triethylammonium
cations (HTEA™) in the cavities of the Zn— ADC framework,
are known and have been structurally characterised. Be-
ADC-4H,0 consists of Be(H,0),>* tetrahedra and ADC?*~
anions linked to a three-dimensional framework. In Mn-
ADC-2H,0 the manganese cation is octahedrally co-ordi-
nated by four oxygen atoms of the ADC?*" ligands and two
water molecules to form a three-dimensional framework. A
three-dimensional framework is also formed in BaADC - H,O,
but the barium cation is co-ordinated by seven oxygen atoms
of the ADC?~ ligands and two water molecules. Furthermore
information on the thermal properties of hydrated transition
metal acetylenedicarboxylates is available based on TG/DTA
measurements.['6-18]

Here we report on the synthesis and crystal structure of
Sr[C,(COO0),] (1), the first anhydrous salt of the acetylene-
dicarboxylate dianion, which shows a surprising thermal
stability up to 750 K and a small negative thermal expansion
between 30 K and 280 K.

Results and Discussion

Sr[C,(COO0),] (1, C,(COO),> = acetylenedicarboxylate di-
anion) was synthesised from an aqueous silica gel that
contained acetylenedicarboxylic acid (see Experimental Sec-
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tion) layered with an aqueous

Table 1. Details of the single-crystal X-ray investigations on Sr[C,(COO),].

solution of SrCl,. Single crystals

170K

293 K

593K

of 1 formed at the phase bound-
R . space group
ary. After washing with ethanol

and diethyl ether a single-phase  a [pm]
product was obtained as ¢ [Pm]3
checked by X-ray powder dif- V[m[lk] dm]
fraction and elemental analysis. gz";‘;n gge [Iol]

The resulting colourless powder
and the single crystals are stable
to air and moisture and can be
stored without any further pre- . .
X . unique reflections
cautions. No melting was ob-  pserved reflections [1,>20(D)]
served up to 643 K. The Raman R,
spectrum of 1 shows a strong  parameters
signal at 2230 cm~!, which can ]Igﬁ Wﬁg; Eloll>d2(:(?]
. w. a ata
be attributed to the C=C 63
. o APminjmax [X 107 pm~7]
stretching vibration, and two

index range

measured reflections

14,/amd (No. 141)
4

14,/amd (No. 141)
4

14,/amd (No. 141)
4

721.8(1) 721.0(1) 720.5(1)
1035.6(2) 1033.8(2) 1036.9(2)
0.5396(2) 0.5375(1) 0.5382(2)
2458 2.468 2.464
6.88-55.68 6.88-57.76 6.88—56.00
—8<h<8 —11<h<ll —9<h<9
—9<k<9 —11<k<10 —8<k<8
—12<1<13 —16<I<16 —13<1<13
2418 4614 2416

192 203 194

160 168 158

0.0512 0.0648 0.0602

18 18 17
0.0208/0.0458 0.0124/0.0284 0.0255/0.0475
0.0289/0.0467 0.0235/0.0304 0.0398/0.0499
—1.094/0.570 —0.278/0.224 —0.804/0.504

signals at 1598 and 1415 cm™!

for the antisymmetric and sym-

metric stretching vibrations of

the carboxylate group. For pure C,(COOH), two signals for
the C=C stretching vibration were found at 2272 and
2241 cm~L. Thus, the respective frequency of 1 is slightly
shifted to lower values. This is agreement with the results
obtained for COADC(H,0), (¥ =2232 cm™!).[1¥]

The crystal structure of 1 was determined by X-ray single-
crystal structure analysis at three different temperatures
(170 K, 293 K, 593 K; see Experimental Section). Details of
the structural investigations are given in Tables 1 and 2;
selected interatomic distances and angles are listed in Table 3.

Abstract in German: An der Phasengrenze einer Acetylen-
dicarbonsdure enthaltenden wifirigen Silicagel-Losung und
einer wifrigen SrCl,-Losung konnten Einkristalle von
Sr[C,(COO),] erhalten werden. Die Kristallstruktur (14,/amd,
Z =4) zeigt eine diamantartige Topologie, wobei die Strontium-
ionen achtfach von den Sauerstoffatomen von sechs Carboxy-
latliganden koordiniert sind, zwei von ihnen in einer chelat-
artigen zweizdhnigen Anordnung. Da wiederum jedes
Sauerstoffatom der Carboxylatgruppen sowohl an einer zwei-
zdhnigen chelatartigen als auch an einer einzihnigen Koor-
dination beteiligt ist und somit zwei Strontiumionen verkniipft,
resultiert eine dreidimensionale Geriiststruktur. Sr[C,(COO),]
zeigt eine iiberraschende thermische Stabilitit. An Luft wird
erst ab ca. 720 K eine Zersetzung beobachtet und in einer
Argonatmosphidre oberhalb von 750 K. Diese Zersetzung wird
von einem Massenverlust von ca. 12 % begleitet, der hochst-
wahrscheinlich auf den Verlust eines CO Molekiils zuriick-
zufithren ist. Der resultierende Riickstand ist rontgenamorph.
Zwischen 30 und 280 K wird eine kleine negative thermische
Ausdehnung beobachtet, wihrend oberhalb von Raumtempe-
ratur bis ca. 573 K praktisch keine thermische Ausdehnung
auftritt. Einkristalluntersuchungen bei verschiedenen Tempe-
raturen zeigen eine starke “Gitarrensaiten”-Schwingung des
Sauerstoffatoms senkrecht zur Verkniipfung zweier Strontiu-
mionen. Diese konnte fiir das ungewdéhnliche thermische
Ausdehnungsverhalten von Sr{C,(COO),] verantwortlich sein.

Chem. Eur. J. 2002, 8, No. 19
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Table 2. Atomic co-ordinates and equivalent isotropic displacement
parameters [pm?] of Sr[C,(COO),].

170 K 293K 593K
Sr on 4b
U, 86(3) 158(2) 275(3)
Oonl6h
x 0.1534(4) 0.1524(2) 0.1512(4)
z 0.1310(3) 0.1311(2) 0.1302(4)
U, 178(6) 317(4) 507(9)
C(1) on 8e
z —0.0677(5) —0.0673(3) —0.0681(6)
U, 155(10) 255(7) 420(20)
C(2) on 8e
z 0.0749(5) 0.0742(3) 0.0735(5)
Uy, 132(10) 206(6) 332(13)
Table 3. Selected interatomic distances [pm] and angles [°] of
St[C,(COO0),).

170 K 293K 593K
Sr—Sr 444.16(5) 4 x 443.58(5) 4 x 443.80(6) 4 x
Sr—O 250.2(3) 4 x 250.7(2) 4 x 251.3(3) 4 x

2759(3) 4 x 275.1(2) 4 x 276.3(4) 4 x
C(1)—-C(1) 118.7(11) 119.2(6) 118.0(12)
C(1)-C(2) 147.7(7) 146.3(4) 146.8(8)
C(2)-O 125.0(3) 2 x 124.6(2) 2 x 123.8(4) 2 x
C(1)-C(1)-C(2) 180.0 180.0 180.0
0-C(2)-O 124.7(5) 123.7(3) 123.3(6)
0-C(2)-C(1) 117.7(2) 2 x 118.15(15) 2 x 1183(3) 2 x
Sr-O-Sr 115.08(11) 114.99(7) 114.45(14)

From these tables the high quality of the crystal structure
analyses is evident.

The resulting crystal structure of 1—as obtained from the
structure analysis at room temperature—viewed along the
body diagonal of the tetragonal unit cell is depicted in
Figure 1.

The carbon backbone of the ADC?- dianion is aligned
along the c axis of the tetragonal unit cell with the two
carboxylate groups being perpendicular to each other. The
bond distances and angles in the anion are as expected (see
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Figure 1. Crystal structure of Sr[C,(COO),] (293 K) in a view along [111].
Short Sr—O contacts are drawn as thin lines.

Table 3). Each Sr?* is surrounded by eight oxygen atoms of six
carboxylate ligands with two of them co-ordinating in a
chelating-type bidentate mode (Sr—O: 275.1(2) pm) and four
in a unidentate mode (Sr—O: 250.7(2) pm). As each oxygen
atom of the carboxylate groups is involved in both a bidentate
and a unidentate co-ordination and, therefore, bridges two
strontium atoms, a three-dimensional framework results. The
co-ordination around one strontium ion is depicted in Figure 2

Figure 2. Co-ordination sphere around one strontium atom. Thermal
ellipsoids are drawn on a 50 % probability scale (293 K).

in a representation showing the thermal ellipsoids on a 50 %
probability scale. With the exception of U,, of the oxygen
atom, which is slightly larger and will be discussed in another
context later-on, these ellipsoids show the expected behav-
iour.

The Sr** cations display an almost undistorted diamond-
like arrangement, as can be seen in Figure 3. Each Sr** is
surrounded by four Sr?* (Sr--- Sr=443.58(5) pm), the result-
ing tetrahedron is only slightly distorted (Sr-Sr-Sr: 108.73°
(2x) and 109.84° (4 x)). This close relationship to the
diamond structure is also reflected in the unit cell (¢ ~/2a)
and space group of 1; I4,/amd is a direct subgroup of Fd3m,
the space group of the diamond structure. To check for
possible phase transitions a single-crystal analysis of 1 was
also performed at 170 K and 593 K, but no deviation from the
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Figure 3. Diamond-like arrangement of the strontium atoms in
Sr[C,(COO),]. The unit cell and the shortest Sr—Sr contacts are drawn.

tetragonal symmetry was found. The results of these inves-
tigations are also summarised in Table 1-3.

A surprising result given in Table 1 is that of the volumes of
the unit cells obtained at different temperatures. The smallest
volume is found in the room temperature investigation, the
highest at low temperatures. This could be indicative for a
negative thermal expansion in 1, as found in a few other open
framework materials.?”) However, as lattice parameters
obtained from single-crystal diffraction data are not as
reliable as those obtained from powder diffraction data we
performed additional experiments at low temperatures using
a high-resolution X-ray laboratory instrument, and at temper-
atures above room temperature we used the powder diffrac-
tometer at beamline B2 of the Hamburg synchrotron facility
HASYLAB with a new position-sensitive image plate detec-
tor system, this leads to medium-resolution data (see Exper-
imental Section). For both investigations it was found that
there is almost no shift of the diffraction angles in dependence
of the temperature. A strong overlap of most of the reflections
is found as ¢~ /24, which makes the analysis of the data
more difficult, but the first reflection of the pattern (101)
does not coincide. For the low-temperature data it shifts from
26 =15.020(1)° at 280 K to 14.999(1)° at 30 K, thus indicating
a small negative expansion. This is in agreement with the
results of Rietveld refinements of the different patterns, which
gave more reliable lattice parameters as those obtained from a
single-peak fitting procedure because of the strong reflection
overlap. The cell volumes obtained from the Rietveld refine-
ments at different temperatures are shown in Figure 4; these
results confirm a small negative thermal expansion between
280 and 30 K. From these data the thermal expansion
coefficient can be calculated to ay=—4.7(13) x 107K~
This value is much smaller than the coefficients obtained for
other negative thermal expansion materials like ZrW,Oq
(ay=-272x10°K"" (0-300K))?! and ZrV,0, (ay=
—21.3 x 10K~ (400-500 K))?% and almost in the range of
the standard deviation.

At temperatures from 293-573 K, even with the better
resolution of the synchrotron data, no evident trend for the
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Figure 4. Volume of the unit cell of Sr[C,(COO),] between 280 and 30 K as
obtained from Rietveld refinements of the X-ray powder diffraction data.

cell volume obtained from Rietveld refinements or the
diffraction angle of the (101) reflection on the dependence
of the temperature was found (26 =6.872(1)° at 293 K and
260 =6.878(1)° at 573 K). This effect is completely reversible,
as was confirmed by data taken on cooling from 573 K to
room temperature. On heating 1 to higher temperatures a
small irreversible volume decrease and a colour change from
white to brown indicated the start of decomposition. A
confirmation for the unusual thermal expansion behaviour of
1 is the temperature dependence of the anisotropic displace-
ment parameter Uy, of the oxygen atom. In Figure 5 the Uj’s
obtained from the X-ray single-crystal analysis at three

1000
v
800+ —=—U,,(Sr)
—+— U,,(Sn)
—+—U,©0)
—v—U,,(0)
— 33(O)
—— U, (€M)
—— Uy(C(1)
—x— Ug(C(1)
—— U, ()
—1—U,(C(2)
——U,(C(2))
0 T T T T T 1
200 300 400 500 600 700
TIK

Figure 5. Anisotropic displacement parameters U; of Sr[C,(COO),| as
obtained from single-crystal X-ray analyses at different temperatures.

different temperatures are given. It is evident that the U,
value of the oxygen atom is distinctively higher at all
temperatures than those of the other displacement parame-
ters. This could be indicative for a strong transverse “guitar
string” vibration, which was assumed to be one of the
requirements for negative thermal expansion.?”! The trans-
verse vibration of the oxygen atom connecting two strontium
atoms is sketched in Figure 6.

