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CONCEPTS

Catalytic Concepts for the Enantioselective Synthesis of ¢-Amino and
a-Hydroxy Phosphonates

Harald Groger*®! and Benedikt Hammer!*!

~

Abstract: The enantioselective synthesis of a-amino-
and a-hydroxy phosphonates by catalytic processes has
attracted considerable interest in the last few years, not
least because of the pharmaceutical interest in such
compounds. This article contains a compilation of the
asymmetric synthesis methods developed to date. The
described synthetic routes are based on different catalytic
concepts, namely, hydrogenation, reductions, dihydroxy-
lation, aminohydroxylation, and hydrophosphonylation.

Keywords: asymmetric catalysis asymmetric synth-
esis- hydrogenations - hydrophosphonylations - reduc-

Ktions /

Introduction

Intense efforts have been made in the stereoselective syn-
thesis of a-amino- and a-hydroxy-functionalized phospho-
nates,!l since these molecules are important biologically
active compounds, which are widely used in particular for
pharmaceutical applications, for example, as enzyme inhib-
itors of renin, EPSP synthase,
and HIV protease.?! The grow-
ing need for enantiomerically
pure a-functionalized phos-
phonates can be seen, not at
least, in a remarkably in-
creased number of their indus-
trially manufactured substi-
tutes.Pl

(i)' H3C
NHCOCH;

rac-la

Interestingly, however, until recently most of the asymmet-
ric syntheses were realized by diastereoselective routes that
proceeded only with stoichiometric amounts of a chiral
auxiliary. For a long time an efficient catalytic asymmetric
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approach was not available in spite of the obvious advantages
of catalytic processes. This limitation has now been overcome,
since several protocols of efficient catalytic syntheses for
these target molecules have been developed in the last few
years. These asymmetric reactions, highlighted in the follow-
ing, are based on different catalytic concepts, namely hydro-
genation, reduction, dihydroxylation, aminohydroxylation,
and hydrophosphonylation processes.

A. Asymmetric hydrogenation

The extension of the BINAP-Ru''-catalyzed hydrogenation!*
(BINAP = [1,1'-binaphthalene]-2,2'-diylbis(diphenylphos-
phane)) to an efficient method for the preparation of a-
amino phosphonates (with an additional hydroxy-functional-
ity in the S-position) has been impressively demonstrated by
Noyori et al.Bl For example, starting from the racemic a-
acetamido f-keto phosphonic ester 1a the desired product
(1R,2R)-2a was prepared with a high diastereoselectivity
(syn:anti ratio 97:3) and an excellent enantioselectivity of
>98% ee (Scheme 1). Furthermore, the product (1R,2R)-2a
was successfully converted to the enantiomerically pure
(1R,2R)-phosphothreonine 3 in 92 % yield.F

1. HCI;
OH O het. OH O
e P(OCH3), e /kr P(OH),
s 2. recryst. 3
NHCOCHj; NH2
(1R2R)-2a 3
syn:anti = 97:3 (1R,2R)-phosphothreonine

>98 % ee (syn)

quantitative yield 92% yield

Scheme 1. Asymmetric hydrogenation of a racemic keto phosphonate by dynamic kinetic resolution.

The concept of this reaction is based on an asymmetric
BINAP-Ru'-catalyzed hydrogenation of a racemic a-acet-
amido f(-keto phosphonate rac-1 by dynamic kinetic resolu-
tion (Scheme 2). In particular, the prerequisite for this highly
diastereo- and enantioselective formation of a-acetamido
p-keto phosphonates (1R,2R)-2 is the combination of the
configurational lability of the a-substituted -keto phospho-
nate 1, the electronegative nature of the a-amido group, and
the chiral discriminating properties of the (R)-BINAP-Ru"
catalyst in the stereoselective hydrogenation step. This hydro-
genation protocol works also efficiently when using the

0947-6539/00/0606-0943 $ 17.50+.50/0 — 943





CONCEPTS

H. Groger and B. Hammer

Q " OH Q
o -P(OCHy), _(RIBINAP-Ru P(OCHz),
NHCOCH; Ha NHCOCH;
(R)-1 (1R2R)-2
o o | OH O
R)J\/p(OCH3)2 (R)-BINAP-Ru
NHCOCHS H, NHCOCH;
(5-1 (18.2R)-2

(1a,2a: R = CHg3; 1b,2b: R = CgHs)

Scheme 2. Concept of the Noyori catalytic asymmetric hydrogenation by dynamic kinetic resolution.

analogous phenyl-substituted keto phosphonate rac-1b as a
substrate (95 % ee, syn:anti ratio 98:2).1%

Applying this concept, Noyori etal. also developed a
practical catalytic approach to the a-hydroxy phosphonate
derivative fosfomycin 6, a clinically used antibiotic. Starting
from a racemic a-bromo fS-keto phosphonate rac-4, the
desired precursor for fosfomycin, §, was obtained in excellent
yield (84%) and with an enantioselectivity of 98% ee
(Scheme 3)." In addition, a syn:anti ratio of 90:10 was
achieved.

Similar as described for the synthesis of (1R,2R)-2a, the
highly stereoselective synthesis of the single stereoisomer 5§
was realized by a dynamic kinetic resolution utilizing in situ
stereoinversion in combination with an efficient asymmetric
hydrogenation process. Furthermore it is noteworthy that this
reaction has been carried out on a 20g scale.

B. Asymmetric borane reduction

The asymmetric CBS (Corey, Bakshi, Shibata) reduction
represents a powerful tool for the manufacture of a large

2 9 i oH Q
S)-BINAP-R H
)- HacJ\rP(OCHg)Z () u H3c/\:/P(OCH3)2
Br H; Br
rac-4 5
syn:anti = 90:10
98 % ee
84% yield

Scheme 3. Enantioselective synthesis of fosfomycin (6).

Abstract in German: Der enantioselektiven Herstellung von
a-Amino- und a-Hydroxyphosphonsdurederivaten mit Hilfe
katalytischer Verfahren wurde in den zuriickliegenden Jahren
verstirkt Aufmerksamkeit entgegengebracht, nicht zuletzt auf-
grund des pharmazeutischen Interesses an solchen Verbindun-
gen. Der vorliegende Artikel beinhaltet eine Zusammenstel-
lung der bislang entwickelten asymmetrischen Syntheseverfah-
ren. Die beschriebenen Synthesewege basieren dabei auf
verschiedenen Katalysekonzepten aus den Bereichen der
Hydrierung, Reduktion, Dihydroxylierung, Aminohydroxylie-
rung und Hydrophosphonylierung.
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1] H 1]
RN POCH), 4 A~ POCH:),

variety of chiral alcohol deriv-
atives.l% Thus, it is not surpris-
ing that this method has also

OH O
g~ P(OCHs),

NHCOCH; been applied to the synthesis of
(1R,25)-2 enantiomerically enriched a-
hydroxy phosphonates 8 by
means of an enantioselective
catalytic catecholborane re-

OH O

duction of a-keto phospho-
nates 7 (Scheme 4).1"]

In the presence of catalytic
amounts of an oxazaborolidine
complex (12 mol %) and cate-
cholborane as a reducing
agent, Meier etal. obtained

NHCOCH;
(15,25)-2

Ph_Ph
O
NH
i qenoby S
mol%
R "P(OR?); ——————— R “P(OR?
I ( )2 catecholborane R Il ( )2
o toluene, -20 °C o
7 8
F OH OH )vCﬂ-l
Jij/k POPz @AA?@"’% PO®BY),
(e} (e} (e}
F
96% vyield 85% vyield 85% vyield
>99% ee 95% ee 90% ee

Scheme 4. Enantioselective synthesis of a-hydroxy phosphonates by
catecholborane reduction.

the desired products 8 with excellent enantioselectivities of
up to >99% ee.”l In this connection a main feature of the
reaction is that hydroxyaryl- as well as hydroxyalkyl phos-
phonates have been prepared with a high enantioselection
(representative examples are shown in Scheme 4). Further-

more not only good to excel-

o lent yields were achieved but
H3C\\\.W4/P(OH)2 also an impressive number of
H ot products was synthesized. The

6 use of BH;-Me,S instead of
fosfomycin catecholborane as a reducing

agent was connected with de-
creased enantioselectivities
(£80% ee).l™

C. Asymmetric dihydroxylation and
aminohydroxylation

An alternative catalytic approach applying an asymmetric
Sharpless dihydroxylation as a key step was reported by
Shibuya and co-workers.®! Starting from «,3-unsaturated
phosphonates (e.g. 9) in the presence of a chiral osmium
catalyst (AD-mix-a), a diastereoselective and enantioselec-
tive dihydroxylation process led to the desired products 10
with up to >95% ee and in good yields (as representatively
shown for 10a in Scheme 5).[% 9 Remarkably high enantiose-
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o OH O Nonetheless, this method rep-

. P(OEt), AD-mix-o / MeSO,NH, ~__P(OEY), resents a valuable approach to
Meom BUOH | Tho Meom ﬁ-gmino o%-hy.droxy phc?sphonic
acid derivatives, which are

9 10a well-known  precursors  for
erythro-diastereomer pseudopeptidic ~ chemothera-

Scheme 5. Catalytic asymmetric dihydroxylation (AD) strategy.

lectivities were obtained by using aromatic substituents,
whereas the corresponding alkyl-substituted vinyl phospho-
nates gave lower eel’ The steric effects of the ester
functionality in the course of the dihydroxylation process
were also evaluated. The enantioselectivity and yield were
significantly improved when a dimethyl phosphonate was
used instead of a corresponding diethyl derivative.[®!

The resulting chiral glycol phosphonates of type 10, which
are difficult to synthesize by other methods, can be further
converted into the modified phosphonates 11 and 12 (Sche-
me 6).% Thus, the Shibuya protocol represents not only an
atttractive route to enantiomerically enriched glycol phos-
phonates but also an interesting method to produce a.f,y-
trihydroxy structures (of type 11) as well as a-hydroxy
phosphonates of type 12.

The use of the Sharpless aminohydroxylation method for
the synthesis of the related enantiomerically enriched f-
amino a-hydroxy phosphonates has been described very
recently by Sharpless et al.l'” and Palmisano et al.l'!l] Sharpless
et al. reported that an asymmetric aminohydroxylation reac-
tion with vinyl phosphonates proceeds with high enantiose-
lectivities and in good yields.'"! Independently, Palmisano
et al. obtained the desired aminohydroxylation products of
type 14 with up to 92% ee (Scheme 7).

However, a dramatic dependence of the enantioselectivity
on the nature of the p-aryl substituent has been found. In
addition, until now the use of a nonsubstituted vinyl
phosphonate was connected with a low ee value of 15% ee.

(71% yield; >95% ee)

peutic agents.

In conclusion, a main advant-
age of these routes developed
by Shibuya et al., Sharpless et al., and Palmisano et al. is that
starting from achiral compounds molecules with two stereo-
genic centers are produced in one step.

D. Asymmetric hydrophosphonylation

The addition of phosphites to the carbonyl or imine bond is
probably the most general and widely applied access to a-
hydroxy and a-amino phosphonates. However, for a long time
a catalytic enantioselective version of this type of reaction was
not available. For the first time, enantiomerically enriched a-
hydroxy phosphonates were obtained by Wynberg et al. by
using amino alcohols as catalysts.'”) However, the practical
usefulness of this method was limited due to the bulky
phosphites which were needed for good results (tert-butyl
phosphite: 80-85% ee), whereas the easily available and
economically cheap phosphites led to strongly decreased
enantioselectivities (e.g. dimethyl phosphite: 28 % ee). Fur-
thermore, only a few aldehydes could be used efficiently. The
first transition metal catalyzed asymmetric hydrophosphony-
lation was discovered a few years later by Shibuya and co-
workers.[’] In the presence of either titanium![***<l or lantha-
noid*« 41 catalysts, enantiomerically enriched a-hydroxy
phosphonates 16 were produced with up to 82% ee when
starting from aromatic aldehydes 15 (Scheme 8).
Independently, Spilling et al. found that chiral lanthanoid
complexes are also suitable catalysts for the hydrophospho-
nylation of a,f-unsaturated al-
dehydes.! However, the re-

>< OH O o sulting ee values of the products

(@] O H ] Pd(OH), ] . o
\\\_ [ — R /\:/P(OEI)Z R/\:/P(OEt)z 41d not exceed 31./0 ee. The
R P(OEt), ou Ha oH final .breakthrough in the asy.m-
o 10 metric hydrophosphonylation

11 12 .
(for R = CO,Me: of aldehydes 17 was realized
R= CHzOH‘) recently by Shibasaki et al.l'!) A
Scheme 6. Access to other phosphonate structures by conversion of 10. rel'nvestlgatlor_l of th_e p'rot'ocol
using heterobimetallic lithium-
and lanthanoid-containing cat-
alystsl'l (e.g. LLB: LaListris-
& (binaphthoxide)l"l) led to re-
MeO \ OMe markably increased enantiose-
o N7 TOS\NH o lectivities of up to 95 % ee with
o - o i i ber of alde-
o P(OEH), (DHQD),-PHAL / P(OEY), an impressive num

/©/V K20s0, (cat.) B hydes (Scheme 9).0621 This ef-
0N~ Tos-N(Na)-Cl, 0N~ OH fect was due to an improved
13 BUOH / H;0 14 method for the preparation of

Scheme 7. Catalytic asymmetric aminohydroxylation strategy.
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the chiral lanthanoid catalysts
and optimized reaction condi-
tions. In addition, the enantio-

erythro-diastereomer
(75% yield; 92% ee)
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OH

TiV-(R,R)-tartrate catalyst
(S)-16

Q
+ H P(OC2H5)2
up to 76% yield

(0] up to 53% ee

Li(QjLi
O] d~0
15 . Qo fo)* oH
Li :

(R)-LLB

(R)-16
up to 99% yield
up to 82% ee

I
+ HP(OC3Hs),

Scheme 8. Enantioselective hydrophosphonylation of aldehydes using La
or Ti catalysts ((R)-LLB = LaListris((R)-binaphthoxide)!').

selectivities of some hydrophosphonylation products with a
low ee (in the case of LLB) were improved dramatically by
changing the type of the catalyst from LLB to the analogous
chiral bimetallic aluminum catalyst ALB.I'Y For example,
benzaldehyde was converted into the desired phosphonate
with 90 % ee when using ALB as a catalyst (instead of 79 % ee
with the LLB catalyst).['®! Similar effects were observed for
several benzaldehyde derivatives with electron-withdrawing
substituents (e.g. chloro, and nitro groups). This phenomena
that LLB and ALB are tailor-made catalysts, each one useful
for special types of aldehydes, can be regarded as an
interesting example for a complementary effect in asymmetric
catalysis and thereupon shows the efficiency of the Shibasaki
heterobimetallic catalysis concept (Scheme 9).

That not only aldehydes but also imines are able to undergo
a highly efficient hydrophosphonylation process, leading to
the pharmaceutically important a-amino phosphonates 20
(which are biologically active isosters of a-amino carboxylic
acids), has been demonstrated by Shibasaki and co-workers
(for representative examples,
see Scheme 10).%1 In the pres-
ence of 5—-20 mol % of potassi-
um-containing heterobimetallic
lanthanoid catalysts, the first
catalytic enantioselective syn-

A P(OC2Hs)2
| 5
R NF

| oS P(OC2Hs)z
= (o]
R

Li~ oL ..,
Onla=0, * 'AI< )3
Cd o) 0,0
* * ~, ./
- Li

“Li
(R-LLB O (R)-ALB OH
(¢] e} (10 mol %) (10 mol %)
+ HP(OCH R P(OCHy):
R™H (OCHg), THE 3
17 18
up to 94% yield
up to 95% ee
R cat.: (R)-LLB cat.: (R)-ALB
yield [%]  ee [%] yield [%]  ee [%]
HyC” > 88 61 95 16
| NN
_ CHs 94 92 47 56
H3CO@ 87 93 88 78
(H3C)2N@ 88 95 no reaction
@ 88 79 95 20
85 36 68 79
I—< —
c 80 63 80 83

Scheme 9. LLB- and ALB-catalyzed asymmetric hydrophosphonylation
of aldehydes (ALB!" in which A =aluminum, L= lithium, and B =BI-
NOL (BINOL =2,2'-dihydroxy-1,1'-biphenyl).

yields (21a: 100 % yield; 21b: 90 % yield). Very recently this
impressive enantioselective preparation strategy for the
manufacture of a-amino phosphonic acids has found an
industrial application.!'?)

*

el

orla=0
)

o)

thesis of a-amino phosphonates N/Rz 0 ® {g)él‘n':g %) HN/RZ NH,
20 was realized with excellent /Lk + HP(OCHs), : —_— :
enantioselectivities of up to RY H Rl/\ﬁ(OCHs)z R lFl’(OH)z
96% ee and yields of up to o o
87 % . Interestingly, the potassi- 19 20 21
um-containing catalyst (R)- 32 :8 gggﬁ g:'d
LPBI was shown to be the
most efficient catalyst and su-
perior to the analogous lithium HN/CH(”'CH3OCGH4)2 HN/CHPh2 HN/CHPh2
catalysts which have been used
in the hydrophosphonylation of Y\ﬁ(OCHs)z \/\ﬁ(OCH3)2 HuaCs™ ﬁ(OCHs)z
aldehydes. The obtained phos- o o o
phonates 20a and 20b were 20a 20b 20¢
further converted into the cor- 79°§€jy'e'd 8901°$y|eld 88750$y|6|d

b ee o ee o ee

responding a-amino phosphon-
ic acids 21 in up to quantitative
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Scheme 10. Asymmetric hydrophosphonylation of acyclic imines catalyzed by (R)-LPB ((R)-LPB[' in which
L =lanthanum, P = potassium, B=BINOL).
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Furthermore, by using the Shibasaki hydrophosphonylation
the first catalytic asymmetric synthesis of cyclic a-amino
phosphonates has been realized (Scheme 11).2% The pharma-
ceutically interesting 4-thiazolidinyl phosphonates of type 23
were synthesized with enantioselectivities of up to 98% ee
and in yields of up to 95% when using (R)-YbPBI4

*

& Ok
O“ Yb—O

o),

(R)-YbPB
(5 - 20 mol %)

(HsCO)P, 3

(@]
—N I
H3C>( MM+ HPOCH;),
H3C S CH3

22

THF/toluene (1:7)

Scheme 11. Enantioselective hydrophosphonylation catalyzed by a (R)-YbPB complex. ((R)-YbPB!" in which

Yb = ytterbium, P = potassium, B=BINOL).

(20 mol %) as a catalyst. It is noteworthy that—in contrast
to the reaction with acyclic imines 19—the use of (R)-LnPB
catalysts, which include a (relatively) small lanthanoid (i)
center ion (e.g. ytterbium), was connected with the best
results. Additionally, the catalytic amount for this reaction,
which proceeds at a convenient reaction temperature (tem-
perature range between room temperature and 50°C), could
be reduced to 5 mol % without loss of enantioselectivity.

Very recently, Shibasaki et al. showed that it is also possible
to use diphenylphosphane oxide (Ph,P(:O)H) instead of the
analogous dimethyl phosphite (MeO),P(:O)H) as a nucleo-
philic phosphorus component in the asymmetric addition
reaction with several cyclic imines.?!l In the presence of (R)-
PrPB (PrPB: Pr=praseodymium, P =potassium, B=BI-
NOL), which has been proved to be the most efficient
catalyst, the corresponding cyclic a-amino diphenylphos-
phane oxides have been obtained in good yields and with
enantioselectivities of up to 93 % ee.

In summary, the first catalytic enantioselective approaches
to a-hydroxy and a-amino phosphonates (based on different
catalytic concepts) have been realized with excellent enantio-
selectivities and high yields. The developed catalytic asym-
metric concepts represent competitive (and probably superi-
or) synthetic routes to these important target molecules
compared to the “classical routes” such as racemic resolution
and diastereoselective reactions.
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Asymmetric Synthesis of 2-Methyl Cyclohexane Carboxylic Acids by
Heterogeneous Catalysis: Mechanistic Aspects

Michele Besson,* Francoise Delbecq, Pierre Gallezot, Samuel Neto, and Catherine Pinel!?!

Abstract: The catalytic hydrogenation
of (8)-alkyl-N-(2-methylbenzoyl)pyro-
glutamates was studied over supported
rhodium and ruthenium catalysts at
room temperature and a pressure of

combination of modelling calculations,
NMR spectroscopy and X-ray structural
determination. In this conformation, the
carbonyl group of the pyroglutamate
auxiliary shields one face of the aromat-

ic ring. The observed selectivity may
thus be explained by a preferential
adsorption at the unshielded face which
avoids steric repulsion by the C=O
group to result in a cis hydrogenation.

5 MPa. The reaction was diastereoselec-
tive with the predominant formation of
(18,2R)-2-methylcyclohexane carboxylic
acid with a diastereomeric excess (de) of
up to 96 %. The most stable conforma-
tion was determined by means of a

hindrance

Introduction

Chiral cyclohexyl derivatives are present in a large number of
natural products of biological importance.[- 2 They can also be
used as chiral auxiliaries.®! Thus, the development of methods
for the asymmetric synthesis of these compounds generates
considerable interest. The conventional synthesis of optically
active cyclohexyl molecules is painstaking and costly; it
involves an asymmetric Diels — Alder reaction between buta-
diene and N- or O-propenoyl derivatives,™ or the use of
enzymatic resolution.’) An attractive method for the prepa-
ration of these compounds would be the hydrogenation of
substituted aromatic compounds by heterogeneous catalysis
in an enantioselective or diastereoselective approach. In the
former, the metallic surface is modified with an adsorbed
chiral organic compound. However, there are, to date, only
two efficient catalytic systems: the tartaric acid-modified
nickel catalysts and the platinum —cinchona alkaloid system.
Both of these systems are substrate specific and not directly
applicable to aromatic compounds.l®”] The interaction be-
tween the reactant and the chiral modifier is responsible for
the enantioselectivity. However, the major obstacle to the
expansion of the applicability of these catalysts, or in
developing new catalysts for the asymmetric conversion of

[a] Dr. M. Besson, Dr. F. Delbecq, Dr. P. Gallezot, Dr. S. Neto, Dr. C. Pinel
Institut de Recherches sur la Catalyse-CNRS
2, Avenue Albert Einstein, 69626 Villeurbanne Cedex (France)
Fax: (+33)4-7244-5399
E-mail: mbesson@catalyse.univ-lyonl.fr, pinel@catalyse.univ-lyon1.fr
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The addition of an amine, the nature of
the support (alumina or active carbon)
or of the metal (Rh or Ru) were shown
to give additional stabilisation of the
adsorption at the unshielded face to
increase the diastereoisomeric excess.

steric

other functionalities, is the lack of understanding of the nature
and strength of this interaction. Covalent bonding should
provide the strongest interaction and the asymmetric induc-
tion can then be accomplished with the help of a chiral
auxiliary temporarily grafted to the substrate, thus sterically
blocking the reaction at one face of the substrate.l*'!] We have
already reported the catalytic hydrogenation of unsymmetri-
cally substituted aromatics, such as o-toluic acid, by means of
chiral auxiliaries, such as proline alkyl esters.'?l The asym-
metric reaction of (S)-methyl-N-(2-methylbenzoyl)proline
ester with supported Rh and Ru catalysts yielded the
corresponding cis cyclohexyl hydrogenated products with
de<68%. The de and configuration were found to be
remarkably dependent on the nature of the metal, the support
and on the presence of the bulky achiral amine (ethyl-
dicyclohexylamine = EDCA).[' Ranade et al. reported the
diastereoselective hydrogenation of anthranilic acid!'> 4l and
of o-toluidine covalently bonded to (S)-proline. Diastereose-
lectivities of up to 96% were reported for the former,
probably as a consequence of the rigidity of the substrate;
however, the yield was moderate on account of the large
amount of the frans compounds. The best de for the hydro-
genation of the aromatic amine was 57 %. The diastereose-
lectivity was also shown to be dependent on the nature of the
metal (Rh or Ru), the support and the process conditions.
Simultaneously, Tungler et al.l'”l and Besson et al.['®] described
the diastereoselective hydrogenation of pyridine derivatives
with proline as the chiral auxiliary ligand over metallic
supported catalysts.
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Other chiral auxiliaries with a structure close to proline
(prolinol, (S)-(2-pyrrolidinylmethyl)pyrrolidine, (R)-panto-
lactone) were screened for the hydrogenation of o-toluic
acid, but their diastereoselectivity was less than that of
proline.l” We recently reported!' that high selectivities
(<£95%) could be achieved by the use of (S)-pyroglutamic
acid methyl ester as the chiral auxiliary. The present study was
designed to provide a better understanding of the origin of the
asymmetry in this reaction. In order to get a molecular picture
of the adsorption-hydrogenation step and to obtain infor-
mation on the reaction mechanism, molecular modelling and
NMR analyses were performed along with an X-ray structure
determination of the molecule. Additionally, the influence of
the nature of the ester group (Et, iPr, Bu, n-octyl) has been
studied.

Results

Identification of the reaction products: The asymmetric
hydrogenation of the aromatic substrate 1, formed by covalent
bonding of o-toluic acid and alkyl pyroglutamate in ethanol at
room temperature and under 5 MPa hydrogen pressure, gave
four cyclohexane diastereoisomers: the cis isomers 3a and 3b
and the trans isomers 4a and 4b (Scheme 1).

For the hydrogenation of the esters iPr, fBu and n-octyl, gas
chromatography (GC) was adequate for the separation of the
four isomers. The synthesis of (§)-octyl-N-(2-methyl cyclo-
hexane carbonyl)pyroglutamate allowed the assignment of
the cis and trans isomers by the measurement of the optical
rotation in ethanol of a sample that contained no trans-
hydrogenated products. A rotation ([a]p<0) in the same
sense as that of (15,2R)-2-methyl cyclohexane carboxylic acid
([a] = —5.2, c=1 in EtOH)!"! was observed, which suggest-
ed that the major hydrogenated isomer was (—)-(1S5,2R,2'S)-
methyl-N-(2-methylbenzoyl)pyroglutamate 3b.

In the case of the methyl and ethyl esters, the four alicyclic
isomers were not all separated by GC: only three peaks were
detected and were subsequently assigned.?’!

The de of the cis isomers was defined by Equation (1),
which uses the relative percentages of the chromatographic
areas of the two peaks assigned to 3a and 3b.

de=[(%3a—%3b)/(%3a+%3b)] x 100 1)

In addition to the products described above, some other
peaks were detected during the course of the reaction. One
was attributed to the alkyl pyroglutamate 5, formed by
hydrolysis of the amide bond in the aromatic compound. The

presence of the cyclohexenic intermediate 2 was also estab-
lished by comparison with a reference prepared by an
alternative route. Similar compounds have been also observed
for the hydrogenation of the (S)-methyl-N-(2-methylben-
zoyl)proline ester.'”l The remaining products could not be
identified unambiguously, but they were shown to have no
influence on the diastereoselectivity.

The selectivity of the cyclohexanoic compound for the
hydrogenation reaction is given by Equation (2). Typically, a
low selectivity reflects the formation of a large amount of
side-products. As a result of the conversion of the C=C
intermediate, the selectivity increases slightly after total
conversion of the aromatic ring.

S=[% (3a+3b+4a+4b)/% conversion1] x 100 )

Hydrogenation of (S)-methyl-V-(2-methylbenzoyl)pyro-
glutamate over rhodium catalysts: Figure 1 gives the product

100 ¢ ——1
—e—3b
— A& -3a
——x==2
80 | = -0 - - selectivity
............................. f'e)
®
=
L
5
£
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1 | ! I o
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Figure 1. Distribution of the products as a function of time for the
hydrogenation of 1 (R=Me) over 3.6% Rh/C. Reaction conditions:
2.27 mmol 1, 0.105 mmol Rh, 130 mL ethanol, room temperature, 5 MPa
hydrogen.
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Scheme 1. Diastereoselective hydrogenation of (S)-alkyl-N-(2-methylbenzoyl)pyroglutamates.
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distribution as a function of time for the hydrogenation of (S5)-
methyl-N-(2-methylbenzoyl)pyroglutamate over a 3.6 wt%
Rh/C catalyst. The cyclohexane derivatives 3a and 3b, which
result from a cis hydrogenation of the aromatic ring, were
detected in high proportions. Throughout the reaction, the de
was 50 % in favour of 3b and was constant with the conversion
of the aromatic substrate. The cyclohexenic compound 2 was
formed with a maximum yield of 27 % and was consecutively
hydrogenated to 3a, so that the de decreased progressively to
35%. The percentage of trans diastereoisomers formed did
not exceed 5%.

While in the case of the methyl prolinate auxiliary, the
hydrogenation of the cyclohexenic compound was total,l”] in
the case of the pyroglutamate auxiliary, the reaction stopped
although 13% of compound 2 still remained. Allowing the
reaction to proceed for an additional period of 16 h did not
result in any further conversion. This may possibly be the
result of the steric hindrance of the tetrasubstituted double
bond, which would significantly inhibit the approach of 2
towards the metallic surface. Molecular modelling of this
intermediate is underway to confirm this hypothesis. In a
similar study of the hydrogenation of (S)-proline-modified
anthranilic acid on Rh and Ru catalysts, a lower rate of
hydrogenation of the cyclohexenic intermediate, relative to
the aromatic substrate, was also observed.!"¥] Methyl pyroglu-
tamate, formed by hydrogenolysis of the amide bond in the
aromatic compound, appeared from the beginning of the
reaction and attained its maximum (9% chromatographic
area) at 100% conversion of 1. Toluic acid, which is formed
during this hydrolysis process, may also poison the catalyst.
Because of the presence of many by-products, the selectivity

observed!'?), the initial reaction rate decreased (4.3 instead of
23.5 molh~'molg,!); this was caused by the partial covering
of the rhodium particles by the amine. The catalyst then
deactivated rapidly and the reaction ceased after 60%
conversion. However, with the addition of EDCA, the
diastereoselectivity was improved to 91 % in favour of the
same configuration 3b. The de was also constant with
conversion of 1. The semi-hydrogenated compound 2 was
formed with a maximum yield of 3.5% compared with 27 %
on the same catalyst without the amine EDCA. No trans
isomers were detected; this was confirmed by the hydrolysis
of the hydrogenated solution and the analysis of the 2-meth-
ylcyclohexane carboxylic acids obtained. The selectivity of the
reaction for the cyclohexane isomers was improved to 85 %.
The amount of methyl pyroglutamate was only 3% (com-
pared with 9% in the absence of amine) and the other by-
products were negligible. The origin of the poisoning ob-
served in this reaction is not clear, but it may be caused by the
presence of EDCA, which may react with by-products and
yield poisoning compounds.

The distribution of products over 3.7 wt% Rh/ALO;
catalyst is given in Figure 3. As previously observed in the
case of the methyl prolinate,['>) a great improvement in the
diastereoselectivity was obtained by the use of an alumina

80

of the reaction in favour of the cyclohexanoic compound was § 60 I; b

modest: from an initial 52 % up to 65 % after partial reduction % — & -3a

of 2 to 3a and 3b. % 40 :'_’(;'::ielec“v“y
A bulky amine (ethyldicyclohexylamine, EDCA), which 5

was found to have a beneficial effect on the diastereoselec-
tivity during the hydrogenation of (§)-methyl-N-(2-methyl-
benzoyl)proline ester,['l was added to the reaction medium
(molar ratio EDCA/Rh=2). The product distribution ob-

20

olar CA/ ! VTN ettt ety e .
tained is shown in Figure 2. As expected (and as previously 0
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Figure 3. Distribution of products as a function of time for the hydro-
808 L mememmmemmemTtTITT —© genation of 1 (R=Me) over 3.7% Rh/AL,O;. Reaction conditions:
-l - ——1 2.27 mmol 1, 0.108 mmol Rh, 130 mL ethanol, room temperature, 5 MPa
- —+—3b hydrogen.
ES — & -3a
~ 60 -—==2
& = -0 == selectivity
2 support rather than activated carbon. Indeed, although the
£ 40 reaction rate was seven times lower (3.3 molh~'molg,™

compared with 23.5 molh~'molg,™!), the de was 90% in
favour of 3b. Trans isomers were not observed and the
cyclohexenic 2 compound was formed with a yield of 5%.
Only 6 % methyl pyroglutamate at its maximum was detected
as a by-product. Thus, a very selective reaction was achieved
(>90% for the cyclohexane isomers). A decrease in the
reaction rate was observed after 50 % conversion of 1. The
reason for this deactivation is unclear, but it is probably
caused by some modifications of the metallic surface (i.e.,
change of morphology or the oxidation state). Indeed, as

20
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Figure 2. Distribution of products as a function of time for the hydro-
genation of 1 (R=Me) over 3.6% Rh/C in the presence of EDCA.
Reaction conditions: 2.27 mmol 1, 0.105 mmol Rh, 0.22 mmol EDCA,
130 mL ethanol, room temperature, 5 MPa hydrogen.
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reported earlier for XPS studies of the catalyst in the
hydrogenation of the prolinate derivative of o-toluic acid'?,
and as observed by Ranade et al™l in EXAFS and XANES
studies, the rhodium catalyst loses its activity when it is
prereduced, or reduced during the course of the experiment.