More information on the thermal behaviour of 1 was
obtained by measuring their TG/DTA curves in air and argon,
respectively. The resulting diagrams without any baseline
corrections are shown in Figure 7. From Figure 7a it can be

Chem. Eur. J. 2002, 8, No. 19
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Figure 7. DTA/TG curves of Sr[C,(COO),]. a)In argon: temperature
range 293-873-416 K (heating/cooling rate: 10 Kmin™'); b)in air:
temperature range 323-873 K (heating rate: 10 Kmin™').

seen that 1 starts decomposing in argon at about 750 K, as
indicated by a strong exothermic signal in the DTA curve.
This is accompanied by a mass loss of about 12 %, which could
point to the loss of a CO molecule (calcd: 14 % ) according to
Equation (1).

St[C,(CO0),] — SrCO; + 2C + CO 1 1)

Unfortunately, this equation for the decomposition of 1
could not be confirmed by X-ray powder diffraction data, as
the resulting black powder of the TG/DTA investigations
turned out to be amorphous. The result of the TG/DTA
investigation in air is shown in Figure 7b. The decomposition
starts at about 720 K, only 30 K lower than the decomposition
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temperature in argon. Again a mass loss of about 12% is
observed, which could be due to the loss of a CO molecule.
This decomposition is followed by a second exothermic
reaction at about 790 K, which is probably due to the reaction
of the resulting carbon of Equation (1) with oxygen. The mass
loss of approximately 11 % is close to the calculated value
(12%). The high thermal stability of 1 in argon and especially
in air is surprising for a compound with a reactive C=C triple
bond. Pure C,(COOH), already decomposes at about 450 K.

Conclusion

Compound 1, which can be synthesised and crystallised by a
simple procedure in a two-phase aqueous system, is a
compound with a surprising thermal stability up to 720 K in
air. It can be speculated that this stability is caused by a close
packing of the C,(COO),*>~ anions in the highly symmetric
tetragonal crystal structure of 1, which does not contain
additional water molecules. MnADC-2H,0 decomposes
completely to Mn;O, after loss of its water molecules at
temperatures as low as 480 K.['¥l Compound 1 shows a weak
negative thermal expansion between 30 and 280 K and almost
no expansion between 293 and 573 K. However, the resulting
effect is almost in the range of the standard deviations of the
lattice parameters obtained from powder diffraction experi-
ments at different temperatures. Therefore we are trying to
grow larger crystals of 1 to perform dilatometric measure-
ments, which should give more precise results for the thermal
expansion. Furthermore we are planning to extend our
syntheses to other strontium salts of dicarboxylic acids with
rigid carbon backbones to see whether anhydrous compounds
with similar thermal expansion properties can be obtained.

Experimental Section

Preparation: Strontium acetylenedicarboxylate (1) was prepared by
crystallisation at the phase boundary of a two-phase system. HNO; (2 M,
2mL) was added to a solution of acetylenedicarboxylic acid (0.57 g,
5 mmol; Fluka, 99 %) in water (10 mL). A pH of approximately 5.5 was
adjusted by adding an aqueous Na,Si;O; solution (“Sodium water-glass”,
Fluka). This solution was layered with an aqueous SrCl, solution (1m;
SrCl,-6H,O; Fluka, >99%). At the phase boundary crystals of 1 grew
within a few days. They were isolated and washed with ethanol and diethyl
ether. No yield was determined.

The resulting colourless solid was free of crystalline impurities, as checked
by X-ray powder diffraction (see Figure 8: STOE Stadi P, Ge monochro-
mator, Cug,, radiation (4=154.059 pm), linear position-sensitive OED
detector; Rietveld refinement using GSAS software!?!). Elemental analysis
caled (%) for C,O,Sr (199.66): C 24.06; found: C 23.10.

X-ray diffraction investigations: A single crystal of 1 (colourless polyhe-
dron, 0.2 x 0.2 x 0.1 mm) was isolated and sealed in a glass capillary under
argon (& =0.3 mm). Single-crystal X-ray data were collected on a STOE
image-plate diffractometer (IPDS) by using graphite-monochromatised
Moy, radiation (A=71.069 pm) at 170(2), 293(2) and 593(2) K. The
structure was solved by direct methods (SIR-92)1**) and Fourier synthesis.*!
The refinement was done by full-matrix least-squares procedures using
anisotropic thermal parameters (SHELXL-93).24 Further details of the
structural investigations are given in Tables1 and 2; some selected
interatomic distances and angles are listed in Table 3.

CCDC-168647 (170 K), CCDC-168648 (293 K) and CCDC-168649 (593 K)
contain the supplementary crystallographic data for this paper. These data
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Figure 8. X-ray powder diffraction data (STOE Stadi P, Cug,, radiation)
and Rietveld refinement of Sr[C,(COO),] at 295 K, showing the observed
(4) and calculated patterns (solid line) as well as the difference between
them. Vertical bars mark the positions of the reflections.

can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk).

Temperature-dependent X-ray powder diffraction data at low temper-
atures (280-30 K) were collected on a Huber G645 Guinier camera (Ge
monochromator, Cug,, radiation (4=154.059 pm), scintillation counter)
equipped with a Huber closed-cycle cryostat. A thin flat sample (trans-
mission geometry) was used for the measurement. The halfwidth of the
(101) reflection was determined to 0.103° (280 K) given in 26.

High-temperature powder diffraction investigations (293-573 K) were
carried out on the powder diffractometer at beamline B2 of the Hamburg
Synchrotron facility HASYLAB (direct beam, 4=70.8785 pm, position
sensitive imaging plate detector system (OBI)?) equipped with a STOE
furnace. The sample was sealed in a capillary (& = 0.3 mm) under argon for
the measurement. The halfwidth of the (101) reflection was determined to
0.056° (293 K) given in 26.

All diffractograms were analysed using the STOE software Win XPOW. ‘]
For the Rietveld refinements the GSAS software package was applied.l??]
To obtain a reliable trend of the lattice parameters the same sets of
variables were refined in the Rietveld computations of the high and the low
temperature data, respectively.

Differential thermal analyses: Differential thermal analyses were carried
out on a Netzsch STA 409C. The measurement in argon (sample: 20.73 mg)
was performed between 293 and 873 K with a heating rate of 10 Kmin~!
and between 873 and 416 K with a cooling rate of 10 Kmin~. The curve in
air (sample: 14.50 mg) was measured between 323 and 873 K with a heating
rate of 10 Kmin~".

Raman spectrosocopy: The Raman spectrum was recorded on a Bruker
FTIR spectrometer IFS 66v/S with the Raman module Bruker FRA 106/S
(Nd:YAG laser, 1 =1064 nm). The sample was sealed in a capillary under
argon.
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Cu-Mediated Syntheses of N-Fused and Ring-Modified Trithiahexaphyrins

Chen-Hsiung Hung,*!*! Jing-Ping Jong,?! Mu-Yih Ho,!?! Gene-Hsiang Lee,™ and

Shie-Ming Peng!*!

Abstract: The reaction of the antiaro-
matic  [28]trithiahexaphyrin (TTHP)
with Cu' in DMF gives a novel fused-
ring trithiahexaphyrin with the elimina-
tion of a chloride on a dichlorophenyl
ring and bond formation to the outward
oriented pyrrolic nitrogen to form a
5,5,6-tricyclic internal ring system. The
NMR spectra, which display character-
istics of an antiaromatic compound,

Meanwhile, reactions of TTHP with
amines in the presence of Cu' give
amino-group-inserted hexaphyrins with
the amino nitrogen joined to a f-thio-
phenic carbon and the a-carbon of the
alkylamine cyclized to the inward pyr-

Keywords: annulenes - aromaticity
- cyclization heterocycles
porphyrinoids

rolic nitrogen to form a 5,7,5-tricyclic
rings. The crystal structure of the fused-
ring product indicates a rectangular
geometry with a tilted tricyclic ring
system, while the ring-modified TTHP-
DMA complex gives a triangular trithia-
hexaphyrin core. This report demon-
strates methods to incorporate function-
alized heterocyclic rings into expanded
porphyrins.

agree with the proposed structure.

Introduction

Expanded porphyrins have attracted substantial attention in
recent years owing to their distinctive physical properties and
potential applications.'l' As an example, sapphyrin, a well-
studied contracted/expanded porphyrin consisting of five
pyrrole rings and four meso carbons, is established as a
unique metal chelating ligand® as well as an anion or neutral
substrate receptor.B’! Additional studies on sapphyrin - oligo-
nucleotide conjugates show sequence-specific DNA photo-
modifying activity.] Rapid progress has been further inspired
by recent discoveries of diverse applications of expanded
porphyrins as anion carriers,[”) photodynamic therapy (PDT)
sensitizersl® and magnetic resonance imaging (MRI) contrast
agents.’]

Core-modified expanded porphyrins can be prepared from
the acid-catalyzed condensation of 16-oxotripyrrane, 16-
thiatripyrrane, or 16-selenatripyrrane.®! In addition, 2,5-
bis(arylhydroxymethyl)heterocyclopentadienes have been

[a] Prof. C.-H. Hung, J.-P. Jong, M.-Y. Ho
Department of Chemistry
National Changhua University of Education
Changhua, 50058 (Taiwan)
Fax: (+886)4-7211190
E-mail: chhung@cc.ncue.edu.tw
[b] G.-H. Lee
Instrumentation Center
National Taiwan University, Taipei (Taiwan)
[c] Prof. S.-M. Peng
Department of Chemistry
National Taiwan University, Taipei (Taiwan)
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used as building blocks for the preparation of core-modified
porphyrins. A variety of 21,23-diheteroporphyrins with pyr-
rolic nitrogen atoms replaced by oxygen,”! sulfur,!'” or
selenium! atoms have been prepared from the acid-cata-
lyzed condensation. Core-modified expanded porphyrins such
as 26,28-dioxasapphyrin and 26,28-dithiasapphyrin can also be
isolated from the condensation of pyrrole, arylaldehyde, and
2,5-bis(arylhydroxymethyl)furan or 2,5-bis(arylhydroxymeth-
yl)thiophene.[?l Recently, the isolation of tetrathiaoctaphyrin
and dihydrotetrathiaoctaphyrin from the acid-catalyzed con-
densation of pyrrole and 2,5-bis(arylhydroxymethyl)thio-
phene reported by Latos-Grazynskil® and the isolation of
trithiahexaphyrins in our group!' established a routine
method for the access of aryl-substituted core-modified
expanded porphyrins. Importantly, various porphyrins with
different ring size and aromaticity can be obtained from this
method.

Few reports are available for the post-porphyrin-ring
modification. Verdoheme, an 5-oxaporphyrin, synthesized
by coupled oxidation has been used to demonstrate heme
degradation.['”) An early report by Sessler showed a nucleo-
philic attack of methoxy group at a meso-position of the
uranyl sapphyrin complex.['®] A recent report demonstrated
that nucleophilic meso-addition proceeded cleanly and selec-
tively on diminished m system in tetraphenylbenziporphyr-
in.l'”] The last two examples suggest the correlation of post-
porphyrin-ring modification with the electron density on
porphyrin conjugate system. From the study of N-confused
porphyrin, the first ring-modified porphyrin analogue,!'s]
N-fused porphyrin (NFP) was discovered. Most recently, the
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N-fused pentaphyrin (NFPs) was isolated from the normal
Rothemund-type condensation of pyrrole and pentafluoro-
benzaldehyde following by a 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) oxidation.'”] The available fused-ring
products suggest that porphyrin-ring modification is common
for relatively flexible porphyrin systems. Although the
flexibility of porphyrin rings and the aromaticity appear to
be important factors for porphyrin-ring-modification reac-
tions, there is no systematic study on the reaction conditions
for the preparation of ring-modified porphyrins. As an
extension of our work on trithiahexaphyrin, herein we report
the use of antiaromatic hexakis(2,6-dichlorophenyl)-32,34,36-
trithiahexaphyrin-(1.1.1.1.1.1) as starting material to prepare a
N-fused trithiahexaphyrin with a unique 5,5,6-tricyclic ring
system. The formation of three trithiahexaphyrins are also
reported into which amino groups have been inserted, and

Ar

Results and Discussion

Synthesis and characterization: In an initial experiment, a solution
of [28]trithiahexaphyrin (TTHP, 1) with a large excess of CuCl
in DMF was heated under reflux for 48 hours and produced
two major products after column chromatography. The less
polar red compound (55% yield) with R; value of 0.19 in
CH,Cly/hexane (1:1) has an absorption spectrum with ,,,, of
519 nm (log € =4.95) in toluene; this is distinctly different from
Amax Of 480 and 553 nm for the starting [28]trithiahexaphyrin.
(Figure 1). The comparable extinction coefficient suggests that
the ring structure and the conjugated system are retained. The
FAB mass of 1352.88 indicates the elimination of a HCI unit to
produce a fused-ring NFTTHP (2) as shown in Scheme 1.