The addition of the amine to 3.7 wt % Rh/Al,Oj3, in a molar
ratio EDCA/Rh =2, slightly decreased the initial reaction
rate (2 molh~'molg,™!), but further improved the diastereo-
selectivity to <95% in favour of 3b. No trans product and
very low amounts of cyclohexenic compound 2 were formed.

Influence of the nature of the ester group over the rhodium
catalysts: To check whether the diastereoselectivity showed a
dependence on the nature of the substituent R in the
pyroglutamate ester, the hydrogenation of the substrate 1
(R =Et, iPr, n-octyl and tBu) was investigated over the Rh/C
and Rh/Al,O; catalysts, with and without EDCA. For both
rhodium catalysts, and with all the substituted esters, the
product distributions as a function of time were very similar to
those obtained with the methyl ester. Complete conversion of
1 could be obtained with Rh/C in the absence of the amine;
the conversion was 50—80 % in the other cases. An example is
given for the hydrogenation of N-(2-methylbenzoyl)-(S)-tert-
butyl pyroglutamate in the presence of Rh/C (Figure 4). The
data are summarised in Table 1.

Without EDCA (Figure 4a), the aromatic substrate 1 (R =
fBu) was rapidly converted into the cis and trans alicyclic
compounds and the cyclohexenic compound 2. The latter
attained a maximum at 100% conversion of 1 and was
subsequently hydrogenated; however, as observed with the
methyl ester, the reaction stopped and the percentage of 2
remained constant, even after a period of 50 hours. In the
presence of EDCA (Figure 4b), the reaction was much slower
and although the substrate was not totally hydrogenated, the
de improved from 66 to 92 %.

As regards the diastereoselectivity data, it can be seen from
Table 1 that the de on Rh/C without amine increased with the
bulkiness of the R group of the ester: Me (35% ) < Et~iPr~
n-octyl <tBu (60 % ). The maximum amount of semi-hydro-
genated 2 formed was almost the same (=25%) in all
experiments. The addition of EDCA to the reaction medium
in the presence of Rh/C improved the de (90-92%).

In the absence of the amine, significantly higher diaste-
reoselectivities (de=88-90%) could be achieved on Rh/
Al Oj; as compared with the Rh/C catalyst (35-60%). In the
presence of the amine (EDCA/Rh=15-2), the de was
slightly improved and was not dependent on the size of the

distribution / %

distribution / %

100 v

——1

—e—3b
so} T3

— -0 - - selectivity
60
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Figure 4. Product distribution as a function of time for the hydrogenation
of 1 (R =rBu) in the presence of Rh/C. Reaction conditions: 2.27 mmol 1,
0.105 mmol Rh, 130 mL ethanol, room temperature, 5 MPa hydrogen,
a) without amine, b) EDCA/Rh=1.5.

ester group. The best de found was 96 % in favour of 3b, for
the hydrogenation of the octyl ester.

Influence of the formation of the by-products on the
selectivity: Although the by-products formed were not
considered in the measurement of the diastereoselectivity,
some tendencies may be noted as regards the selectivity in
alicyclic compounds and the amount of alkyl pyroglutamate
formed. The data obtained are collected in Table 2.

Table 1. Data for the hydrogenation of 1 over 3.6 % Rh/C and 3.7 % Rh/AlLO;.

Rh/C Rh/C+EDCA Rh/ALO; Rh/ALLO;+ EDCA
Rin1 de [% ] % 212l de [%] % 2 de [%] %2 de [%] % 2
Me 50 (max)-35 27 (max)-13 91 4 90 5 94 35
Et 65 (max)-46 32 (max)-21 90 3 88 5 89 2.5
iPr 56 (max)-44 22 (max)-10 90 6 90 5 94 2.5
Bu 66 (max)-60 18 (max)-7 92 4 >90 4 95 2.7
n-octyl 58 (max)-53 27 (max)-10 - - - - 96 2.5

[a] From the beginning of the reaction, 1 was hydrogenated mainly to cis-3a and cis-3b with a de in favour of 3b which attained a maximum at 100 %
conversion of 1. The intermediate 2 was then hydrogenated preferentially to 3a with, as a consequence, a decrease in the de. The values are given at maximum

and at the plateau.
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Table 2. Selectivity for the cyclohexanoic derivatives and amount of alkyl
pyroglutamate formed during hydrogenation of 1 (percentages of chroma-
tographic areas).
100 .
Hhe,
!. FhC + EDCH
Rl

]
|
|

e |

£

= 0 =

= |

g |

& 40 '

|
B0
0 —— e — e - .. — .
Lo El iFr [LL]] =0chyl
]
Alkyl pyroglutamate [% ]

R Rh/Cll Rh/C+EDCA Rh/ALO;
Me 9-4 3 6
Et 9-5 3 13
iPr 10-4 7 11
tBu 25-10 15 20
n-octyl 13-7 - -

[a] Percentages at maximum (at almost complete conversion of 1) and at
the end of the reaction.

The by-products detected were alkyl pyroglutamate esters
and a compound with a GC retention time very close to that of
the semi-hydrogenated compound 2 (i.e., in the case of the
methyl ester, compounds were detected at 14.53 and
14.83 min, compared with 14.63 min for compound 2). We
verified that none of these by-products corresponded to a
transesterification reaction with the ethanol solvent, but their
structures could not be elucidated. Owing to the formation of
these by-products and the formation of compound 2, which is
not totally hydrogenated, the selectivity for cyclohexanoic
derivatives was in the range 55-90%.

In all experiments, alkyl pyroglutamate was formed by
hydrolysis, with a maximum percentage of 25 % attained with
the tert-butyl ester over Rh/C. This compound was formed
continuously from the aromatic substrate until its complete
conversion. Subsequently, its concentration in the reaction
medium decreased in all experiments performed with Rh/C
without amine, while its concentration remained constant in
the other experiments (Table 2). The addition of an amine to
Rh/C or Rh/AlLO; limited the extent of that hydrolysis.

Considering all the esters, the use of Rh/C yielded
numerous by-products. It is noteworthy that both the dis-
appearance of alkyl pyroglutamate and the formation of these
by-products occurred only over the Rh/C catalyst used
without amine. One might assume that these two phenomena
correspond to the occurrence of the same type of modification
of the auxiliary, whether it is bound to the surface or to the
aromatic ring or not. The carbon support might be responsible
for that transformation.

Hydrogenation of methyl ester over ruthenium catalysts: The
initial reaction rate, maximum percentage of intermediate 2

Chem. Eur. J. 2000, 6, No. 6
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formed and de obtained with the different Ru catalysts tested
are given in Table 3.

The hydrogenation was quasi-quantitative in each case, but
lower reaction rates were obtained when catalysts on oxide
supports were used. After a rapid initial disappearance of

Table 3. Hydrogenation of 1 (R =Me) on supported ruthenium catalysts.

Initial reaction Max. yield de at max. 2[%]
rate [molh~'molg,] 2[%] (conversion

of 1[%])
5% Ru/C 144 19 74 (99)
5% Ru/C+EDCA 48 10 83 (61)
3.5% Ru/ALO, 2.6 11 85 (61)
2.8% Ru/TiO, 17 19 78 (70)

substrate 1 up to 75 % conversion, the reaction rate decreased.
The semi-hydrogenated compound 2 was reduced at a low
rate. High diastereoselectivities of 74 %, 85 % and 78 % were
achieved with Ru/C, Ru/Al,0; and Ru/TiO, catalysts, respec-
tively, the major product being 3b. These de values were
obtained from the start of the reaction and remained constant
up to complete conversion. Only 3—-6 % methyl pyrogluta-
mate was formed and no other by-products were detected.
The addition of EDCA to the Ru/C catalyst (EDCA/Ru=
2.2) slowed down the reaction by a factor of three
(4.8 molh~'molg,™" compared to 14.4molh~'molg,™!), but
the diastereoselectivity improved slightly from 74 % to 81 %.

Discussion

Preferred conformation of substrate 1: In order to show the
influence of several factors described on the diastereoselec-
tivity, the structure of the aromatic substrate was determined
by different techniques, which included molecular modelling,
'"H NMR spectroscopy and X-ray structure determination.
Molecular-modelling calculations were carried out in order
to predict the major conformations of 1 (R =Me), by allowing
rotation about C2—C1, C1-N, C12—C13 and C13—03 (Fig-
ure 5). As a result of these investigations, four stable

Figure 5. Numbering scheme for 1.

conformations were found. Figure 6 shows the ball-and-stick
drawings of these lowest-energy conformations as well as the
respective corresponding calculated energies.

The geometry of the four isomers is very similar to that
obtained by conformational analysis of the o-toluic acid/
prolinate substrate. The main difference between the con-
formers is the position of the pyroglutamate group with
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C: 63 kJ mol
Figure 6. Conformers of substrate 1 after geometry optimisation.

D : 42 kJ mol™

respect to the aromatic ring. In conformers A and B the chiral
auxiliary is situated above the aromatic ring, while in con-
formers C and D this moiety is situated below. The pairs of
conformers (A+B and C+D) vary by rotation of the
pyroglutamate about the C1—N bond; this results in the
auxiliary being directed over or pointed away from the
aromatic ring. The molecular-modelling calculations of the
prolinate derivative revealed the existence of four energeti-
cally equivalent isomers; this was also confirmed by "H NMR
spectroscopy. So, in contrast to the calculation performed
previously for the prolinate auxiliary,['?! these four conformers
with the pyroglutamate auxiliary do not have the same
calculated energies. The conformer D is more stable than the
other three by more than 3 kJ mol~1. Thus, we can assume that
conformer D represents the most probable structure of this
substrate.

Figure 7 shows the rotational barriers as a function of the o

rotation angle about the bond C1—C2. The two energy minima
correspond to the isomers D and B. There are two very high

1.210° -
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Figure 7. Rotational barriers for the aromatic substrate 1 for rotations
around the C2—C1 bond.

energy barriers for total rotation about this bond which
changes from one isomer to the other. This is attributed to
significant steric hindrances between the oxygen of the amido
function (C1=0) and the two ortho substitutents of the

954 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

aromatic ring; namely the hydrogen atom on C3 (Figure 5 and
rotation angle ~180° in Figure 7) and the more bulky methyl
group on C7 (Figure 5 and rotation angle ~360° in Figure 7)
which prevent the free rotation about that bond.

Similarly, the energy barrier required for free rotation
about the C1—N bond was calculated (Figure 8). This calcu-
lation yielded high energy barriers, which are again indicative

2510 - - 25

- 210 420
] m
E g
= e
g1s10 - 15%
g 110° - 4105
w =3

5000 - 15

0 L 0

o] 50 100 150 200 250 300 350
rotation angle / °

Figure 8. Rotational barriers for the aromatic substrate 1 for rotations
around the C1-N bond.

of relatively hindered rotations, mainly as a result of
interactions between the aromatic ring and the ester group.

The substrate was crystallised in Et,O and its crystal
structure was determined by X-ray structural analysis (Fig-
ure 9).2'1 When compared with molecular-modelling calcula-

D X-ray Structure

Figure 9. Comparison of the crystallographic form of substrate 1 obtained
by X-ray analysis (right) and the most stable conformer obtained by
molecular-modelling calculation (left).

tions, the structure obtained is very close to the most stable
conformation D. The only difference observed is the value of
the dihedral angle formed between the average plane of the
pyroglutamate ring (C9-C10-C11-C12-N) and the aromatic
ring. This is illustrated in Figure 9, with the representation of
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the aromatic substrate in profile and the ester group pointing
to the back left. From molecular modelling, the aromatic ring
shows a deviation of 105° relative to the plane of the
pyroglutamate ring, while it is shown to be twisted by 60° in
the X-ray analysis. This implies that the oxygen atom O4
attached to the pyroglutamate is oriented towards the
aromatic ring in two different directions, either below the
C2—C7 bond, or below the C2—C3 bond, as illustrated by the
distance between the non-bonded atoms O4 and C3 (3.92 and
2.95 A, respectively) and O4 and C7 (2.86 and 3.76 A,
respectively). These observed differences can be explained
by considering that molecular modelling calculates the energy
of the molecule in the gas phase rather than in the solid state.
These small differences are not crucial and do not modify the
conclusions that can be drawn on the approach of the
molecule to the metallic surface. In both cases, one of the
faces of the aromatic ring is shielded by the presence of the
ligand.

Solution 'H NMR spectrometry confirmed the existence of
only one stable conformer. Indeed, in the substrate with the
prolinate auxiliary, a splitting was observed in the 'H NMR
spectrum attributed to the existence of the substrate in the
form of two stable conformers of nearly the same energy in a
80/20 ratio.'”” In contrast, in the 'H spectrum of the
pyroglutamate substrate (Figure 10), the line widths were

aromatic ring can only adsorb at the unshielded face and the
cis addition of hydrogen on this adsorbed intermediate gives
rise to the preferential formation of 3b; this is in agreement
with the experimental results. Indeed, results given in Tables 1
and 3 show that high diastereoselectivities were obtained.

The selectivity data given in Table 1 for the Rh/C and Rh/
Al,O; catalysts show that the asymmetric induction is higher
than for the alumina-supported catalyst. TEM and XPS
studies have shown that in Rh/Al,O;, the rhodium particles
have a flat morphology and that there are partially oxidised
species present.”2l As proposed in the case of prolinate
auxiliary,? this promoting effect may be attributed to a
stronger interaction between the rhodium atoms with a low
valence state on alumina and the oxygenated groups of the
ester, which optimises the adsorptive effect.

The nature of the ester group in the pyroglutamate was
found to have only a small positive effect on the diastereo-
selectivity (Table 2). This can be easily explained by the
observation that in the most stable conformation of the
substrate 1 (R=Me), the ester is in an external position
relative to the aromatic ring (Figure 9). Therefore, one may
expect that the ester will exert only a small steric constraint
during adsorption.

With respect to the nature of the metal (rhodium or
ruthenium), in the absence of the amine EDCA, a higher
diastereoselectivity was observed in
the presence of ruthenium support-
ed on active carbon than in the
presence of rhodium (74% com-
pared with 50%, in favour of 3b,
Tables 1 and 2). The mode of ad-
sorption of the aromatic substrate
onto the unshielded face of the
aromatic ring dictates the major
configuration of the hydrogenation
product. However, as already noted
with the prolinate auxiliary,?? an
additional anchoring interaction
between the oxygen atoms (ester
group and benzoic carbonyl) and
the ruthenium metallic surface,

8 7 6 5 4 3

Figure 10. '"H NMR spectrum at 200 MHz of substrate 1 (R =Me).

narrow and integrations were assigned unambiguously, which
suggests that only one diastereoisomer, or a very rapidly
equilibrating mixture of diastereoisomers of 1, exist in
solution at room temperature.

From the results of the three techniques described above, it
may be assumed that substrate 1 presents the molecular
structure of conformer D.

Interpretation of the selectivity data: Figure 9 shows that one
face of the aromatic ring 1 is shielded by the carbonyl group.
We now consider the adsorption of the aromatic ring on the
metal surface, which generally proceeds by m-bonding. The
adsorption of the shielded face of the aromatic ring is
unfavourable as a result of steric hindrance. Hence, the

Chem. Eur. J. 2000, 6, No. 6
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which is more electropositive than
rhodium, may still promote a pref-
erential adsorption of the molecule
onto one specific face. This leads to
an enhancement of the diastereoselectivity.

Interestingly, the addition of EDCA to the Rh/C catalysts
greatly improved the de (Table 1). There is some evidence
that the amine molecules adsorb onto the metal surface, so
they may exert a supplementary favourable orientating effect.
As a result of the competitive adsorption between the
substrate and the amine, the conversion of the pyroglutamate
was not complete. Thus, the addition of EDCA, in the
presence of the ruthenium catalyst only had a weak beneficial
effect (Table 3). These findings are supported by our obser-
vation of a smaller decrease in the initial reaction rate as the
amine was adsorbed onto the catalyst, which indicated a lesser
covering of ruthenium by the amine as compared with
rhodium on carbon.
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Conclusions

Cis-2-methyl cyclohexane carboxylic acids have been pre-
pared with diastereoisomeric excesses of up to 96%. The
efficiency of the pyroglutamate auxiliary relative to prolinate
is attributed to the presence of the carbonyl group. A
combination of molecular-modelling calculations, NMR spec-
troscopy and X-ray analysis strongly suggest that substrate 1
exists as one single conformation in which one face of the
aromatic ring is shielded by the carbonyl group of the
pyroglutamate auxiliary. To minimise the steric requirements
imposed by the adsorption of the aromatic substrate on the
catalyst surface, the adsorption must occur onto the unshield-
ed face; this induces high diastereoselectivities for the hydro-
genation of the aromatic ring. In all experiments, the hydro-
genated compound with configuration (1S,2R,2'S) was ob-
tained.

A change in the size of the ester groups did not greatly
influence the selectivity, since this ester group is located in an
outer position relative to the aromatic ring and does not
participate much in the adsorption.

A small change in the structure of the chiral auxiliary
(pyroglutamic acid versus proline) dramatically improved the
de of the hydrogenation reaction (max. <95% and 68 %,
respectively). Two phenomena are responsible for this higher
selectivity: firstly, only one conformer of the substrate is
formed during its synthesis and secondly, the additional C=O
group significantly increased the steric hindrance of the
aromatic face. The pyroglutamate auxiliary should have a
large potential for other diastereoselective hydrogenations of
aromatic substrates on metal catalysts.

Experimental Section

'H and *C NMR spectra were recorded on AC100 and AC200 Bruker
spectrometers and referenced to the residual solvent (CDCl;: 0H =724,
0C=77). FT-IR spectra were recorded on a Bruker Vector22 apparatus.
Elemental analyses were performed at the “Service Central d’Analyse”,
CNRS. Gas chromatography (GC) was performed on a Shimadzu GC14A
apparatus with a J&W DB1701 column (30 m, T}, =270°C, Ty, =290°C,
Tyven =170°C: 1 min, then 5°Cmin~" up to 260 °C, then 260 °C for 25 min).
Synthesis of the alkylpyroglutamates: Ethyl and octyl pyroglutamates are
commercially available. The preparation of the other esters is described
below.

(S)-Methyl pyroglutamate (5, R =Me): SOCl, (34 mL, 5 equiv) was added
dropwise to a stirred solution of L-pyroglutamic acid (12 g, 0.09 mol) in
MeOH (130 mL) under argon at 0°C. The solution was refluxed for 1.5 h
and excess SOCI, was removed. The residue was distilled (145°C, 3.5 mbar)
to give a pure pale yellow oil (10.2 g, 76 % ). 'H NMR (100 MHz, CDCl;):
0="75 (s, 1H; NH), 3.9 (dd, 3/(H,H) =4.4 Hz, 8.2 Hz, 1H; CHN), 3.4 (s,
3H; CH;), 1.7-2.1 (m, 4H; CH,~CH,); “C NMR (25 MHz, CDCL,): 6 =
178.4 (C), 172.7 (C), 55.3 (CHs;), 52.0 (CH,), 29.0 (CH,), 24.5 (CH,); IR
(film): 7=3230 (N—H), 2957 (C—H), 1744 (C=0) cm!; [a]3}: +10 (c=6in
methanol); MS (70 eV, E.L): m/z (%): 56, 84 (100), 143 [M']; elemental
analysis calcd (%) for C¢HyO3N: C 50.35, H, 6.29, N 9.79; found C 50.06, H
6.16, N 9.74.

(S)-iso-Propyl pyroglutamate (5, R=iPr): SOCl, (14 mL, 5 equiv) was
added dropwise to a stirred solution of L-pyroglutamic acid (5 g, 0.04 mol)
in {PrOH (100 mL) under argon at 0°C and the solution was refluxed for
90 min. Excess SOCI, and iPrOH were removed by filtration. The solid was
recrystallised in iPr,O to yield beige needles (5.6 g, 85%). M.p. 68°C;
'H NMR (200 MHz, CDCL): 6=7 (s, 1H; NH), 5 (sextet, 3J(H,H) =
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6.2 Hz, 1H; CHMe,), 4.15 (m, 1H; CHN), 2.5-2.1 (m, 4H; CH,~CH,),
1.20 (d, 3J(H,H) = 6.2, 6H; CHMe,); 3C NMR (50 MHz, CDCl,): 6 = 180.0
(C), 171.8 (C), 69.3 (CH), 55.8 (CH,), 30.7 (CH,), 24.9 (CH,), 21.7 (CH,);
IR (film): #=3475 (N—H), 2986 (C—H), 2933 (C—H), 1755 (C=0), 1668
(C=0) em % [a]¥: +6 (c =5 in methanol); elemental analysis calcd (%) for
CgH,;05N: C 56.14, H 7.60, N 8.19; found C 56.12, H 7.81, N 8.19.

(S)-tert-Butyl pyroglutamate (5, R =¢Bu): Perchloric acid 70% (3 mL,
0.7 equiv) was added dropwise to a solution of pyroglutamic acid (12.9 g,
0.1 mol) in fert-butyl acetate (185 mL, 11 equiv). The solution was stirred
overnight at room temperature then NaHCO; was added slowly until pH 6
was reached. The aqueous layer was extracted with Et,0O (100 mL) then
AcOEt (100 mL). The combined extracts were dried (MgSO,) and
concentrated under vacuum to give a yellowish powder which was
recrystallised from Et,0O to yield white crystals (10.5g, 57%).
M.p. 102°C; '"H NMR (200 MHz, CDCL): 6 =7 (s, 1H; NH); 4.1 (m, 1H;
CHN),2.0-2.5 (m,4H; CH,—CH,), 1.4 (s, 9H; 3 CH;); *C NMR (50 MHz,
CDCLy): 0=178.3 (C), 171.3 (C), 82.2 (C), 56.3 (CH), 29.5 (CH,), 28.0
(CH,), 24.9 (CH,); IR (film): 7=3260 (N—H), 2989 (C-H), 2969 (C—H),
2946 (C-H), 1737 (C=0), 1679 (C=0) em!; [a]¥: + 11 (¢ =3 in methanol);
elemental analysis caled (%) for CH;sO;N: C 58.38, H 8.11, N 7.57; found
C 58.67, H 8.20, N 7.51.

Synthesis of (S)-alkyl-N-(2-methylbenzoyl)pyroglutamates (1): The syn-
thesis of 1 (R =Me) is described below as a representative example.

(S)-Methyl-N-(2-methylbenzoyl)pyroglutamate (1, R=Me): Triethyl-
amine (19.5mL, 2equiv) and followed by o-toluoyl chloride (11 mL,
1.2 equiv) were added dropwise to a stirred solution of (S§)-methyl
pyroglutamate (5 (R =Me); 10 g) in toluene (130 mL) at 0°C under argon.
The mixture was stirred for 5h at 80°C and then cooled to room
temperature. The organic layer was treated with saturated NaHCO; (2 x
20 mL), NaCl (20 mL), then dried (MgSO,) and concentrated to give a
yellowish powder. The product was recrystallised from Et,O to yield white
needles (15 g, 82%). M.p. 108°C; '"H NMR (200 MHz, CDCl;): 6 =7.2 (m,
4H; CH,om), 5.0 (dd, 3J(H,H) =3.4 Hz, 9.0 Hz, 1H; CHCOO), 3.8 (s, 3H;
COOCH;), 2.7-2.0 (m, 4H; CH,—CH,), 2.4 (s, 3H; ArCH,); *C NMR
(50 MHz, CDCl;): 6 =173.0 (C), 171.5 (C), 170.4 (C), 135.5 (C), 135.0 (C),
130.4 (CH), 130.2 (CH), 126.9 (CH), 125.3 (CH), 57.9 (CH), 52.8 (CHs),
31.6 (CH,), 21.6 (CH,), 19.2 (CH3); IR (film): 7 = 3480 (N—H), 3041 (C—H),
2960 (C—H), 2928 (C—H), 1751 (C=0), 1679 (C=0) cm™'; tr = 16.9 min; MS
(70 eV, EI): m/z (%): 91, 119 (100%), 261 [M*]; [a]lf: —29 (c=1 in
chloroform); elemental analysis calcd (%) for C,;H;sO,N: C 64.37, H 5.75,
N 5.36; found C 64.62, H 5.77, N 5.32.

(8)-Ethyl-N-(2-methylbenzoyl)pyroglutamate (1, R=Et): Yield: 47%;
white crystals; m.p. 52°C; 'H NMR (200 MHz, CDCl;): 6 =745 (m, 4H;
CH 1om-), 5.0 (m, 1H; CHCOO), 4.2 (q, 3J(H,H) =7.0 Hz, 2H; COOCH,),
2.8-2.0 (m, 4H; CH,—CH,), 2.3 (s, 3H; ArCH,), 1.3 (t, 3J(H,H) = 7.0 Hz,
3H; CH;); BC NMR (50 MHz, CDCl;):  =173.3 (C), 171.3 (C), 170.6 (C),
135.7 (C), 135.3 (C), 130.6 (CH), 130.4 (CH), 127.1 (CH), 125.6 (CH), 62.2
(CH,), 58.3 (CH), 31.9 (CH,), 21.9 (CH,), 19.5 (CH,), 14.4 (CH5); IR (film):
7=3629 (N—H), 3495 (N—H), 3064 (C—H), 2983 (C—H), 2935 (C-H), 1754
(C=0), 1681 (C=0) cm™!; tg =18.2 min; MS (70 eV, EI): m/z (%): 91, 119
(100 %), 202, 275 [M*]; [a]#: — 35 (¢ =1 in chloroform); elemental analysis
calced (%) for C;sH,;O,N: C 65.38, H 6.18, N 5.09; found C 65.91, H 6.32, N
4.99.

(S)-iso-Propyl-N-(2-methylbenzoyl)pyroglutamate (1, R=iPr): Yield:
70%; white powder; m.p.70°C; 'H NMR (200 MHz, CDCl;): 6 =730
(m, 4H; CH,on-), 5.1 (sextet, 3J(H,H) =6.2 Hz, 1H; COOCH), 4.9 (dd,
3J(H,H)=3.5 Hz, 8.9 Hz, 1H; CHCOO), 2.7-2.0 (m, 4H; CH,~CH,), 2.4
(s, 3H; ArCH,), 1.3 (d, ¥/(H,H) = 6.2 Hz, 3H; CH,); *C NMR (50 MHz,
CDCL): 6=173.1 (C), 170.6 (C), 170.5 (C), 135.4 (C), 1352 (C), 130.3
(CH), 130.1 (CH), 126.9 (CH), 1253 (CH), 69.6 (CH,), 58.3 (CH), 31.6
(CH,), 21.8 (CH,), 21.7 (CH,), 21.6 (CH5), 19.2 (CH,); IR (film): # = 3475
(N-H), 3054 (C-H), 2986 (C—H), 2933 (C—H), 1755 (C=0), 1668
(C=0)em™!; [a]¥: —41 (c=1 in chloroform); elemental analysis calcd
(%) for C;sH,;0O,N: C 66.44, H 6.57, N 4.84; found C 66.60, H 6.62, N 4.84.

(S)-tert-Butyl-N-(2-methylbenzoyl)pyroglutamate (1, R=rBu): Yield:
87 %; white powder; m.p. 86°C; 'H NMR (200 MHz, CDCl;): 6 =730
(m, 4H; CH,), 4.8 (dd, 3/(H,H) = 3.5 Hz, 8.9 Hz, 1 H; CHCOO), 2.8-2.0
(m, 4H; CH,~CH,), 2.4 (s, 3H; ArCH;), 1.5 (s, 9H; CH;); *C NMR
(50 MHz, CDCl;): 6 =173.2 (C), 170.3 (C), 170.1 (C), 135.4 (C), 135.2 (C),
130.3 (CH), 130.0 (CH), 126.9 (CH), 125.2 (CH), 82.2 (C), 58.8 (CH), 31.6
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(CH,), 21.5 (CH,), 19.2 (CH,); IR (film): #=3500 (N-H), 3300 (N-H),
3050 (C-H), 2977 (C—H), 2950 (C—H), 1751 (C=0), 1680 (C=0) cm’;
[a]¥: —50 (c=1 in chloroform); elemental analysis caled (%) for
C;H, O,N: C 6733, H 6.93, N 4.62; found C 67.76, H 7.02, N 4.72.

(S)-Octyl-N-(2-methylbenzoyl)pyroglutamate (1, R =n-octyl): Yield:
67 %; brown oil; '"H NMR (200 MHz, CDCL): 6 =7.30 (m, 4H; CH,om),
4.9 (dd, *J(H,H) =3.1,8.9 Hz, 1H; CHCOO), 4.2 (t,3J(H,H) = 6.6 Hz, 2H;
COOCH,), 2.7-2.0 (m, 4H; CH,~CH,), 2.4 (s, 3H; ArCH;), 1.6 (m, 2H;
CH,), 1.3 (m, 10H; 5CH,), 0.9 (m, 3H; CH;); *C NMR (50 MHz, CDCL,):
0=172.8 (C), 170.8 (C), 170.0 (C), 135.2 (C), 134.9 (C), 130.0 (CH), 129.8
(CH), 126.7 (CH), 125.0 (CH), 63.7 (C), 57.8 (CH), 31.5 (CH,), 21.3 (CH,),
28.9 (CH,), 28.3 (CH,), 25.5 (CH,), 22.4 (CH,), 22.3 (CH,), 21.4 (CH,), 18.9
(CHs), 13.8 (CH;); tg = 32.2 min; MS (70 eV, EI): m/z (%): 91, 119 (100 %),
202, 359 [M*]; [a]#: —23 (¢=1 in chloroform); elemental analysis calcd
(%) for C,H,yO,N: C 70.19, H 8.08, N 3.90; found C 69.82, H 8.20, N 3.31.

2-Methyl-1-cyclohex-2-ene carboxylic acid: Ethyl 2-methyl-1-cyclohex-2-
ene carboxylate (2 g, 12 mmol) was added to a solution of KOH (1.13g,
1.7 equiv) in MeOH/H,O (6:1, 12 mL).”?! The solution was refluxed for
4 H, then cooled to room temperature and washed with Et,O (2 x 20 mL).
The aqueous phase was acidified with HCI (pH 1) and extracted with Et,O
(4 x30 mL). The combined organic phases were dried over MgSO, and
concentrated to yield a white solid (1.4 g, 82%). M.p. 80°C; '"H NMR
(100 MHz, CDCl;): 6 =11.9 (s, COOH),2.4-1.4 (m, 8H; CH,),2.04 (s, 3H;
CH;).

(S)-Methyl-N-(2-methyl-cyclohex-1-enecarbonyl)pyroglutamate (2): SOCI,
(0.2 mL, 4 equiv) was added to a solution of 2-methyl-1-cyclohex-2-ene
carboxylic acid (100 mg, 7 mmol) in CHCl; (2 mL) at 0°C under argon. The
solution was stirred overnight and the solvents were removed under
vacuum. The crude product was used in the next step without purifica-
tion. (§)-Methyl-N-(2-methylbenzoyl)pyroglutamate (1 (R =Me), 100 mg,
7 mmol) in toluene (7 mL) was placed in a three-necked round-bottomed
flask. Triethylamine (0.3 mL, 3 equiv) followed by the crude acid chloride
were added and the mixture was stirred for 3 h at 70°C. The solution was
washed with NaHCO; (2 x 10 mL) then NaCl (2 x 10 mL), dried (MgSOy,)
and concentrated under vacuum to yield 100 mg of a brownish oil. The
mixture was analysed by GC/MS without purification; fz = 14.6 min; MS
(70 eV, EI): m/z (%): 79, 122 (100), 265 [M*].