151
//\\
AW NFTTHP, 2
1A TTHP-DMA, 3
i Ly e TTHP-CH,NH, 4

TTHP-DEA, 5

Absorbance

0.0 v T T = 2]
which exhibit an azamethylene bridge between a pyrrolic 400 500 600 700 800
nitrogen atoms and adjacent thiophene ( carbon atoms to Alnm
form 5,7,5-tricyclic internal ring systems. Figure 1. The absorption spectra of 2, 3, 4, and 5 in toluene.
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The polar purple compound (12 % yield) was eluted with
CH,Cl,/MeOH (30:1) and has an electronic spectrum with
Amax at 526 nm (log e =3.82) and fine structures at 433, 498,
and 563 nm in toluene. The FAB mass of 1429.1 indicates the
insertion of a dimethyl amino group to form TTHP-DMA (3).
The replacement of CuCl with [Cu(CH;CN),]BF, increases
the yield of 3 to 65% with only a trace amount of 2. In
addition, carrying out the reaction in CH,Cl, and in the
presence of excess dimethylamine and [Cu(CH;CN),](BF,)
yields 51 % of 3 after refluxing for three hours. The successful
reaction with dimethylamine as starting material suggests that
the Lewis-acid-catalyzed decomposition of DMF is the most
probable source of dimethylamino group for the formation of
3 when DMF is used as the solvent.?”l The control experiment
demonstrated that the reaction will not proceed in the
absence of Cu'. To broaden the scope of this ring-modification
reaction, CH;NH, - HCl was used as starting material; it reacts
with 1 in the presence of [Cu(CH;CN),](BF,) to give TTHP-
CH,NH (4), which was isolated in 55% yield. The using of
(Et),NH-HCI as base gives 57% yield of TTHP-DEA (5)
(Scheme 1). The UV/Vis spectra of 4 and 5 resemble 3 and
broad absorption bands from 400 to 600 nm with 4., at
around 520 nm and distinctive fine structures are observed.

NMR spectroscopy: The 'H NMR spectra of fused-ring
trithiahexaphyrin NFTTHP (2) are found to be critically
temperature dependent. At room temperature, only those
protons on the dichlorophenyl rings are distinguishable in
"H NMR spectrum with broad, weak signals for the S-pyrrolic
and thiophenic protons. As the temperature is lowered the
spectrum resolves and assignment is possible. This observa-
tion suggests that the N-fused trithiahexaphyrin is in a
dynamic process at room temperature and demonstrates the
flexibility of this expanded porphyrin.?!l At low-temperature
the rate of structure change is reduced relative to the NMR
timescale. Figure 2 shows the HSQC NMR spectrum of 2 at

—40°C in [Dg]THF. Specifically, the peaks from 6 =6.6 to
7.8 ppm are protons at meta- and para-positions in five
dichlorophenyl rings. These peaks are observed at room
temperature and suggest a higher rotation barrier; this is
consistant with the high steric constraints of the ortho
substituents on the dichlorophenyl rings, which inhibit free
rotation. The peak at 6 =11.14 ppm is assigned to the water
molecules trapped inside the trithiahexaphyrin ring, while
that at 6=5.61 ppm is assigned to the surrounding water
molecules. The observation of no corresponding *C signals on
HSQC and variable integration values correlating to the
water contents of solvent agree with the assignment of 0 =
11.14 and 5.61 ppm as solvated water signals.

With the assistance of COSY and HSQC NMR spectra, the
inner core f-thiophenic and f-pyrrolic protons of 2 are
assigned as 0 =12.34, 12.30, 11.06, and 10.53 ppm. The eight
doublets for the peripheral p-thiophenic and p-pyrrolic
protons span in the range of 6 =5.0 to 6.2 ppm. Noticeably,
the peaks at  =5.03 and 5.04 ppm overlapped and integrated
into two protons. The pattern of chemical shifts of S-protons
resembles the starting [28]trithiahexaphyrin with upfield-
shifted peripheral protons and downfield-shifted inner core
protons as a result of the paratropic shifts of the antiaromatic
ring current.?? The doublet at ¢ =5.29 ppm correlated with a
triplet at 0 =6.64 ppm and has larger coupling constant
(14 Hz) relative to the pyrrolic and thiophenic [-protons.
The triplet at 0 = 6.64 ppm further correlates to a peak at 0 =
6.96 ppm. These three peaks are assigned as the protons on
the benzene ring of the fused tricyclic unit according to their
correlations in the COSY spectrum.

The NMR spectrum of 3 in [Dg]THF is temperature
independent (Figure 3). Unlike starting trithiahexaphyrin
and 2, the NMR pattern of 3 suggests that the compound
exhibits a triangular geometry. One singlet (0 =14.81 ppm)
and four doublets (6 =15.96, 15.85, 15.19, and 13.24 ppm) are
located in the downfield region and corresponded to

Fr —A
(ppm) {
110 - |
He
|
115
120 A
Ha
| Ho
125 '\ |
"“ g |
130 7 Hd, Hd" '. '
/ L
135 4
| / "
Pairs of Hf : 5.04, 5.65 | e
5.03, 5.72 140 ] He, He' Hy
5.58, 5.84
6.00, 6.22

Figure 2. HSQC spectrum of 2 at —40° in [Dg]THF.
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Figure 3. The '"H NMR spectrum of 3 in [Dg]THF at room temperature
(top). Selected region of 3 (bottom). The chemical shifts for the protons on
the fused hexaphyrin ring (inserted structure of 3).

p-thiophenic protons inside the hexaphyrin core. The bonding
of the nitrogen atom of the inserted azamethylene group to
the thiophenic S-carbon atoms results in a singlet peak at 6 =
14.81 ppm. The COSY and HSQC spectra suggests that the
proton signal at d =15.96 ppm coupling with 6 =15.85 ppm
are protons at the f-carbon atom on the same thiophene,
while the signals at d =15.19 and 13.24 ppm are paired up and
can be assigned to protons on the thiophene group next to the
azamethylene group. Assisted by COSY, HSQC, and homo-
nuclear decoupling, six doublets within the range of 6 =4.5
and 5.2 ppm are paired into three groups (4.58/4.55, 4.78/5.01,
4.92/5.02) and are assigned to the peripheral S-pyrrolic
protons. The patterns of the NMR structure suggest the
conservation of antiaromatic character dominated by para-
tropic ring current effect. Interestingly, the most deshielding
peak at 0 =16 ppm for 3 is shifted about 4 ppm downfield
relative to that in 2, and suggests that either that ring fusing of
2 diminishes ring current or that the 5,5,6-tricyclic ring of 2
exhibits internal current and affects the antiaromatic charac-
ter. The methyl group inside the trithiahexaphyrin ring is
located as a singlet peak and integrated into three protons at
0=28.36 ppm. The HSQC spectrum shows that doublets at
0=28.98 and 9.78 ppm, which have identical coupling con-
stants of 12 Hz, are correlated to the same carbon atom with a
signal at 0 =73.71 ppm in the ¥C NMR spectrum and are
assigned to two protons of the methylene group on the
azamethylene unit.

The NMR spectra of 4 and 5 resemble 3. For the compound
4, with methylamine - hydrochloride as starting base, the
singlet at 6=16.13 and the doublets at 6 =13.80, 16.10,
16.82, and 16.67 ppm are assigned as inner core S-pyrrolic
protons (Figure 4). Two doublets at 6 =9.06 and 14.16 and a
quartet at = 10.37 ppm give cross peaks with each other on
COSY and are assigned as the protons on inserted aza-
methylene subunit. Among those three peaks, 0 =9.06 and
10.37 ppm correlate to the same carbon on HSQC, while the
relatively broad doublet at 6 =14.16 ppm has no correlated
3C signal in the HSQC spectrum and is assigned as the NH
proton. The 'H NMR signals for six peripheral -pyrrolic
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Figure 4. The '"H NMR spectrum of 4 in [Dg]THF at room temperature
(top). Selected region of the 'H NMR spectrum of 4 (middle and bottom).

protons are located in between 0 =4.37 and 4.83 ppm. The

peaks are broadened and overlapped significantly. Never-

theless, the overall patterns for these six protons are similar to

3. For 'H NMR spectrum of compound 5 (Figure 5), a triplet
wl L.

L |

6 14 1210 3 4 ppm

IT N I

...........

162 156 14.8 14.0 10.85 10.65 1045 ppm

923 914 43 4139 ppm

Figure 5. The '"H NMR spectrum of 5 in [Dg]THF at room temperature
(top). Selected region of 5 (middle and bottom).

and a doublet both integrated into three protons are located at
0=4.56 and 3.76 ppm and are assigned to the methyl group
connected to methylene and methyne, respectively. The
proton signal for the methyne splits into a quartet and is
located at 0 =10.83 ppm. The two protons on methylene
group that are not magnetically equivalent are located at 0 =
9.18 and 10.43 ppm according to the COSY spectrum. These
two peaks couple with the neighboring methyl group and then
further couple with the proton on methyne to give six line
patterns. The peak at  =10.82 ppm is assigned as the water
molecule trapped inside the trithiahexaphyrin cavity. One
singlet and four doublets for inner core S-thiophenic protons
are located in downfield region (6 =13.8-16.2 ppm), while
six doublets for peripheral S-pyrrolic protons are located
around 0 =4 ppm. This pattern agrees with a triangular
trithiahexaphyrin contour with antiaromatic character.

X-ray structures of 2 and 3: The structures of the N-fused
trithiahexaphyrin 2 and the azamethylene-inserted trithia-
hexaphyrin 3 were confirmed by single-crystal X-ray analysis.
Crystals of 3 were obtained from a slow diffusion of hexane
into a mixed solution of 3 in methylene chloride and THF,
and the structure of free-base form of 3 was obtained. The
free-base NFTTHP does not crystallize well and the bishy-
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droperchlorate salt of 2 was obtained from the diffusion of
hexane into a solution of 2 in methylene chloride acidified
with perchloric acid. Importantly, the structure of bishydro-
perchlorate salt of 2 reveals the hydrogen bonding and anion
interactions in the fused-ring expanded porphyrins.

The bishydroperchlorate salt of 2 (Figure 6) shows a
rectangular shape of the trithiahexaphyrin ring with alternative
pyrrole and thiophene units linked through meso-carbon

Figure 6. Crystal structure of perchlorate salt of 2 (top; perchlorate ions
are omitted) and closed-contact interactions of perchlorate salts and 2
(bottom; unrelated phenyl rings are omitted for clarity).

atoms. One of the chlorides on the dichlorophenyl ring is
eliminated and joints directly to the deprotonated pyrrolic
nitrogen to form a 5,5,6-tricyclic ring system. The relatively
long distances of 1.410(6) A for the pyrrolic nitrogen to the
carbon atom on the benzene ring, N(1)—C(60), and 1.458(6) A
for meso-carbon to that on the benzene ring, C(25)—C(55),
suggest that there is only limited electron delocalization in the
tricyclic system. The bishydroperchlorate salt of 2 exhibits a
non-planar bowl-shaped trithiahexaphyrin ring with a mean
deviation of 0.332 A from the plane defined by the 36 core
atoms on the hexaphyrin ring. The tricyclic ring cants
significantly with a tilting angle of 50° from the mean plane.
According to the packing diagram (Figure 6), one of the
perchlorate ions sits below the fused hexaphyrin ring and
hydrogen bonds to a pyrrolic nitrogen with a distance of
2.851 A for O(5)---N(3), while the other perchlorate ion sits

4546 ——
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above the ring with close contacts to a thiophenic sulphur
atom, a thiophenic $-hydrogen atom (H(12) on C(12)), and a
hydrogen on the phenyl ring atom (H(47A) on C(47A))of the
neighbouring trithiahexaphyrin. The distance of the O(1A) to
the sulphur S(1) is 3.212 A, while the distances of O(1A)—
H(12) and O(4A)-H(47A) are 2.549 and 2.520 A, respectively.