(S)-Methyl-N-(2-methyl-cyclohexanecarbonyl)pyroglutamate (3a,b/4a,b;
R =Me) (synthetic route): SOCL, (4 mL, 4 equiv) was added dropwise to
a solution of a commercial mixture (cis:trans =85:15) of 2-methyl-cyclo-
hexane carboxylic acid (2 g, 14 mmol) in CHCl; (10 mL) at 0°C under
argon. The mixture was stirred overnight at room temperature and the
solvents were removed. The yellow oil was used without purification in the
next step. (S)-Methyl-N-(2-methylbenzoyl)pyroglutamate (1 (R=Me),2 g,
14 mmol) in toluene (20 mL) was placed in a three-necked round-bottomed
flask. Triethylamine (3.8 mL, 2 equiv) followed by the crude acid chloride
were added and the mixture was stirred for 3 h at 80 °C. The solution was
washed with NaHCO; (2 x 10 mL) then NaCl (2 x 10 mL), dried (MgSO,)
and concentrated under vacuum to yield 2 g of a brownish oil. The GC/MS
analysis of the crude product showed 3 signals (tr =13.2, 13.7, 14.3 min,
respective integration: 11:50:39). Recrystallisation from cyclohexane
yielded enriched cis isomer (respective integration: 7:87:6). Selected data
of the main compound [3b (R=Me)]: '"H NMR (100 MHz, CDCL,): 6 =
4.68 (dd, *J(H,H) =2.4 Hz, 9.3 Hz, 1 H; CHCOO), 3.74 (s, 3H; COOCHj),
2.8-1.3 (m,14H), 0.83 (d, */(H,H) =7.1 Hz, 3H; CH;); ®*C NMR (25 MHz,
CDCL): 6=176.4 (C), 173.8 (C), 1719 (C), 1354 (C), 58.3 (CH), 52.6
(CHs;), 32.3 (CH,), 31.9 (CH,), 30.8 (CH), 24.2 (CH,), 23.4 (CH,), 21.6
(CH,),21.2 (CH,), 15.2 (CH3); MS (70 eV, EI): m/z (% ): 124, 144 (100), 185,
198, 208, 267 [M*].

Catalysts: The catalysts used in the hydrogenation were 3.6% Rh/C
(Aldrich 20,616-4), 3.7% Rh/AL,O; (Aldrich 37.971-9), 5% Ru/C (Al-
drich 28,147-6) and 3.5 % Ru/Al,O; (Aldrich 22,853-2). 2.8 % Ru/TiO, was
supplied by Engelhard (Q500-069D). High-resolution electron microscopy
showed that most of the rhodium and ruthenium particles in the catalysts
were in the size range 1-4 nm and homogeneously distributed inside the
grains. The ruthenium catalysts were pre-treated at 300 °C under hydrogen
atmosphere and transferred to the reactor without exposure to air.

Hydrogenation experiments: The hydrogenation of substrate 1 was carried
out in a stainless steel autoclave equipped with a magnetically driven
turbine stirrer under 50 MPa and at room temperature. Standard experi-
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ments used 2.25 mmol of substrate dissolved in 130 ml ethanol. In order to
improve the selectivity, some experiments were carried out with the
addition of EDCA (ethyldicyclohexylamine). The conversions and selec-
tivities were determined from GC data.

Molecular-modelling calculations: Molecular-modelling calculations were
performed using Sybil software. Initial conformational structure for the
diastereoisomer was constructed and the geometries were minimised with
the MM 2 force field. The Cartesian coordinates that were generated were
converted to graphics to allow examination from alternative perspectives.
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The Photochemistry of 1,3-Butadiene Rationalized by Means of Theoretical
Resonance Structures and Their Weights
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Abstract: A complete active-space self-
consistent-field wave function for the n-
electron part of s-trams-1,3-butadiene
has been expanded into a set of localized
bonding schemes and their weights.
These bonding schemes are close to the
resonance structures used in organic
chemistry. The expansion technique has

ground state and the electronically
first-excited singlet and triplet m,mt*
states. The manifolds of large-weight
bonding schemes represent approximate

Keywords: ab initio calculations
butadiene - photochemistry - va-
lence bond

resonance hybrids for the ground and
the singlet and triplet m,t* states of
s-trans-1,3-butadiene. These resonance
hybrids, obtained by theory alone, per-
mit a qualitative rationalization of a
significant part of the known singlet and
triplet photochemistry.

been applied to both the electronic

Introduction

Resonance structures are the classic tool of organic chemists
to describe the electron distribution of molecules qualitative-
ly. The lines in resonance structures symbolize spin-coupled
electron pairs localized in bonds or in lone pairs. When the
electrons are delocalized in a molecule, several resonance
structures are needed to describe the electron distribution.
Such a manifold of resonance structures is called the
resonance hybrid for a molecule.l'l In general, the resonance
structures appear in the resonance hybrid with different
weights. Those with large weights represent the classic
qualitative notation of organic chemistry for electron distri-
bution in molecules and their reactivity.! It is important,
therefore, to know the resonance structures that enter the
resonance hybrid with large weights. Those weights have been
extensively calculated in the early days of quantum chemistry
by means of valence-bond theory.’] An appealing modern
version is the spin-coupled valence-bond method of Cooper
et al.,! which produces rather compact valence-bond func-
tions. Qualitative valence-bond theory is also the basis of the
successful modern curve-crossing model for chemical reac-
tivity as advocated by Shaik et al.l¥

The organic chemist writes large-weight resonance struc-
tures as guided by qualitative rules® and by a wealth of
accumulated chemical experience; this works well for mole-

[a] Dr. V. Bachler, Prof. Dr. K. Schaffner
Max-Planck-Institut fiir Strahlenchemie
Postfach 10 13 65, 45413 Miilheim an der Ruhr (Germany)
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cules in the electronic ground state and for their thermal
reactions. Photochemical reactions, however, start out from
electronically excited states, and the photochemically relevant
large-weight resonance structures are much harder to envis-
age. Nevertheless, resonance structures based on valence-
bond theory are an important tool for the qualitative
interpretation of photochemical reactivity. Michl and Bonan-
cic-Koutecky, for example, explicitly describe the trans-
formation between molecular orbital (MO) and valence-bond
wave functions for important two-electron cases, and both
MO and valence bond schemes are applied to discuss the
electronic properties of two-electron o and st bonds. This type
of transformations has been frequently applied in the past to
interpret computed MO wave functions in the framework of
valence-bond theory.

Hiberty et al. were the first to devisel® and apply™® a general
scheme for expanding a delocalized MO wave function into
the set of valence-bond functions. In recent years Karafiloglou
et al. developed a poly-elctron population analysis to inter-
pret a delocalized MO wave function in terms of poly-electron
distributions that are strictly local.l'! Central to this procedure
is Moffitt’s theorem,['!! which allows the expansion of a
delocalized MO Slater determinant into AO (atomic orbital)
Slater determinants that contain atomic orbitals localized at
the atoms of the molecule. Many applications of Karafilo-
glou’s procedurel’?l show that complicated delocalized MO
wave functions can be interpreted in terms of localized
bonding schemes, which are close to organic resonance
structures. Recently, a theoretical procedure has been intro-
duced™ that allows the expansion of an MO determinantal
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wave function into a set of determinantal wave functions
composed of localized atomic orbitals (AOs). A concise
expansion formula has been suggested which produces the
whole set of AO determinants contained in the MO determi-
nant.["¥ This procedure affords localized bonding schemes and
their weights from a delocalized MO determinantal wave
function.

In the following we extend this procedure by expanding a
multi-configurational MO wave function obtained by means
of the complete active-space self-consistent-field (CASSCF)
method.') We have applied the expansion technique to
obtain the approximate resonance hybrid for the 1'A, ground
state of s-frans-1,3-butadiene. Moreover, we derived for the
first time, approximate resonance hybrids for the first excited
13B, triplet and 1'B, singlet states of s-trans-1,3-butadiene by
expanding a CASSCF wave function.['>) We show in this paper
that the resonance structures obtained and their weights
prove compatible with the well-known 3w,mt* and ‘'mm*
photochemistry of butadiene. This supports the major issue
of this paper, namely the notion that resonance hybrids,
obtained from theory alone (i.e., from vertically excited-state
MO wave functions), might represent a qualitative tool for
rationalizing, and eventually predicting, photochemical reac-
tions.

Computational Methods

The CASSCF computations were performed by means of the Gaussian92/
DFT suite of ab initio programs.'”? A CASSCF wave function was obtained
as a linear combination of MO Slater determinants, which are in general
not eigenfunctions to $2, rather than as a linear combination of config-
uration state functions."8! Thus, the spin-adapted CASSCF wave function
Y, for an electronic state i is given by Equation (1).

w=3 cyooy e
j=1

The MOs contained in the m MO Slater determinants, ®M°, were obtained
by averaging the ground state and the five lowest excited states, which
consist of triplet and singlet states.!'”) Thus, the subsequent analysis was
performed by using a set of MOs that was identical for the ground and the
first-excited singlet and triplet m,* states. In order to obtain localized
bonding schemes and their weights, all MO determinants ®M° were
expanded into a set of N AO determinants %0, Therefore, for any ¢M°
of Equation (1), Equation (2) holds.

Np
DO =N " yno )
p=1

Abstract in German: Eine CASSCF-Wellenfunktion fiir den m-
Elektronenteil des s-trans-1,3-Butadiens wurde in einen Satz
von lokalisierten Bindungschemata und deren Gewichte ent-
wickelt. Diese Bindungsschemata sind den Resonanzstruk-
turen der organischen Chemie sehr dhnlich. Das Entwick-
lungsverfahren wendeten wir auf den Grundzustand und die
ersten angeregten Singulett- und Triplett-zt,w*-Zustinde an.
Die Sitze von Bindungsschemata, die Schemata mit grofien
Gewichten enthalten, stellen ungefihre Resonanzhybride fiir
den Grundzustand und die Singulett- und Triplett-m,n*-Zu-
stinde von s-trans-1,3-Butadien dar. Diese Resonanzhybride,
erhalten allein durch Theorie, erlauben es einen grofien Teil der
bekannten Photochemie des s-trans-1,3-Butadiens qualitativ zu
erkliren.
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The AO determinants ¥3© contain AOs localized on the atoms of the
molecule. The coefficients ¢j in Equation (2) are determinants formed
from the linear combination atomic orbital (LCAO) coefficients of the
MOs contained in ¢}MC. By substituting Equation (2) into Equation (1) we
obtain®!! Equation (3), and the coefficients Ci, are given by Equation (4).

Np m Np
_ J ~MOYsAO _ i YAO
l[/[,i g cleMOWRO = E (o' 3)
p=1 j=1 p=1
m
— j ~MO
C,= g ceif “
=

Thus, the CASSCF wave function ¥, for a definite electronic state i is
expanded into the set of Ny, AO determinants ¥3© [see Eq. (3)]. The linear
combination coefficients Cj, reflect how strongly the AO determinant ¥4©
is contained in the CASSCF wave function ¥, The various ¥4s consist of
local atomic spin orbitals and they describe local spin occupations in a
molecule.'¥ By means of Equations (3) and (4), therefore, a correlated
delocalized CASSCF wave function can be analyzed in terms of local spin
occupations. We employed extended basis sets for the AOs. As a
consequence, any ¥4° in Equation (3) contains contracted groups of
Gaussian functions rather than AOs. We calculated the weights for the
various ¥4© to obtain weights for local spin occupations by following the
general sampling procedure outlined in ref. [13]. Bonding schemes which
closely resemble resonance structures of organic chemistry, can be obtained
in this way from a delocalized CASSCF wave function. A similar intention
has been pursued by Thorsteinsson et al.,”) who constructed a genuine
valence-bond function by maximizing the overlap between a computed
CASSCF wave function and a set of spin eigenfunctions or by minimizing
an energy criterion. We, however, expand the CASSCF wave function
directly [see Eq.(3)] into the set of crude ¥/Cs that are not spin
eigenfunctions. Recently, a CASSCF wave function was used to partition
the total energy of diatomic molecules into local covalent and ionic energy
increments.?®! This decomposition was performed by calculating expect-
ation values over local operators.?) We computed for a definite ¥4© the
coefficients ¢/, for all m @MOs. All ¢j;s were multiplied by the corresponding
coefficient ¢;© of Equation (1). By adding up these products, coefficient
Ci, was obtained [see Eq. (4)] which reflects the content of AO determinant
w0 in the CASSCF wave function ¥,. Similar contents have been obtained
in the past by computing the weight for ¥4°s by means of a formula which
accounts for the non-orthogonality of the AO determinants.! A rapid
process for computing such weights has been suggested and applied.”®! We,
however, determined the weight for ¥{* by means of the simple weight
formula [Eq. (5)] which neglects the non-orthogonality of the ¥s.

i2
Ci

WL =7

2. CF

v=1
Karafiloglou et al. use orthogonal AOs in their expansion technique.?’! For
those cases Equation (5) produces weights that are probabilities for finding
electronic events in the MO wave function, which are indicated by the
corresponding AO determinants. An electronic event, for example, would
be the presence of two m electrons at one terminal carbon atom of
butadiene and to find simultaneously two s electrons in the remaining
terminal & bond. Inspite of the only assumed orthogonality in this work,
Equation (5) should produce weights which are approximate probabilities
for electronic events. Equation (5) has previously produced reasonable
weights for AO determinants and bonding schemes.['*l This encouraged us
to use it also in the following applications.

Q)

Results and Discussion

The computed vertical excitation spectrum of s-frans-1,3-
butadiene: The electronic properties of butadiene, the parent
compound of polyenes, have been investigated extensively by
experimental®! and theoretical methods.?) Large basis sets,
including diffuse Rydberg functions, and accurate methods for
computing electronic correlation energies are needed to
reproduce satisfactorily the electronic transition energies of
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butadiene. The 1'B, m,m* state is known to have an
appreciable Rydberg character.?®!l Moreover, this electronic
state is significantly ionic.?>"! This property implies that for a
correct computation of the 1'A,—1'B, transition energy it is
mandatory to apply configuration interaction methods in
which o and &t electrons are considered explicitly.?) However,
we are mainly interested in bonding schemes and their
weights which are close to a valence-bond function for the &
electrons. It should therefore suffice for our purpose to
expand a CASSCF wave function where the active electrons
are the m electrons only. Nevertheless, it is of interest to
estimate the quality of this m electron restriction with respect
to the various transition energies. We employed a complete
active space for the four & electrons of butadiene distributed
among the n © MOs designated as CAS(4,n).l'”) In order to
derive the energies with comparable quality, we state-
averaged® the ground state and the five lowest excited
states. The results are compiled in Table 1.

Table 1. Vertical electronic excitation energies [eV] of s-trans-1,3-buta-
diene computed by means of the complete active-space self-consistent field
(CASSCF) procedure and various basis sets.[?!

State  CAS(4.4)/ CAS(4,4)/ CAS(4,6)/ Theor Exptl
6-311G™ 6-311++ Gl 6311 ++ G+l

1A, —154941746 —154.941834 —155.006778 - -
1°B, 336 3.33 339 3306 3200
1A, 4.98 492 4.88 5.08¢ 4,916
2A, 6.78 6.71 6.56 6.6411 0
2B, 8.04 7.95 7.65 6.661
1'B, 9.01 8.83 7.24 85411 5.9

[a] CAS, which contained only the four active & electrons, was adopted for
the computation of the values in columns 2-5. The employment of
polarization and diffuse functions improved slightly the transition energies
of the values in columns 2 -4. [b] This work. [c] See ref. [29v] for details of
computation. [d] Value computed in ref. [32]. [e] Values cited in ref. [29v].
[f] Resonance Raman data place the 2'A, state below the 1'B, state;
however, see ref. [28g] for the problems involved with values to this entry.
[g] Not available.

Employing the 6-311G basis sets® and a CAS(4,4), we
have achieved a satisfactory agreement with experiment for
the excited states 1°B, and 1°A, (Table 1). Single-photon
excitation to the doubly excited 2'A, state is dipole forbidden
and therefore difficult to observe.P] Our value, however,
accords with the CASSCF energy given by Serrano-Andrés
et al.1 (Table 1). For the excited 2°B, and 1'B, states the
agreement with experiment and even simple all-valence
configuration interaction calculationst®? is unsatisfactory.
The failure for the 1'B, state may originate from the large
ionicity of this state which is discussed below. This ionicity
requires the inclusion of o electrons in a correlation treatment
of the 1'B, m,m* state. By augmenting the basis sets with
diffuse functions (6-311++ G), a marginal lowering of all
transition energies towards their experimental values has
been achieved (Table 1). The increase of the active space by
two further virtual & orbitals, CAS(4,6), supplemented by the
addition of polarization functions, led to a significant lowering
(~1.6 eV) of the transition energy for the 1'B, m,* state.
Nevertheless, the experimental transition energy is still far
from being reproduced. The approximate resonance hybrids
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for the 1'B, and 1°B, m,7t* states of butadiene were finally
obtained by expanding the corresponding CASSCF wave
functions (see below). The employment of these wave
functions is based on our assumption that, contrary to the
excitation energies, the m electron distributions in both states
are described by the CASSCF wave functions with compara-
ble quality.

The resonance hybrid for the 1'A, ground state of s-trans-1,3-
butadiene: We performed CASSCF calculations at the
CAS(4,4)/6-311G level of theory by state-averaging the six
electronic states listed in Table 1. Thus, a common set of =
orbitals was obtained for this state manifold. Moreover, we
considered only the m electrons in the @M°s which make up
the function ¥, [Eq. (1)]. Therefore, only a correlated m
electron wave function for 1'A, ground-state butadiene was
expanded. The expansion coefficients ¢,M° [Eq. (1)] for the
1'A, state make up the eigenvector of the lowest root of the
CASSCF eigenvalue problem. The expansion results are
summarized in Table 2.

Table 2. Localized spin occupations for the m AOs and the resulting
bonding schemes for the 1'A, ground state of s-trans-1,3-butadiene.l”]

Spin occupation Degeneracy Bonding scheme

t ) i | 0.34986
1 | SRS S S 4

0.46188 , °
0.1120
b

) SR S N S S B —
0.32246 0.32246

mo 1 . = ®
0.01264 0.01264

woo Ny, 9%
0.07968 0.07968

R S NS S S O S
0.07706 0.07706

Y S T S S e QO O e
0.01504 0.01504

o Y. % ., 5, @ © 9 &
0.00590 0.00590

vim % i . ¢ O e &
0.00553 0.00553

x bt , @ e © e
0.00514 0.00514

x Mt 2 © .. 9%
0.00276 0.00276

¢ BT N ® 9 9 %
0.00143 0.00143

xu b ., , 9.2 ® &
0.00015 0.0001

[a] Numbers below the figures are weights. Spin occupations were obtained
by expanding the m part of a CAS(4,4)/6-311G wave function. The pure
covalent spin occupations evolve from the expansions with large weights.
This is an improvement compared to expansions where simple uncorrelated
restricted MO determinants are employed.
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The localized spin occupations I-XII/2B3 are listed in the
sequence of decreasing weights. They also include weights for
spin-inverted spin occupations and for degenerate spin
occupations. The meaning of spin degeneracy is illustrated
by spin occupation I'V/2 in which two electrons are localized at
one terminal carbon and two electrons in a terminal & bond. A
second spin occupation of the same weight appears in the
expansion in which four electrons occupy the alternative
terminal carbon and m bond, respectively. Therefore, IV/2
represents a spin occupation of twofold degeneracy. Table 2
shows that the covalent spin occupations I-III/2 evolve from
the expansion with by far the largest weight. They are
dominated by I/2, which is characterized by a complete spin
alternation.

This dominance of covalent weights is a significant im-
provement with regard to expansion results derived from an
uncorrelated restricted MO determinant. In this determinant
covalent and ionic resonance structures appear with weights
which are too small and too large, respectively. This fact is
known as the overionicity of a restricted MO determinant.[
Therefore, covalent resonance structures, known by the
chemist to have large weights in delocalized r systems, cannot
be derived with proper weights from a simple restricted MO
determinant, but are obtained from the CASSCF wave
function (Table 2). A similar reasonable weighting has been
found previously by Hiberty and Ohanessian®* who ex-
panded a complete configuration interaction wave function.
Our results illustrate, furthermore, that the CASSCF wave
function emphasizes the left—right m-electron correlation in
the ground state of butadiene.

Spin occupations IV/2 and V/2 succeed to the covalent
occupations in terms of decreasing weights. They are mono-
ionic in character but still have a covalent alternating spin
occupation in a terminal m bond. Structure X/2 is also
monoionic, but the covalent alternating spin occupation
makes up the long central bond. Such a spin occupation
should be unfavourable, and accordingly X/2 has a much
smaller weight than I'V/2 and V/2. Finally, spin occupations
VII/2, XI/2 and XII/2 are diionic in character. Adjacent
charges of equal sign lead to very small weights for XI/2 and
XII/2. The alternation of negative and positive charges,
however, affords a larger weight for VII/2 than for XI/2 and
XI1/2. Thus, the sequence order of computed weights appears
to be rational.

The localized spin occupations of Table 2 are translated into
localized bonding schemes!!3 which are close to the chemist’s
resonance structures. A covalent t bond in a bonding scheme
is represented by a line between two adjacent atoms. Such a
line symbolizes two electrons of opposite spin shared by two
atoms, while it designates an electron pair when two such
electrons occupy one and the same atom. This bond and lone
pair definition differs from the one employed in Hiberty’s
expansion technique.’®! There, an MO wave function is
expanded into the set of genuine valence-bond functions that
are linear combinations of AO determinants and eigenfunc-
tions of the $? spin operator. These valence bond functions
represent the various spin coupling schemes of the electrons
occupying localized AOs, and any singlet spin coupling
scheme represents a definite way of drawing bonds. The bond
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definition adopted in this work, however, is based on the
energy expectation values for the crude AO determinants
which are not eigenfunctions of $% By considering next
neighbour interactions only, one can show that a simple spin
alternation between adjacent atoms lowers the energy for that
AO determinant relative to the energy of the corresponding
high-spin determinant.¥ This energy lowering is an energy
increment characteristic for a bond represented by two
electrons of opposite spins. Thus, a bonding scheme obtained
from a crude AO determinant symbolizes the partitioning of
the energy expectation value for that AO determinant into
energy increments for bonds indicated by the bonding
scheme.

The complete spin alternation in I/2 implies that its weight
contributes to the weights of the two bonding schemes Ia/2
and Ib/2. Bonding scheme Ia/2 is made up of two terminal 7
bonds, and Ib/2 has a central 1 bond combined with a 1,4-
diradicaloid character. The probability of finding a spin
alternation between adjacent carbon atoms is known to
correlate with the 7 bond lengths in polyenes.’! The
computed weights of the spin alternation for the terminal
and the central carbon —carbon bonds were used to partition
the weight of spin occupation I/2 into the weights for Ia/2 and
Ib/2. Thus, the weight partitioning was implicitly guided by
the bond strengths of the bonds in the bonding schemes. The
classical resonance structure for butadiene was found to
prevail and the 1,4-diradicaloid form to be of minor impor-
tance. Bonding schemes with a 1,3-diradical character appear
with very small weights.

These results lead to an approximate resonance hybrid for
1'A, ground state butadiene. The corresponding bonding-
scheme weights comprise about 95% of the total weight
(Scheme 1).

° [
67.2 12.5
Ta/2+11/2 Ib/2+1X1/2
o ® ® ©
8.0
IvV/2
cl / \‘ c
| |
a b
® O o ®
7.7
V2
cl i

Scheme 1. The approximate resonance hybrid for 1'A, ground state
s-trans-1,3-butadiene. Resonance structures and their weights arise from
the predominant localized spin occupations of the w AOs in Table 2.
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While the prevalent covalent resonance structure Ia/2+11/2
has a weight of 67 %, the 1,4-diradical Ib/2+III/2 is signifi-
cantly less important (12%), as are the monoionic structures
IV/2 and V/2 (overall contribution about 16 %).

In the spin-coupled valence-bond method of Cooper et al.
non-orthogonal AOs are also employed, but they are opti-
mized for the molecule.™ This optimization produces AOs
that extend slightly towards the neighbouring atomsP®”! and
they are not strictly local. A worthwhile consequence of this
fact is that the ionic structures vanish®! and their valence-
bond functions comprise only few covalent structures.?! Thus,
rather compact valence-bond functions are obtained. In our
scheme we expand a delocalized CASSCF wave function,
which is optimized by means of the state-averaging proce-
dure.'”) The appearance of the ionic structures in Scheme 1 is
a direct consequence of the use of AOs that are strictly
localized at the atoms. As in the classic valence-bond method,
the ionic structures are essential for describing the delocal-
ization of the m electrons.*” Therefore, N, in Equation (2)
becomes very large for more electrons and basis functions!'!
and the information is scattered in a large number of
expansion terms.

On the basis of the monoionic structures I'V/2 and V/2 the
addition of HCI to butadiene, for example, can be rational-
ized. The similar weights for IV/2 and V/2 demand that
protonation of the negatively charged carbons should occur at
all positions, C1 to C4, with equal probability. The protonated
species arising from I'V/2 is stabilized by allylic delocalization
of the positive charge, which is not possible in the protonation
product of V/2. Of the three possible products upon subse-
quent Cl addition (a—¢, Scheme 1), only those two (a and b)
are formed[*! which are both predicted to be accessible from
IV/2. Compound ¢, which would be expected as the product of
V/2, has not been isolated. This is in accord with the lack of
allylic stabilization after protonation. An alternative potential
route subsequent to protonation of V/2, however, could be a
1,2-hydride shift leading to the precursor of a and b. This a
priori possible role of V/2 as a contributor to reactivity has
now been ruled out by Leitich®*! in appropriate isotope
labelling experiments. The agreement between experimental
and theoretical results confirms that we have generated an
approximate classic resonance hybrid for ground state buta-
diene by expanding the m part of a CASSCF wave function.
The results support the notion that we may apply the
expansion technique also to cases for which chemical
experience is less abundant.

The general idea of obtaining resonance structures and
their weights from a computed MO wave function has also
been adopted by Glendening and Weinhold™! in their natural
resonance theory. The procedure was applied to the ground
state of s-trans-1,3-butadiene by considering o and = elec-
trons.*¥! As a result, the covalent resonance structure Ia/2+1II/
2 dominates the resonance hybrid with 71 % and the ionic
structure X/2, with a central double bond, contributes with a
weight of 7.9 %. All other structures appear in the resonance
hybrid with significantly smaller weights. This is at variance
with our own resonance hybrid (Scheme 1) where the ionic
structures IV/2 and V/2, both of which retain one terminal
double bond, have significant weights, and where X/2, the
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central bond of which has a weak m nature only, can be
neglected (Table 2). These theoretical results are borne out
satisfactorily by experiment. Moreover, they are in line with
the different m bond strenghts of the terminal and central &
bonds.

The resonance hybrid for the 1'B, mm* excited state of
s-trans-1,3-butadiene: The molecule s-trans-1,3-butadiene is
transformed into a variety of photoproducts.*’! In solution
with light of 2537 A, the photoreaction is initiated by vertical
excitation into the singlet 1'B, t,7t* state. Measured absolute
resonance Raman excitation profiles suggest that after
vertical excitation a fast transition to the doubly excited
2'A, electronic state should occur.[*! Thus, the photochem-
istry seems to proceed primarily on the 2'A, potential energy
surface. This conclusion has been substantiated by Robb and
co-workers®! by CASSCF computation of the potential
energy surfaces for selected photochemical pathways. It was
shown that the excitation energy indeed flows from 1'B, to the
doubly excited Z‘Ag state, which forms a conical intersection
region with the 1'A, ground state. The excitation energy is
thus funneled”*! onto the 1'A, surface and thereby trans-
formed into vibrational excitations of the ground-state react-
ing system.”™ As a consequence, the unsensitized photo-
chemistry of butadiene is characterized by complicated
photophysics involving potential energy surfaces of several
electronic states. Nevertheless, the various reaction pathways
seem to be entered already at the very beginning of the
photophysical overall process. The energy flow between
several potential energy surfaces serves mainly to distribute
early in the reaction the excitation energy between various
electronic states. Therefore, we adopted the crucial notion
that the wave function of the vertically excited 1'B, state
already contains information that can be extracted in a
suitable form to predict products. Thus, we attempt to gain
information on products solely from the reactant wave
function, which is the wave functions for the 1'B, electronic
state of butadiene. The feasibility to gain information on
products from a reactant wave function alone is one
assumption in the static approach to chemical reactivity.[*’]
The other supposition is that a reaction pathway that is
favourable at the beginning of the pathway remains favour-
able up to the products.*’l Both assumptions are the basis for
the employment of classic reactivity indices*! and of frontier
orbital densities.*’]

In the following we derive information on products by
obtaining an approximate resonance hybrid from the 1'B,
reactant wave function of butadiene. Weights for valence-
bond-like resonance structures for this electronic state have
already been obtained by Michl and Bonancic-Koutecky!”) as
a function of the twist angle for rotation about one terminal
bond. The authors state, however, that their procedure “does
not permit an extrapolation to the planar geometry”.

We have now performed CASSCF computations for 1!'B,
butadiene at the CAS(4,4)/6-311G level of theory. Our
intention was to generate localized bonding schemes that
describe the distribution of the valence m electrons only.
Therefore, Rydberg and polarization functions were not
included in the Gaussian basis sets used. The w MOs in the
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@MO of Equation (1) are the MOs obtained from a state-
averaging CASSCF computation of the six states recorded in
Table 1. The coefficients ¢;° [see Eq. (1)] for the target 1'B,
state, however, are the eigenvectors of the sixth root of the
CASSCF eigenvalue problem. The resulting localized spin
occupations and bonding schemes are recorded in Table 3 in
the sequence of decreasing weights.

The monoionic bonding schemes I/3 and II/3 with one &
bond each are dominant, followed by the monoionic 1,4-
singlet diradical III/3. Bonding schemes IV-VI/3 are also
monoionic, but have either a central & bond or a 1,3-singlet
diradical. The diionic bonding schemes VII/3, X/3 and XI/3
are of smaller weights, and so are—in contrast to the ground
state expansion—the covalent bonding schemes VIII/3, IX/3
and XII/3.

It is of interest to compare the 1'B, m,;t* state expansion
with the previous expansion for the 1'A, ground state. On the
one hand, the 1'A, expansion is dominated by the classic
covalent bonding scheme possessing two s bonds (Table 2).
The 1'B, expansion, on the other hand, is characterized by a
manifold of different bonding schemes with similar weights
(Table 3). Nevertheless, the weights for the monoionic
schemes I/3 and II/3 with only one  bond dominate. These
findings immediately afford a localized picture of the vertical
excitation process. The electronic excitation energy serves to
disrupt one of the two covalent m bonds of butadiene,
tantamount to an intramolecular electron transfer between
the adjacent carbon atoms of the ;t bond broken. This process
is indicated by the dominant monoionic bonding schemes I/3
and II/3. Moreover, the 1'B, state should have a significant
singlet diradical character as indicated by the weights for the
bonding schemes III/3, V/3 and VI/3. The expansion leads to
an approximate resonance hybrid for the 1!B, state given in
Scheme 2.

The weights of the resonance structures recorded in
Scheme 2 comprise 872% of the total weight. The leading
monoionic resonance structures I/3 and II/3, each with one n
bond, appear with 48.4%. A characteristic 1,3-diradical
character is indicated by the monoionic resonance structures
V/3 and VI/3 which total 16.8 % . An appreciable 1,4-diradical
character (11.6 %) is attested by the monoionic structure III/3.
Of comparable importance (10.4%) are the monoionic
structures I'V/3 with a central double bond. The similarity of
the weights shows that all resonance structures of Scheme 2

Table 3. Localized spin occupations for the 7t AOs and resulting bonding
schemes for 1'B, m,m* s-trans-1,3-butadiene.l?

Spin occupation Degeneracy Bonding scheme

1 [ S A E—
0.26030 0.26030
II . T} I i (? . s——e
0.22449 0.2244
mo b e Q © e
0.11618 0.11618
v Tol I { . 2 @ P @
0.10392 0.10392
[ ]
v S S 2 O e @ e
0.09084 0.09084
w L., e9 e0
0.07686 0.07686
® 60 ®
Vil tl . Tol . 2 @ . . .
0.05651 0.05651
vimm it b
0.01337 o .
0.0218
x i lb
0.00844
NN ® O O «
X . . . . 1 — . .
0.00673 0.00637
© © ® ®
XI T-l Tol . . 2 . . .
0.00260 0.00260
i i | | o —. @
o s o057

[a] Spin occupations were obtained by expanding the xt part of a CAS(4,4)/
6-311G wave function. State-averaged MOs, but singlet configuration
interaction coefficients, of the target state were employed. The monoionic
spin occupations evolve from the expansions with large weights. The
weights for the pure covalent spin occupations are negligible. The
expansions illustrate the ionic character of the 1'B, mt,;t* state.

should be considered in a proper description of 1'B,
butadiene. We illustrate in the following section that this
resonance hybrid is in line with both the photochemistry of
butadiene and with detailed computations.

The photochemistry of s-trans-

Q9@ — S ® o @29 — — Q9 1,3-butadiene and the reso-
26.0 nance hybrid for the 1'B, state:
173 The monoionic structures I/3
e O ® e e ® O e © ® ® © (26.0%) and II/3 (22.4%) in
16 T T Scheme 2 appear with similar
11/3 1v/3 and significant weights. The
© e ® o o ® e © e O e ® ® e O e relevance of these two reso-
nance structures for the charac-
91 terization of the 1'B, m,m* state

V/3 VI1/3

Scheme 2. The approximate resonance hybrid for 1'B, mt,u* s-trans-1,3-butadiene. Spin occupations and their
weights were derived from the nt part of the CAS(4,4)/6-311G wave function. The resonance structures and their
weights were obtained by sampling the weights of localized spin occupations for the t AOs. The resonance hybrid

reveals the ionic character of the 1'B, state.
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has been debated in the past.
Dauben and Ritschert infer-
red from the photoreactivity of
ethylidene cyclooctenes that an
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allyl-anion — methyl-cation electronic arrangement is relevant
for the reactivity of the diene system. This conclusion is in
agreement with the importance of structure II/3. Squillacote
and Semplel! interpreted the observation of a fast rotation
about the terminal m bond in appropriately deuterium-
labelled penta-1,3-dienes in terms of an allyl-cation — methyl-
anion arrangement that dominates the 1'B, mt,mt* state. Such
an electron distribution is exhibited by the significant
structure I/3. The large and similar weights for I/3 and II/3
indicate that the allyl anionP” and allyl cationP!l structures are
both relevant for the 1'B, m,t* state.

Structures I/3 and II/3 (Scheme 2) contain one covalent and
one ionic m bond. A rotation about an ionic t bond should
have a small rotational barrier. Consequently, facile rotation
about a single terminal bond should be the preferred
geometry relaxation mode after vertical excitation. This
conclusion is supported by computations of Bonancic-Kou-
tecky et al.®! After vertical excitation, the high energy of
s-trans-1,3-butadiene at the C,, geometry is significantly
lowered by a geometry relaxation comprising mainly a
rotation about only one terminal bond. This rotation proceeds
essentially without a rotational barrier which is in agreement
with the presence of an ionic & bond in I/3 and II/3.

A superposition of the similarly weighted 1I/3 and II/3
indicates that m charges at the carbon atoms of the ionic bond
are negligible. A slight geometry distortion, however, should
destroy the weight balance between the two structures. This
imbalance could be induced by a pyramidalization of one
terminal carbon. It should result in a significant dipole
moment in the 1'B, m,mt* state and an energy lowering by
stabilizing the negative & charge at the terminal carbon atom.
Such an induced dipole moment is the essence of the sudden
polarization effect in polyenes, and the further energy low-
ering was found by means of computations.’? The sudden
polarization is a consequence of the ionic character of the 1'B,
state. This ionicity is hard to see when computations in a
delocalized MO basis are performed in C,, symmetry. It
emerges naturally, however, from our analysis in which a
delocalized MO wave function is interpreted in a localized
picture.

The weight of the structures I'V/3 (10.4 % ) indicates that the
central carbon —carbon bond should have a significant double
bond character in the 1'B, m,t* state. The corresponding
weight for the 1'A, ground state is slightly larger (Scheme 1:
12.5%). Therefore, one may expect the rotational barriers
around the central carbon—carbon bond to be similar in the
two electronic states. Indeed, the computed barrier in the 1'A,
ground state is 6 kcalmol~',[ and that in the 1'B, excited
state is slightly larger (about 10 kcalmol ).

Scheme 2 shows that the 1!B, state should have a significant
zwitterionic singlet 1,3-diradical character, represented by the
structures V/3 (9.1%) and VI/3 (7.7 % ). By comparison the 1,4-
diradical character of III/3 (11.6%) is smaller than the
combined weight for V/3 and VI/3. The expected photochem-
ical behaviour therefore is as summarized in Schemes 3 and 4.

In the zwitterionic singlet 1,3-diradicals V/3 and VI/3 the
two unpaired electrons with opposite spins represent a long
bond.’ They are predestined to ring closure, as are the two
carbons with opposite charges. As a result bicyclo[1.1.0]bu-
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Scheme 3. The photochemical formation of bicyclo[1.1.0]butane starting
from 1'B, zt,;t* s-trans-1,3-butadiene. The reaction is expected to arise from
the monoionic 1,3-diradicaloid bonding schemes V/3 and VI/3.
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Scheme 4. The 'st,t* photochemical products of all-trans-2,4-hexadiene in
methanol, as expected on the basis of zwitterion scavenging indicated by
V/3 and VI/3 (to form e and f) and of I/3 and II/3 (to form g and h).

tane(d) should be formed (Scheme 3). Upon direct irradiation
of s-trans-butadiene with light of 2537 A, in nonpolar solvents
and in the gas phase, d is indeed formed, albeit in minor
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yield.! Bicyclo[1.1.0]butane formation should be favoured
by experimental conditions which stabilize the zwitterionic
bonding schemes V/3 and VI/3. Such conditions are the use of
a polar solvent and/or appropriate substituents. In point of
fact, when 2-cyanobuta-1,3-diene in diethyl ether was irradi-
ated with 2357 A light, the corresponding product of type d
was formed with a quantum yield of 0.029.5 A much smaller
quantum yield of 0.009 was determined for the cyclobutene
formation. The predominance of bicyclo[1.1.0]butane forma-
tion may well be a consequence of both the polar solvent
(stabilizing both zwitterionic bonding schemes) and the cyano
group (stabilizing VI/3 by delocalizing the negative charge at
C-2). This qualitative accord between experiment and theory
supports the notion that V/3 and VI/3 are relevant for 1'B,
state butadiene.

Bonding schemes V/3 and VI/3 suggest, furthermore, that
zwitterion scavenging should occur when butadiene is irradi-
ated in a protic solvent. Thus, irradiation of the homologous
2,4-hexadiene in the presence of methanol is expected to
afford cyclopropanes e and f (Scheme 4).

Indeed, the product f has been isolated in 18 % yield.P®) We
have to keep in mind, however, that possibly f is not a
photoproduct of butadiene, but rather has been formed by a
thermal solvolytic cleavage of the bicyclobutane homologue
of d. Among the photoproducts of 2,4-hexadiene in methanol
also the allylic methyl ether g (5% yield) is present. It
evidently results from protonation of the localized negative
charge of the leading monoionic scheme I/3 in preference to
protonation of the alternate II/3, which is less strongly
stabilized (see above). These experimental findings are in
accord with our expectations based on theory that monoionic
structures (such as I/3) and zwitterionic singlet 1,3-diradicals
(such as V/3 and VI/3) are significant for 1'B, butadiene.
Nevertheless, the major photoreaction of butadiene is the
formation of cyclobutene.[*] It is generally accepted that this
product is formed from the 'st,;t* state of s-cis-butadiene.F1 In
the cis isomer equivalents to the structures III/3 and IV/3
should be important. Such structures evidently would be
candidates to undergo 1,4-bond formation. Thus, a large part
of the photochemistry of 1,3-dienes can be qualitatively
rationalized by the resonance hybrid given in Scheme 2 which,
as we recall, has solely been obtained by theory. The
qualitative accord between theory and experiment supports
the concept that expanding a CASSCF wave function into a
set of AO determinants leads to approximate resonance
hybrids that are photochemically meaningful.

The resonance hybrid of the 1°B, m,n* state of s-trans-1,3-
butadiene: An approximate resonance hybrid for triplet 13B,
butadiene was derived by expanding the wave function for the
7w electrons obtained from the CAS(4,4)/6-311G wave func-
tion for this electronic state. The CASSCF wave function was
again computed by state-averaging the six electronic states
recorded in Table 1. Thus, the MOs adopted in the qﬁlMos of
Equation (1) are the same for all six states. The c}'s of
Equation (1), however, represent the eigenvectors of the
second-lowest root of the CASSCF eigenvalue problem. The
resulting local spin occupations are listed in Table 4 in the
sequence of decreasing weights.
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Table 4. Localized spin occupations for the p AOs and the resulting

bonding schemes for 1°B, w,v* s-trans-1,3-butadiene.?

Spin occupation Degeneracy Bonding scheme
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[a] Spin occupations were obtained by expanding the nt-part of a CAS(4,4)/
6-311G wave function. State-averaged MOs, but triplet configuration
interaction coefficients of the target state are used. The pure covalent spin
occupations evolve from the expansions with large weights. The weights for
the ionic spin occupations are much smaller. The expansion illustrates the
covalent triplet diradical character of the 1°B, &, t* state.

The pure covalent spin occupations I/4 and II/4 dominate
the expansion. They are characterized by two and one spin
alternation, respectively. The larger the number of spin
alternations, the larger should be the weight of a covalent
AO determinant.¥ This theoretical result is exemplified by I/
4 and 1I/4, the former of which has the larger weight. All
remaining monoionic spin occupations, III-VIII/4, evolve
from the expansion with significantly smaller weights.

For the partitioning of the weight of I/4 between the
bonding schemes Ia/4 and Ib/4, as shown Table 4, weights for
the local spin occupations with alternating spins for the
central and the terminal carbon-carbon bonds were com-
puted. It is known that the probability of finding an alternat-
ing spin arrangement in the m bonds of polyenes correlates
with their bond lengths.*l The ratio of the weights for Ia/4 and
Ib/4 thus reflects the bond alternation weight ratio for the
central and the terminal carbon-carbon m bonds. The
resulting bonding schemes constitute an approximate reso-
nance hybrid for the 1°B, electronic state. The most important
structures and their weight percentages are given in Scheme 5.

The resonance structures of the resonance hybrid, the
weight percentages of which amount to 81 % of the total,
indicate that 1°B, butadiene is a triplet diradical. The similarly
weighted 1,2- and the 14-diradical characters should be
equally important for the photochemical behaviour of this
3mt,70* state. In the following we demonstrate that in fact these
diradical structures serve as a qualitative theoretical tool to
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42.8 38.3

Ib/4 + 11/4 Ia/4
Scheme 5. The approximate resonance hybrid for 1°B, m,n* s-trans-1,3-
butadiene. Resonance structures and their weights were obtained by
sampling the weights for localized spin occupations of the m AOs. Spin
occupations and their weights were derived from the m part of the
CAS(4,4)/6-311G wave function. The resonance hybrid illustrates the
triplet diradical character of the 1°B, state.

rationalize the product distributions found in the triplet-
sensitized photochemistry of butadiene and butadiene deriv-
atives.>

The photochemistry of s-frans-1,3-butadiene and the reso-
nance hybrid for the 1°B, 3x,7* state: Upon population of the
1°B, state by triplet sensitized irradiation, fast electronic
relaxation to the singlet ground state is spin forbidden.
Therefore, the lifetime of the 1°B, state is in the range of
microseconds.’” Such rather long lifetimes permit the triplet-
excited molecule to encounter their ground state counter-
parts. Hence, there is a preference for bimolecular reactions,
which can be rationalized on the basis of the corresponding
localized spin occupations obtained by theory alone.

The interaction of a 1°B, and a ground state 1'A, s-trans-
butadiene is qualitatively described by the encounter complex
i (Scheme 6). Both states are represented by the local spin
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Scheme 6. The photochemical reaction of 1°B, m,7t* s-trans-1,3-butadiene
with a ground state 1'A, s-trans-1,3-butadiene. Both molecules are shown in
the encounter complex i with their predominant spin occupations. Upon
intersystem crossing by spin inversion of the encircled spins in j the
divinylcyclobutanes 1 and m can be formed. Note that the alternative
cyclization would afford a trans-cyclohexene product which is very highly
strained. s.i.: spin inversion.
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occupations I/4 and I/2, respectively. Unfortunately, the
corresponding AO determinants are not eigenfunctions of
total spin operator S%. They do not represent spin pure 1°B,
and 1'A, electronic states. However, they are the largest single
contributions in the expansions for the spin pure 1°B, and
11Ag CASSCF wave functions. Therefore, we assume that 1/4
and I2 are representatives for the 1°B, and the 1'A, state,
respectively. Two terminal carbon atoms in i carry m electrons
with opposite spins which can form the new o bond of
intermediate j. This intermediate possesses two allyl radicals
with an overall triplet spin orientation. Formation of any
second new bond between the allyl radical parts appears to be
highly unfavourable. However, spin inversion of the encircled
electrons in j affords the singlet species k, which is charac-
terized by complete spin alternation. MalrieuP® has shown
that such a spin pattern leads to the lowest energy and, in this
particular case, it corresponds to a nuclear arrangement on
the singlet 1'A, ground state potential energy surface. In k
cyclization to the experimentally observed?” diastereoiso-
meric divinylcyclobutanes 1 and m is readily feasible. An
alternative way to spin couple two m electrons in k would be
the formation of a six-membered ring with a frans double
bond. However, the ring strain introduced would be prohib-
itive.

The more favorable pathway to a cis-cyclohexene (o) starts
out from 3m,;t* s-cis-butadiene in an encounter complex n with
a ground state s-frams-butadiene (Scheme 7). We should

XA

o

Scheme 7. The photochemical reaction of 1°B, m,* s-cis-1,3-butadiene
with a ground state s-trans-1,3-butadiene. Both molecules are shown in the
encounter complex n with their predominant spin occupations. Intersystem
crossing by inversion of the encircled spins and subsequent bond formation
affords the vinylcyclohexene o. s.i.: spin inversion.

note that the formation of n from s-trans-butadiene through
s-trans —s-cis isomerization in the 3w,;t* state has proven to be
inefficient.”®! This is also suggested by the relatively large
weight of 14-diradical structure Ia/4, which implies the
presence of a significant rotational barrier about the central
carbon —carbon bond. Indeed, divinylcyclobutanes 1 and m as
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well as vinyl cyclohexene o (Scheme 7) are the major reaction
products in the sensitized 3m,;t* photodimerization of s-trans-
butadienel”! and, moreover, the triplet excited s-trans- and
s-cis-butadienes have been found to react as different
species.[!

The expansion results for 1°B, s-trans-butadiene serve also
to rationalize intramolecular cyclizations originating from this

1,2 shift
Rt

s. . \H\ 8. i /&‘
v
s q 'L t

"

Scheme 8. Intramolecular cyclodaddition of trans-1,3-pentadiene resulting from sensitized 3w, 7u* excitation. The
bond formation to the three-membered ring is indicated by the predominant spin occupation p and p’ which
correspond to I/4 (Table 4). Subsequent 1,2 hydrogen atom shifts and spin inversion lead, inter alia, to the

not observe&l

observed cyclopropene product t. s.i.: spin inversion.

state. As an example, the mercury-sensitized irradiation of all-
trans-1,3-pentadiene in the gas phasel®! is given in Scheme 8,
supplemented with a combination of the proposed mecha-
nismP7 and our theoretical results derived for 1°B, butadiene.

The 3m,t* state of 1,3-pentadiene is described by the spin
occupations p and p’, corresponding to I/4 which dominates
the 3mm* expansion for butadiene (Table4). Both spin
occupations are characterized by two adjacent localized
electrons with equal spin. Such a spin localization is energeti-
cally unfavorable, and the two electrons have a strong
tendency to avoid each other.®] This can be achieved for
spin occupation p where spin density can move to the adjacent
methyl group; this cannot occur in spin occupation p'.
Consequently, the weight of p should be larger than that of
p’- Spin coupling in p should afford the triplet diradical q
through 1,3-bond formation in the 3m,7t* state. A subsequent
1,2-hydrogen shift and inversion of one spin yields either 1,3-
dimethylcyclopropene (t) or 2-methylmethylenecyclopropane
(s). Product t has in fact been observed.) The 24-bond
formation, the reaction mode of the less important spin
occupation p’, should lead via r to 1-ethylcyclopropene (u),
which has not been reported.[®’]

Conclusion

The thermal and photochemical reactions of butadiene have
been extensively used in the past to test the predictive power
of MO correlation diagram techniques. The Woodward -
Hoffman rules adequately rationalize the observed stereo-
chemistry of the thermal and photochemical cyclizations of
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s-cis-butadiene that yield cyclobutene.[”l This MO correlation
diagram technique characterizes a given reaction pathway by
retaining a definite symmetry element along the pathway. The
pathway is called allowed provided the occupied reactant and
product MOs correlate within the symmetry retained. In
order to single out an allowed pathway from a variety of
pathways, all of them must be evaluated separately. This
situtation is different in Hale-
vi’sl®l orbital correspondence
analysis in maximum symmetry
(OCAMS) which uses effec-
M " tively the formalism of group
\‘$ theory. If a high-symmetry re-
action pathway is symmetry

forbidden, a systematic group

ls_ . theoretical rule is employed to

select an allowed pathway by

lowering the pathway symme-
try. Another successfull quali-
tative procedure is the two-
state reactivity model, in
which valence-bond structures
for reactants and products are
used to determine reaction
pathways with a low activation
energy. In contrast, our proce-
dure gains qualitative informa-
tion on possible reaction path-
ways by analysing the computed reactant wave function only.
A reaction pathway which is favorable at the beginning of the
reaction is assumed to remain favourable all the way to
product. This is also the basic assumption of the Bader—
Pearson concept!®! in which the symmetry of reaction path-
ways is determined by the symmetry of transition densities.
For ground-state reactions the symmetry of these transition
densities is the direct product between the symmetries of the
ground state and of the first excited state wave function.[]
Our approach is a population analysis of the reactant
CASSCF wave function in terms of localized bonding
schemes. Any bonding scheme corresponds to a manifold of
AO determinants which are local many-electron functions.
Therefore, a computed weight is a measure for the probability
of finding a definite local many-electron distribution in the
expanded CASSCF wave function. As an example, the weight
of IV/2 is the probability of finding two & electrons at one
terminal carbon atom of butadiene and simultaneously two 1
electrons in the other terminal carbon-carbon bond. Thus,
our qualitative results are based on a many-electron analysis
of an MO wave function. In contrast, qualitative MO methods
are rooted within the one-electron framework. The expansion
technique leads naturally to approximate resonance hybrids
which are different for the !mm* and the 3mm* states of
s-trans-1,3-butadiene. This is different to MO correlation
diagram techniques where it is hard to distinguish between
singlet and triplet reactivities.®) Another appealing feature of
our approach is that the singlet and triplet diradical characters
of an excited state appear in a strictly localized picture. A
significant singlet diradical character is characterized by two
electrons of opposite spins localized at atoms which are not

1,2 shift

r

H
u
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bonded but can approach each other. This situation can lead
to intramolecular bond formation in the excited state as
outlined for 1'B, butadiene. Moreover, the zwitterionic
character of an electronic state emerges naturally when the
expansion technique is applied. Both a local singlet diradical
and a zwitterionic character are difficult to treat by means of
MO correlation diagrams.

All results obtained in this work are derived by expanding
wave functions for the vertically excited electronic states.
Thus, our analysis does not account for the complicated
photophysics that occur on the 2'A, and 1'A, potential
surfaces after the vertical excitation. The organic photo-
chemist writes resonance structures to indicate the main
features of the electron distributions in electronically excited
states. This is usually done by employing the ground state
molecular geometry. Thus, conclusions on photochemical
reactivity are made based on simplified descriptions of
vertically excited states. We adopted this successful qualita-
tive notion in this work. Our intention was to obtain those
resonance structures from CASSCF wave functions without a
guidance of photochemical experience. The agreement ach-
ieved between the resonance structures derived and the
observed photochemistry of the diene entity support the
notion that local bonding schemes, as obtained from the =
electron part of a CASSCF wave function, are qualitatively
meaningful.
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Structure-Based Design, Synthesis, and in vitro Evaluation of Bisubstrate
Inhibitors for Catechol O-Methyltransferase (COMT)
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Abstract: The enzyme catechol O-
methyltransferase (COMT) catalyzes
the Me group transfer from the cofactor
S-adenosylmethionine (SAM) to the

from rat liver, and the inhibition Kinetics
were examined with regard to the bind-
ing sites of cofactor and substrate. One
of the designed molecules was found to

be a bisubstrate inhibitor of COMT with
an ICy,=2 pMm. It exhibits competitive
kinetics for the SAM and noncompeti-
tive kinetics for the catechol binding

hydroxy group of catechol substrates.
Potential bisubstrate inhibitors of
COMT were developed by structure-
based design and synthesized. The com-
pounds were tested for in vitro inhib-
itory activity against COMT obtained

research

Introduction

Inhibiton of catechol O-methyltransferase (COMT) is an
important approach for developing new therapeutic treat-
ments in Parkinson’s disease. COMT catalyzes a major
deactivation pathway for catechol-based neurotransmitters
such as dopamine. It is part of the metabolism of neuro-
transmitters known as “uptake 2” following the signal transfer
by the neurotransmitter between the synaptic clefts of nerve
cells.-21

The symptoms of Parkinson’s disease are a consequence of
reduced levels of dopamine in the brain due to degeneration
of the dopaminergic neurons. The current therapy consists of
an artificial increase of the dopamine concentration by oral
administration of a preparation of the amino acid L-DOPA
and inhibitors of the enzyme aromatic amino acid decarbox-
ylase (AAD) which avoid the degradation of L-DOPA in the
periphery. Although L-DOPA can cross the blood brain
barrier, dopamine and AAD inhibitors can not. In the brain,
L-DOPA is decarboxylated by AAD to give dopamine. When
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site. Useful structure —activity relation-
ships were established which provide
important guidelines for the design of
future generations of bisubstrate inhib-
itors of COMT.

drug
inhibitors

AAD is inhibited, deactivation by COMT becomes the major
metabolic pathway for L-DOPA in the periphery. Inhibition of
COMT reduces the peripheral degradation of L-DOPA and
increases its supply into the brain.["

COMT catalyzes the transfer of a Me group from its
cofactor S-adenosylmethionine (SAM) to one HO group of
catechols such as dopamine in an Sy2-type reaction. The
reaction is dependent on Mg?* ions and involves binding of
the catechol substrate to this ion at the active site of COMT.
In mechanistic studies, it was found that binding of the
cofactor SAM to the Mg**-enzyme complex occurs prior to
binding of the catechol substrate.? 3

For decades, medicinal chemists in both industry and
academia have searched for inhibitors of the catechol binding
site of COMT.*7l Two inhibitors, which both contain a
3-nitrocatechol group as the central structural unit, tolcapone
(Tasmar®)! and entacapone (Comtan®),! have been devel-
oped into pharmaceuticals and introduced to the market
recently. The fact that both compounds, which show inhibitory
activity in the submicromolar concentration range, contain a
catechol group reinforces the proposition that the catechol
motif is crucial for the recognition between the enzyme and
natural substrates such as dopamine.

Analogues of SAM have also been synthesized and their
inhibitory activity on COMT studied, although to date no
inhibitors with a K; <10 um have been reported.*'? Of
course, in this approach enzyme selectivity would be a major
issue since the cofactor SAM exhibits a multitude of roles in
the body.
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COMT has also been studied as a potential target for
bisubstrate inhibitors replacing both the cofactor SAM and
the catechol substrate.['*%] Bisubstrate inhibitors of enzymes
such as spermidine synthase,['! farnesyl transferase,['”l vacci-
nia RNA guanine 7-methyltransferase,® and indole N-
methyltransferase'”! have been shown to display, in many
cases, higher affinities than inhibitors mimicking only one
substrate. However, no lead structure for a bisubstrate
inhibitor of COMT has been
reported.

The determination of the
crystal structure of COMT0 21
as a complex with SAM, 3,5-
dinitrocatechol, and a Mg>* ion
opened the possibility for the
rational design of bisubstrate
inhibitors. The success of com-
puter-assisted, structure-based
design of enzyme inhibi-
tors?> 23 depends on many pa-
rameters such as the quality of
the X-ray crystal structure anal-
ysis, the conformational homo-
geneity of the enzyme active
site, and a detailed knowledge
of the catalytic mechanism.?*l
Here we describe the rational
design, synthesis, and in vitro
inhibitory activity of a bisub-
strate inhibitor of COMT.

b)

Results

Design of potential bisubstrate
inhibitors: The crystal structure
of COMT complexed with
Mg?*, 3,5-dinitrocatechol, and
SAMPY (Figure 1a) was ana-
lyzed for intermolecular bond-
ing contacts between the amino
acid residues of the enzyme and
the three bound components.
Figure 1b shows a schematic
representations of the hydro-
gen bonding and Coulombic
interactions in the quaternary
complex. Three binding pock-
ets were defined: one, which
binds the catechol, is situated
on the surface of the enzyme; it
will be referred to as the cat-
echol pocket. It contains the
Mg?* ion octahedrally coordi-
nated to Aspldl, Aspl69,
Asnl70, one localized H,O
molecule, and the two HO
groups of the catechol, one of
which is deprotonated under

972 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

physiological conditions (pH 7). The second binding pocket
contains the ribose moiety and a third the adenine base of the
SAM cofactor; they will be referred to as ribose and base
pockets, respectively, and are more embedded in the enzyme.
In particular, Trp143 shields the bound nucleoside portion of
SAM from the enzyme surface. The two ribose HO groups
interact with the COO~ residue of Glu90, and the adenine
moiety is bound via a characteristic hydrogen bonding array

620
M . = A
s B
4l
l':"
i ey i
FiH,

N g
= -.""-
A O
WA

o.M

Figure 1. a) Cofactor SAM, 3,5-dinitrocatechol, and Mg?* ion situated in the active site of COMT as found in the
X-ray crystal structure of recombinant rat COMT, see [20]. The Connolly surfaces of SAM and 3,5-
dinitrocatechol are shown. b) Schematic drawing of the active site of COMT and its hydrogen bonding and
Coulombic interactions with the two substrates and the Mg?* ion. Distances in pm.

0947-6539/00/0606-0972 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 6





Catechol O-Methyltransferase Inhibitors

971-982

to the protein. Its NH, group forms hydrogen bonds to GIn120
and a fixed H,O molecule while it accepts an hydrogen bond
from the HO group of Ser119. The latter amino acid also
forms an essential hydrogen bond with its backbone N-H
group to N(1) of the nucleobase. The methionine part of SAM
binds to a channel-like opening in the enzyme made from
polar amino acid residues.

The design of the bisubstrate inhibitors was performed by
computational methods, using the programs MOLOC,?!
Insight 11,2 and MacroModel.?”! The hypothesis was made
that the highly polar methionine channel would be favorably
filled with water in the presence of an inhibitor which would
only occupy the remaining three binding pockets. Therefore,
in the design of a bisubstrate inhibitor, a potential occupation
of the methionine channel was neglected, which turned out to
be a remarkably successful structural simplification. We
subsequently chose to construct the potential inhibitor by
connecting the C(5')-OH group of adenosine (as in SAM) or
adenosine substitutes via an
appropriate spacer to a suitable
catechol moiety, thereby filling
the adenine, ribose, and cate-
chol binding pockets. We hoped

a)

to preserve in the complex L T

formed by the bisubstrate in-
hibitor in the presence of Mg>* Sarl 19
all the directional hydrogen

sensitive length and shape requirements for this bridge.
Figure 2a displays the most favorable conformation of 1
docked into the X-ray crystal structure of COMT. This
structure was obtained by energy minimization of the
inhibitor inside the enzyme whose coordinates (including
the Mg?* ion) were fixed. Figure 2b provides a schematic view
of the bonding interactions in the modeled ternary complex
between COMT, Mg”* ion, and 1. As is readily apparent from
a comparison between Figures 1 and 2, all directional hydro-
gen bonding and Coulombic interactions seen in the X-ray
crystal structure of the quaternary complex with SAM and
3,5-dinitrocatechol are maintained in the modeled structure
with the bound potential bisubstrate inhibitor. The bridge
N-CH,-CH,-O-CH, between catechol and ribose features a
sequence of favorable ap (antiperiplanar)-ap- sc (synclinal)-sc
torsional angles. The computational analysis revealed 25 short
contacts (<3.7A) and no repulsive interactions between
enzyme and inhibitor.

_
l:.ll.lg"_"qj.|

—a il )
‘hj.-.‘ }"

bonding and Coulombic inter- B p Matdl
actions schematically shown in L 1 bl i
Figure 1b. 5in120 = 4 ! ‘e ﬁ g L ]

Potent enzyme inhibition by o . y 'a-_;:__-—'"
catechols is known to require l" Trp143 H—_'Ir'_‘ = | i »
that the pK, of one of the two LSl Gilu194

HO groups is sufficiently low-
ered to ensure deprotonation at
physiological pH.¥! Therefore,
we chose a catechol derivative
in which one HO group is
acidified by a p-NO, group
and an o-carboxamide group
which, at the same time, acts
as the anchor for the connec- b)
tion to the nucleoside moiety.
To ensure that the catechol
and nucleoside moieties of the
bound bisubstrate inhibitor
would benefit of all the direc-
tional interactions seen in the

X-ray crystal structure of the | F’"
K

quaternary complex (COMT,
SAM, 3,5-dinitrocatechol,
Mg?"), the nature of the con-
necting bridge between these
moieties needed to be opti-
mized. Extensive modeling
showed the ribose-C(5')-O-
CH,-CH,-NH-CO-catechol

linker in 1, with a planar trans
amide group, to meet best the ternary complex. Distances in pm.
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Figure 2. a) Computer-modeled ternary complex between COMT, Mg?>* and bisubstrate inhibitor 1. The
Connolly surface of the inhibitor is shown. b) Schematic drawing of the directional interactions in the modeled
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We also considered 2 and 3 containing cytosine and
6-amino-3,4-dihydropyrimidin-4-one as adenine substitutes,
respectively, as potential bisubstrate inhibitors. Figure 3
provides a schematic drawing of the hydrogen bonding

[+
Ao .I_l N
! H *h =)
b Y=/
t HH, L 1

Figure 3. Left: Schematic drawing of the interactions of the cytosine base
of 2 in the modeled complex with COMT. Right: Schematic drawing of the
interactions of the 6-amino-3,4-dihydropyrimidin-4-one moiety of 3 in the
modeled complex with COMT. Distances in pm.

interactions of the bases in the two compounds docked into
COMT. While the hydrogen bonding arrays resemble those
seen in the modeled complex of 1 (Figure 2b), an unfavorable
contact between the carbonyl O-atoms of Gly117 and cytosine
was observed in the modeled complex of 2. In the complex of
3, an additional hydrogen bond was found between the
pyrimidinone C=0 group and the backbone N-H of Trp143.
The intermolecular interactions involving the ribose and
catechol moieties are similar in
the predicted complexes of all

three potential bisubstrate in- OH O

hibitors 1-3. Compounds 4 and R?O

5 lacking the nucleobase and

the entire nucleoside portion,

respectively, were also included R!

for comparison in this study. R R?
a),—12 H Me
by [ 18 NO; Me

Synthesis: For the synthesis of
1-3, a general approach was
chosen that allows the introduc-

974 ——

HO

(@]
OH O
HO. N HO.
OH © o~ d)
—_— _— H
O
NO,
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tion of different natural and modified bases?3? into the
ribose moiety in a regio- and stereoselective fashion
(Scheme 1). The sequence starts from commercially available
2,3-O-isopropylidene-$-pD-ribose (6) which is transformed into
the Fmoc protected [Fmoc = (9H-fluoren-9-ylmethoxy)car-
bonyl], acetylated ribose derivative 7 and, by nucleosidation

(0]
OH O
N o Base® HO oV
1-3 —_ +
(0]
OAc
1

AcO
NO,
8-10 1

(o)
o OMe FmocHN™ ™ o
& OAc

o} o AcO

>

Scheme 1. General synthetic route to the potential bisubstrate inhibitors
of COMT. Fmoc = (9H-fluoren-9-ylmethoxy)carbonyl. Base® = N-benzoyl
protected nucleobase.

with N-benzoyl protected bases, into nucleosides 8-10.
Coupling of Fmoc deprotected 8—-10 with the activated
catechol derivative 11 to the target compounds 1-3 was
performed at the end of the synthesis, because nucleosidation
of ribose derivatives already containing the catechol moiety
was not successful.