Interestingly, the X-ray analysis of compound 3 indicates a
triangular contour of the hexaphyrin ring (Figure 7); this is in
agreement with the NMR assignments. The thiophenic j-
carbon (C(2)) is joined to the nitrogen (N(4)) on the

Figure 7. Front view (top) and side view of 3 (bottom; phenyl rings are
omitted in the side view for clarity).

azamethylene unit, while the nitrogen atom (N(1)) of the
neighboring pyrrole ring is joined to the methylene carbon
(C(67)) to form a 5,7,5-tricyclic ring. The azamethylene group
is disordered over two positions with 50 % occupancy on each
site. The bond distances of 1.436(9) and 1.519(9) A for
N(4)—C(67) and C(67)—N(1), respectively, are all in the single
bond range and suggest that the ring fusion does not alter the
conjugation system of the hexaphyrin ring. The bowl-shaped
hexaphyrin ring has a relatively small (0.276 A) mean
deviation of atoms from the plane defined by 36 hexaphyrin
core atoms. The three atoms on the azamethylene unit deviate
significantly from the mean plane with an average deviation of
1.449 A. The deviation of the azamethylene from the mean
plane creates different chemical environments for the two
protons on the relatively rigid methylene carbon. One of the
hydrogen atoms on the methylene carbon of the azamethy-
lene group is located closer to the central of trithiahexaphyrin
ring, while the other is directed outward; this explains the
different chemical shifts for these two protons in the 'TH NMR
spectra of in 3 as well as in 4 and 5.
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Conclusion

For the formation of 2, it is expected that the interaction of
Cu! and chloride on the dichlorophenyl group enhances the
charge separation in the C—Cl bond involved and facilitate the
nucleophilic attack of pyrrolic nitrogen on the the phenyl ring.
The elimination of HCI completes the ring closure to form the
N-fused product. The mechanisms for the formations of
azamethylene inserted compounds, however, are not com-
pletely understood. The reaction requires activation of the
C—H bonds at a fS-thiophenic carbon atom and a methyl
group. The fact that the presence of Cu' appears to essential
suggests that Cu' is involved in the C—H bond-activation
processes.?’l A detailed study with different copper(l) com-
plexes and amines to explore the mechanism of the insertion
reaction in this type of ring-modification reaction is underway.
Noticeably, the amino-substituted thiophene or porphyrin is
relatively unexplored;? this report suggests a method for the
formation of a C—N bond at a 3-thiophenic position.

To our knowledge, the formation of internal 5,7,5- or 5,5,6-
tricyclic rings described herein is the first report of a metal-
ion-mediated ring-fusion reaction of expanded porphyrins.
Most antibiotics or antifungi contain heterocyclic rings, for
example, the natural product of mitomycin ¢ exhibits a 5,5,6-
tricyclic ring system and is a strong antibiotic.?’! Although
further reactions are required to modify the internal hetero-
cyclic ring to introduce, for example, a functionalized anti-
biotic unit into the expanded porphyrin, this report provides a
convenient route that can introduce multiple functionalities to
a photoactive expanded porphyrin or porphyrin analogue.

Experimental Section

General information: Solvents were distilled under nitrogen from appro-
priate drying agents?! and stored in dried, N,-filled flasks over 4 A
molecular sieves. Pyrrole was freshly distilled from calcium hydride before
use. Otherwise all starting materials were obtained commercially and used
without further purification. Column chromatography was performed over
silica (Merck, 230-400 mesh). UV/Vis spectra were recorded on a
Hewlett — Packard 8453 spectrophotometer. Analyses of carbon, hydrogen,
and nitrogen were obtained with a CHN analyzer (Heraeus). NMR spectra
were obtained on a Varian Unity Inova-600 spectrometer. Mass spectra
were recorded on a Finnigan/Thermo Quest MAT 95XL or a JEOL JMS
SX/SX 102A mass spectrometer.

Preparation of [28]N;S;-hexaphyrin (1): A vessel (50 mL) is charged with
Cl,diol (210 mg, 0.486 mmol) and pyrrole (34 pL, 0.524 mmol) in CH,Cl,
(25 mL) and nitrogen was bubbled through the mixture for 15 mins. BF;-
OEt, (30 uL, 7.55 mm) was added, and the solution was stirred at room
temperature for 1.5 h. DDQ (0.15 g, 0.661 mmol) was then added, and the
mixture was stirred continuously for 30 min. The solvent was removed on a
rotary evaporator, and the residue redissolved in a minimum amount of
CH,Cl,. The solution of the crude product was loaded to the top of a silica
column (5x20cm) packed with CH,Cl,/hexane (1:1) and eluted with
CH,Cly/hexane (1:1). A yellow solution (R;=0.50 in 1:1 CH,Cl,/hexane)
was eluted first and had a UV/Vis spectrum identical to dithiaporphyrin.
The solution of dithiaporphyrin was collected and concentrated to dryness
to have S,TDCPP (41.4 mg, 20 % yields). The desired [28]N;S;-hexaphyrin
eluted out as a red solution (R;=0.21 in 1:1 CH,Cl,/hexane) and was
collected and concentrated to dryness on a rotary evaporator. The solid of
[28]N;S;-hexaphyrin was then dissolved in minimum amount of CH,Cl, and
recrystallized by a slow addition of hexane (33.7mg, 15%). UV/Vis
(CH,CL,): A (loge) =480 (5.10), 553 nm (4.92); elemental analysis calcd
(%) for C4H3N;3S;Cly, - 0.5CH,CL, - 0.25hexane: C 56.26, H 2.46, N 2.89;
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found: C 56.66, H 2.88, N 2.43; FAB-MS: m/z: 1388.86 [M*+H]; HRMS:
miz: 1388.8016 [M*+H]; '"H NMR (600 MHz, CD,CL, 25°C): 6 =4.08 (br,
1H), 4.20 (d, 3/(H,H) =6 Hz, 2H), 4.31 (d, *J(H,H) =6 Hz, 2H), 4.41 (d,
3J(H,H) = 4.8 Hz, 2H), 4.67 (d, J(H,H) = 5.4 Hz, 2H), 6.87 - 7.15 (m, 18 H),
14.27 (s, 2H), 19.20 (s, 2H); '3C NMR (CD,Cl,): 6 =119.52, 123.27, 123.52,
12754 (2), 127,65, 12824 (2), 12834 (2), 129.84, 130.04, 130.24, 131.85,
132.97,134.12, 134.96, 135.13, 135.20, 135.31, 135.48, 135.86, 136.09, 137.05,
140.40, 149.54, 150.34, 157.00, 159.54, 174.06.

Preparation of NFTTHP (2) and TTHP-DMA (3): A round-bottomed
flask containing 1 (0.042 g, 0.029 mmol) and CuCl (0.059 g, 0.606 mmol) in
DMF (50 mL) was heated to reflux in an inert atmosphere dry box. The
reaction was monitored by frequently checking UV/Vis spectra of the
aliquots. The reaction was completed after 48 h, and the solvent was
removed by a rotavapor. The resulting crude solid was dissolved in
minimum amount of CH,Cl,, loaded on the top of a column filled with
slurry silica gel in CH,Cl,/hexane (1:1) and eluted with the same solvent.
The fraction of red solution was collected. The solvent was removed by
rotary evaporator and recrystallized from CH,Cl,/hexane to give 2.
(0.028 g, 55.4%) The eluting solvent of the column was then changed to
CH,Cl,/MeOH (30:1) and more polar compound 3 was collected as a red
solution. After the solvent removal and recrystallization from CH,Cl,/
hexane, 3 (5 mg, 12.4 % yield) was obtained as red crystalline solid.

Alternatively, 3 can be obtained with higher yield by replacing CuCl with
[Cu(CH;CN),J(BE,). [Cu(CH;CN),](BF,) was fresh prepared by using the
literature method.””! In an inert-atmosphere glove box, CuCl (0.06 g,
0.61 mmol) and AgBF, (0.12 g, 0.62 mmol) in CH;CN (20 mL) were stirred
24h at room temperature. The AgCl precipitate was filtered and the
solution of Cu' in acetonitrile was transfered to another round bottom flask
(100 mL) containing 1 (0.04 g, 0.03 mmol) in DMF (20 mL). The mixture of
solvent was heated to reflux under nitrogen and frequently monitored by
UV/Vis spectroscopy. After 48 h, the solvent was removed under vacuum
and separated by silica-gel column chromatography. Elution with CH,Cl,/
CH;CN (30:1) gave desired red solution of 3. The solution was dried and
recrystallized from CH,Cl,/hexane to give 0.027 g (65%) of 3.

Compound 2: UV/vis (toluene): A, (log £€)=519 nm (4.95); 'H NMR
(IDS]THE, 600 MHz, —40°C): 6 =5.03 (d, 1 H), 5.04 (d, 1H), 5.29 (d, 1 H),
5.58 (d, 1H), 5.65 (d, 1 H), 5.72 (d, L H), 5.84 (d, 1 H), 6.00 (d, 1 H), 6.22 (d,
1H), 6.64 (t, 1H),6.77 (m, 1 H), 6.96 (d, 1 H), 7.05—7.50 (m, 14H), 10.53 (d,
1H), 11.06 (d, 1H), 12.30 (d, 1H), 1234 (d, 1 H); FAB-MS: n/z: 1352.88
[M*+H]; HRMS: m/z: 1352.8846 [M*+H].

Transfer of the same amount Cu' solution (0.03M, 20 mL) mentioned
above, to a round-bottomed flask (100 mL) containing 1 (0.032 g,
0.022 mmol) in anhydrous CH,Cl, (50 mL), followed by treatment with
(CH;),NH (4 mL; 2.0M in THF) gave the starting solution without DMF.
The solution was heated to reflux under nitrogen for 3 h, and solvent was
removed under vacuum. The crude material was purified over a silica-gel
column loaded with CH,Cl, and eluted with CH,Cl,/CH;CN (30:1). The red
solution of 3 was collected, dried, and recrystallized from CH,Cl,/hexane to
have 0.017 g (51%) of 3.

Compound 3: UV/vis (toluene): 4., (log €) =433 (sh), 498 (3.81), 526
(3.82), 563 nm (3.76); '"H NMR (600 MHz, [Dg]THF, 25°C): 6 =4.55 (d,
1H), 4.58 (d, 1H), 4.79 (d, 1H), 4.92 (d, 1H), 5.01 (d, 1H), 5.02 (d, 1H),
6.80-7.60 (m, 18 H), 8.36 (s, 3H), 8.98 (d, 1H), 9.78 (d, 1H), 13.24 (d, 1H),
14.81 (s, 1H), 15.19 (d, 1H), 15.85 (d, 1H), 15.96 (d, 1H); FAB-MS: m/z:
1429.1 [M*+H]; HRMS: m/z: 1429.8331 [M*+H].

Preparation of TTHP-CH,NH (4): A round-bottomed flask was charged
with [28]trithiahexaphyrin (40 mg, 0.029 mmol) and CH;NH,-HCI
(300 mg, 4.45 mmol) in anhydrous CH,Cl, (50 mL) and the mixture stirred
at room temperature. The freshly prepared solution of [Cu(CH;CN),]|BF,
(0.03 M, 20 mL) was transfered into the flask, and the mixture was heated to
reflux. The completeness of the reaction was monitored by taking aliquots
from the solution and examining them by TLC. Additional portions of
[Cu(CH;CN),]BF, (0.03M, 10 mL) were added into the reaction flask if the
starting trithiahexaphyrin was detected after 2 h. The reaction was halted
and cooled to room temperature when no starting hexaphyrin was
detected. After the solvent removal, the remaining red solid was dissolved
in minimum amount of CH,CL,/CH;CN (30:1) and loaded onto the top of a
silica column packed with the same solvent system. The red compound with
R; value of 0.2 on TLC under the same solvent system was collected and
recrystallization from CH,Cl,/hexane to afford 22 mg of red compound of 4
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(vield: 54%). UV/vis (toluene): A, (loge) =439 (4.90), 496 (sh, 5.14),
520 nm (5.17); '"H NMR (600 MHz, [Dg]THF, 25°C): 6 =4.37 (br, 1H), 4.38
(d, 1H), 4.63 (br, 1H), 4.73 (d, 1H), 4.82 (br, 2H), 6.9-7.3 (m, 18 H), 9.06
(g, 1H), 10.37 (q, 1H), 13.80 (d, 1H), 14.16 (d, 1H), 16.10 (d, 1H), 16.13 (s,
1H), 16.67 (d, 1H), 16.82 (d, br, 1H); FAB-MS: m/z: 1415.8 [M*+H];
HRMS: m/z: 1415.7816 [M*+H].

Preparation of TTHP-DEA (5): The reaction procedures for 4 were
applied to the preparation of 5 by using (CH;CH,),NH-HCI (300 mg,
2.74 mmol) as starting material. The polarity of 5 is close to 4 and the
separation was carried out by a column packed with silica gel and eluted
with CH,CL/CH;CN (30:1). After the removal of minor impurities, the
dark red major product was collected. Solvent removal and recrystalliza-
tion gave 24 mg red solid of 5 (yield: 57 %). UV/Vis (toluene): 1., (log
£) =333 (3.92), 441 (sh, 4.41), 500 (4.63), 528 (4.62), 574 nm (sh, 4.52);
'H NMR (600 MHz, [Dg]THF, 25°C): 6 =3.76 (d, 3H), 4.45 (d, 1H), 4.51
(d, 1H), 4.56 (t,3H), 4.65 (d, 1 H), 4.83 (d, 1H), 4.91 (d, 1 H), 4.95 (d, 1H),
6.9-7.3 (m, 18 H), 9.18 (sextet, 1 H), 10.43 (sextet, 1 H), 10.83 (q, 1 H), 13.77
(d, 1H), 15.13 (s, 1H), 15.70 (d, 1H), 15.97 (d, 1H), 16.23 (d, 1H); FAB-
MS: m/z: 145787 [M*+H]; HRMS: m/z: 14578718 [M*+H].