For the preparation of the activated catechol derivative 11,
commercially available 2-hydroxy-3-methoxybenzoic acid
(12) was nitrated under standard conditions to give regiose-
lectively 13 (94% yield) (Scheme 2). Demethylation with
40 % aqueous HBr afforded nitrocatechol 1453 (79 % ) which
was purified by sublimation. Reaction of 14 with N-hydrox-
ysuccinimide (HOSu) in the presence of DCC (N,N'-dicyclo-
hexylcarbodiimide) afforded the activated ester 11 (53 %).
Coupling of 11 with 2-methoxyethylamine provided com-
pound S in 75 % yield.

Fmoc protection of the primary aliphatic amino group in 7
and 8-10 was crucial for the success of the synthesis depicted
in Scheme 1. This protecting group is stable under the acidic
conditions required to remove the isopropylidene and me-
thoxy protecting groups in starting material 6 and subsequent
intermediates in the synthesis. Also, it is stable under the
conditions of the nucleosidation reaction and could be

11 5

Scheme 2. Synthesis of the activated catechol ester 11 and conversion into comparison compound 5. a) HNO,/
H,SO,, CH,Cl,, 94 %.b) 48 % aq. HBr, 79 %. ¢c) HOSu, DCC, THF, 53 %. d) MeO(CH,),NH,, NEt;, DMF, 75 %.
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Scheme 3. Synthesis of the nucleosidation precursor 7. a) NaH, CI(CH,),NH, - HCI, DMF, 88 %. b) FmocOSu,

NEt;, DMF, 65%. ¢) Aq. HOAc, 96 %. d) Ac,O, pyridine, 83 %.

NH,
(o} S a) N
+ —
NC\)J\ |
o H,N™ NH, 0PN NsH
H
19

lb)

NHBz NH;
N\ c) =~ "N
Jo— L)
(0] N (6] N
H H
18 20

Scheme 4. Synthesis of 6-benzoylamino-3,4-dihydropyrimidin-4-one (18).
a) EtONa, EtOH, 93 %. b) Ra-Ni, aq. NHs, 47 %. c¢) Benzoic anhydride, 83 %.

selectively removed under mild
basic conditions in the presence
of the acetyl protecting groups
on the ribose and the N-benzoyl
base protecting groups in 8§ —10.
Other N-protecting groups such
as the trifluoroacetyl and the
Cbz (benzyloxycarbonyl)
groups, which were tested in
the synthesis, did not satisfy
these requirements.

In the successful synthesis of
the bisubstrate inhibitors 1-3,
ribose derivative 6 was alkylat-
ed with 2-chloroethylamine to
give 15 in 88% yield (Sche-
me 3). Protection with Fmoc-
O-succinimide ester (FmocO-
Su)B yielded 16 (65%). The
reaction conditions were opti-
mized to avoid formation of a
byproduct arising from Fmoc
deprotection of 16 by unreacted
amine 15. Treatment with aque-
ous HOAC effected cleavage of
the isopropylidene and me-
thoxy groups, affording ribose
17 in 96% yield. Subsequent
peracetylation provided the
acetylated derivative 7 (83 %).

The syntheses of N-benzoy-
lated adenine and cytosine for
the subsequent nucleosidation
reaction have been reported,!

O.
d) FmocHN™ ™"

7 —

AcO
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whereas  6-benzoylamino-3,4-
dihydropyrimidin-4-one  (18)
was obtained in three steps by

RO  OR reacting thiourea and ethyl cy-
17 R=H anoacetate in the presence of
D7 R-nc base to give 19,59 desulfuriza-

tion with Raney-Ni to 20,77 and
benzoylation (Scheme 4).

For the one-step nucleosida-
tion of 7, the N-benzoylated
bases were silylated in situ using N,O-bis(trimethylsilyl)ace-
tamide (BSA), yielding in all cases exclusively the $-anomer,
according to the neighboring group participation of the a-
acetoxy group at C(2'). The best results were obtained with
trimethylsilyl triflate (TMSOTTY) as Lewis acid which gave the
nucleosides 9 and 10 in 79% and 58% yield, respectively
(Scheme 5). However, the use of TMSOT( in the nucleosida-
tion with N-benzoylated adenine led to the exclusive forma-
tion of the wrong regioisomer with bond formation occurring
between N(7) of adenine and C(1") of the ribose. In contrast,
the use of SnCl, as Lewis acid led to the desired nucleosida-
tion product 8 in 65 % yield, although some side reactions of
SnCl, with the Fmoc group in 7 occurred. The use of SnCl, in
the nucleosidation with 18 gave rise to a dimeric byproduct
where nucleosidation occurred on the Fmoc-protected

NHBz NHR?
N X N X
</ | )N OH O </ | )N
= HO. N/\/o N N/
b) | O
. b
OAc NO, leo OR?
RL_R
21 Ac Bz
C
I 1 H H
NHBz NHR?
NN NN
LA i LA
N (o} HO. N/\/o N o]
e) | (0]
—— H
OAc NO, RO  OR?
R! R?
22 Ac Bz
f
) [ 2 H H
NHBz NHR?
~ >N =~ "N
J OH O J
HO. O. o N
h N/\/
) | O.
- H
OAc NO, RO  OR!
RI R?
I)E 23 Ac Bz
. 24 H Bz
Mo "3 1w H

Scheme 5. Synthesis of the potential bisubstrate inhibitors 1-3. a) N-Benzoyladenine, BSA, SnCl,, MeCN, 65 %.
b) HNEt,, DMF, then 11, NEt;, DMF, 30%. c) MeNH,, EtOH, 82%. d) N-Benzoylcytosine, BSA, TMSOT,
MeCN, 79 %. e) HNEt,, DMF, then 11, NEt;, DMF, 49 %. f) MeNH,, EtOH, 82 %. g) 18, BSA, TMSOT{, MeCN,
58 %. h) HNEt,, DMEF, then 11, NEt;, DMF, 56 %. i) MeNH,, EtOH, 80 %. j) NH;, MeOH/H,0, 82%.
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N-atom in 7 and on C(1) of the ribose. Constitution and
configuration of the products were confirmed by NOE
difference spectroscopy and {H,H}- and {H,C}-COSY 2D
NMR experiments. Fmoc deprotection of 8—10 and coupling
with the activated catechol ester 11 were performed in one
step (Scheme 5). When piperidine or HNMe, (0.5-20%) in
DMEF/H,0 were used at varying temperatures in the removal
of the Fmoc group, intermolecular deacylation of the formed
free amines occurred readily. The deprotection step was,
however, done successfully without deacylation of the ribose
under high dilution conditions in DMF/HNEt, 1:1. The base
HNEt, was readily removed by evaporation at reduced
pressure leading to a solution of the free amine in DMF,
which was directly used in the coupling to catechol 11,
affording 21-23 in yields of 30, 49, and 56 %, respectively.

The synthesis of the target compounds 1-3 was completed
by full deprotection. Starting from 21 or 22, a one-step
deprotection using MeNH, in EtOH for 20 min at 20°C
afforded 1 or 2, respectively, in 82 % yield. The same reaction
conditions led only to cleavage of the acetate groups in 23 to
give compound 24 (80%). However, compounds 24 or 23
could be transformed into 3 in 82 % yield using 25 % aq. NH;/
MeOH 1:1 for 18 h at 55°C.

For the preparation of the compound 4, ribose 15 was
coupled to 11 to give 25 (75 %), which was deprotected with
aq. H,SO, (91 %) (Scheme 6).

OH

Biological results: The compounds synthesized were tested
for in vitro inhibitory activity with COMT obtained from rat
liver. The ICy, values (concentration of inhibitor at which
50% activity of the enzyme is observed) determined in the
radiochemical assay developed by Ziircher et al.’®! are listed
in Table 1. In the case of the potential bisubstrate inhibitors,
the assays were performed with and without preincubation of
the enzyme with the inhibitor in the absence of both

Table 1. ICs, values of potential bisubstrate inhibitors 1-3, precursors 21—
24, and model compounds 4, 25, and 5 determined with and without
preincubation in the presence of inhibitor. Preincubation was performed in
the absence of both benzene-1,2-diol and SAM.

Compound 1Cs, [puM] 1Cs, [uM]
with preincubation without preincubation

1 2 4

2 - 522

3 - >100

4 35 27

5 25 26
21 - 100
22 193 147
23 28 24
24 255 231
25 26 25
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Scheme 6. Synthesis of compound 4. a) NEt;, DMF, 75%. b) H,SO,, 91 %.

substrates (benzene-1,2-diol, SAM). For some inhibitors, the
mechanism of binding to the enzyme was found to be different
with and without preincubation.’#l In the assay, the
substrate benzene-1,2-diol, the cofactor, and varying concen-
trations of inhibitor are incubated with the enzyme in a
buffered aqueous solution containing Mg?* ions. The cofactor
SAM carries a tritiated methyl group, which is transferred to
the substrate upon incubation with the enzyme. The product
(®*H)-2-methoxyphenol is extracted into the organic phase,
whereas (*H)-SAM remains in the aqueous phase. The
product concentration is measured by counting the decays
per min (dpm) in the organic phase.

The results show that molecule 1 is a ten-fold more potent
inhibitor than catechol 5. This could be the result of its
bisubstrate nature, which enables it to occupy both the
catechol and SAM binding sites. The nearly identical ICs,
values with (2 um) and without preincubation (4 um) support
similar inhibition modes in the two assays. Compounds 25 and
4 have an inhibitory activity in the same range as catechol 5.
This indicates that addition of a ribose fragment alone does
not improve the inhibitory effect of the catechol moiety. The
potential bisubstrate inhibitors 2 and 3 did not exhibit a
significant inhibitory activity.

To investigate the mechanism of enzyme inhibition by
molecule 1, kinetic studies were performed. To determine the
inhibition mode with respect to the catechol pocket, the
concentration of benzene-1,2-
diol was varied at saturated
SAM concentration for differ-

inhibitor concentrations.

| o ent
H OH Assays were performed with

and without 15 min of preincu-
bation of the enzyme in the
presence of inhibitor. The incu-
bation time was 1 min.

The mechanism of an inhibitor binding to an enzyme in the
presence of the substrate is elucidated by application of the
Michaelis—Menten equation to determine whether the ex-
perimental data is in accordance with a distinct inhibitory
mechanism. If the Michaelis—Menten equation applies, the
inhibitory mechanism could be competitive, noncompetitive,
or uncompetitive. A graphical procedure for data analysis is
the Lineweaver — Burk plot which is the graph of 1/v (reaction
rate) against 1/s (substrate concentration) at varying inhibitor
concentrations. These plots should give straight lines. If the
lines intersect at the same point on the ordinate, the inhibitory
mechanism is said to be competitive. If they intersect at the
same point on the abscissa, it is noncompetitive. Parallel lines
indicate an uncompetitive mechanism. An error analysis was
performed on the data of the radioactivity measurements
(decays per min) and a weighted linear regression applied
(Levenberg—Marquardt algorithm) to generate the Line-
weaver — Burk plots. Lineweaver— Burk plots and plots of 1/v
against i (inhibitor concentration) were used to process the
data and to calculate the values for K\, (benzene-1,2-diol) =
357430 uM, Ky (SAM)=33+5pum, and K (Table?2)
(Ky = concentration of substrate at which the reaction rate
v is half that of the maximum value; K;= concentration of
inhibitor at which the Ky value of the enzyme for the
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Table 2. K; values and inhibition mechanisms of the bisubstrate inhibitor 1 and the model compound 5 with respect to both benzene-1,2-diol and SAM.*!]

Inhibitor Inhibition mechanism Inhibition mechanism K; [um] K; [um]
with regard to benzene-1,2-diol with regard to SAM with regard to benzene-1,2-diol with regard to SAM
1 noncompetitive competitive 0.55+0.1 03+0.1
5 competitive uncompetitive
23 uncompetitive
corresponding substrate is doubled). The two Ky, values are in /v | sum?
good agreement with literature results. ] -
Inhibitor 1 shows a noncompetitive inhibitory mechanism 180 |
with respect to the catechol binding site (Figure 4) with and
without preincubation. For comparison, the same studies were '
performed on catechol 5. It shows a competitive inhibition e ©=0 140 -
pattern as would be expected for a derivative of benzene-1,2- L =2 M /I'
diol (data not shown). - I
. coduM 100 | i’
_____ 3 e
2001O/v / suM- s c=6uM o ,.--i"/ ’ /{//, F
——— § ;,’
. oc0 1500 | i : .
— e 0.040 0.080
o c¢=2uM - -
i 1/[SAM] / pm-?
+ c=5uM 1000 | -

1/[benzene-1,2-diol] / mMm-1

Figure 4. Lineweaver—Burk plot of reciprocal enzymatic activity vs.
reciprocal benzene-1,2-diol concentration for varying concentrations of
inhibitor 1 at saturating SAM concentration.

To determine the inhibition mechanism with respect to the
SAM binding site, the concentration of SAM was varied at
saturated benzene-1,2-diol concentration for different con-
centrations of inhibitor. The Lineweaver—Burk plot for
inhibitor 1 (Figure 5) reveals a competitive inhibition pattern
with and without preincubation. Model compound 5 features
an uncompetitive inhibition mechanism under the same
conditions, which is expected for a compound that does not
bind to the SAM binding site (data not shown).* This can be
understood considering that SAM binds to the enzyme — Mg?*
complex prior to the substrate.

The potential bisubstrate inhibitor 23 was also studied for
its kinetic behavior with respect to the SAM binding site. It
showed an uncompetitive mechanism which implies that it
does not bind to this site (data not shown).

When a preparation of the bisubstrate inhibitor 1 preincu-
bated with the enzyme was dialyzed, the inhibition decreased
by 50% within 5 h. This indicates that the inhibitor binds
reversibly but its dissociation from the enzyme is rather slow
and in the same range as that of tight binding inhibitors of
COMT.®I

Chem. Eur. J. 2000, 6, No. 6
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Figure 5. Lineweaver—Burk plot of reciprocal enzymatic activity vs.
reciprocal SAM concentration for varying concentrations of inhibitor 1 at
saturating benzene-1,2-diol concentration.

Discussion and Conclusion

It is known that binding of the cofactor SAM to the COMT -
Mg?* complex occurs prior to the binding of the catechol
substrate.®”l Complexation of SAM actually induces the
formation of the catechol binding site as can be seen by
comparison of the X-ray crystal structure of the apoenzyme/?”!
with the structure of the quaternary complex containing SAM
and 3,5-dinitrocatechol:[2% 21l the catechol substrate does not
bind to the enzyme without prior complexation of SAM.
Analogues of SAM, which were tested as inhibitors of COMT,
exhibit a competitive inhibition mechanism for the SAM
binding site.''? For compound 1, a competitive inhibition
mechanism with regard to the SAM binding site was also
found, which would be expected for a bisubstrate inhibitor.

The binding of inhibitors to the catechol binding site has
been thoroughly studied for many catechols.?” *? Mostly,
catechols which inhibit the enzyme in the micromolar
concentration range exhibit a competitive inhibition mecha-
nism such as model compound 5, whereas inhibitors with a
high affinity to COMT such as tolcapone!® (IC5, =40 nm) and
entacapone (ICs, =160 nm)®! typically bind in a noncompeti-
tive fashion to the enzyme after preincubation with the
enzyme®! and in a competitive mechanism without preincu-
bation.

For compound 1, a noncompetitive inhibition mechanism
was found with respect to the catechol binding site. Because
model compound 5 does bind to the catechol binding site in a
competitive mechanism, it is not likely that the catechol
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residue in the bisubstrate inhibitor 1 binds to a different site in
the enzyme. Based on the order of binding of the natural
substrates, two interpretations of the observed kinetics are
possible. Binding of the bisubstrate inhibitor to the SAM
binding pocket induces alterations in the binding character-
istics of the catechol site compared to when SAM is bound.
This leads to a noncompetitive mechanism for the binding of
the bisubstrate inhibitor 1 to the catechol binding site.
Alternatively, the bisubstrate nature of the inhibitor influen-
ces the affinity of its catechol residue for the catechol binding
site. This could result in a situation where the catechol residue
of the inhibitor 1is “locked” into the binding site, which might
resemble the noncompetitive kinetics found for tight binding
inhibitors after preincubation.*] The latter hypothesis is
supported by the slow dissociation of the inhibitor from the
enzyme as observed in the dialysis experiments. In both cases,
the bisubstrate inhibitor must dock into the SAM binding site
before it binds to the catechol binding pocket (Figure 6). A
co-crystallization of the bisubstrate inhibitor 1 and COMT is
currently undertaken to further clarify the exact complexation
mode.

Sz
S S
E + 7l él el
Sz E/ Sz
Enzyme Bisubstrate inhibitor
SAM pocket
Catechol pocket NH»
N AN
T )
0. N N/
0]
HO OH g,

Figure 6. Summary of the kinetic results: Bisubstrate inhibitor 1 binds to
the SAM pocket prior to binding to the catechol pocket in COMT.

The biological studies reveal strong structure—activity
relationships for the binding of bisubstrate inhibitors to
COMT. The precursor of compound 1, compound 21, is 50
times less active. The two other compounds designed as
potential bisubstrate inhibitors, 2 and 3, and their precursors
22-24 are less active than compound 1 by orders of
magnitude and they are not bisubstrate inhibitors. Although
2 and 3 contain the same catechol motif as model compounds
4, 5, and 25, they are much less potent inhibitors. Apparently,
their catechol moiety can not bind efficiently to the catechol
pocket presumably due to steric interactions between the
bulky rest of these molecules and the amino acids lining this
pocket. This provides further support to the hypothesis that a
bisubstrate inhibitor such as 1 first occupies the SAM binding
site and, in a second step, the catechol pocket. The compar-
ison between 1, 2, and 3 demonstrates that the appropriate
choice of adenine substitutes is crucial for biological activity
of compounds designed as bisubstrate inhibitors. It can be
speculated that the bridge connecting the nucleoside and
catechol moieties is only of suitable length in 1 but not in 2
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and 3 with their smaller bases, although the modeling studies
do not provide conclusive support for such an assumption.
Finally, the hypothesis that the “methionine-binding channel”
can be neglected in the design of potent bisubstrate inhibitors
for COMT was confirmed in clear way.

We are now targeting the next generations of bisubstrate
inhibitors for COMT, focusing on different adenine substitu-
tions, the introduction of connectors of different size and
shape between nucleobase and catechol moieties, as well as
the substitution of the ribose moiety.

Experimental Section

General methods: Reagents and solvents were purchased reagent-grade
and used without further purification. Solvents (DMF, pyridine, MeCN)
were dried for 12 h over molecular sieves (4 A). N-Benzoyladenine and N-
benzoylcytosine were prepared as described [35]. Evaporation and
concentration in vacuo was performed at water aspirator pressure. Drying
under vacuum was done at 0.05 Torr. Thin-layer chromatography was
performed on glass-backed sheets coated with either SiO, 60 F,s, or neutral
ALO; from Merck, containing fluorescent indicator UV,s,. Column
chromatography (CC) was performed using Fluka SiO, 60, 40-63 mesh,
or Fluka SiO,H, 5-40 mesh. Flash column chromatography (FC) was
performed at a pressure of 0.0-0.4 bar (SiO, 60) and of 1 bar (SiO,H).
Analytical HPLC was performed with a Knauer HPLC system with
WellChrom Maxi-Star K-1000 pumps with a flow of 1 mLmin~! using a
Nucleosil RP18 (240 mm 4 mm, 100 A/5) column from Macherey — Nagel
and UV detection (220 nm, 254 nm). Melting points were determined on a
Biichi SMP-20 apparatus and are uncorrected. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter at 2 =589 nm. Infrared
spectra were recorded on a Perkin-Elmer 1600-FT-IR spectrometer. 'H
and 3C NMR spectra were recorded on Varian Gemini-200 and -300 and
Bruker AMX-500 spectrometers. FAB mass spectra were recorded on a
VG-ZAB-2SEQ instrument using 3-nitrobenzyl alcohol as a matrix. A VG
Tribrid instrument was used for EI and a Finnigan MAT TSQ 7000
instrument for electrospray ionization (ESI) mass spectrometry. Elemental
analyses were made by the Mikrolabor in the Laboratorium fiir Organische
Chemie at ETH Ziirich.

2-Hydroxy-3-methoxy-5-nitrobenzoic acid (13):¥ A mixture of H,SO,
(98%, 3.27mL) and HNOj; (68 %, 2.73 mL) was added over 15 min at
0°C with stirring to 12 (5.00 g, 29.73 mmol) in CH,Cl, (33 mL). The
solution was stirred for 1 h at 0°C, warmed to 20°C, and stirred for another
2 h. The mixture was poured into ice water (50 mL), and the white
precipitate was filtered off, washed (H,0), and dried in vacuo at 40°C for
14 h to give 13 (5.95 g, 94 % ). M.p. 220°C; IR (KBr): 7=3108, 1667, 1526,
1455, 1336, 1262, 1170, 1095, 1060, 867, 774, 741, 696, 478 cm~!; 'H NMR
(200 MHz, CD;0D): 6 =838 (d, J=2.5Hz, 1H), 794 (d, J=2.5 Hz, 1H),
3.97 (s, 3H); BC NMR (50 MHz, CD;0OD): 6 =171.12, 157.56, 148.96,
139.25, 117.63, 109.99, 109.89, 55.61; MS (EI): m/z (%): 213 (41) [M]*, 195
(100) [M —H,O]*; HR-MS (EI): caled for CgH;NOg* [M]*: 213.0273;
found: 213.0268.

2,3-Dihydroxy-5-nitrobenzoic acid (14):®*! A solution of 13 (730g,
34.28 mmol) in HBr (48 % in H,O, 200 mL) was heated for 4 h at 135°C.
The volatiles were removed by distillation (0.02 Torr). The remaining dark
solid was redissolved twice in a mixture of toluene (100 mL) and H,O
(100 mL) and distilled again to remove residual HBr. The solid residue was
purified by recrystallization from toluene and sublimed to yield 14 as a light
yellow solid (5.40 g, 79%). M.p. 222°C; IR (KBr): #=3511, 3400, 3096,
2844,2567, 1672, 1526, 1470, 1345, 1278, 1223, 1156, 1081, 985, 900, 798, 769,
743, 696, 489 cm~!; 'H NMR (200 MHz, CD;0D): 6 =8.28 (d, J=3.0 Hz,
1H), 7.81 (d, /=3.0 Hz, 1H); “C NMR (50 MHz, CD;OD): 6 =171.34,
156.17, 146.74, 139.44, 116.49, 113.67, 112.2; MS (EI): m/z (%): 199 (29)
[M]*,181 (100) [M — H,O]*; C;HsNOg - 0.5H,0 (208.13): caled: C 40.40, H
2.91, N 6.71; found: C 40.52, H 2.80, N 6.51.
2,5-Dioxotetrahydro-1H-pyrrol-1-yl 2,3-dihydroxy-5-nitrobenzoate (11):
N-Hydroxysuccinimide (173 mg, 1.51 mmol) and DCC (312 mg,
1.51 mmol) were added at 0°C to 14 (300 mg, 1.51 mmol) in THF (3 mL).
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The mixture was stirred for 1 h at 0°C during which time a white precipitate
formed. The suspension was left in the refrigerator at 4°C overnight, then
the white precipitate was filtered off and washed with THF (5 mL).
Evaporation of the filtrate in vacuo and recrystallization from 2-propanol
gave 11 as cream-colored needles (232 mg, 53 %). M.p. 209°C; IR (KBr):
7=3402, 1736, 1542, 1473, 1346, 1306, 1200, 1111, 1072, 972, 922, 783, 739,
650, 606 cm~'; 'H NMR (200 MHz, [Dg]DMSO]: 6 =8.18 (d, /=2.8 Hz,
1H), 785 (d, J=2.8 Hz,1 H), 2.90 (s, 4H); *C NMR (125 MHz, CD,0D):
0=171.59, 162.79, 156.69, 148.62, 140.96, 118.32, 115.13, 111.10, 26.60; MS
(ED): m/z: 296 [M]*; C;;HgN,Og (296.19): caled: C 44.61, H 2.72, N 9.46;
found: C 44.48, H 2.90, N 9.23.

N-(2-Methoxyethyl)-2,3-dihydroxy-5-nitrobenzamide (5): 2-Methoxyethyl-
amine (92 pL, 1.06 mmol) and NEt; (0.18 mL, 1.29 mmol) were added to 11
(0.15 g, 0.50 mmol) in DMF (1 mL), and the mixture was stirred for 4 h at
20°C. Evaporation in vacuo and FC (SiO,, CH,Cl,/acetone/HCOOH
80:19:1) gave 5 (97 mg, 75%) as a yellow powder. M.p. 143°C; IR (KBr):
7=3389, 3089, 2933, 2833, 1644, 1606, 1556, 1511, 1472, 1339, 1172, 1100,
1011, 944, 900, 833, 783, 744, 711, 661, 583, 450 cm~'; 'TH NMR (200 MHz,
CDCl;): 6 =8.03 (d, /=2.4 Hz, 1H), 7.92 (d, J=2.4 Hz, 1H), 6.94 (s, 1H),
6.06 (s, 1H), 3.72-3.62 (m, 4H), 3.46 (s, 3H); ®*CNMR (75 MHz, CD,0D):
0 =170.03, 157.22, 148.60, 140.70, 116.52, 116.44, 113.22, 71.95, 59.15, 40.55;
MS (EI): m/z (%): 256 (56) [M]*, 182 (100) [M —MeO(CH,),NH]*;
C,pH;,N,04 (256.21): caled: C 46.87, H4.72,N 10.93; found: C 46.92, H4.73,
N 10.71.

2-[ ((3aR,4R,6R ,6aR)-6-Methoxy-2,2-dimethylperhydrofuro[3,4-d][1,3]di-
oxol-4-yl)methoxyJethylamine (15): Sodium hydride (55-65% dispersion
in mineral oil, 12.00 g, 250.00 mmol) was added over 1 h to a solution of 6
(4.99 g, 24.41 mmol) in DMF (150 mL) at 0°C under Ar. The mixture was
stirred for 1h at 20°C, then 2-chlorethylamine hydrochloride (17.40 g,
150 mmol) was added over 1 h at —5 to 0°C. After stirring for 5 h at 20°C,
MeOH (100 mL) was added, the solvents were evaporated in vacuo, and
CC (SiO,, CH,Cl,/MeOH/NEt; 90:10:5) provided 15 as a colorless oil
(5.32 g,88%). [a]y) =—63.0 (c=1.0, CHCL;); IR (CHCL,): #=3377, 3200,
2938, 1681, 1584, 1456, 1383, 1267, 1238, 1160, 1110, 1014, 962, 869,
660 cm~!; "TH NMR (200 MHz, CDCl;): 6 =4.99 (s, 1H), 4.71 (d, /= 6.2 Hz,
1H), 4.61 (d, /=62 Hz, 1H), 4.36-4.33 (m, 1H), 3.58-3.47 (m, 4H), 3.36
(s, 3H), 2.90 (t, J=5.4Hz, 2H), 1.52 (s, 3H), 1.36 (s, 3H); “C NMR
(50 MHz, CDCl5): 6 =110.05, 106.97, 82.81, 82.71, 79.73, 71.04, 69.54, 52.37,
39.36, 24.00, 22.54; HR-MS (EI): calcd for C;;H,NOs™ [MH]*: 248.1498;
found: 248.1503.

9H-Fluoren-9-ylmethyl N-{2-[ ((3aR 4R ,6R,6aR)-6-methoxy-2,2-dimethyl-
perhydrofuro[3,4-d][1,3]-dioxol-4-yl)methoxy]ethyl}carbamate (16): NEt;,
(1.8 mL, 12.12 mmol) and FmocOSu (4.35¢g, 12.12 mmol) were added
under stirring at 0°C to 15 (1.00 g, 4.04 mmol) in DMF (50 mL). After
10 min, H,O (50 mL) was added and the mixture was extracted with CH,Cl,
(3 x 100 mL). The combined organic phases were washed with H,O (4 x
100 mL) and dried (MgSO,). Evaporation in vacuo and FC (SiO,, hexane/
EtOAc 3:2) afforded 16 as a white powder (1.23 g, 65%). M.p. 94-95°C;
[a]® = —41.0 (¢=1.0, CHCL); IR (neat): 7 =3442, 3027, 1715, 1515, 1231,
1110, 803 cm™!; '"H NMR (300 MHz, CDCl;): 6 =778 (d, /=75 Hz, 2H),
762 (d,J=175Hz,2H),743-729 (m, 4H), 5.48 (brs, 1 H), 4.98 (s, 1H), 4.70
(d,/=6.3Hz,1H),4.60 (d,/=6.3 Hz,1H),4.42(d,J=6.9 Hz,2H), 4.35 (t,
J=6.0Hz, 1H), 422 (t, J=6.9 Hz, 1H), 3.57-3.40 (m, 6H), 3.31 (s, 3H),
1.50 (s, 3H), 1.33 (s, 3H); *C NMR (50 MHz, CDCl;): 6 =154.26, 141.72,
139.03, 125.35, 124.71, 122.74, 117.63, 110.08, 107.6, 83.07, 82.81, 79.61, 69.70,
6735, 64.24, 52.56, 44.85, 38.50, 24.06, 22.57; MS (FAB): m/z: 470 [M]*;
CysH3NO; (469.53): caled: C 66.51, H 6.65, N 2.98; found: C 66.58, H 6.75,
N 291

9H-Fluoren-9-ylmethyl N-{2-[ ((2R,3R,4R)-3,4,5-trihydroxytetrahydrofur-
an-2-y)methoxy]-ethyljcarbamate (17): A solution of 16 (1.50¢g,
3.19 mmol) in HOAc (70 % in H,O, 100 mL) was heated for 5 h at 90°C,
then the mixture was evaporated in vacuo. Toluene was added twice
followed each time by evaporation in vacuo, yielding 17 as a white solid
which was used without further purification (1.27 g, 96%). M.p. 118-
120°C; IR (KBr): 7= 3323, 3056, 2933, 1690, 1543, 1444, 1265, 1120, 1017,
739 cm~!; '"H NMR (200 MHz, CDCl; mixture of anomers): 6 =7.79 (d,J =
8.0 Hz, 2H), 7.62 (d, /=8.0 Hz, 2H), 745-717 (m, 4H), 5.50-5.20 (m,
2H), 443 (d, J=6.0Hz, 2H), 4.30-3.90 (m, 4H), 3.70-3.20 (m, 6H);
BCNMR (75 MHz, CDCl; mixture of anomers): 6 = 157.09, 144.18, 141.58,
141.48, 127.97, 127.34, 12723, 125.29, 120.24, 108.75, 102.26, 96.76, 82.20,
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81.86, 71.70, 70.72, 70.09, 67.30, 66.84, 47.26, 41.50, 40.79; HR-MS (FAB):
caled for C,H,NO;* [MH]*: 416.1702; found: 416.1702.