Crystal structure analyses: The X-ray diffraction data were collected on a
Bruker SMART 1000 diffractometer equipped with a CCD detector. The
structure was solved by the direct methods on F? and refined by the least-
square method on F? by using the SHELXTL program.?l A SADABS
absorption correction was made.””) CCDC-168792 and CCDC-168793
contain the supplementary crystallographic data for the paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk)

Data for 2H,** - 2Cl10, : C4;H;ClsN;0,S;, M, =1654.92; crystals obtained
from CH,Cly/hexane; crystal size 0.31 x 0.08 x 0.06 mm?®: triclinic, space
group P1, a=13.3809(8), b = 14.4347(9), c = 18.8210(12) A, & = 93.925(2)°,
B=97.8800(10)°, y=99.6130(10)°, V=3534.8(4)A> Z=2, puu=
1.555 mgm~* 1 =0.730 mm~!, F(000) =1668; 22801 measured reflections
collected; 15753 observed reflections. (F2>2pF2); 0,,,=2757"; Rl1=
0.0560, wR2 = 0.1280.

Data for 3: C;;H;,Cl,)N,O,S;, M,=1656.70; crystals obtained from THF/
CH,Cl,/hexane; crystal size 0.40 x 0.35 x 0.25 mm?; triclinic, space group
P1, a=14.0817(5), b=16.2298(6), c=18.0591(6) A, a =101.473(1)°, =
111.753(1)°, y =90.881(1)°, V=3738.7(2) A> Z=2, peeq = 1.472 mgm-3;
u=0.650 mm~!, F(000)=1686; 49599 measured reflections collected;
17163 observed reflections. (F2>2pF2); 0,,=2750°; R1=0.0769,
wR2=0.2229.
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Incommensurate Modulation in the Microporous Silica SSZ-24

Zheng Liu,'> ! Nobubhisa Fujita,® 8! Osamu Terasaki,*» " Tetsu Ohsuna,*! Kenji Hiraga,!*!
Miguel A. Camblor,'¥! Maria-José Diaz-Cabaiias,!?! and Anthony K. Cheetham!®!

Abstract: A detailed investigation of
the structure of microporous silica,
SSZ-24, is presented. It is shown by
X-ray powder diffraction and *Si MAS
NMR experiments that the structure
deviates from the previously proposed
AlIPO,-5-type structure. At room tem-
perature, electron diffraction (ED) pat-
terns exhibit extra diffraction spots,
which can be attributed to an incom-
mensurate structural modulation along
the ¢ axis. This in turn results in a pleat

the ¢ axis, as observed with high-reso-
lution electron microscopy (HREM).
The modulated structure may easily turn
into a disordered one through excessive
electron irradiation or heat-treatment.
In order to understand the origin of the
modulation, soft phonon-modes of the
ideal premodulated structure were ana-
lyzed by the use of the rigid-unit-mode

Keywords: electron microscopy
rigid-unit-mode model - silicates -

model. The distribution of soft modes in
reciprocal space might correspond
roughly to diffuse streaks that could be
observed in the diffraction patterns at
higher temperatures. It was found that
several phonon branches soften at spe-
cific wave vectors, which are incommen-
surate with respect to the original period
and might be responsible for the mod-
ulation. We present a simple analytic
treatment to deduce the wave vectors
and associated displacement eigenvec-

pattern in real space with two different
intervals arranged aperiodically along

Introduction

The microporous material SSZ-24, the silica analogue of the
zeolite AIPO,-5 (AFI), forms a hexagonal silica framework
without cations inside large uniaxial channels along the ¢
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tors for the incommensurate soft-modes.

direction. The space group of AIPO,-5 reported formerly was
P6ecl’- 2 and higher symmetry P6/mcc.l®! The average structure
of SSZ-24 has been analyzed previously by synchrotron
powder X-ray diffraction (XRD), and the space group was
determined to be P6/mcc.¥ However, the structure is still
somewhat controversial, because if one assumes the space
group to be rigorously fulfilled, several Si-O-Si angles in the
unit cell must be close to 180°; this is unlikely to occur in
reality. The problem was overcome in the original powder
XRD refinement by displacing the O atom concerned from its
high symmetry position and lowering its occupancy factor.
The angles can also be dropped to 140—150° by reducing the
symmetry to Pcc2 (orthorhombic)P! or P6 (hexagonal).l In
the case of the aluminophosphate AIPO,-5, there are also
linear angles in the initially assigned P6cc symmetry that can
be eliminated by lowering the symmetry to P6. Synchrotron
XRD data of AIPO,-5 shows that the symmetry must be even
lower (possibly Pcc2).l

Accurate knowledge of the structure of zeolites is of
significant fundamental and applied importance in zeolite
science. From XRD and ?Si MAS NMR data of calcined SSZ-
24 samples prepared by four different methods in our own
laboratory, we realized that the structure of this material must
be much more complex than reported. This prompted us to
study SSZ-24 by HREM and ED, which revealed a modu-
lation of the structure in the ¢ direction.

In order to understand the origin of the modulation, we
used the rigid-unit-mode model,’® ! that is, a coarse-grained

0947-6539/02/0819-4549 $ 20.00+.50/0 4549





FULL PAPER

O. Terasaki et al.

model with the following important features of framework
materials. Framework materials such as silicates and zeolites
consist of basic tetrahedral units, TO, (T =Si or Al), in which
each oxygen atom is shared by two neighboring units. The
basic units are very rigid because of the large energies
required to stretch/shorten the T-O bond and to change the
relative angles of the four T—O bonds from the most stable
tetrahedral configuration. On the other hand, the change of
relative configurations of neighboring units, through a bend-
ing or a rotation with respect to their shared O atom, requires
less energy. It is known that these materials undergo various
structural phase transitions that cause displacement at tem-
peratures below 1000 K. The relevant deformations involve
little change in shape of the individual TO, units, that is, the
integrity of the tetrahedral shape is almost retained. The
possibility of such flexible deformations manifests itself in the
existence of soft modes of vibration in higher-temperature
phases. In the context of zeolites, the rigid-unit-mode model
has been extensively used to analyze the framework flexibil-
ities, which are of substantial importance in understanding the
phase transitions that cause displacement as well as the
adsorption characteristics of cations in these materials.l'* 1]

Experimental Section

Pure silica SSZ-24 was synthesized by four different methods, depending on
the organic structure direct agent (SDA) cation (N-methylsparteinium
(MSPT) or N,N,N-trimethyladamantammonium (TMAda)) and on the
mineralizer (hydroxide or fluoride). Thus, the synthesis methods and the
materials obtained will be denoted as MSPT—F, MSPT—OH, TMAda—F
and TMAda—OH.

SDA syntheses: N-methylsparteinium was synthesized from a solution of
(—)-sparteine in acetone, to which CH;I was added slowly and under
stirring. After 24 hours, diethyl ether was added, and the mixture was
filtered. The obtained solid was recrystallized in methanol/ethyl acetate
and was shown by chemical analysis and 'H and *C NMR in CDClI, to be
N-methylsparteinium iodide.

N,N,N-trimethyl-L-adamantammonium was synthesized by slowly adding
CH;l to an ice-cooled solution of rL-adamantamine in CHCI;, in the
presence of K,CO;-1.5H,0. After 7 days at RT, the mixture was filtered,
and the solid was washed with CHCI;. The clear solution was then mildly
heated under vacuum to evaporate the solvent, and the obtained solid was
washed with diethyl ether and dried under vacuum. Chemical analysis and
'H and BC NMR in CDCl; showed the product to be N,N,N-trimethyl-L-
adamantammonium iodide.

Prior to the zeolite syntheses, both iodide salts were exchanged to their
hydroxide forms by anion exchange in aqueous solution by using an anion
resin (Dowex-1).
Zeolite syntheses

MSPT—OH method: An aqueous solution of MSPTOH (29.22 g, 0.82 mol
OH per kg) was mixed with a solution of KOH (0.34 g) in water (44.08 g)
and with Aerosil 200 (720 g). The mixture was stirred for 1 hour. After
being heated at 150°C for 21 days, the mixture was filtered, and the solid
was washed with distilled water and dried at 100°C. The yield of SSZ-24
was 9.63 g per 100 g gel. The composition of the starting mixture was SiO,/
MSPTOH/KOH/H,0 =1:0.20:0.05:31.

MSPT-F method: Tetraethylorthosilicate (20.80 g) was hydrolyzed in an
aqueous solution of MSPTOH (31.84 g, 1.57 mol OH per kg). The mixture
was left stirring for complete evaporation of the ethanol produced in the
hydrolysis and the water needed to achieve the desired final composition.
Then, an aqueous solution of HF (2.08 g, 48 % ) was added, and the mixture
was thoroughly homogenized by hand. After 7 days at 175°C, the mixture
was filtered, and the solid was washed with distilled water and dried at

4550 — © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

100°C. The yield of SSZ-24 was 19.23 g per 100 g gel. The composition of
the starting mixture was SiO,/MSPTOH/HF/H,0 =1:0.50:0.5:7.5.
TMAdaOH method: This method is described in ref. [12] KOH (0.16 g) was
dissolved in water (6.32¢g), then a solution of TMAdaOH (5.79 g,
0.525 mol OH per kg) and Aerosil 200 (1.22 g( were added. The mixture
was stirred for 2 h. After 6 days at 150 °C, the mixture was filtered, and the
solid was washed with distilled water. The yield of SSZ-24 was 6.52 g per
100 g gel. The composition of the starting mixture was SiO,/TMAdaOH/
KOH/H,0 =1:0.15:0.12:44.

TMAda-F method: A mixture of starting nominal composition SiO,/
TMAdaOH/HF/H,0 1:0.50:0.50:20 was heated for 12 days at 150 °C. The
synthesis was intended to crystallize SSZ-23 (see ref. [13] where further
synthesis details can be also found). However, the final pH of the mother
liquor was too high (11.1 rather than <9), and the product was pure SSZ-24.
Characterization: Phase purity of the materials was determined by
conventional powder X-ray diffraction (XRD) by using a Philips X Pert
diffractometer. C, H, and N contents were determined with a Carlo Erba
1106 elemental analyzer. The fluoride content was determined by using an
ion-selective electrode connected to a Mettler Toledo 355 ion analyzer
after dissolution of the as-made solids by a standard procedure.['!
Thermogravimetric analyses were performed on a NETZSCH STA 409 EP
thermal analyzer in the 293 -1073 K range with about 0.0200 g of sample, a
heating rate of 10 Kmin~', and an air flow of 6 Lh~!. The *Si MAS NMR
spectra of the solids were recorded on a Varian VXR 400 SWB spectrom-
eter at a spinning rate of 5.5 kHz at a *Si frequency of 79.459 MHz, with a
55.4° pulse length of 4.0 us, and a recycle delay of 60 s.

Finally, crystal size and morphology were monitored by scanning electron
microscopy (SEM) on a JEOL JSM-6300 microscope.

For TEM measurements, the sample was first crushed by mortar, then
dispersed in ethanol (99.9 vol.%) by ultrasonic method, and finally,
dropped onto a carbon microgrid. High-resolution electron microscopy
(HREM) observations were performed with a 400kV electron microscope
(JEM-4000EX) at room temperature. High temperature observations were
carried out by 1250 kV EM (JEM-1250) with a top-entry high temperature
stage.

Results and Discussion

Pure silica SSZ-24 was crystallized by using two different
SDAs and two different mineralizers. The chemical compo-
sitions of the four types of as-made samples are listed in
Table 1. Among the four as-made samples, it is clear that only
MSPT-F-SSZ-24 may be essentially free of connectivity
defects, since only in that sample may the concentration of
organic cations be fully balanced by fluoride anions. Never-
theless, the concentration of silanol groups in all the calcined
samples is rather low (see Si MAS NMR results below); this
indicates significant annealing of defects upon calcination.

X-ray diffraction: All the samples were identified as SSZ-24.
The powder X-ray diffractograms of the calcined samples are
shown in Figure 1. The SSZ-24 samples prepared from MSPT
contained a very small amount of impurities. More impor-

Table 1. Chemical composition of the as-made SSZ-24 samples.