(3R,4R,5R)-5-[ (2-{[ (9H-Fluoren-9-ylmethoxy)carbonylJamino}ethoxy)-
methyl]tetrahydrofuran-2,3,4-triyl  triacetate (7): Ac,0O (240mL,
25.40 mmol) was added to 17 (1.20 g, 2.89 mmol) in pyridine (4 mL), and
the mixture was stirred for 24 h at 20°C. After addition of a saturated
aqueous solution of NaHCO; (20 mL), the mixture was extracted three
times with EtOAc (50 mL) and the combined organic phases were dried
(MgSO,) and evaporated in vacuo. FC (SiO,, hexane/EtOAc 1:1) gave 7 as
a white powder (1.3 g, 83%). M.p. 65°C; IR (KBr): #=3400, 2933, 1750,
1528, 1450, 1367, 1222, 1106, 1022, 961, 894, 739 cm~!; "H NMR (200 Hz,
CDCl; mixture of anomers): 6 = 7.80 (d,/ = 8.0 Hz,2H), 7.66 (d,J = 8.0 Hz,
2H), 7.36-727 (m, 4H), 6.19 (s, 1H), 5.55-5.35 (m, 3H), 4.50-4.20 (m,
4H), 3.75-3.30 (m, 6H), 2.14, 2.11, 2.10, 2.09, 2.07 (5s, 9H); C NMR
(75 MHz, CDCl; mixture of anomers): 6 =170.35, 169.92, 169.54, 169.16,
156.63, 143.98, 141.31, 127.81, 127.73, 127.68, 127.58, 127.19, 126.93, 125.20,
125.07, 120.00, 199.96, 98.33, 98.30, 81.17, 80.84, 74.50, 74.21, 70.90, 70.65,
47.33, 4717, 40.72, 20.22, 20.56, 21.07, 21.25, 21.51, 21.73; MS (FAB): m/z
(%): 482 (100) [M — OAc]*; CisH3 NO, (540.55): caled: C 62.22, H5.59, N
2.59, O 29.60; found: C 62.01, H 5.80, N 2.53, O 29.83.

6-Amino-2-sulfanyl-3,4-dihydropyrimidin-4-one (19):°% Thiourea (4.56 g,
60.00 mmol) and ethyl cyanoacetate (6.40 mL, 60.00 mmol) were added to
EtONa (4.29 g, 63.00 mmol) in EtOH (44 mL), and the mixture was heated
to reflux for 2 h. The formed precipitate was filtered off, and the solvents
were evaporated in vacuo. The resulting solid residue and the initial
precipitate were dissolved in H,O (50 mL), then HOAc was added until
complete precipitation of 19 as a white powder (8.00 g, 93 % ). M.p. 295°C;
IR (KBr): 7 = 3322, 1556, 1298, 1187, 1000, 922, 833, 790, 613, 574, 525 cm™!;
'H NMR (300 MHz, [D4]DMSO): 6 =11.55 (s, 1H), 6.38 (s, 2H), 4.69 (s,
1H); HR-MS (FAB): caled for C,HN;OS* [MH]*: 144.0232; found:
144.0231.

6-Amino-3,4-dihydropyrimidin-4-one (20):*”] An aqueous suspension of
Ra-Ni (12.00 g) was added to a vigorously stirred mixture of 19 (3.00 g,
20.96 mmol) in H,O (30 mL) and NH; (25 % in H,O, 1.82 mL) at reflux.
After 1h, the Ra-Ni was filtered off and washed with boiling H,O.
Evaporation and recrystallization (H,O) yielded 20 (1.10g, 47%) as a
white powder. M.p. 263 -264 °C; IR (KBr): 7 = 3322, 3142, 2922, 2767, 1939,
1661, 1614, 1544, 1495, 1447, 1367, 1305, 1242, 1200, 1094, 990, 914, 808, 767,
609, 565, 526, 449, 418 cm~'; 'TH NMR (300 MHz, [D¢]DMSO): 6 =11.38 (s,
1H),7.74 (s, 1H), 6.38 (s,2H), 4.94 (s, 1H); MS (FAB): m/z (%): 111.9 (100)
[MH]*; HR-MS (FAB): caled for C;H,N;O [MH]*: 112.0511; found
112.0506; C;H;ON; (111.10): caled: C 43.24, H 4.54, N 37.82; found: C
43.42, H 4.73, N 37.85.

N-(6-Ox0-1,6-dihydropyrimidin-4-yl)benzamide (18). A mixture of 20
(0.61 g, 5.47 mmol) and benzoic anhydride (2.96 g, 13.08 mmol) was heated
to 140°C. After 2 h, EtOH (18 mL) was added at 90°C and stirring was
continued for 1 h. After the mixture was allowed to stand at 20 °C for 4 h, 18
(0.98 g, 83 %) precipitated from the solution as a white powder. M.p. 275—
276°C; IR (KBr): 7= 3390, 3064, 1687, 1656, 1591, 1526, 1460, 1405, 1336,
1258, 1214, 1178, 985, 853, 720, 694, 636, 594, 516, 466 cm~'; '"H NMR
(300 MHz, [D¢]DMSO): 6 =12.35 (s, 1 H), 10.69 (s, 1 H), 8.13 (s, 1 H), 8.00 -
780 (m, 2H), 770-730 (m, 3H), 7.05 (s, 1H); C NMR (75 MHz,
[D¢]DMSO): 6 =166.50, 162.50, 156.50, 149.50, 133.50, 131.90, 128.27,
128.04, 98.50; HR-MS (FAB): calcd for C;;H;(N;O," [MH]": 216.0773;
found: 216.0782.

(2S,3R 4R ,5R)-2-[ 6-(Benzoylamino)purin-9-yl]-5-[ (2-{[ (9H-fluoren-9-yl-

methoxy)carbonyl]amino} ethoxy)methyl]tetrahydrofuran-3,4-diyl diace-
tate (8): BSA (0.40 mL, 1.64 mmol) was added at 50 °C under Ar to a stirred
suspension of 6-N-benzoyladenine (196 mg, 0.82 mmol) in MeCN (2 mL).
After 10 min, a colorless solution formed to which 7 (0.37 g, 0.68 mmol) in
MeCN (1 mL) and SnCl, (0.32 mL, 2.7 mmol) were added. Stirring was
continued at 55 °C for 15 min, then saturated aqueous solution of NaHCO;
(20 mL) and EtOAc (20 mL) were added and the mixture was extracted
three times with EtOAc (50 mL). The organic phases were evaporated in
vacuo, and FC (SiO,, CH,Cl,/MeOH 99:1) provided 8 as a white powder
(0.318 g, 65%). M.p. 100°C; [a]® = —25.0 (¢ =1.0, CHCL;); IR (KBr): 7=
3420, 2922, 2367, 1750, 1717, 1694, 1611, 1578, 1517, 1450, 1372, 1244, 1094,
794, 761, 739, 711, 650, 567 cm~'; '"H NMR (500 MHz, CDCl;): 6 =8.93 (s,
1H), 8.81 (s, 1H), 8.40 (s, 1H), 791 (d, /=75 Hz, 2H), 7.69 (d, /=75 Hz,
2H),759-17.55 (m,3H), 7.47-7.43 (m,2H), 7.33-7.18 (m, 4H), 6.42 (d,/ =
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6.6 Hz, 1H), 6.03 (d,J = 6.6 Hz, 1 H), 5.68-5.67 (m, 1 H), 5.57 (1,J = 5.4 Hz,
1H), 4.41-4.40 (m, 1H), 437-4.35 (d, /=74 Hz, 2H), 422 (t, ] =74 Hz,
1H), 3.85 (d,/=9.3 Hz, 1H), 3.73 (d, /=5.2 Hz, 2H), 3.62-3.61 (m, 1 H),
3.50-3.48 (m, 2H), 2.17 (s, 3H), 2.07 (s, 3H); *C NMR (125 MHz, CDCL,):
0=167.63, 16747, 162.26, 154.36, 150.68, 149.69, 147.34, 141.76, 141.69,
138.87, 131.15, 130.42, 126.49, 125.50, 125.28, 124.65, 124.55, 122.81, 117.57,
82.65, 80.08, 71.54, 69.42, 68.40, 67.96, 64.62, 44.69, 38.53, 18.22, 17.96; MS
(FAB): m/z (%): 743 (22) [M+Na]*, 721 (100) [MH]*; HR-MS (FAB):
caled for CiHyNyOo™ [MH]*: 721.2622; found: 721.2625.

(28,3R 4R ,5R)-2-[4-(Benzoylamino)-2-0x0-1,2-dihydropyrimidin-1-yl]-5-

[ 2-{[ (9H-fluoren-9-ylmethoxy)carbonylJamino}ethoxy)methyl]tetrahy-

drofuran-3,4-diyl diacetate (9): BSA (0.16 mL, 0.66 mmol) was added at
50°C to a stirred suspension of 4-N-benzoylcytosine (72 mg, 0.33 mmol) in
MeCN (2mL). After 10 min, a colorless solution formed to which 7
(150 mg, 0.28 mmol) in MeCN (1 mL) and TMSOTI (0.25 mL, 1.38 mmol)
were added under Ar. The mixture was stirred at 55°C for 20 min, then
quenched with a saturated aqueous solution of NaHCO; (20 mL) and
EtOAc (20 mL), and extracted with EtOAc (3 x 50 mL). The combined
organic layers were evaporated in vacuo, and FC (SiO,H, CH,Cl,/MeOH
98.5:1.5) afforded 9 as a white powder (0.152 g, 79%). M.p. 184-185°C;
[a]® =429.0 (¢c=1.0, CHCL); IR (KBr): 7=3370, 3067, 2956, 2878, 1746,
1695, 1670, 1615, 1555, 1525, 1488, 1374, 1309, 1248, 1139, 1090, 790, 738,
706 cm~!; '"H NMR (500 MHz, CDCl;): 6 =8.65 (s, 1H), 8.21-8.18 (m,
1H), 7.78 (d, J=5.7 Hz, 2H), 7.67 (d, /=75 Hz, 2H), 7.65-7.55 (m, 4H),
748-744 (m, 2H), 736-7.32 (m, 2H), 728-722 (m, 2H), 6.37 (d, J=
5.4 Hz,1H),5.55-5.48 (m,3H), 4.41 (d,/=73 Hz,2H), 4.33 (m, 1H), 4.23
(t, /=73 Hz, 1H), 3.89 (d, /=10.4 Hz, 1H), 3.77-3.75 (m, 1H), 3.68 (d,
J=10.4 Hz, 1H), 3.62-3.60 (m, 1 H), 3.50-3.45 (m, 2H), 2.12 (s, 3H), 2.11
(s, 3H); *C NMR (125 MHz, CDCl,): 6 =169.88, 166.04, 162.35, 156.58,
144.34, 144.01, 143.98, 141.21, 133.11, 128.91, 127.56, 126.94, 125.22, 125.19,
119.84, 87.44, 81.84,74.22,70.91, 70.71, 69.71, 66.94, 47.18, 40.97, 20.64, 20.51
(3 peaks missing); MS (FAB): m/z (%): 6972 (100) [MH]"; HR-MS (FAB):
caled for Cy;H;N,O" [MH]™: 697.2509; found: 697.2516; C;;H36N,Oy
(696.72): caled: C 63.79, H 5.21, N 7.76; found: C 63.85, H 5.39, N 7.97.

(2S,3R 4R ,5R)-2-[4-(Benzoylamino)-6-0xo0-1,6-dihydropyrimidin-1-yl]-5-

[ 2-{[ (9H-fluoren-9-ylmethoxy)carbonyl]amino}ethoxy)methyl]tetrahy-
drofuran-3,4-diyl diacetate (10): BSA (0.38 mL, 1.55 mmol) was added
under Ar at 60°C to a stirred suspension of 18 (160 mg, 0.75 mmol) and 7
(168 mg, 0.31 mmol) in MeCN (2 mL), and the resulting colorless solution
was stirred for 1 h at this temperature. TMSOT( (0.28 mL, 1.55 mmol) was
added, and the mixture was stirred at 60°C for 50 min, then saturated
aqueous solutions of NaHCOj; (20 mL) and EtOAc (20 mL) were added.
The mixture was extracted with EtOAc (3 x 50 mL), and the combined
organic phases were evaporated in vacuo. FC (SiO,H, CH,Cl,/MeOH
100:1) afforded 10 as a white powder (0.11 g, 58%). M.p. 92°C; [a]¥ =
+33.0 (¢c=1.0, CHCL;); IR (KBr): #=3342, 3056, 938, 1750, 1961, 1508,
1444, 1372, 1329, 1243, 1094, 849, 760, 741 cm~'; 'H NMR (300 MHz,
CDCly): 6=8.62 (s, 1H), 797 (s, 1H), 7.70-7.16 (m, 14H), 6.34 (d, /=
42 Hz, 1H), 5.82-5.80 (m, 1H), 5.60-5.55 (m, 2H), 4.54-4.16 (m, 4H),
3.96-3.34 (m, 6H),2.14 (s,3H), 2.12 (s, 3H); ®*C NMR (125 MHz, CDCl;):
0=169.77, 169.57, 165.45, 161.44, 156.71, 154.01, 147.90, 143.89, 143.86,
141.28, 141.25, 133.14, 132.65, 128.98, 128.85, 127.70, 127.66, 127.18, 126.99,
126.95, 125.06, 124.95, 119.92, 98.24, 86.58, 81.68, 74.51, 70.83, 70.08, 69.20,
66.71, 47.25, 41.06, 20.60, 20.50; MS (FAB): m/z (%): 719.2 (14) [M+Na]*,
6972 (100) [MH]*; HR-MS (FAB): calcd for C3;H;;N,O, [MH]*: 697.2509;
found: 697.2511.

(28,3R 4R ,5R)-2-[6-(Benzoylamino)purin-9-yl]-5-({2-[ (2,3-dihydroxy-5-

nitrobenzoyl)amino]ethoxy} methyl)tetrahydrofuran-3,4-diyl diacetate
(21): HNEt, (40 mL) was added to 8 (100 mg, 0.14 mmol) in DMF
(40 mL), and the solution was stirred under Ar for 2.5h at 20°C. After
evaporation of HNEY, in vacuo, 11 (41 mg, 0.14 mmol) and NEt; (0.06 mL,
0.43 mmol) were added and the mixture was stirred for 24 h at 20°C.
Evaporation in vacuo and recrystallization from 2-propanol gave 21 as an
orange powder (28 mg, 30 % ). M.p. 127°C; [a]® = —21.0 (¢ = 1.0, THF); IR
(KBr): 7=3411, 2922, 2344, 1744, 1700, 1639, 1611, 1583, 1516, 1460, 1336,
1241, 1073, 904, 792, 747,708 cm~'; 'H NMR (500 MHz, CDCl,): 6 =8.71 (s,
1H), 8.69 (s, 1H), 8.43 (d, J=2.7 Hz, 1H), 8.06 (d, J=72 Hz, 2H), 7.67-
753 (m, 3H), 743 (d, J=2.7Hz, 1H), 6.37 (d, J=5.7Hz, 1H), 598 (t,J =
5.7Hz, 1H), 5.81-5.78 (m, 1H), 4.29-4.28 (m, 1H), 3.94-3.59 (m, 6H),
2.15 (s, 3H), 2.00 (s, 3H); *C NMR (125 MHz, CD;0OD): 6 =170.09,
169.74, 168.52, 165.86, 152.33, 151.93, 151.53, 149.55, 146.74, 141.51, 133.22,
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132.61, 128.44, 127.89, 126.78, 122.53, 115.39, 113.88, 111.31, 85.45, 82.34,
73.15, 71.35, 69.81, 69.74, 39.09, 20.19, 19.87; HR-MS (FAB): calcd for
C;30H3N;O,,* [MH]*: 680.1952; found: 680.1952.

(25,3R,4R ,5R)-2-[4-(Benzoylamino)-2-0x0-1,2-dihydropyrimidin-1-yl]-5-
({2-[ (2,3-dihydroxy-5-nitrobenzoyl)amino ]ethoxy}methyl)tetrahydrofur-
an-3,4-diyl diacetate (22): Starting from 9 (100 mg, 0.14 mmol) and 11
(41 mg, 0.14 mmol), the procedure described for 21 afforded 22 (46 mg,
49%) as an orange powder. M.p. 146°C; [a] § =+40.0 (c=1.0, THF); IR
(KBr): 7=3422, 2978, 2933, 1750, 1700, 1656, 1628, 1561, 1483, 1372, 1311,
1250, 1128, 1072, 806, 783,706 cm~!; 'TH NMR (500 MHz, CD;0D): 6 =8.50
(d,J=3.0Hz, 1H), 839 (d, /=76 Hz, 1 H), 8.00-7.90 (m, 2H), 7.67-7.56
(m, 3H), 751 (d, J=7.6Hz, 1H), 746 (d, J=3.0Hz, 1H), 624 (d, J=
5.2 Hz, 1H), 5.70-5.65 (m, 1H), 5.62-5.58 (m, 1H), 4.50-4.45 (m, 1H),
4.05-3.65 (m, 6H), 2.15 (s, 3H), 2.10 (s, 3H); C NMR (125 MHz,
CD;0OD): 6 =171.47, 171.14, 170.04, 168.81, 164.99, 157.96, 150.13, 146.07,
134.67, 134.00, 129.87, 129.74, 129.22, 120.53, 115.91, 108.17, 99.12, 96.76,
89.65, 83.92, 76.00, 72.75, 71.43, 70.73, 40.13, 20.53, 20.34; MS (FAB): m/z
(%): 678.1 (24) [M+Na]*, 656.1 (100) [MH]*; HR-MS (FAB): calcd for
CyH;3NsO;* [MH]*: 656.1840; found: 656.1843.

(28,3R 4R ,5R)-2-[4-(Benzoylamino)-6-o0xo0-1,6-dihydropyrimidin-1-yl]-5-
({2-[ (2,3-dihydroxy-5-nitrobenzoyl)amino ]ethoxy}methyl)tetrahydrofur-
an-3,4-diyl diacetate (23): Starting from 10 (100 mg, 0.14 mmol) and 11
(41 mg, 0.14 mmol), the procedure described for 21 afforded 23 (53 mg,
56 %) as an orange powder. M.p. 147°C; [a]} = +25.0 (¢c=1.0, THF); IR
(KBr): 7=3400, 2967, 2867, 1750, 1690, 1558, 1509, 1444, 1372, 1328, 1248,
1133, 1074, 844, 806, 702 cm™!; '"H NMR (500 MHz, CD;0OD): 6 =8.75 (d,
J=0.7Hz, 1H), 8.50 (d, J=3.0 Hz, 1H), 8.00-7.90 (m, 2H), 7.70-7.50 (m,
3H), 748 (d, J=3.0 Hz, 1H), 729 (d, J=0.7 Hz, 1H), 6.30 (d, J=5.1 Hz,
1H),5.76-5.70 (m, 1H), 5.68 —5.62 (m, 1 H), 4.48-4.42 (m, 1 H), 4.05-3.80
(m, 6H), 2.10 (s, 3H), 2.06 (s, 3H); *C NMR (125 MHz, CD;0D): 6 =
171.47, 171.14, 170.14, 168.83, 164.47, 157.57, 150.26, 149.67, 149.62, 134.97,
133.65,129.77,128.90, 120.67, 116.09, 107.50, 98.42, 88.02, 83.85, 76.12, 72.52,
71.11, 70.64, 40.21, 20.52, 20.30 (1 peak missing); HR-MS (FAB): calcd for
CyoHyNsNaO,;* [M+Na]*: 678.1659; found: 678.1646.

N-(2-{[ (2S,3R,4R,5R)-5-(6-Aminopurin-9-yl)-3,4-dihydroxytetrahydrofur-
an-2-yllmethoxy}ethyl)-2,3-dihydroxy-5-nitrobenzamide (1): A solution of
21 (48 mg, 0.07 mmol) in MeNH, (25% in EtOH, 5 mL) was stirred for
30min at 20°C. After evaporation in vacuo, the orange residue was
dissolved in H,O (10 mL) and extracted three times each with Et,O
(10 mL), toluene (10 mL), and CH,Cl, (10 mL). After lyophilization from
H,0, 1 (29 mg, 82%) was obtained as a yellow powder and shown by
analytical HPLC (H,0/MeCN/CF;COOH 90:10:0.1 —40:60:0.1) to be
pure. M.p. 141°C; [a]® = —16.0 (c =1.0, H,0); IR (KBr): ¥ =3422, 2944,
1639, 1556, 1500, 1472, 1422, 1333, 1261, 1122, 1072, 989, 828, 806, 700, 650,
556, 478, 406 cm~'; '"H NMR (300 MHz, CD;0D): 6 =8.48 (d, J=3.3 Hz,
1H), 8.45 (s, 1H), 8.18 (s, 1H), 7.50 (d, J =3.3 Hz, 1 H), 6.06 (d, J=5.0 Hz,
1H), 4.69 (t, J=5.4 Hz, 1H), 449 (t, J=5.4 Hz, 1H), 422-4.20 (m, 1H),
3.84-3.65 (m, 6H); ¥C NMR (125 MHz, D,0+1drop CD;OD): d=
169.39, 156.83, 155.78, 153.12, 149.14, 148.47, 140.33, 133.03, 121.31,
119.21, 116.00, 108.74, 89.08, 84.70, 75.34, 71.37, 70.38, 70.18, 39.79; HR-
MS (FAB): calcd for C;gH,,N;0," [MH]*: 492.1479; found: 492.1460.

N-(2-{[ 2S,3R,4R,5R)-5-(4-Amino-2-0x0-1,2-dihydropyrimidin-1-yl)-3,4-
dihydroxytetrahydrofuran-2-ylmethoxy}ethyl)-2,3-dihydroxy-5-nitroben-
zamide (2): Starting from 22 (48 mg, 0.07 mmol), the procedure described
for 1 gave 2 (28 mg, 82 %) as an orange powder. M.p. 166 °C; [a]¥ = +15.0
(¢=1.0, CHCL); IR (KBr): 7#=3412, 3211, 2922, 2878, 1646, 1561, 1494,
1406, 1339, 1273, 1122, 1076, 989, 911, 789, 700, 600, 561 cm~'; '"H NMR
(500 MHz, D,0): 6 =8.44 (d, /=3.0 Hz, 1H), 7.81 (d, J="7.6 Hz, 1 H), 7.66
(d,/J=3.0Hz,1H),5.88 (d,/=4.0Hz, 1H), 5.68 (d, /=76 Hz, 1 H), 4.40-
4.37 (m, 1H), 4.30-4.29 (m, 1H), 428-4.24 (m, 1H), 4.00 (d, /=9.5 Hz,
1H), 3.90-3.60 (m, 5H); *C NMR (125 MHz, D,0+1 drop of CD;OD):
0=169.83, 168.64, 166.67, 158.42, 149.10, 141.77, 132.77, 122.15, 116.60,
108.83, 96.62, 90.73, 83.91, 75.58, 70.52, 70.44, 70.03, 39.98; HR-MS (FAB):
calcd for C;gH,N;O(Na* [M+Na]*: 490.1186; found: 490.1176.

N-2-[{(2S,3R 4R ,5R)-5-[4-(Benzoylamino)-6-o0xo-1,6-dihydropyrimidin-
1-yl]-3,4-dihydroxytetrahydrofuran-2-yljmethoxy]ethyl)-2,3-dihydroxy-5-
nitrobenzamide (24): Starting from 23 (30 mg, 0.05 mmol), the procedure
described for 1 provided 24 (21 mg, 80%) as an orange powder. M.p.
142°C; [a]® = +7.0 (¢ =1.0, CHCLy); IR (KBr): 7= 3421, 2933, 2867, 1683,
1656, 1550, 1508, 1444, 1333, 1261, 1122, 989, 844, 806, 700, 556 cm™;
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'H NMR (300 MHz, D,0): 6 =8.56 (d, J =0.7 Hz, 1H), 8.24 (d, J=3.0 Hz,
1H), 7.80-7.70 (m, 2H), 7.63-7.50 (m, 3H), 728 (d,J = 3.0 Hz, 1 H), 6.94 (d,
J=0.7 Hz, 1H), 5.91 (d,J =2.1 Hz, 1 H), 4.70~4.68 (m, 1 H), 4.63-4.60 (m,
1H), 4.36-4.30 (m, 1H), 4.10-3.60 (m, 6 H); *C NMR (125 MHz, D,0+1
drop of CD;0D): 6 =169.89, 169.26, 168.82, 165.10, 156.64, 149.32, 148.84,
134.15, 133.27, 131.95, 129.79, 128.40, 122.13, 116.28, 107.74, 98.47, 91.86,
84.64, 7635, 70.07, 69.95, 68.95, 40.46; HR-MS (FAB): caled for
CyosHpeNsOy+ [MH]*: 572.1629; found: 572.1645.

N-(2-{[ 2S,3R 4R ,5R)-5-(4-Amino-6-0x0-1,6-dihydropyrimidin-1-yl)-3,4-
dihydroxytetrahydrofuran-2-yllmethoxy}ethyl)-2,3-dihydroxy-5-nitrobenz-
amide (3): A solution of 24 (20 mg, 0.035 mmol) in NH; (25% in H,0,
5 mL) and MeOH (5 mL) was stirred for 24 h at 55 °C and then evaporated
in vacuo. The orange residue was dissolved in H,O (10 mL) and extracted
three times each with Et,0 (10 mL), toluene (10 mL) and CH,Cl, (10 mL).
After lyophilization from H,O, 3 (29 mg, 82 % ) was obtained as an orange
powder, which contained traces of benzamide. IR (KBr): #=3411, 3189,
2911, 2844, 2355, 1650, 1555, 1467, 1389, 1333, 1261, 1122, 1072, 977, 805,
716, 667 cm~'; '"H NMR (500 MHz, D,0): 6 =8.40 (s, 1H), 7.90 (d, /=
2.7Hz,1H), 749 (d,J=2.7 Hz, 1H), 5.90 (s, 1H); 5.45 (d, /=4.9 Hz, 1H),
4.27(d,J=5.3 Hz, 1H), 422-4.18 (m, 1 H), 4.15-4.05 (m, 1 H), 3.98-3.50
(m, 6H); ®C NMR (125 MHz, [D4]DMSO): 6 =169.03, 168.52, 167.32,
166.28, 166.23, 162.89, 160.54, 149.15, 120.80, 114.48, 104.01, 86.97, 82.57,
73.87, 70.07, 69.96, 69.58, 38.19; MS (ESI): m/z (%): 468 (10) [MH]", 467
(39) [M]*, 466 (100) [M —H]*.

2,3-Dihydroxy-N-{2-[ ((3aR,4R,6R,6aR)-6-methoxy-2,2-dimethylperhy-
drofurol3,4-d][1,3]dioxol-4-yl)methoxy]ethyl}-5-nitrobenzamide (25): A
mixture of 15 (0.10 g, 0.41 mmol), 11 (0.12 g, 0.41 mmol), and NEt;
(0.18 mL, 1.20 mmol) in DMF (5 mL) was stirred under Ar for 4h at
20°C. Evaporation in vacuo and FC (SiO,, CH,Cl,/acetone/HCOOH
79:20:1) provided 25 (0.13 g, 75 %) as a yellow powder. M.p. 137°C; [a]} =
—62.0 (c=1.0, CHClL;); IR (KBr): 7=3400, 2989, 2944, 2856, 2344, 1650,
1561, 1511, 1472, 1350, 1322, 1278, 1161, 1100, 1039, 872, 816, 739, 656,
594 cm~!; 'H NMR (300 MHz, CDCl;): 6 =8.24 (d,J=2.7 Hz, 1H), 7.90 (d,
J=2.7Hz, 1H), 762 (brs, 1H), 5.12 (s, 1H), 4.72 (d, /] =5.7 Hz, 1H), 4.64
(d, J=5.7Hz, 1H), 442 (t, J=5.1 Hz, 1H), 3.71-3.50 (m, 6H), 3.38 (s,
3H), 1.48 (s, 3H), 1.31 (s, 3H); *C NMR (50 MHz, CDCl;): 226.30, 166.80,
152.87, 143.88, 13722, 126.04, 111.19, 110.33, 107.89, 83.10, 82.84, 79.19,
69.93, 66.43,52.63,37.71,24.00, 22.47; MS (FAB): m/z (%): 429 (74) [MH]*,
397 (100) [M —MeO]*; CgH,uN,Oy (428.40): caled: C 5047, H 5.65, N
6.54; found: C 50.31, H 5.90, N 6.24.

2,3-Dihydroxy-5-nitro-N-{2-[ ((2R,3R,4R)-3,4,5-trihydroxytetrahydrofur-
an-2-yl)methoxy]ethyl}benzamide (4): A solution of 25 (0.10 g, 0.23 mmol)
in H,SO, (0.1~ in H,0, 1 mL) and H,O (2 mL) was heated for 1 h at 100°C.
After cooling and neutralization with a saturated aqueous solution of
BaCO; (pH control), the precipitated BaSO, was filtered off and the
solvent was evaporated in vacuo. The solid residue was dissolved in H,O
(containing 1% of HCOOH, 10 mL) and extracted with EtOAc (3 x
20 mL). The combined organic layers were evaporated in vacuo to give 4
(mixture of anomers) (0.08 g, 91 %) as a yellow solid. M.p. 87-90°C; IR
(KBr): 7=3400, 2933, 1639, 1556, 1517, 1472, 1339, 1283, 1089, 894, 783,
744,711, 656 cm~!; 'TH NMR (300 MHz, CD;0D, mixture of anomers): 6 =
8.36 (d, /=2.7Hz, 1H), 774 (d, J=2.7Hz, 1H), 5.14 (d, J=42 Hz, 1H),
4.14-4.09 (m, 1H), 4.02-3.95 (m, 2H), 3.86-3.84 (m, 1 H), 3.74-3.59 (m,
5H); BC NMR (125 MHz, CD;OD, mixture of anomers): 6 =170.16,
156.70, 148.45, 141.09, 116.37, 116.08, 113.56, 103.57, 98.30, 83.37, 82.88,
77.24,74.00, 72.77,72.53, 72.48, 70.93, 70.86, 58.50, 40.90, 40.76; MS (FAB):
miz (%): 375 (100) [MH]"; HR-MS (FAB): calcd for C,;H;sN,NaO,,"
[M+Na]*: 397.0859; found: 397.0824.

Molecular modeling: The design of the target molecules was carried out on
Silicon Graphics Crimson and Indigo workstations. The starting geometries
for the molecular mechanics studies were constructed with the program
MOLOC,?! from crystallographic data and standard molecular fragments.
The proposed inhibitor was minimized separately and docked manually
into its expected binding site. The coordinates of COMT and the Mg?** ion
were constrained. The inhibitors were minimized inside the enzyme.
Energy minimizations were performed in vacuo by MOLOC with the MAB
force field.” The energy was minimized by conjugate gradients to a final
value of the sum of the squares of the components of the gradient of less
than the accuracy (0.1 or relative value of 1). The structures were visualized
in Insight 1% as shown in the Figures 1a and 2a.
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Enzymatic studies: Materials: Reagents were purchased from Fluka and
Merck, Darmstadt. S-Adenosyl-L-[methyl-*H]methionine ([*H|SAM, spe-
cific activity: 15 Cimmol~!, The Radiochemical Centre, Amersham) was
diluted with SAM (sulfate, p-toluenesulfonate, BioResearch, Liscate, Italy)
to a specific activity 3.64 Cimol~!' and to a concentration 5.5 mmolL"".
Dithiothreitol (DTT) was obtained from Calbiochem-Behring Corp.,
Luzern, and 2-(4-tert-butylphenyl)-5-(4"-biphenyl)-1,3,4-oxadiazole (bu-
tyl-PBD) from Novartis, Basel.

Wistar rats were killed by decapitation and the liver removed. The tissue
was homogenized in ice-cold water (1:10 w/v) containing 0.2% Triton
X-100 and 0.002% dithiothreitol (triton/DTT) and then centrifuged at
12000 g for 20 min at 4°C. Supernatants were further diluted (1:10) with
Triton/DTT solution.

Kinetic measurements: 1Cs, values were determined as follows: The
inhibitors were dissolved in Me,SO as 1.2 mm stock solution and further
diluted with 0.001n HCL. The reactions were performed in standard
polyethylene scintillation vials. 25 pL. of the inhibitor in varying concen-
trations from 10~* to 107° mol L ~! were mixed with 250 pL freshly prepared
buffer—substrate mixture consisting of 200 uL potassium phosphate buffer
(0.1 mol L=, pH 7.6), 10 uL MgCl, (0.1 mol L"), 15 uL substrate (benzene-
1,2-diol, 0.05 mol L), 10 pL dithiothreitol (0.065 molL"), 5 uL deionized
H,0, and 10 pL [*H]SAM (5.5 mmol L~} specific activity: 3.64 Cimol™!).
Then 25 pL of tissue extract were added. The reaction was started by
incubating the vials in a water-bath at 37 °C for 15 min. The incubation was
stopped by adding 250 uL HOAc (5.7 %) containing guaiacol (0.1 gL ')
and 3 mL of scintillation fluid (5 g butyl-PBD, dissolved in 200 mL toluene,
made up to 1 L with n-hexane) was added. The vials were capped and more
than 98% [*H]guaiacol formed was extracted into the organic phase by
vigorous shaking for 1 min. The samples were counted in a Beckmann LS
6000 TA scintillation counter. ICy, values were determined with and
without preincubation in the presence of inhibitor. Enzyme preparations
were preincubated for 15 min at 37°C at varying inhibitor concentrations
from 10~ to 10® molL~! in the presence of buffer mixture without the
substrate benzene-1,2-diol in the case of the inhibitor 5. In the case of the
potential bisubstrate inhibitors, preincubation without the substrates
benzene-1,2-diol and SAM was performed.