Synthesis g in 100g of zeolite Si0, % C/NPI mol [u.c.]
Method N C H F SDA F
TMAdaOH 0.71 798 149 - 88.68 13.2 082 -
TMAda-F 087 9.00 152 031 88.38 12.1 1.01  0.27
MSPT-OH 132 920 152 - 86.33 8.1 079 -
MSPT-F 136 955 145 092 86.93 8.2 0.80 0.80

[a] Residue after the thermogravimetric analysis. [b] The C/N mol ratios in
TMAda and MSPT are 13 and 8, respectively.
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Figure 1. Powder XRD profile of SSZ-24. Cug, radiation. From the top,
the profiles of TMAdaF, TMAdaOH, MSPT-OH, and MSPT-F.

tantly, the four calcined samples showed very small reflections
(marked with an asterisk in Figure 1) that could not be
indexed by assuming hexagonal symmetry. The fact that these
reflections appeared in the four samples with similar intensity,
irrespective of the SDA or mineralizer, suggested that they
may not correspond to an impurity phase. Furthermore, a
careful inspection of the Rietveld plots of SSZ-24 in ref. [4]
reveals small disagreements between the experimental and
simulated profiles in the 25-35° 20 region, in which we also
find most of the peaks that cannot be indexed as hexagonal.
This, together with the broadness and considerable asymme-
try (apparent also at high reflection angles, and thus not due to
axial divergence) of all the XRD reflections in Figure 1
suggests that the structure of calcined SSZ-24 may be more
complex than the ideal one.

¥Si MAS NMR: In the reported P6/mcc space-group
symmetry, SSZ-24 contains a single crystallographic site, so
a single Q, resonance would be expected in the *Si MAS
NMR spectrum. By contrast, Figure 2 shows a broad signal in
the Q, region for all the samples. This signal is clearly
composed of overlapping resonances, which are best resolved
in the material prepared by the MSPT-F method. Attempts to
deconvolute the spectrum of that sample required no less than
6 Gaussian—Lorentzian peaks in the Q, region. In all the
spectra, there are indications of at least three overlapping
resonances; this is strong evidence for a more complex
structure.

TEM study: TEM was used in order to unravel the real
structure of SSZ-24 (MSPT-F). SSZ-24 crystals have a long
pillar shape with the uniaxial channel parallel to the long axis,
which is known to be the ¢ direction, as shown in Figure 3.

Chem. Eur. J. 2002, 8, No. 19
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Figure 2. Si MAS NMR spectrum of SSZ-24. From the top, the profiles of

TMAdaF, TMAdaOH, MSPT-OH, and MSPT-F.

200nm

Figure 3. Low magnification TEM image of SSZ-24.

Two HREM images with diffraction patterns taken from
[001], which shows the uniaxial channel of SSZ-24, and [10 —
1] directions are shown in Figures4 and 5, respectively.
Corresponding ED patterns are inserted in the images. No
extra reflections were observed for these incident directions.
Simulated images based on the space group P6cc were also
inserted together with framework models. The inserted
simulated HREM images in Figures 4 and 5 fit very well
with the experimental ones; this suggests that the structure of
SSZ-24 should be discussed in terms of a modulation with a
wave vector not observed in these incidences away from an
AFI average structure.

However, diffraction patterns along the [010] and [1 — 10]
directions show the appearance of forbidden parent reflec-
tions at 40l (I=o0dd) and Akl (I=o0dd) respectively, as shown
by the arrows in Figure 6a and b. Note that such reflections as
001 and 111 etc. did not appear in the powder X-ray results;
this illustrates that the sensitivity of X-ray experiments is low.
Hence, it follows that the space group of the average structure
of SSZ-24 cannot be P6/mcc, P6cc, or Pcc2, which were
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Figure 4. High resolution TEM image of SSZ-24 taken with [001]
incidence.

Figure 5. High resolution TEM image of SSZ-24 taken with [10—1]
incidence.

mentioned earlier, since for these space groups the parent
reflections with odd / would be extinct because of the ¢ glides.
Alternatively, a maximal nonisomorphic subgroup of P6/mcc
(namely P622 or P6/m) or of P6cc (namely P6) could be a
possible candidate.

It is also most important to note that the appearance of
distinct satellite spots lying on the c* axis, as in Figure 6a and
b, shows that there are incommensurate modulations along
the ¢ direction. A detailed inspection of these incommensu-
rate spots reveals that only one primary modulation wave-
vector g exists, and that the other spots are explained by
higher-order harmonics thereof, so 4D crystallography might
be a suitable approach for further quantitative analysis. This
situation is shown in Figure 6¢c and d, where the common
periodicity ¢q is about 0.38 times that of the reciprocal lattice
vector ¢* . Correspondingly, one finds super-period structures
(which have a brighter contrast of the lattice fringe) from the
corresponding HREM images, shown in Figure 7a and b.

4552
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q
L

Figure 6. Electron diffraction patterns of SSZ-24 taken with a) [010] and
b) [1 —10] incidences, c) an enlargement of the rectanglar part of (b), and
d) the corresponding schematic drawing.

Figure 7. High resolution TEM image of SSZ-24 taken with a) [010] and
b) [1 —10] incidences.

As found from in situ observation of the heat treatment by
using heat staging in TEM, the distinct incommensurate
satellite spots change to obscure diffuse lines at 100 °C, as
shown in Figure 8; this illustrates that the incommensurate
modulations change to disordered structure during the heat
treatment These diffuse lines did not return to the former
distinct incommensurate spots, even when the temperature
was dropped down to 25 °C; this demonstrates that the change
is irreversible. Electron beams always cause breaking of bonds
in the framework, and even a small number of the induced
defects might block reversible structural change with temper-
ature.

Rigid-unit-mode model: As we have discussed so far, the
structure of SSZ-24 is fairly well characterized by the space
group P6/mcc up to a certain degree of resolution, but for
finer resolutions the lowering of symmetry in the average
structure as well as an incommensurate modulation is
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Figure 8. Electron diffraction patten of SSZ-24 at 100 °C.

observed at room temperature. These delicate features may
have occurred through a phase transition that causes displace-
ment, and are dominated by structural instability in the higher
temperature phase with space group P6/mcc.

Let us take a simple model approach called the rigid-unit-
mode (RUM) model, which was originally employed to
investigate displacement-causing structural phase transitions
in minerals.® %! By the use of the structural data of Bialek et
alll we can model the structure of SSZ-24 as a network of
tetrahedra interconnected by sharing their vertices, in which
each tetrahedron is identified with SiO,. The model is further
optimized such that all the tetrahedral units are identical and
exactly regular, while the space group and periodicity are
retained. This leads to an idealized model of SSZ-24 in the
higher-temperature phase (Figure 9a and b). The linkage of
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Figure 9. The optimized structure of SSZ-24. A 3D view of the primitive
cell (a) as well as a single layer viewed along the c direction (b) are shown.
Each tetrahedron represents a SiO, unit. ¢) The Brillouin zone for the
hexagonal structure with symmetry points and axes labeled.

two connected units is assumed to behave like a hinge around
which the two units can tilt or rotate freely with respect to
each other. The finite rigidity of SiO, in reality is taken into
account with the so-called split-atom method, which allows
two vertices at one hinge to separate and assumes a potential
energy between the two vertices. The potential energy is taken
to be a harmonic one, U(r) = kr*/2, with r being the distance
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© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

between the vertices and k being the effective elasticity
constant, which is assumed to be uniform.

As is mentioned earlier, a structural distortion involving
little deformations of individual SiO, units costs little energy
and leads to very small restoring forces. Hence relevant
phonon modes would have very small frequencies; they are
called soft modes. With the RUM approach, we can numeri-
cally analyze phonon frequency spectra for various frame-
work structures and enumerate possible soft modes. As a
result of initial optimization of the structure, one often finds a
set of soft modes whose frequencies are exactly zero; these
modes are called RUM. This makes it particularly appropriate
to employ the RUM model for a detailed theoretical analysis
of structural instabilities of a framework structure.

The phonon dispersion curves along the A4 line (0,0,a) of the
reciprocal space (Figure 9c) can be calculated numerically
(Figure 10). A quadruple set of RUM branches exists with

L X
N
jan)
=1
S~
BN

E((2+2)
Ex(2) B.(1)
0 v
0 0.1 0.2 0.3 0.4 0.5
o/ unit c*

Figure 10. The lowest part of the phonon spectrum, #(k), of the RUM
model of SSZ-24 along the A line: k= (0,0,a). Hidden along the horizontal
axis are four RUM branches. At the I' point, there are seven RUMs in
addition to the three translational modes for acoustic branches. We have
also RUMs at seemingly incommensurate wave vectors near a =0.304 and
0.392.

phonon frequency of exactly zero. There are also several
isolated RUMs at the I" point as well as at fractional wave
vectors a =0.304 and 0.392, which are estimated at up to three
digits of accuracy, accompanied by sharp drops of phonon
branches. Note that some of the RUMs at the I point are
thought to be responsible for the lowering of the symmetry of
the average structure, that is, the reduction of c¢ glides.
Meanwhile, the fractional RUMs may be responsible for the
modulation because they have nontrivial wave vectors that
are incommensurate with the original periodicity.

As all the soft modes indicate possible flexible distortions of
the idealized structure, their distribution in the reciprocal
space was calculated. The distribution of soft modes whose
frequencies are smaller than 0.01 THz in the ’TMLA-plane (a,
0, ) is shown with shadow in Figure 11, where black dots
present the positions for fundamental reflections. Such
analysis may correspond to the diffuse streaks that are
observed in ED patterns for the higher-temperature phase.
One can see that soft modes concentrate along the A line,
especially at the three isolated points mentioned earlier, and
also on the plane perpendicular to the c*(k;) axis through the
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Figure 11. The distribution of the soft phonon modes in the TMLA-plane
is shown. The shadowed points have at least one phonon mode with a
frequency of less than 0.01 THz.

origin (I" point). The following argument will be confined to
phonon modes along the A line.

Symmetries of the RUMs: Although the intense accumulation
of soft modes along the 4 line can cause a static disorder along
the ¢ direction when the temperature is lowered, experiment
shows that there is only a single soft mode (or at most a few of
them) responsible for the modulation. The mode should lie
close to the observed wave vector a =0.38. The reason for
nature’s selecting this particular wave vector is a subtle
question, and we have not been successful in providing a
sufficient account for this. But it is worth noting that the wave
vector is quite close to o =0.392, at which an isolated RUM is
located. In the following, we present a simple argument based
on the symmetries of the isolated RUMs that leads to analytic
expressions for the relevant wave vectors and the associated
lattice deformations.

We show the character table for the proper point group G
of a wave vector k=(0,0,a) in Table 2; note that Gy is
isomorphic to the point group C,. Then each of the phonon
branches along the A4 line has a symmetry property that is

Table 2. Character table for the point group Cs,.

IR E 2C, 2GC, C, 30, 304
A, 1 1 1 1 1 1
A, 1 1 1 1 -1 -1
B, 1 -1 1 -1 1 -1
B, 1 -1 1 -1 -1 1
E, 2 1 -1 -2 0 0
E, 2 -1 -1 2 0 0

represented by an irreducible representation of G,. There are
six types of irreducible representations, A;, A,, B, B,, E;, and
E, as represented by the Mulliken symbols (see Table 2). The
number of phonon modes for each wave vector coincides with
the number of degrees of freedom per unit cell, which is 6 x
24 =144 in our case. It is found that the 144 phonon branches
are labeled as 12(A;) + 12(A,) + 12(B,) + 12(B,) + 48(E,) +
48(E,). The quadruple RUM branches along the horizontal
axis in Figure 10 are found to have symmetry label E,, while
the RUMs at a =0.304 and 0.392 have the labels E, and B,
respectively. Note that the irreducible representation E, is
two-dimensional, so that the relevant branch is at least
twofold degenerate.
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We next try to understand why and how those phonon
branches with labels E, and B, soften at the specific wave
vectors. The relevant periods are incommensurate but are not
given externally, so there should be purely internal reasons—
the topology and symmetry of the idealized structure may
have something to do with it. Note also that one may still
wonder whether these RUMs are really RUM or not, because
we have only numerical results so far.

It is worth noting that the present structure can be seen as a
periodic stacking of bilayers, each of which consists of two
sublayers that are mirror images of each other. Since a
phonon eigenvector can only generate a deformation that is
consistent with its symmetry label, the specific label would
reduce the independent degrees of freedom in a single
sublayer. In addition, if the phonon mode is RUM, the
deformation must keep all the intertetrahedral connections
without splitting. This connectivity constraint can further
reduce the degrees of freedom within a single sublayer. For
the symmetry label B, the independent degrees of freedom
within a single sublayer are reduced to those of the displace-
ments of two tetrahedral units out of twelve in the layer. It is
readily seen that the connectivity constraint combined with
the symmetry requirement prohibits translation along the ab
plane and rotation about the ¢ axis of each tetrahedral unit.
Therefore, the remaining degrees of freedom are z (the
translation along the c axis), 8 and ¢ (the remaining degrees
of freedom for rotations). The relevant coordinate axes, which
are taken to be proper to each tetrahedron, are given in
Figure 12. Note that the connectivity constraints at the

Figure 12. Within a single layer, there are only two tetrahedral units that
are independent with respect to the symmetry of the irreducible
representation B;. Units with the same number and sign are distorted in
exactly the same manner, while those with the same number but different
signs have displacement vectors that are of equal size but opposite sign. For
convenience, we chose a proper coordinate system for each tetrahedron;
the axes of translation z are taken to be opposite for the units 1 and 2, while
two rotational axes X and Y are given in the figure.

linkages I, II, and IIT impose further restrictions: —z, + 6, =
25— 05,2+ 0,=—7z,— 0y, and z; + \/§¢1 =2+ \/§¢z Thus,
we can conclude that there are only three independent
degrees of freedom in each sublayer for RUM with this
symmetry label. To represent the independent degrees of
freedom, we employ the following three variables: a=z,=
—Z,b=—z,— \/54)1:—22—\/5(}52, and c=0,=—0,.

Now we consider the connectivity constraints between two
successive sublayers, given by z{” + ¢{7//3=—2z{" —¢{*/
V3, 057 =0, and ¢{” =¢{". By using the independent
variables a, b, and ¢ defined above, these constraints can be
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rewritten as a9 = (a® —2bM)/3, bO) = (4a™ + bW)/3, and
¢=—c™, It is convenient to write these equations as a
single formula:

a®” a™¥ 1/3 -2/3 0
b =T 6™ |, T, =[4/3 1/3 0|,
c(,) C(+) 0 0 —1

in which T, is a unimodular matrix. This equation means that
the displacements in a sublayer (+) determine those in a
neighboring sublayer (—). If we successively multiply the
matrix 7T, the displacements in an arbitrary sublayer can be
obtained. Note that the displacements in identical sublayers of
successive bilayers are related by:

a' a -7/9 -4/9 0
b'\=T\b|, T=| 8/9 ~7/9 0],
c' c 0 0 1

in which T=T,,? is the unimodular transfer matrix. The
eigenvalues of the transfer matrix are read as the phase factor
e?™* with o being the wave vectors for the relevant RUM, and
the eigenvectors being alternative forms of the eigenvectors
of the RUMs. The eigenvalues are 1 and (— 7 4-4+v/2i)/9, hence
the wave vectors are given by a =0 and =+ (Y2)arccos(—%);
the last two values are in good agreement with the 4+ 0.392 that
was numerically obtained. It is also evident from the form of T’
that the degree of freedom ¢ (equivalently 6) are independent
of a and b (equivalently, z and ¢). Therefore, the eigenvectors
for a=x= (Ym)arccos(—%) do not involve the rotation 6
around the X axis; namely, the only possible rotation of each
unit is around the edges that surround a threefold axes. This
situation is seen in Figure 13a, in which a numerically
obtained eigenvector is used to generate a deformation of a
single sublayer.

L -:l:!'\i_ & 'I_
E 3«\!7'1, J
n o L L
a=0304 < I

Ea: 2-fold

Figure 13. The deformations of a single layer corresponding to the RUMs
near a =0.392 (a) and 0.304 (b) are shown. For each case, every single layer
deforms with the same symmetry but the phase depends on the spatial
position.
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We have implemented a similar analysis for the case of
RUMSs near a =0.304 with the symmetry label E,. It can be
shown that the number of the degrees of freedom in a single
sublayer is 9 in this case; this leads to a 9 x 9 transfer matrix.
There are four eigenvalues which are not identical to 1, and
the relevant wave vectors are exactly given by a==%
(Yam)arccos(— '5) in good agreement with +0.304. Again, we
can show that the two allowed rotations of each tetrahedron
are independent of each other, and that only one of them is
relevant to this RUM. Namely, there is only rotation around
the four edges that surround the twofold axes as depicted in
Figure 13b.

The structural modulation is interpreted as a result of
phonon condensation into one or several of the RUMs along
the 4 line. For both of the incommensurate RUMs described
above, each tetrahedron rotates about an axis that is parallel
to the ab plane, thus causing the units to tilt with respect to the
c axis. This makes the Si-O-Si angle decrease from the initial
value of 180°. The amount to which it decreases depends on
the phase of the modulation, so it depends on the spatial
position. Well below the transition temperature, however, as
thermal fluctuation is overcome by the energy effect, all the
Si-O-Si angles tend to be around 140-150°. Therefore, slowly
varying modulation is replaced by a discontinuous pleat
pattern as shown in Figure 5. In our analysis, the incommen-
surate RUM with B, symmetry is most likely to be respon-
sible. Meanwhile, some of the RUMSs at the I" point must be
responsible for the symmetry breaking associated with the
vanishing of ¢ glides.

As a final remark, it is difficult to identify the relevant
RUMs for the actual deformation just from the RUM context,
since it provides all possible soft deformations of the ideal
predeformed structure. A more realistic model could handle
this point if it took nonlinearity effects into account. Still, our
theory provides an insight into the origin of the modulation in
SSZ-24 in a comprehensive way.
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Towards Guest—Zeolite Interactions: An NMR Spectroscopic Approach

Ding Ma,*® 9 Xjuwen Han,!?! Danhong Zhou,'*! Zhimin Yan,'*! Rigiang Fu,® Yide Xu,'!?!

Xinhe Bao,*!*! Hongbing Hu,!‘! and Steve C. F. Au-Yeung*!!

Abstract: Guest(metal)—zeolite inter-
actions in a two component heteroge-
neous catalyst have been investigated by
high-field and high-speed Al MAS

system, with the metal anchored to the
tetrahedral aluminum framework site
through two oxygen bridges. It disturbs
the tetrahedral environment of associ-

ated aluminum framework, changing
AlO, geometry from near T, to C,,; this
enables us to resolve this species from
the undisturbed aluminum framework

NMR, and two-dimensional Al MQ
MAS NMR experiments as well as ab
initio DFT methods. It was established
that strong interactions between guest
and zeolite occur in a metal/zeolite

Introduction

Zeolites are microporous crystalline materials that possess the
unique property in functioning as shape-selective catalysts in
many reactions.['l While metals are among the most important
catalysts used since the 19th century,? hosting metal or metal
oxide in zeolite results in a so-called bifunctional catalystl*!
with superior catalytic performances over conventional oxide-
supported catalysts.¥l Examples range from Mo/Y or W/Y for
hydro-treatment reactions, Ga or Zn/zeolite in light paraf-
fin conversion,B* 4! Cu/ZSM-5 for NO, decomposition,*I Ni/
SAPO-34 for ethene dimerization,*d Pd/ZSM-5, Fe/ZSM-5
or Co/HZSM-5 for NO reduction by hydrocarbons,*! Pt/
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species in high-field Al MAS NMR
and two-dimesional Al MQ MAS

systems - .
NMR experiments.

MCM-22 for dehydroisomerization,*! to the recently report-
ed Mo/HZSM-5 or Mo/HMCM-22 for methane aromatiza-
tion.*s! For these metal/zeolite catalysts, initial adsorption/
transformation of reactants is believed to take place at the
guest center, whereas the zeolite provides channels and acidic
sites for sequential reactions. Such combined effects form a
synergism that renders the smooth running of catalytic
reactions.’l Experimental findings have suggested that the
metal may replace Brgnsted protons, thereby anchoring onto
the aluminum framework through the oxygen bridge, so that
the active metal center of these bifunctional catalysts is
formed.* °l Evidence supporting this model were based on a
shrinkage of the number of bridging OH groups (Si-OH-Al)
in the IR spectrum,® 74l or a decrease of the Brgnsted peak in
ammonina temperature-programmed desorption (TPD-
NH;).l*] However, blockage of a channel opening in the
zeolite or dehydration of closed Brgnsted sites within the
zeolite channel catalyzed by adjacent metal species’ equally
account for these observations. The splitting peaks observed
in the ESR spectra of the metal-loaded zeolite™ (influenced
by adjacent Al(I=5/2)) is also suggested to serve as a
supportive evidence for this model, but is limited to ESR
visible metals. Thus, the important issue of whether or not
metal is attached to a zeolite framework remains inconclusive.
We present here NMR evidence that shows that a strong
guest —zeolite interaction is formed.

Result and Discussion

Figure 1 shows the one-dimensional ¥’ Al MAS NMR spectra
of MCM-22 and Mo/HMCM-22. HMCM-22 was synthesized
following the method of Rubin and Chul® and molybdenum
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Figure 1. Al MAS NMR spectra of MCM-22 and Mo/MCM-22 recorded
at 19.6 T. For the conditions of the measurements see the Experimental
Section. After the introduction of molybdenum, beside the existence sharp
peak at 0 =14 ppm from hydrated aluminum molybdate, a broad peak at
around ¢ =30 ppm appears.

was introduced into the zeolite by impregnation. The spec-
trum of MCM-22 shows three peaks at around 6 =55 ppm
from tetrahedral framework aluminum in different crystallo-
graphically nonequivalent T positions and another peak at
6 =0 ppm from octahedral aluminum.”! Loading of molybde-
num leads to the appearance of a new peak at § = 14 ppm. The
existence of this kind of peak has been observed on various
molybdenum —alumina catalysts, and different formulas have
been suggested by different authors.'”) Considering that a
peak at 0 = —14 ppm (from Al,(Mo0O,);) is observed in ?’Al
MAS NMR for the dehydrated Mo/MCM-22 catalyst, which
shifts to 6 = 14 ppm peak upon hydration (Figure 1 only shows
the spectra of full hydrated system), it is reasonable to
attribute the signal at 6 =14 ppm to a hydrated species of
aluminum molybdate (Al,(MoO,);). A tentative formula of
[{A1(OH),(H,0)s_,},](M00O,), has been suggested by Ed-
wards et al. for this full hydrated aluminum molybdate.['%¢
The formation of this species is similar to the ligand-promoted
alumina dissolution from the alumina surface in Mo/AlLO;,
which is actually a nonframework species.'® At the same
time, it is worthwhile to note that the broad peak at around
0 =30 ppm appears at the expense of the main peak at 0 =
55 ppm (the intensity of this peak is around 60 % of that of the
MCM-22 sample). The origin of the peak at 6 =30 ppm can be
attributed to the five-coordinate nonframework aluminum,™!
the distorted four-coordinate aluminum, or to the overlap of
these two species which has recently been established by
Grobet et al.,?1 Kentgens et al.,[¥l and Fyfe et al.l’”l Al-
though we cannot make a clear assignment of the species from
the one-dimensional MAS NMR spectra, we can conclude at
present stage that this signal is inevitably related to the
molybdenum because no such species is found in the spectrum
of parent MCM-22, when the sample is treated in an identical
manner. The formation of this species and the nonframework
[f{AI(OH),(H,0)s_,},](M0oOy,) species indicate the existence
of a strong interaction between molybdenum and zeolite
framework.

4558
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To provide direct evidence and to give an unambiguous
assignment to the peak at 6 =30 ppm, we carried out two-
dimensional ¥’ Al MQ MAS NMR experiments, in which the
second-order quadrupolar line broadening is removed. There-
fore species with similar isotropic chemical shifts but different
quadrupolar coupling constants can be identified.l'’l By
refocusing the second-order quadrupolar anisotropy, through
correlation of the evolution of the MQ coherences (+ p/2, mp/2)
during t, with the single-quantum coherence (—1/2, +1/2)
of the observable central transition during %, a high-
resolution spectra in the second dimension is achieved. As
demonstrated in Figure 2, the peaks that overlapped at 6 =55

MCM-22 D

F 20
Fl

F 60

80

S JE ppm

Mo/MCM-22 D .
E %&
Q 0
Fli
L 40
E 60

F 80
| tppm

66 40 éO 0 ppm
Figure 2. Two-dimensional 2?Al MQ MAS NMR spectra of MCM-22 and
Mo/MCM-22. The parent zeolite has three tetrahedral framework alumi-
num species (A, B, and C) and an octahedral Al species (D). With Mo

loading, a fifth species E (nonframework) appeared at 6 =~ 14 ppm, whereas
the presence of F indicates a strong interaction between guest and zeolite.

ppm in Figure 1 are now clearly resolved in the two-dimen-
sional spectra for MCM-22. Three distinct aluminum frame-
work species designated A, B, and C are presented in the
tetrahedral region, while the fourth species at 6 =0 ppm (D)
is in an octahedral environment. The peak at 0 =14 ppm,
which has been attributed to [{Al(OH),(H,0),_,},]|(M0O,),
shows a isotropic chemical shift of 14.3 and the second-order
quadrupolar effect (SOQE) of 1.5 MHz. The isotropic chem-
ical shifts and the SOQE of these species are summarized in
Table 1.

Table 1. Summary of two-dimensional Al MQ MAS NMR results.