For the determination of K\; and K values, either the concentration of the
substrate benzene-1,2-diol was varied between 28 um and 500 pm at
saturating SAM concentration (183 uMm) or the concentration of SAM
was varied between 10 um and 183 pm at saturating benzene-1,2-diol
concentration (2.5mm). The volumes of all reagents were doubled and the
incubation time varied between 1 min and 15 min at 37 °C with and without
preincubation in the presence of inhibitor. 10 mL of scintillation fluid was
added, the samples were shaken for 5 min and centrifuged. The aqueous
phase was frozen by placing the samples in dry ice/acetone, and the organic
phase was poured into a scintillation vial and counted.

A dialysis experiment was performed as follows: The inhibitors were
incubated with the enzyme preparation at 37°C for 15 min in the presence
of SAM and MgCl,. Dialysis of the incubation mixture against 0.01M
KHPO,/KH,PO, buffer, pH 7.6, which contained 0.003m MgCl, and
100 mg DTT in 10 L buffer was performed, and the relative inhibition
was determined after 0, 2, 4, 6, 8, and 24 h. The loss of activity owing to
degradation of the enzyme was measured in the same experiment.
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Screw-Sense-Selective Polymerization of Aryl Isocyanides Initiated by
a Pd-Pt u-Ethynediyl Dinuclear Complex: A Novel Method for the
Synthesis of Single-Handed Helical Poly(isocyanide)s with the Block
Copolymerization Technique

Fumie Takei, Koichi Yanai, Kiyotaka Onitsuka, and Shigetoshi Takahashi*!?!

Abstract: Living polymerization of chi-
ral aryl isocyanides, such as m- and p-
menthoxycarbonylphenyl isocyanides 2
and 5, initiated by the Pd—Pt u-ethyne-
diyl dinuclear complex 1, proceeds with
a high screw-sense selectivity to give the
poly(isocyanide)s 3 and 6, which exhibit
a large specific rotation and an intense
CD band at A=364nm as a conse-
quence of a helical chirality. The molar

achiral aryl isocyanides that bear very
bulky substituents, such as 3,5-di(pro-
poxycarbonyl)phenyl isocyanide (11),
3,5-di(butoxycarbonyl)phenyl  isocya-
nide (13), and 3,5-di(cyclohexyloxycar-
bonyl)phenyl isocyanide (15), is ach-
ieved by the use of chiral oligomer
complexes 33 and 6, prepared from
the reaction of 1 with 30 equivalents of 2
or 5, as an initiator to give predomi-

nantly single-handed helical polymers.
In contrast, smaller aryl isocyanides are
also polymerized by 33, and 65, with
screw-sense selectivity in the initial stage
of the reaction, but the single-handed
helix is not preserved up to high molec-
ular weight. Kinetic studies of the poly-
merization of (L)- and (D)-2, or (L)- and
(D)-5 with chiral oligomer complexes
(L)-35 or (L)-6449 SUggests that the screw

optical rotation and molar circular di-
chroism of the resulting polymers 3 and
6 reach a constant value at a degree of
polymerization (P,) of more than 30.

! e cyanides -
Screw-sense-selective polymerization of

Introduction

The helix is one of the most important and fundamental
secondary structures of macromolecules and is closely related
to the characteristic functions of biomacromolecules, such as
DNA and poly(peptide)s, since it is a conformational element
that enforces long-range order.! Although many stereo-
regular macromolecules are known to take a helical con-
formation in the solid state, they can not maintain the helical
conformation in solution not only because of the inversion of
the helix, which results in racemization, but also because of a
change in the structure to random coils. A stable helical
conformation, therefore, requires a backbone that is suffi-
ciently rigid to restrict the rotation of C—C single bonds in the
main chain; this is achieved by the steric repulsion of the
bulky side groups.?! Such artificial polymers that are able
to maintain a stable helical structure in solution are still
limited; for example, poly(triarylmethylmethacrylate)s,* poly-
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sense of the polymer backbone is not
controlled kinetically, but rather that the
thermodynamically stable screw sense is
produced.

(isocyanate)s,™ and poly(chloral)s.?» 3] Stable helical poly-
mers usually exist in a racemic mixture of two conformational
stereoisomers with right-handed (P) and left-handed (M)
helices. Optically active polymers in which the chirality
originates from a P or M helical structure are of particular
interest in view of their potential as new chiral materials. For
example, the excellent chiral recognition ability of single-
handed helical poly(methacrylate)s has been successfully
applied to a chiral stationary phase for high-performance
liquid chromatography (HPLC).[! Recently, cholesteric poly-
mer films with unique optical properties were prepared by the
photochemical polymerization of chiral isocyanate terpoly-
mers that had a methacrylate functionality in a lyotropic LC
solution of styrene.[”

Poly(isocyanide)s that contain bulky substituents also adopt
a stable 4, helical structure.®l The first poly(isocyanide)s with
a single-handed helix have been obtained by the separation of
racemic poly(zert-butyl isocyanide)s into a pair of P and M
enantiomers by means of chromatography on a chiral sta-
tionary phase.l”’» When optically active isocyanide is used as a
monomer, single-handed helical poly(isocyanide)s may be
selectively produced, since the chiral polymer with P and M
helices become diastereomers and are no longer thermody-
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namically equivalent.l'” Some attempts have been made at
the selective synthesis of single-handed helical polymers of
achiral isocyanides. Polymerization of achiral isocyanides with
Ni!l salts in the presence of an optically active aminel"!l or
isocyanidel?l results in the formation of optically active
poly(isocyanide)s with a helical conformation. Nickel initia-
tors that contain chiral acetate ligands give helical poly(iso-
cyanide)s with predominantly one screw-sense, but the
molecular weight of the resulting polymers is very low
(M, <1000).131 Chiral palladium initiators, which are obtained
from the resolution of a diastereomeric mixture by prepara-
tive HPLC, are effective for the synthesis of single-handed
helical polymers of phenylene diisocyanide.'¥! Palladium
complexes that contain chiral 1,1-binaphthyl groups also
promote the asymmetric polymerization of phenylene diiso-
cyanide.[]

We have already reported a novel living polymerization of
aryl isocyanides, in which the successive and multiple
insertion of isocyanide into the Pd—C bond of u-ethynediyl
dinuclear complex 1 produced polymers in a quantitative
yield.l') We have now developed the novel catalysis of the
complex to a screw-sense-selective (SSS) polymerization
system by means of a block-copolymerization technique.
Our idea for the SSS polymerization of achiral aryl isocya-
nides is based on the control of the screw sense of the
incoming achiral isocyanides by the helical chirality of the
backbone in the chiral oligomer complexes prepared from the
reaction of 1 with an appropriate chiral isocyanide
(Scheme 1). This system may be characterised by the fact

Results and Discussion

SSS polymerization of chiral isocyanides: There have been
some reports on the SSS polymerization of chiral alkyl
isocyanides, such as (R)- or (S)-a-methylbenzyl isocyanide.['"]
Since our polymerization system, which makes use of the u-
ethynediyl dinuclear complex 1, is effective for aryl isocya-
nides but not with alkyl isocyanides'®! we started our
investigations with the search for an SSS polymerization
system for chiral aryl isocyanides. We first chose m-(L)-
menthoxycarbonylphenyl isocyanide [(L)-2] as a chiral iso-
cyanide monomer, since it is easily prepared from commer-
cially available (L)-menthol, and in addition the enantiomer is
available.

Treatment of 1 with 100 equivalents of the chiral isocyanide
m-CNC¢H,CO,R* [(L)-2; R* = (L)-menthyl; [a]f =—83 (c=
0.10 in CHCl,)] in refluxing THF for 20 h gave the isocyanide
polymer (L)-3,4, With a narrow polydispersity index (M,/
M,=1.08), in 95% yield (Scheme 2).l'1 Polymer (L)-3199

Et3I‘3 Fl’Et3
reflux
EtsP PEt3 Cl-Pd-+C C=C-Pt-ClI
| \ THF (] |
Cl-Pd-C=C-Pt-Cl + nAr*NC EtzP | ) PEt3
| \ A/
EtsP PEt;

2: Ar* = CgH4CO,Men-m
5: Ar* = CgH4CO,Men-p

3: Ar* = CgH4CO,Men-m
6: Ar* = CgH,CO,Men-p

Scheme 2. Reaction of 1 with the chiral isocyanides 2 and 5 to give the
isocyanide polymers 3 and 6.

RsP PR3 R3P PR3 shows a large positive specific
Il nAFNC \ o mAINC _ . 20
CI—Pld—C:C—F|’t—CI —_ CI—P‘d c C=C—F|’t—CI Cl- Pd ¢ c=C- Pt cl rotation [a]f =+270 (c=0.05
R4P PR3 ReP | PR3 in CHCl;), whereas the isocya-
A AT\ AT nide monomer (L)-2 ([a]¥=
—83; ¢=0.1 in CHCl;) and
e — o))® — «)00000® o
* * * * )\
. . Me” N
single-handed single-handed
helical oligomer helical polymer
complex
CO,Men
Scheme 1. Screw-sense-selective (SSS) polymerization of achiral aryl isocyanides by means of a block-
4

copolymerization technique.

that no special operations are required other than those used
in usual polymer synthesis. Since oligomer complexes that
contain an active terminal palladium group are very stable,
they are not deactivated during the isolation procedure or
even during storage in air at room temperature for several
months. Thus, the oligomer complexes may be suitable for a
practical initiator for the polymerization of aryl isocyanides.
We started our study with the SSS polymerization of chiral
isocyanides. The m- and p-menthoxycarbonylphenyl isocya-
nides were polymerized by 1 to give predominantly single-
handed helical polymers, and the chiral oligomers can initiate
the SSS polymerization of achiral isocyanides that bear bulky
groups. We present here the full details of our work on the SSS
polymerization of aryl isocyanides with u-ethynediyl dinu-
clear complex 1. Part of this work has already been
communicated.!'”]

984 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

imine (L)-4 ([a]® =—64; ¢=0.1 in CHCl;), which is a model
compound of (L)-34,'" both exhibit a small and negative
specific rotation. The circular dichroism (CD) spectrum of (L)-
3,00 1s depicted in Figure 1. A strong positive Cotton effect is
observed at A=364 nm, which is assigned to the n-m*
transition of the imino chromophore.[' 12l On the other hand,
both isocyanide monomer (1.)-2 and the imine (1.)-4 showed no
CD bands in the range 4 =260-500 nm. Although isotactic
vinyl polymers which possess chiral substituents also show a
large specific rotation as a result of the local arrangement of
aromatic groups, these polymers exhibit a Cotton effect in the
region below 280 nm as a result of the ;t— ™ transition of the
aromatic chromophore.”! Therefore, it is evident that the
large positive specific rotation and the intense CD band at 1 =
364 nm of (L)-3,9y do not arise from the chiral menthyl group
or the local arrangement of aromatic groups, but rather are a
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Figure 1. CD (solid lines) and electronic spectra (dotted line) of (L)- and
()-3100-

consequence of the macromolecular asymmetry in the helical
chirality of the polymer backbone. This indicates that the one-
handed helical polymer is predominantly produced. It may be
of interest that the chiral menthyl appendage away from the
polymer backbone can control the helical sense of the
polymer backbone, since an asymmetric carbon is directly
linked to the imino group in most of the known optically
active polymers composed of chiral isocyanides.!' 2! Poly-
(isocyanate)s that contain chiral groups away from the
polymer backbone also have a helical structure.22 No
appreciable change of the Cotton effect at A =364 nm was
observed in the range from —70°C to 50°C, in contrast to the
strong temperature effect on the optical activity of poly-
(isocyanate)s,* 221 which suggests that the helical structure of
(L)-3490 is stable in solution. The reaction with the enantio-
meric chiral monomer m-CNC(H,CO,R* [(D)-2, R* =(D)-
menthyl; [a]® = +82 (¢=0.10 in CHCl;) ] gave the analogous
polymer (D)-3,, With a large negative specific rotation [a]F =
—260 (¢ =0.05 in CHCl;). The CD spectrum of (D)-34, With a
strong negative Cotton effect at 1 =364 nm is a mirror image
of that of (L)-3,4y, Which indicates that the polymer (D)-3,y has
an opposite helical sense relative to that of (L)-3,, although
the screw sense (P or M) of the
helical enantiomers has not yet
been assigned.

attached to the ends of polymers (L)- and (D)-3, the molar
optical rotation [¢], and the intensity of the CD band at 1 =
364 nm (Aesq,), based on the isocyanide monomer unit, are
also given in Table 1, and the relationship with respect to P,
are plotted in Figures 2 and 3, respectively. The [¢], and

1000
-1 <] o
[-]
5001 ©-3,
(=]
]
S O
NS
500 | ©-3,
a L3 L
1000 . : :
0 100 200
Py,

Figure 2. Plots of the optical rotation versus degree of polymerization (P,)
for (L)- or (D)-3,.

4.0
L)-3,
a o
—_ L] a
20
£
B
[#]
o 15—
E
=1
2
<5 204 ©)-3,
L4 Py
- —
40 . : ,
0 100 200

Pn
Figure 3. Plots of the molar circular dichroism versus degree of polymer-
ization (P,) for (L)- or (D)-3,.

Table 1. Polymerization of chiral isocyanide monomers (L)- and (D)-2 with the u-ethynediyl complex 1.

Since the living nature of the

P Entry M Pol M, x1036 M, /M, el Wl Agygyle 9 [dm’cm' mol !
polymerization with 1 enables a oy Yomomer oyme B L CO L o Tldm em " mol ]
means to control the molecular 1 8; 10 EL;‘gw 6-(5) 1-03 122 582 0.56

. s _ 2 L)- 20 L)-35 9. .07 7 79 2.37
weight of the resulting poly 3 )2 30 @3, 120 1.06 28 716 253
mers, we have prepared isocya- 4 L)-2 50 (L)-35 19.0 1.08 243 735 2.53
nide oligomers and polymers 5 L)-2 70 (L)-35 26.5 1.07 260 774 2.46
(L)- and (D)-3 with various mo- 6 ©)-2 100 (L)-39 345 1.06 270 794 2.81
lecular weights (Table 1). Poly- 7 ©L)-2 150 (@L)-3i5 465 1.07 262 763 234

3in th Fp> 8 (L)-2 200 (L)-3500 66.0 1.10 262 759 2.78
mers (L)-3 in the range of P, > ®)-2 10 ()34 6.0 1.03 9 34  —076
50 exhibit a constant specific 19 ©)-2 20 (D)3, 94 1.07 _168 —552 —232
rotation of [a]® = +260, where- 11 )2 30 (D)-35 11.0 1.07 —225  —707 —242
as (0)-3 exhibits [a]® =—260; 12 D)-2 50  (D)-35 16.5 1.08 —247 — 747 —2.80
this in contrast to the molecular- 1> (0)-2 70 ()3 25:3 1.08 -2 =777 —274

i 14 ©)-2 100 ()3 32,0 1.09 —260  —764  —2.89
weight dependence of the spe- 45 ®)-2 150 ()3 560 1.09 252 733 —258
cific rotation of poly(iso- 16 )2 200 )3y 635 1.09 —250 —724 268

cyanate)s.®l Because heavy-
metal moieties —[Pd(PEt;),Cl]
and —[C=CPt(PEt;),Cl] are still

Chem. Eur. J. 2000, 6, No. 6

[a] Determined by GPC analyses calibrated with the absolute M,, (light scattering method). [b] ¢ =0.1, CHCl;,
20°C. [c] The [¢]p and Aesqy values are based on the molecular mass of an isocyanide monomer unit. [d] CD
spectra were measured in CHCl; at room temperature.
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Aégsygy of (L)-3 increase rapidly as P, increases to reach a
constant value of [¢p]p=+750 and Ae;5=2.60 dm3cm!
mol~. For (D)-3, the mirror image of (L)-3, the same relation-
ship is observed: a constant value of [¢], =— 750 and Ae;, =
—2.60 dm*cm~'mol~". These results suggest that polymers (L)-
and (D)-3 with P,>30 have predominantly single-handed
helical structures.

The polymerization of chiral isocyanides (L)- and (D)-5,
which contain a menthoxy ester group at the p-position in the
phenyl isocyanide, also proceeds with a high screw-sense
selectivity to give polymers (L)- and (D)-6 with a large specific
rotation and a strong CD band at A =364 nm. The CD spectra
of (L)- and (D)-64, are shown in Figure 4. The molar optical

30 5.0
201 /_\ (L)-6100 4.0 -
~ [=]
k=l =
E 104 =
g 30 E
o o
o 0 E
'E 2.0 ‘T\
g -10 o
\_/ S
-20 (D)6 [ 10 ©
sol o e 0
230 300 400 500
Wavelength /nm

Figure 4. CD (solid lines) and electronic spectra (dotted line) of (L)- and
(0)-6100-

rotation and CD intensity at A =364 nm are plotted against
the degree of polymerization P, in FiguresS and 6. As
observed for (L)- and (D)-3, (L)- and (D)-6 with P,>30 also
show constant [¢]p and Ae;q values (Table 2). This suggests
that the polymers (L)- and (D)-6 with P,>30 also have a
predominantly single-handed helical structure. It should be
noted that the [¢]p and Aesg, values of 6 are much larger than
those of 3; this may be caused by conjugation between the
imino and menthyl ester groups through an aromatic ring.

Table 2. Polymerization of chiral isocyanide monomers (L)- and (D)-5 with the u-ethynediyl complex 1.

4000
o -] a
o
20001 ©)-6n
0
)
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= 1 e
2
g
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*
. v hd A
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Figure 5. Plots of the optical rotation versus degree of polymerization (P,)
for (L)- or (D)-6,.
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Figure 6. Plots of the molar circular dichroism versus degree of polymer-
ization (P,) for (L)- or (D)-6,.

SSS polymerization of achiral isocyanides: Since we had
confirmed that chiral isocyanides 2 and § produce predom-
inantly single-handed helical polymers, we then investigated
the SSS polymerization of achiral isocyanides by the chiral
oligomer complexes 3 and 6 (Scheme 3). As expected, chiral
oligomer complexes 3 and 6 effectively initiate the second
polymerization of aryl isocyanides to give block copolymers
with narrow polydispersity in-
dices in good yields (Tables 3

Entry Monomer n Polymer M, x 10731 M /M, [a]¥®  [#]F  Aesgle I[dm3cm'mol-!] and 4(later)). Because the opti-
1 @©)-5 10 ()6 77 1.02 354 1318 5.39 cally active polymers 3 and 6,
2 @©)-5 20 @L)-6, 110 1.06 786 2585 9.12 which have a high molecular
3 L)-5 30 (L)-63 142 1.09 867 2725 10.92 weight, show a constant specific
4 ©)-5 50 (@6 219 112 998 3022 11.39 rotation as mentioned above,
5 @5 100 (@L)6go 382 113 1070 3147 13.01 the selectivity of the screw
6 L)-5 150  (L)659  60.3 1.10 1092 3180 11.67 £ 1h 1 i
7 L)-5 200 (L)-630 73.2 1.07 1057 3063 12.22 sense of the resu ting polymers
8 )5 10 ()61 7.7 1.02 ~348 1296  —4.99 has been appraised by means of
9 ()-5 20 (D)6 10.4 1.06 —-718  —2361 —8.36 the specific rotation.

10 ()-5 30 (D)-63 13.5 1.09 —-821 —2581 —10.24 Treatment of chiral oligomer

11 ©)-5 50 (0)-6y 225 112 —966 —2925 —11.79 complex (L)-3x, prepared from

12 ©)-5 100 ©)-6g 382 112 ~1054  —3100 —11.98 P 30 PTep

13 ®)-5 150 (©)-6 614 112 1080 —3145 —11.64 1 with 30 equivalents of (1)-2,

14 ()-5 200  (D)-6y9  78.0 1.08 —-1087 —3149 —12.59 with 30 equivalents of 3-pro-

[a] Determined by GPC analyses calibrated with the absolute M,, (light scattering method). [b] ¢c=0.1, CHCl,,
20°C. [c] The [¢], and Aesq values are based on the molecular mass of an isocyanide monomer unit. [d] CD

spectra were measured in CHCI; at room temperature.

986 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

poxycarbonylphenyl isocyanide
(7) gave a block copolymer (L)-
830130, Which has a specific rota-
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EtsP IIDEt3

CI*Pld c\-c=C-Rt-Ci

EtzP | N PEts
Ar,

3: Ar* = CgH4CO,Men-m
6: Ar* = C4H,CO,Men-p

reflux
THF

+ mMAINC

7: Ar = CgH4CO,Pr-m

9: Ar = CgH4CO,Cy-m
11: Ar = CgH3(CO2Pr),-3,5
13: Ar = CgH3(CO,BuU),-3,5
15: Ar = CgH3(CO,Cy),-3,5
17: Ar = CgH4CO,Cy-p

EtsP PEt;

| |
ci-Pafe—c cec-u-ci
EtgP | N ]| N PEt;
Ar/p\ArY,,

=z

8: Ar* = CgH4CO,Men-m
Ar = CgH4CO2Pr-m

10: Ar* = CgH4CO,Men-m
Ar = CgH4CO,Cy-m

12: Ar* = CgH4CO,Men-m
Ar = C5H3(C02PI')2-3,5

14: Ar* = CgH4CO,Men-m
Ar = C5H3(COZBU)2-3,5

16: Ar* = CgH4CO,Men-m
Ar= C5H3(COZCy)2-3,5

18: Ar* = CgH4CO,Men-p
Ar = CgH4COLCy-p

19: Ar* = CgH4CO,Men-p
Ar = CgH3(CO,Pr),-3,5

20: Ar* = CgH,CO,Men-p
Ar= C5H3(COZBU)2-3,5

results suggest that the SSS
polymerization of achiral iso-
cyanides 7 and 9 occurs at the
initial stage of the reaction;
however, the single-handed hel-
ical structure breaks up as the
degree of polymerization in-
Steric  interaction
among the substituents on the
incoming isocyanide may be
too weak to maintain the regu-
lar helical structure. This is
consistent with the experimen-
tal evidence 4 and recent the-
oretical work ] which indicate
that all poly(isocyanide)s do
not always adopt perfect helical
structures. We then chose a
bulkier aryl isocyanide, 3,5-di-
(propoxycarbonyl)phenyl iso-

creases.

cyanide (11), as a second mono-

Scheme 3. Screw-sense-selective polymerization of achiral isocyanides by the chiral oligomer complexes 3 and 6.

tion comparable with that of initiator (L)-3;, (Table 3, entry 1).
Although polymers (L)-83ys0 and (L)-83y190 With a larger
molecular weight were also produced by a similar method,
the values of the specific rotation of the resulting polymers
decreased as the degree of polymerization increased (Table 3,
entries 2 and 3). A similar phenomenon was observed for the
block copolymer (L)-105, that was prepared by the polymer-
ization of cyclohexyloxycarbonylphenyl isocyanide (9) (Ta-
ble 3, entries 4—6). In the CD spectra of (L)-85,, and (L)-
10;,,,,, the intensities of the Cotton effect at A =364 nm also
decreased as the degree of polymerization increased. These

Table 3. SSS Polymerization of achiral isocyanide monomers with m-substituted chiral oligomer complexes (L)-

mer.

Smooth polymerization of 11
with (L)-3; also proceeded to give polymers (L)-125,, with a
narrow polydispersity index in almost quantitative yield
(Table 3, entries 11-13). The specific rotation of polymer
(L)-12;,, maintains a large absolute value even in the high
molecular weight region of at least M,,=29000. The CD
spectrum of (L.)-125,,, with an intense positive Cotton effect at
A =364 nm, was similar to that of (L)-35,. These results suggest
that the 3,5-di(propoxycarbonyl)phenyl group is large enough
to maintain a stable helical structure and the (L)-125y,
polymer has a single-handed helical structure. Polymers (L)-
145, and (L)-163,,,, prepared from (L)-3;, and 3,5-di(butoxy-

carbonyl)phenyl isocyanide
(13) and 3,5-di(cyclohexyloxy-
carbonyl)phenyl isocyanide

and ()-3,. (15), respectively, also showed
Entry  Initiator n [@]®®] Monomer m Copolymer M, x107301 M, /M,  [a]BP a large specific rotation, which
) 03 ™ > 7 0 08 10 oo 08 was somewhat smaller than that
330 83030 . .
2 ©)-3% 30 0 7 50 ()-8 295 112 157 Of ®)-123y, on account of the
3 L)35 30 28 7 100 @) 8ymo 50.0 112 95  higher molecular weight of 13
4 ©)-35 30 228 9 20 (L)-1030 19.0 1.11 239 relative to that of 11 (Table 3,
2 EL;*”SO 30 28 9 50 EL;'loswso 29.5 110 146 entries 14—18). Although high
L)-35 30 2”8 9 100 L1040  48.0 1.10 89 .

7 @39 10 » 1 20 O)2m 135 1.06 126~ molecular-weight polymers (L)-
8 @3y 10 2 1 50 ()12 210 1.08 92 163, (m>70) were also pre-
9 (L)-33 20 176 11 200 (@©)-1240 14.5 1.12 288  pared by the reaction of 15 with
10 (©L)-33 20 176 11 50 ()12 235 1.08 246 (L)-35, the low solubility of the
11 L)-3 30 »s 11 20 @)1 17.5 1.15 280 resuliing polymer prevented
12 (©L)-34 30 2ns 1 50 (@L)124s 25.0 115 272

13 ©)-34 30 28 11 70 @)1 29.0 1.07 o the measurement of both the
14 )3 30 28 13 30 (@L)-14m 20.8 1.10 263 molecular weight and the spe-
15 (L)-35 30 228 13 50 (L)-1dsy3 28.8 1.15 254 cific rotation. As expected, the
16 (L)-33 30 228 13 70 (L;-1430,30 32.0 1.13 247 polymerization of 11 and 13
17 L)-35 30 208 15 10 @©)1630m0 13.5 1.18 239 I L
18 8-330 30 28 15 30 @16y, 155 1.17 24 With initiator (0)-3y, which is
19 ©)-3 30  -25 11 20 ()12 18.0 112 _261  the enantiomer of (L)-3, gave
20 ©)-34 30 -225 11 50 ()12 275 1.09 —-269  polymers (D)-123, and (D)-
21 (©)-33 30 -225 13 30 ()14 21.6 1.10 —268 14, with large negative spe-
2 (0)-34 30 -25 13 SO (0)-14sym 27.0 1.08 —268

cific rotations, but almost the

[a] Determined by GPC analyses calibrated with the absolute M,, (light scattering method) of the homopolymers.

Chem. Eur. J. 2000, 6, No. 6
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same absolute values as the
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corresponding polymers (L)-123, and (L)-145, (Table 3,
entries 19-22). These results strongly suggest that chiral
oligomer complexes (L)- and (D)-35, are effective initiators for
the SSS polymerization of bulky aryl isocyanides. We also
investigated the SSS polymerization of 11 and a chiral
oligomer initiator with a smaller degree of polymerization
than that of (L)-35. Treatment of (L)-3,, with 20 equivalents of
11 gave polymer (L)-12,,, With a specific rotations as large as
(L)-123yp5 (Table 3, entry 9), while the specific rotation of (L)-
12,5 is slightly smaller than that of (L)-12;5 (Table 3,
entry 10). With oligomer complex (L)-3,, as the initiator, the
resulting polymers (L)-12,, €X-

hibited small specific rotations,

even in a low molecular-weight Et3'|° PEt;

region (Table 3, entries 7 and CIfF’ld c CchFlthq

8). These values suggest that EP | N . PEt,
Ar*/sg

the SSS polymerization of achi-
ral isocyanide 11 seems to re-
quire chiral oligomer com-
plexes that possess at least ap-
proximately 30 molecules of
chiral isocyanide (L)-2.

Next, we examined the SSS
polymerization of achiral iso-
cyanides with the chiral oligomer complex (L)-65, prepared
from 1 with 30 equivalents of p-(L)-menthoxycarbonylphenyl
isocyanide (L)-(5) (Table 4). Although complex (L)-65, acts as
an effective initiator for the polymerization of p-cyclohex-
yloxycarbonylphenyl isocyanide (17), the [a]¥ value of the
resulting polymers (L)-18s,, decreased with increasing mo-
lecular weight (Table 4, entries 1-3). Similar results were
obtained from the polymerization of 11 and 13 with (L)-6;.
The decrease in the specific rotation of (L)-195,, and (L)-205,
with increasing molecular weight, however, is smaller than

Table 4. SSS polymerization of achiral isocyanide monomers with p-substituted chiral oligomer complexes (L)-

and (D)-6,,.

+  mAr2NC

6: Arl = CgH,CO,Men-p
3: Artl = CgH,CO,Men-m  5: Art2 = CgH,CO,Men-p

2: Ar*2 = CgH4CO,Men-m

that of (L)-185,, (Table 4, entries 10—15). These results can be
explained by two interpretations: i) the loss of the screw-sense
selectivity in the resulting polymer and ii) the difference in the
contribution to the [a] value between the chiral isocyanide
(L)-5 contained in the initiator and the incoming isocyanides
11, 13, and 17 in the single-handed helical polymers. In order
to obtain information to judge whether our interpretations are
reasonable, we synthesized the block copolymer of chiral
isocyanides with a different substituent (Scheme 4). The
results are summarized in Table 5. The block copolymers of
(L)-2 with (L)-5 must keep a single-handed helix predom-

EtsP PEt;

reflux | |
—— = CI—Pd C C C=C-Pt-ClI
THE | I I |
EtP | N N PEt;
Ar2/ \ A/ oo

21: Artl = CgH,CO,Men-p
Ar*2 = CgH,CO,Men-m

22: Ar*l = CgH4CO,Men-m
Ar+2 = CgH,CO,Men-p

Scheme 4. Block copolymerization of (L)-2 with (L)-5 with chiral oligomer complexes 3 and 6.

inantly because both the specific rotation and the CD spectra
indicate that the major screw senses of homopolymers (L)-3
and (L)-6 are the same. However, the specific rotations of
polymer (L)-213y,,, prepared by the polymerization of (L)-2
with (L)-65,, decrease with increasing molecular weight of the
copolymers (Table 5, entries 1-3), while the specific rotations
of the polymer (L)-225,,, prepared by the reaction of (L)-5
with (L)-3;, increase with increasing the molecular weight
(Table 5, entries 4—6). It is of considerable importance that
the specific rotation of block copolymers (L)-215,, and (L)-
22,5y, have an additive property,
since the block copolymer con-
sists of two homopolymer

Entry Initiator n  [a]f®) Monomer m  Copolymer

M,, x 10730

blocks, which must contribute

MJM,  [a]F® [a]aed

1 @6, 30 867 17 30 @)-184m 238
2 W6, 30 867 17 50 (@L)-18ys 312
3 W6, 30 867 17 70 (L)-184m  38.1
4 @6, 10 354 11 30 @19 156
5 W6, 10 354 11 50 @19 200
6 @6, 10 354 11 70 @19 252
7 W6y 20 786 11 30 @A9%m  17.6
8 W6y 20 786 11 50 @19 233
9 W6y 20 78 11 70 @)19m 288
10 L6, 30 87 11 30 @L)19m 238
11 W6, 30 867 11 50 @)19s 310
12 L6, 30 87 11 70 @19 389
13 L6, 30 87 13 30 L)204 222
14 @6, 30 87 13 50 (L)-204s  30.0
15 @L)-6, 30 87 13 70 @L)204m 348
16 ©)-6, 30 —81 11 30 ()19 219
17 ©)-6, 30 —81 11 50 (©)19ys 274
18 ©)-6, 30 -—81 11 70 ©)19 324

to the specific rotation of the

L12 394 (535) copolymers independently, and
1.12 470 (401) the interf bet the t
109 393 (321) e interface between the two
1.06 375 470 blocks may be negligible. In
1.05 358 403 fact, the [a]® values calculated
105 318 370 by the liner combination of the
}82 233 igg specific rotation of (L)-3 and
107 463 448 (L)-6 are in good agreement
113 672 670 with the observed [a]¥ values
1.08 574 5100 of  (L)-2Laym  and  (L)-2230m-
i(l); 222 Z;g Therefore, it seems to be rea-
115 529 551 sonable. to conclude that tl.le
1.15 478 489 regularity of the screw sense in
1.12 -662  —670 the block copolymer can be
109 594 =570 appraised on the basis of the
1.07 —535 —510

calculated [a]® value.