A B C D E F
diso [ppm] 50.6 575 62.3 0.1 143 54.6
SOQE [MHz] 18 2.1 1.9 1.6 15 62
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With the impregnation of molybdenum, additional species
F (0i,=54.6 ppm, SOQE =6.2 MHz, which is difficult to
determine due to the very low intensity of this species) is
observed in the Al MQMAS spectrum of the Mo/MCM-22,
as shown in Figure 2. Clearly, this species F appears in the
resonance region of the tetrahedral aluminum framework
rather than that of the nonframework five-coordinate alumi-
num. This observation implies that the new peak in MAS
NMR experiment after the loading of molybdenum results
from a tetrahedral aluminum species. However, the larger
SOQE value suggests that species F belongs to a distorted
tetrahedral framework species similar to that observed
recently in calcinated or hydrothermal-treated zeolite.['?1]

In the present case, the appearance of species F cannot be
attributed to the heat-induced distorted tetrahedral Al
because the catalyst was calcinated in air at 773 K after
impregnation. At this temperature, heat-induced distortion of
tetrahedral aluminum (without the help from the molybde-
num) is not likely to occur. When MCM-22 was subjected to
the identical treatment, the F species was not observed, an
indication that the formation of the new tetrahedral coordi-
nated aluminum framework takes place only in the presence
of molybdenum.!*l Other possible formation of such a species
is the ex-lattice-aluminum-induced distortion of the tetrahe-
dral aluminum framework, as suggested recently by van Bok-
hoven et al.l'¥l However, such a species (F) is not observed in
the spectrum of its parent MCM-22 (which already has ex-
lattice aluminum). Thus, it can be concluded that the origin of
the species F is related to the impregnation of molybdenum.
The large SOQE suggests that the ’ Al quadrupole moment of
F interacts with an electric field gradient (EFG) larger than
that observed in A, B, or C. The correlation of the EFG with
the asymmetry of tetrahedral AlO, has been reported for
many aluminum-containing materials.'”! Since the four oxy-
gen atoms surrounding Al are predominantly responsible for
any electric field present at the Al site in zeolite,[">< any
asymmetry in their distribution would result in lowering the
site symmetry. It is well established that the compensation of
the Brgnsted proton to the zeolite framework results in an
highly asymmetric tetrahedral AlO, group, that is, the proton-
attached Al-O bond is much longer than the other non-
proton-attached Al-O bonds and accompanies a change in
the bond angles Al-O-AlL17 Such asymmetry leads to a
large EFG around the AlO, entity. From static ?’Al spin-echo
NMR experiments or recently developed DFS MQ MAS
NMR measurements,!’?¢! it was determined that the SOQE
value of the protonated tetrahedral framework aluminum
zeolite is about 11-16 MHz.['%] With adsorption of water,
water ion pairs or something similar are formed at these
Brgnsted centers; this results in a change of AI-O bonds
length as well as Al-O-Al bond angles of the concerned AlO,
tetrahedra.l'® Ab initio calculations indicate that the geom-
etry of AlO, in dehydrated zeolite recovers from a heavily
distorted tetrahedral coordination (with one of its AI-O bond
much longer than the rest) to the nearly perfect tetrahedral
coordination upon loading the water molecule. As the result,
the size of the quadrupole coupling constant of aluminum
decreased dramatically (to about 2 MHz, see Table 2). The
present samples were fully hydrated in a desiccator filled with

Chem. Eur. J. 2002, 8, No. 19
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Table 2. Calculated and experimental SOQE values.[?!
z H-Z dehy H-Z hy MoZ
calcd SOQE [MHz] 3.6 18 5.4 11.3
exptl SOQE [MHz] - 116" 1-3M 6-7

[a] Z~ is an AlO, entity without the Brgnsted proton; H-Z dehy/H-Z hy are
the dehydrated and fullly hydrated forms, respectively, of the zeolite; MoZ
is the tetrahedral aluminum site connected to Mo through an oxygen
bridge. [b] Reported in ref. [16].

aqueous NH,;NO;, so that the observed signal F cannot be
attributed to distorted tetrahedral aluminum induced by
dehydration. Meanwhile, the SOQE of this signal (6—7 MHz)
is smaller as compared with the dehydrated Brgnsted
aluminum (11-16 MHz). Through the method introduced
by van Santen et al.,l'”l we calculated the local structure and
the SOQE value of an AlO, entity with and without metal by
ab initio DFT methods. We demonstrated that deviation of

the AlO, coordination from tetrahedral symmetry results
when metal is connected to the framework of zeolite (Fig-
ure 3).1¢ Consequently, with a lower site-symmetry at Al,
the SOQE becomes larger due to the interaction between the
EFG and the quadrupole moment of the ?ALI24 15 In the
present case, molybdenum coordination with two lattice
oxygen atoms of a T; Al, as illustrated in the Supporting

Figure 3. Coordination of molybdenum to the framework of the zeolite.
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Information, induce a significant perturbation to the pair of
the Al-O bonds and the corresponding O-Al-O bond angle,
(the AlO, geometry has been lowered from near T, to C,,),
hence resulting in a greater EFG at Al (Figure 3). DFT
computation indicates that charge symmetry perturbation
resulting from bonded Mo extensively enlargers the EFG at
AL thus a larger SOQE.P*e 171 Ag pointed out by van
Santen et al.,['”l the method used to calculate EFG and,
therfore, SOQE etc., aims for reliable geometries and relative
trends of the EFG rather than the correct absolute values.
Bearing this in mind, the calculated SOQE value of signal Fis
about 11.3 MHz, which reasonably agrees with the value
determined by MQ MAS NMR experiments. We must
mention here that the low intensity of signal F hinders the
accurate determination of the NMR parameters; this could
also account for the difference between the experimental and
theoretical SOQE values. Therefore, the effect of site-
symmetry lowering at Al makes possible the detection of a
distorted tetrahedral aluminum framework species (F) with a
large SOQE in the two-dimensional 2?Al MQ spectra.

Therefore, we conclude that the larger SOQE of the new
species observed in the ultra high-field MAS NMR and two-
dimensional MOMAS NMR spectra supports the model of
direct metal-bonding to the zeolite framework (Figure 3). If
this kind of interaction is strong enough, aluminum will be
extracted out of lattice by Mo, forming nonframework
Al,(Mo00O,); (its hydrated form is signal E). In short, we have
confirmed the existence of strong interaction between guest
and zeolite, that is, a metal center within zeolitic channel
which is responsible for the initial transformation of reactant.
Whereas A, B, and C correspond to framework Al atoms that
are inert to adsorption with Mo, they still bind to protons,
retain their Brgnsted nature and participate in succeeding
catalytic reactions.’! Similar results were obtained in the study
of Rh/MCM-22 and La/Beta (J;,~62-67 ppm; SOQE ~
6.0-7.0 MHz).

In summary, this work demonstrates that the presence of
metal-distorted tetrahedral aluminum species, resolved in the
ultra high-field and high-speed Al MAS NMR or two-
dimensional ¥’ Al MQ MAS NMR experiments, can be taken
as a tangible criteria for the identification of interaction
between metals loaded onto zeolite frameworks. These NMR
experiments provide a sufficiently general method for the
investigation of guest —zeolite interactions.

Experimental Section

MCM-22 (Si/Al=15) zeolite was synthesized according to Rubin and Chu
(U. S. Patent 4 954 325, 1990) by using hexamethyleneimine (HMI) as the
directing agent. The crystalline structure (MWW) of the as-synthesized
zeolites was confirmed by X-ray diffraction (D/max-rB diffractometer with
Cuyg, radiation), with no hybrid crystallites observed. The protonated form
of the zeolite was obtained by exchanging the Na* three times with
NH,NO; solution (1 molL™"); it was then washed and dried at 373 K,
heated to 823 K at 10 Kmin~!, and kept at 823 K for 4 h. The catalyst
6 wt% Mo/HMCM-22, which has the best catalytic performance in
methane dehydroaromatization reaction, was obtained by impregnating
HMCM-22 powder (10 g) with an aqueous solution (20 mL) containing the
desirable amount of ammonium heptamolybdate (AHM), then dried at RT
for 12 h. The samples were further dried at 373 K for 8 h and calcined in air
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at 773 K for 3—4 h. Before the NMR experiments, the samples were kept in
a desiccator filled with aqueous NH,Cl solution for more than 120 h to get
fully hydrated samples. The 6 wt % Mo/MCM-22 is denoted as Mo/MCM-
22 through out this manuscript.

YAl MAS NMR spectra were recorded on a Bruker DRX-833 NMR
spectrometer, with an operating frequency for Al of 217.62 MHz,
equipped with a home-made MAS probe using 2 mm rotor. The measure-
ments were performed by using an excitation pulse length of 2 us with a
spin rate of 19.1-21.1 kHz. 512 scans were used to accumulate the signals
with a recycle delay of 5s. Al triple-quantum MAS NMR spectra were
recorded on a Bruker ASX-300 NMR spectrometer with an 2’ Al operating
frequency of 78.2 MHz. The 4 mm rotors were spun at 12 kHz. To produce
pure-absorption line shapes in the 3Q MAS spectra, a simple two-pulse
sequence was used, and the conditions for excitation and transfer of the
(£3Q) coherence were optimized. The phase cycling was composed of six
phases for the selection of the triple-quantum. The phase cycling was
combined with a classic overall four-phase cycle in order to minimize phase
and amplitude mis-setting of the receiver. A recycling time of 0.5 s was
used, as the relaxation for ¥Al in solid is generally fast. A 12 ps increment
was used for 3Q MAS. The ¢, x t; matrix was 512 x 256 and F; dimensions
were zero-filled to 512 points before Fourier transformation. In the 3Q
experiments, the maximum signals were obtained when the duration of the
excitation and detection pulses were 3 and 1 ps, respectively. The radio
frequency field strength was 143 kHz. 420 transients were taken for each t,
increment. After measurements of 3Q MAS, the “shearing” was performed
by using a home-built custom program. The chemical shift was referenced
to [AI(H,0)e)*+.

The isotropic chemical shift as well as the parameter for second-order
quadrupolar effect (SOQE) is estimated from the spectrum by using the
Equations (1) and (2):

Oiso(8) =413 0,(i) — 1/30,(i) 1)
SOQE()? = Cy(i)*(1 +n(i)*3) = (0350(£) — 02(0))¥5/6000 )

In Equations (1) and (2) d,(i) is the isotropic chemical shift and ¢,(i) and
0,(i) are the coordinates of the center of gravity of signal (i) in the F; and F,
dimensions, respectively. C,(f) is the quadrupolar coupling constant, 5(i) is
the asymmetry parameter and v, is the larmor frequency of the ?’Al
nucleus. The results are summarized in Table 1.

Using the Monte Carlo calculation method and density functional
theory,¥! we studied the molybdenum species of Mo/HZSM-5 catalyst.
In this model, Mo was coordinated to two oxygen atoms of the zeolites,
therefore two Mo-O-Al bonds were formed. For the MCM-22-supported
molybdenum catalysts, although the location of such a cluster probably
varies, the nature of the active centers may remain the same.

The set up of the Mo-bound AlO, model was similar to that reported
previously.'¥ We defined a penta-tetrahedral cluster (T5) around the
molybdenum atom, and the structure refinement was completed by using
density functional theory (DFT). The optimization detail was similar to
that reported previously. The molybdenum was located in tetrahedral
aluminum framework at the T; site of P6mmm model (see Figure 3).% To
obtain a rational model of the active Mo center, we performed a two-step
calculation. First the model of the zeolite cluster with the Si-O-Al bridge
was optimized. Next the Mo species bonding to ZSM-5 cluster was
constructed and optimized. The dangling silicon and oxygen bonds were
terminated with hydrogen atoms, whose positions were optimized by
molecular mechanics minimization. All results presented in this work were
obtained by means of DFT. The calculations were carried out by using the
DMol 3 software in Cerius 2 (version 4.2; Molecular Simulations Inc.). The
calculations were run on the SGI O2 workstation. Optimization was done
within the local density approximation (LDA) by using the Janak-Moruzzi-
Williams (JMW) functional. The basis set was selected as doubly numerical
with polarization (DNP). The atomic core representation of ECP
(relativistic effective core potentials) was selected in which all-electron
calculations were done for H, O, Si and Al atoms, whereas the Mo atom was
presented by a (4s,4p,4d,5s) valence basis sets with the [Ar]3d! core
described by a model core potential. The model was optimized by using
spin-restricted procedures. We set the self-consistent-field parameters so
that the total energy converged to 1 x 107> hartree.
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According to reference [17], the calculation of C, and the asymmetry
parameter of the EFG is aachieved through Equations (3) - (5):

C,=—349647V_.0 3
|Vxx - Vyy‘
= @
— Su(r)ey(r)
VO=d R e ®)
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