[a] Determined by GPC analyses calibrated with the absolute M,, (light scattering method) of the homopolymers.
[b] ¢=0.1, CHCl;, 20°C. [c] [@]caica Was calculated with the following equations: Entries 1-3: [a]q.q = {30/(30 +
m)} x 1070 + {m/(30 + m)} x 0; Entries 4—6: [a].yeq = {10/(10 4+ m)} x 1070 + {m/(10 4+ m)} x 270; Entries 7-9:
[a]carea = {30/(30 4+ m)} x 1070 + {m/
(30 +m)} x270; Entries 13-15: [a]caea = {30/(30 +m)} x 1070 + {m/(30 + m)} x 240, Entries 16-18: [a]cea=

[a]caled. ={20/(20 + m)} x 1070 + {m/(20 + m)} x 270;  Entries 10-12:

{30/(30 + m)} x (—1070) + {m/(30 + m)} x (—270).

988 ———mM © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

The estimated [a]¥ value of
©L)-193,, and (L)-205, Wwith
ideal helical structures were
calculated with the [a]® values
of 270 for the homopolymer of
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Table 5. SSS polymerization of chiral isocyanide monomers (L)-2 and (L)-5 with chiral oligomer complexes (L )-63,

and (L)-3;.

No significant difference be-
tween k; (6.1 x107s7") and k,

Entry Initiator n  [a]f®) Monomer m  Copolymer

M, x 10 MM, [a]BP o]

(58x103s7") was observed,

1 @L)6y, 30 867 ©L)-2 30 (@L)2Lym 248
2 @L)6y, 30 867 L)-2 50 (L)-2Lys  30.0
3 @L)6y, 30 867 L)-2 70 @©)-2Lgm  36.0
4 @3, 30 228 L)-5 30 @L)224m 218
5 @3, 30 228 L)-5 50 (L)-224s 295
6 @3, 30 228 L)-5 70 L)220m 360

113 655 665 which indicates that the selec-
1.12 526 563 tivity of screw sense is not
L12 497 503 controlled kinetically.'™*! In a
1.08 %0 665 kinetic study with m-substitut-
1.10 734 766 . . . .

ed chiral isocyanide 2 instead of

[a] Determined by GPC analyses calibrated with the absolute M,, (light scattering method) of the homopolymers.
[b] ¢=0.1, CHCl;, 20°C. [c] [a@]caca Was calculated by the following equations: Entries 1-3: [a]cu.q = {30/(30 +
m)} x 1070 + {m/(30 + m)} x 260; Entries 4-6: [a]cuca = {30/(30 + m)} x 260 + {m/(30 4+ m)} x 1070.

11 and 240 for the homopolymer of 13, which were obtained
by the calculation from the [a]¥ values of (L)-12 and (L)-14.
As shown in Table 4, the observed [a]¥ values of (L)-19;,,
and (L)-20;,, are in good agreement with the calculated ones,
suggesting that both polymers (L)-195,, and (L)-205,, retain
the helical sense of (L)-65, to form a predominantly single-
handed helix (Table 4, entries 10—15). Enantiomeric poly-
mers (D)-195,, relative to (L)-195,, were also prepared by the
SSS polymerization of 11 with (D)-6, as the initiator (Table 4,
entries 16—18). In contrast, similar appraisal of the screw-
sense selectivity for (L)-185,, could not be made since we have
no information on the [a]# value of the homopolymer of 17
with an ideal helical structure. Because the specific rotations
of (L)-18sy,, decrease markedly with increasing molecular
weight, the selectivity in the screw sense of (L)-185,, must be
low. Thus, we have chosen the calculated [a]¥ value of 0 for
the homopolymer of 17, which means that the polymer block
of 17 in (L)-18;,, does not retain the helical sense of (L)-65, at
all. The observed [a]® values of (L)-185,, are slightly larger
than the calculated ones, which indicates that the SSS
polymerization of 17 proceeds only at the early stages of the
polymerization (Table 4, entries 1-3). It is noteworthy that
chiral oligomer (L)-6,, acts as an effective initiator of the SSS
polymerization of 11 to give (L)-19,y,, which has specific
rotation values consistent with the calculated ones, even in the
high molecular-weight region (Table 4, entries 7—9), whereas
the polymer (L)-19y,, prepared by use of (L)-6, as an
initiator, exhibits smaller specific rotation values than the
calculated ones (Table 4, entries 4—6). These results indicate
that the SSS polymerization of 11 is achieved by chiral
oligomer complex 6 prepared from 1 with 20 equivalents of 5,
while the m-substituted analogue requires 30 molecules of 2
for an effective SSS initiator. The CD spectra of (L)- and (D)-
19, were observed to be similar to those of (L)- and (D)-6,
and the dependence of the Cotton effect on the degree of
polymerization of (L)- and (D)-195,,, was very small relative to
that of (L)- and (D)-123¢y,.

SSS polymerization of chiral isocyanide with chiral or achiral
oligomer complexes: To verify the screw-sense selectivity in
the present system, we carried out kinetic studies of the
polymerization of enantiomers (D)- and (L)-5 with the chiral
oligomer complex (L)-6;p (Scheme 5). In both reactions the
polymerization in THF at 338 K obeyed the first-order rate
law in the concentration of isocyanide over 90 % conversion
to give polymers with a narrow molecular-weight distribution.

Chem. Eur. J. 2000, 6, No. 6
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110 816 827 so¢ n

5 under similar conditions, the
reaction rate in the polymer-
ization of (D)-2 with (L)-35

Et3||D PEt3
CI—Pld c=C- Pt cl
EtP PEt3
Al‘*lNC Ar*l 50 Ar*l
EtP PEts ki My = 24.6 x 10°
| My/M,, = 1.10
CI—Pld ¢ CEC—P|t—CI [a]p =+ 1096
N
EtsP | ) ) PEtz K
Ar*~/100
2 EtsP PEt3
(1)-6100 ArNC |
Cl—pd c=C- Pt cl
My = 15.6 x 10°
My/Mp, = 1.12 EtsP ) i, PEt3
[a]p =+ 1088 AI'* 50 Ar*
— 3
Initial Concentration M= 24_'4 x 10
My/M,, = 1.10
[(L)-6100] =2.0 x 10* M [a]p =+ 442

[Ar*NC] =1.0 x 102 M

iPr iPr
1 - - < 2, - —
ArINC = CNQE o, Ar2NC = CN@E o, f

L5 Me (0)-5 Ve

Scheme 5. Polymerization of enantiomers (D)- and (L)-5 with the chiral
oligomer complex (L)-6,99 used for kinetic studies.

(ky=1.1 x 107> s7!) is almost equal to that of (L)-2 with (1.)-35,
(k,=1.0x1073s71).

When chiral isocyanides (L)-2 and (L)-5 were treated with
the oligomer complex 235, (M,,=11300; M, /M, =1.07), which
is a racemic mixture of P and M helices, polymers (L)-24 and
(L)-25 with narrow molecular-weight distributions (M, =
20900, M, /M, =1.07, [a]p =149 for (L)-24; M,,=36500, M,/
M, =1.07, [a]p, =652 for (L)-25) were produced, respectively
(Scheme 6). The narrow molecular-weight distributions also
suggest that there is no significant difference in the polymer-
ization rate of chiral isocyanides between an enantiomeric
helical pair of initiators.!'3]

From these results it seems reasonable to conclude that the
screw sense of poly(isocyanide)s is not controlled kinetically.
Since the terminal palladium group active in the polymer-
ization is relatively flexible and the chiral group on the
isocyanide is far away from the reactive site of the isocyanide,
the insertion of isocyanide monomers, a propagation step in
the polymerization, occurs with a low screw-sense selectivity.
Therefore, the backbone of poly(isocyanide)s adopts a
helical structure with a thermodynamically stable screw-
sense. This explanation is consistent with the fact that the
chiral oligomer complexes 3 and 6, with P, >30 and which
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'H NMR: 6 =8.10-8.04 (m, 2H; Ar-

EtsP PEt, Et P PEt Do
ek | reflux 8 3 H), 757748 (m, 2H; Ar-H), 4.96 (dt,
Cl-Pd ICIZ CEC—F"t—CI + nArNC THE CI—Pd Cc=C- Pt Cl J=11.0, 44 Hz, 1H; menthyl-CH ),
EtzP 'T‘ PEts Et3P PEI3 2.12-2.10 (m, 1H; menthyl—CH),
Ar /30 Ar 30 1.94-191 (m, 1H; menthyl-CH),
1.76-1.73 (m, 2H; menthyl-CH,),
23: Ar = CgHa(CO,PN)»-35 2: Ar2 = CgH,CO,Men-m 24: Ar = CgHz(CO,Pr),-3,5 1.57-1.55 (m, 2H; menthyl-CH,),
5: Ar2 = C4H,CO,Men-p Ar* = CgH4CO,Men-m 1.16-1.08 (m, 2H; menthyl-CH,),
n=30 0.98-0.90 (m, 1H; menthyl-CH),

25: Ar = CgH3(CO,Pr),-3,5
Ar* = CgH4CO,Men-p

Scheme 6. Reaction of chiral isocyanides (L)-2 and (L)-5 with oligomer complex 23;.

have stable helices, are effective initiators for the SSS
polymerization of achiral isocyanides.

Conclusions

We have developed a novel SSS polymerization system for
achiral isocyanides based on a simple block-copolymerization
technique. Chiral oligomer complexes, prepared from Pd - Pt
u-ethynediyl dinuclear complex 1 with m- or p-menthoxycar-
bonylphenyl isocyanides 2 or 5, effectively initiate the SSS
polymerization of bulky aryl isocyanides, such as 3,5-(di-
alkoxycarbonyl)phenyl isocyanides. The helical chirality of
the initiator is preserved in the polymer block of achiral
isocyanides. This method, however, can not be applied to the
SSS polymerization of less bulky aryl isocyanides, such as m-
and p-alkoxycarbonylphenyl isocyanides. Since the chiral
oligomers are very stable and can be used after the storage
in air at room temperature for several months, they provide a
practical initiator for the SSS polymerization of aryl isocya-
nides. The methodology presented in this paper may lead to
the SSS synthesis of helical macromolecules by the living
polymerization of species other than poly(isocyanide)s.

Experimental Section

General: All reactions were carried out under an atmosphere of argon;
however, the workup was performed in air. THF was distilled over
benzophenone ketyl under argon just before use. All other chemicals which
are commercially available were used without further purification. Aryl
isocyanides that bear various alkoxycarbonyl groups were prepared from
the corresponding nitrobenzoyl chloride by standard methods: that is,
i) esterification, ii) hydrogenation of the nitro group into an amino group,
iii) transformation into formamide,?! and iv) dehydration of the forma-
mide.?”) u-Ethynediyl Pt-Pd complex 1 was prepared by the method
reported previously.*!

NMR spectra were measured in CDCl; on JEOL EX270 (270 MHz) and
JEOL JNM-LA 400 (400 MHz) spectrometers. In 'H and *C NMR, SiMe,
was used as an internal standard, and an external 85% H;PO, reference
was used for 3'P NMR. IR and electronic spectra were recorded on
Perkin - Elmer System 2000 FT-IR and JASCO V-560, respectively. Spe-
cific rotation was measured with JASCO DIP-1000 and JASCO DIP-370
instruments and the CD spectra with JASCO J-725 and JASCO J-600.
Molecular-weight measurements were performed with a Shimadzu LC-
6AD liquid chromatograph equipped with Shimadzu GPC-805, -804 and
-8025 columns with polystyrene standards. The kinetic study was performed
with a Shimadzu LC-3A and Shimadzu 840 liquid chromatograph equipped
with a Shimadzu GC-802 column. Elemental analyses were performed by
the Material Analysis Center, ISIR, Osaka University (Japan).

m-(L)-Menthoxycarbonylphenyl isocyanide ((L)-2): Pale yellow oil; [a]} =
—83 (¢=0.1 in CHCly); IR (neat): 7=2130 (C=N), 1730 cm~! (C=0);

90 ——
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094 (d, J=6.7Hz, 3H; menthyl-
CHs;), 0.93 (d, J=6.7 Hz, 3H; menth-
yl-CH;), 0.80 (d, J=70Hz, 3H;
menthyl-CH;); ®C NMR: 0=165.42
(s, CN), 164.02 (s, ArCOOC) 132.35 (s,
Ar-C), 130.20 (s, Ar-C), 130.04 (s, Ar-
C), 129.46 (s, Ar-C), 12725 (s, Ar-C), 126.65 (s, Ar-C), 75.60 (s, menthyl-
CH), 47.02 (s, menthyl-CH), 40.71 (s, menthyl-CH,), 34.06 (s, menthyl-
CH,), 31.30 (s, menthyl-CH), 26.36 (s, menthyl-CH), 23.41 (s, menthyl-
CH,), 21.86 (s, menthyl-CH,), 20.61 (s, menthyl-CHj;), 16.30 (s, menthyl-
CH;); C;sH,3NO, (285.39): caled C 75.76, H 8.12, N 4.91; found: C 75.61, H
8.08, N 4.76.

n=50

m-(D)-Menthoxycarbonylphenyl isocyanide (@)-2): Pale yellow oil; [a] =
+82 (¢=0.1 in CHCL); IR (neat): =2130 (C=N), 1730 cm™! (C=0);
'HNMR: 6 =38.10-8.04 (m,2H; Ar-H), 7.57-748 (m, 2H; Ar-H), 4.96 (dt,
J=11.0,4.4 Hz, 1 H; menthyl-CH), 2.12-2.10 (m, 1 H; menthyl-CH), 1.94 -
1.90 (m, 1H; menthyl-CH), 1.77-1.73 (m, 2H; menthyl-CH,), 1.57-1.54
(m, 2H; menthyl-CH,), 1.18-1.08 (m, 2H; menthyl-CH,), 0.98—-0.90 (m,
1H; menthyl-CH), 0.94 (d, J=6.7 Hz, 3H; menthyl-CH;), 0.93 (d, /=
6.7Hz, 3H; menthyl-CH;), 0.80 (d, J=70Hz, 3H; menthyl-CH,);
BC NMR: 6=16538 (s, CN), 164.10 (s, ArCOOC), 132.40 (s, Ar-C),
130.25 (s, Ar-C), 130.09 (s, Ar-C), 129.50 (s, Ar-C), 12731 (s, Ar-C), 126.71
(s, Ar-C), 75.67 (s, menthyl-CH), 47.07 (s, menthyl-CH), 40.77 (s, menthyl-
CH,), 34.11 (s, menthyl-CH,), 31.35 (s, menthyl-CH), 26.41 (s, menthyl-
CH), 23.45 (s, menthyl-CH,), 21.91 (s, menthyl-CHj;), 20.66 (s, menthyl-
CHs), 16.35 (s, menthyl-CH;); CisH,3NO, (285.39): caled C 75.76, H 8.12, N
4.91; found: C 75.66, H 7.81, N 4.92.

Reaction of 1 with 2 equivalents of m-()-menthoxycarbonylphenyl iso-
cyanide (L)-2: A solution of complex 1 (261 mg, 0.30 mmol) in THF
(20 mL) was added to a solution of (L)-2 (171 mg, 0.60 mmol) in THF
(10 mL). The mixture was stirred for 15 h under reflux and the solvent was
removed under reduced pressure. The residue was purified by column
chromatography (alumina, CH,Cl,), and the orange band was collected.
Evaporation of the solvent under reduced pressure followed by drying in
vacuum afforded (L)-3, as a reddish-brown oil. Yield: 388 mg (90%);
[a] =+2 (¢=0.1 in CHCL); IR (KBr): #=2084 (C=C), 1714 (C=0),
1570 cm~! (C=N); '"H NMR: 6 =8.55-713 (m, 8H; Ar-H), 4.96 (dt, J=
11.0, 4.4 Hz, 1H; menthyl-CH), 491 (dt, J=11.0, 4.4 Hz, 1H; menthyl-
CH), 2.12-2.10 (m, 2H; menthyl-CH), 1.95-1.91 (m, 2H; menthyl-CH),
1.84-1.81 (m, 24H; CH,CH;), 1.76 - 1.54 (m, 8 H; menthyl-CH,), 1.19-1.07
(m, 4H; menthyl-CH,), 1.05-1.00 (m, 36 H; CH,CH), 0.98-0.90 (m, 14H;
menthyl-CH; and -CH), 0.80 (d, J =7.0 Hz, 3H; menthyl-CHj3), 0.79 (d, J =
7.0 Hz, 3H; menthyl-CH;); BC NMR: 6=19705 (s, CN), 165.93 (s,
ArC00C), 165.83 (s, ArCOOC), 159.11 (s, CN), 152.81 (s, Ar-C), 151.09
(s, Ar-C), 131.26 (s, Ar-C), 128.46 (s, Ar-C), 128.21 (s, Ar-C), 126.44 (s, Ar-
C), 124.45 (s, Ar-C), 124.35 (s, Ar-C), 124.21 (s, Ar-C), 121.83 (s, Ar-C),
121.08 (s, Ar-C), 101.08 (t, J(Pt,C) = 1440, J(P,C) = 14 Hz, PtC=C), 98.21 (s,
J(Pt,C) =404 Hz, PtCS), 74.71 (s, menthyl-CH), 74.56 (s, menthyl-CH),
47.34 (s, menthyl-CH), 47.27 (s, menthyl-CH), 41.03 (s, menthyl-CH,), 40.96
(s, menthyl-CH,), 34.32 (s, menthyl-CH,), 34.27 (s, menthyl-CH,), 31.42 (s,
menthyl-CH), 31.39 (s, menthyl-CH), 26.57 (s, menthyl-CH), 26.51 (s,
menthyl-CH), 23.62 (s, menthyl-CH,), 23.55 (s, menthyl-CH,), 22.05 (s,
menthyl-CHj;), 20.80 (s, menthyl-CHj3), 16.53 (s, menthyl-CH3), 16.52 (s,
menthyl-CH;), 16.00 (vt, /=83 Hz, CH,CH;), 15.83 (vt, /=79 Hz,
CH,CH;), 14.06 (vt, J=174 Hz, CH,CH;), 8.11 (s, CH,CH,), 8.06 (s,
CH,CH,), 7.83 (s, CH,CH,); *'P NMR: 6 =16.1 (s, J(Pt,P) =2348 Hz, P on
Pt), 14.0 (d, J(P,P) =360 Hz, P on Pd), 13.3 (d, J(P,P) =360 Hz, P on Pd);
CeoH,0sN,CLO,PdPt (1439.84): caled C 51.72, H 742, N 1.95, Cl 4.92, P
8.60; found C 51.98, H 7.15, N 1.92, C1 4.90, P 8.58.

Reaction of 1 with 2 equivalents of (D)-2: The treatment of 1 with
2 equivalents of (D)-2, by a method similar to that used for the reaction with
(L)-2, gave (D)-3, as a reddish-brown oil in 95 % yield. [¢]d = —2 (¢=0.1in
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CHCL); IR (KBr): #=2084 (C=C), 1714 (C=0O) 1574 cm™! (C=N);
'"H NMR: 0=8.55-7.17 (m, 8H; Ar-H), 497 (dt, J=11.0, 44 Hz, 1H;
menthyl-CH), 4.90 (dt, /=11.0, 4.4 Hz, 1 H; menthyl-CH), 2.12-2.10 (m,
2H; menthyl-CH), 1.94-1.90 (m, 2H; menthyl-CH), 1.84-1.81 (m, 24H;
CH,CHj;), 1.76 -1.55 (m, 8 H; menthyl-CH,), 1.19-1.07 (m, 4H; menthyl-
CH,),1.05-1.00 (m, 36 H; CH,CH5), 0.98 - 0.90 (m, 14 H; menthyl-CH; and
-CH), 0.80 (d, J=7.0Hz, 3H; menthyl-CH;), 0.79 (d, J=70Hz, 3H;
menthyl-CHs); 3C NMR: 6 =197.08 (s, CN), 165.94 (s, ArCOOC), 165.85
(s, ArCOOC), 159.12 (s, CN), 152.85 (s, Ar-C), 151.12 (s, Ar-C), 131.30 (s,
Ar-C), 128.50 (s, Ar-C), 128.26 (s, Ar-C), 126.49 (s, Ar-C), 124.50 (s, Ar-C),
124.45 (s, Ar-C), 124.26 (s, Ar-C), 121.83 (s, Ar-C), 121.14 (s, Ar-C), 101.08
(t, PtC=C, J(P,C) =14 Hz), 98.19 (s, PtC=C), 74.68 (s, menthyl-CH), 74.53
(s, menthyl-CH), 47.30 (s, menthyl-CH), 47.27 (s, menthyl-CH), 40.99 (s,
menthyl-CH,), 40.92 (s, menthyl-CH,), 34.27 (s, menthyl-CH,), 34.22 (s,
menthyl-CH,), 31.36 (s, menthyl-CH), 31.32 (s, menthyl-CH), 26.52 (s,
menthyl-CH), 26.45 (s, menthyl-CH), 23.58 (s, menthyl-CH,), 23.51 (s,
menthyl-CH,), 21.98 (s, menthyl-CH;), 20.73 (s, menthyl-CH;), 16.47 (s,
menthyl-CH;), 16.45 (s, menthyl-CH;), 16.02 (vt, /=79 Hz, CH,CHs;),
15.86 (vt, /=83 Hz, CH,CHj;), 14.01 (vt, /=174 Hz, CH,CH;), 8.16 (s,
CH,CH;), 8.11 (s, CH,CHj3), 7.88 (s, CH,CH;); 3'P NMR: 0=16.2 (s,
J(Pt,P) =2348 Hz, P on Pt), 14.1 (d, J(PP) =361 Hz, P on Pd), 134 (d,
J(PP) =361 Hz, P on Pd); Cs,H;(sN,ClL,0,,PdPt (1439.84): caled C 51.72, H
742, N 1.95, C1 4.92, P 8.60; found C 51.79, H 7.15, N 1.89, C1 4.72, P 8.69.

Reaction of 1 with 10 equivalents of (L)- and (D)-2: These reactions were
carried out by a method similar to that used for the reaction with
2 equivalents of (L)-2.

(L)-359: Yield: 83%; yellow solid; [a]d =+22 (¢=0.05 in CHCL;); IR
(KBr): 7 =2093 (C=C), 1716 (C=0) 1650 cm"' (C=N); 'H NMR: 6 = 8.18
6.21 (m, 40H; Ar-H), 4.97 (br, 10H; menthyl-CH), 2.19-0.80 (m, 240H;
menthyl-H and CH,CHj;); *C NMR: 6 =165.0 (br, ArCOOC), 162.8 (br,
CN), 1479 (br, Ar-C), 1315 (br, Ar-C), 128.9 (br, Ar-C), 125.6 (br, Ar-C),
121.7 (br, Ar-C), 119.4 (br, Ar-C), 74.7 (br, menthyl-CH), 47.3 (br, menthyl-
CH), 41.1 (br, menthyl-CH,), 34.4 (br, menthyl-CH,), 31.6 (br, menthyl-
CH), 26.5 (br, menthyl-CH), 23.7 (br, menthyl-CH,), 22.1 (br, menthyl-
CHj), 20.9 (br, menthyl-CH3), 16.6 (br, menthyl-CHj3), 15.2 (br, CH,CHs),
14.3 (br, CH,CH), 8.0 (br, CH,CHy), 7.7 (br, CH,CH); »'P NMR: 0 = 15.3
(br, J(Pt,P) =2320 Hz, P on Pt), 14.3 (br, P on Pd); CyoeHagO20N10,Cl,PdPt
(3722.95): caled C 66.46, H 7.85, N 3.76, Cl 1.90, P 3.33; found C 66.35, H
790, N 3.67, Cl 1.83, P 3.16.

(D)-319: Yield: 77 % ; yellow solid; [a]E = — 9 (¢ = 0.05 in CHCl;); IR (KBr):
#=2091 (C=C), 1715 (C=0) 1650 cm™' (C=N); 'H NMR: 6 =8.18-6.21
(m, 40H; Ar-H), 497 (br, 10H; menthyl-CH), 2.19-0.80 (m, 240H;
menthyl-H and CH,CHj;); *C NMR: 6 =165.0 (br, ArCOOC), 162.6 (br,
CN), 148.3 (br, ArC), 131.8 (br, ArC), 128.7 (br, ArC), 125.6 (br, ArC),
121.2 (br, ArC), 119.3 (br, ArC), 74.5 (br, menthyl-CH), 47.1 (br, menthyl-
CH), 40.9 (br, menthyl-CH,), 34.3 (br, menthyl-CH,), 31.4 (br, menthyl-
CH), 26.3 (br, menthyl-CH), 23.5 (br, menthyl-CH,), 22.1 (br, menthyl-
CHj;), 20.8 (br, menthyl-CH;), 16.4 (br, menthyl-CHj;), 14.8 (br, CH,CHj;),
13.8 (br, CH,CH,), 8.0 (br, CH,CHj), 7.7 (br, CH,CH,); *P NMR: 6 = 16.0
(br, J(Pt,P) =2330 Hz, P on Pt), 14.2 (br, P on Pd); CyoeHig0020N 0,CLPdPt
(3722.95): caled C 66.46, H 7.85, N 3.76, Cl 1.90, P 3.33; found C 66.60, H
7.65,N 3.73, C1 1.92, P 3.37.

Reaction of 1 with 30 equivalents of (L)-2: A solution of m-(L)-menthoxy-
carbonylphenyl isocyanide ((L)-2, 428 mg, 1.5 mmol) in THF (30 mL) was
refluxed in the presence of complex 1 (43 mg, 50 umol) for 15 h. After the
solution was concentrated (to ~2 mL), the resulting solution was poured
into methanol (100 mL). The precipitate was filtered off and washed with
methanol to give (L)-3; as a yellow solid. Yield: 429 mg (91%); [a]® =
+228 (¢=0.05 in CHCL); IR (KBr): #=2094 (C=C), 1715 (C=0)
1651 cm~' (C=N); BC NMR: 6 =164.7 (br, ArCOOC), 162.7 (br, CN),
147.8 (br, ArC), 130.7 (br, ArC), 128.3 (br, ArC), 126.0 (br, ArC), 121.3 (br,
ArC), 119.8 (br, ArC), 74.6 (br, menthyl-CH), 47.4 (br, menthyl-CH), 40.9
(br, menthyl-CH,), 34.6 (br, menthyl-CH,), 31.6 (br, menthyl-CH), 26.5 (br,
menthyl-CH), 23.9 (br, menthyl-CH,), 22.1 (br, menthyl-CH;), 21.0 (br,
menthyl-CH;) 16.7 (br, menthyl-CH;), 14.2 (br, CH,CHj), 8.1 (br,
CH,CHs;); P NMR: 6 15.4 = (br, J(Pt,P) =2300 Hz, P on Pt), 13.7 (br, P
on Pd); CsH;50N30ClLOgyPdPt (9430.74): caled C 72.10, H 7.96, N 4.46;
found C 71.99, H 8.12, N 4.39.

Reaction of 1 with 30 equivalents of (D)-2: This reaction was performed in a
similar manner to that used for the reaction with (L)-2 to give (D)-35y as
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yellow solid. Yield: 89 %; [a]® = —225 (¢ =0.05 in CHCL); IR (KBr): 7=
2092 (C=C), 1716 (C=0) 1651 cm~! (C=N); “C NMR: 0=164.5 (br,
ArCOOC), 162.5 (br, CN), 147.6 (br, Ar-C), 130.4 (br, Ar-C), 128.2 (br, Ar-
(), 125.7 (br, Ar-C), 121.1 (br, Ar-C), 119.0 (br, Ar-C), 74.6 (br, menthyl-
CH), 472 (br, menthyl-CH), 40.9 (br, menthyl-CH,), 34.3 (br, menthyl-
CH,), 31.4 (br, menthyl-CH), 26.4 (br, menthyl-CH), 23.5 (br, menthyl-
CH,), 22.1 (br, menthyl-CH3), 20.9 (br, menthyl-CH3;), 16.5 (br, menthyl-
CH,), 14.7 (br, CH,CH,;), 13.8 (br, CH,CHj), 8.0 (br, CH,CH,), 7.7 (br,
CH,CH,);*'P NMR: 6 = 15.4 (br, J(Pt,P) =2300 Hz, P on Pt), 13.7 (br, P on
Pd); Cs66H750CLN3,O60sPdPt (9430.74): caled C 72.10, H 7.96, N 4.46; found
C 72.00, H 7.86, N 4.39.

Polymerization of (L)-2 with 1: This reaction was performed in a similar
manner to that used for the reaction of 1 with 30 equivalents of (L)-2.

(L)-3190: Yield: 95%; yellow solid; [a]d =+260 (¢=0.05 in CHCL); IR
(KBr): 7=1716 (C=0) 1650 cm~! (C=N); C NMR: 6=164.5 (br,
ArCOOC), 161.8 (br, CN), 1475 (br, Ar-C), 130.4 (br, Ar-C), 128.0 (br,
Ar-C), 1257 (br, Ar-C), 121.1 (br, Ar-C), 119.0 (br, Ar-C), 73.8 (br,
menthyl-CH), 47.1 (br, menthyl-CH), 40.8 (br, menthyl-CH,), 34.4 (br,
menthyl-CH,), 31.6 (br, menthyl-CH), 26.2 (br, menthyl-CH), 23.6 (br,
menthyl-CH,), 22.6 (br, menthyl-CHj;), 20.95 (br, menthyl-CHj3), 16.5 (br,
menthyl-CH,); Cs6Hase0N100CLO00sPAPt (29408): caled C 74.58, H 8.09, N
4.76; found C 74.47, H 8.17, N 4.62.

p-@L)-Menthoxycarbonylphenyl isocyanide ((L)-5): Pale yellow oil; [a]} =
—75 (¢=0.1 in CHCly); IR (neat): 7=2122 (C=N), 1719 cm~' (C=0);
'"H NMR: 6 =8.09 (d, /=8.5Hz, 2H; Ar-H), 745 (d, J=8.5 Hz, 2H; Ar-
H), 495 (dt, J=10.7, 4.6 Hz, 1H; menthyl-CH), 2.12-2.09 (m, 1H;
menthyl-CH), 1.95-1.89 (m, 1H; menthyl-CH), 1.76-1.73 (m, 2H;
menthyl-CH,), 1.58-1.52 (m, 2H; menthyl-CH,), 1.18-1.08 (m, 2H;
menthyl-CH,), 0.97-0.89 (m, 1H; menthyl-CH), 0.93 (d, /=6.7 Hz, 3H;
menthyl-CH;), 0.92 (d, /=6.7 Hz, 3H; menthyl-CH,;), 0.79 (d, J="7.0 Hz,
3H; menthyl-CH;); *C NMR: 0 =166.87 (s, CN), 164.42 (s, ArCOOC),
131.57 (s, ArC), 130.74 (s, ArC), 129.60 (s, ArC), 126.32 (s, ArC), 75.59 (s,
menthyl-CH), 47.14 (s, menthyl-CH), 40.82 (s, menthyl-CH,), 34.15 (s,
menthyl-CH,), 31.37 (s, menthyl-CH), 26.49 (s, menthyl-CH), 23.54 (s,
menthyl-CH,), 21.94 (s, menthyl-CHj;), 20.66 (s, menthyl-CH;), 16.44 (s,
menthyl-CH;); C;sH,;NO, (285.39): caled C 75.76, H 8.12, N 4.91; found C
75.53, H 791, N 4.94.

p-()-Menthoxycarbonylhenyl isocyanide (()-5): Pale yellow oil; [a]} =
+73 (¢=0.1 in CHCly); IR (neat): #=2122 (C=N), 1719 cm™! (C=0);
'H NMR: 6=8.09 (d, J=8.5Hz, 2H; Ar-H), 745 (d, /=8.5 Hz, 2H; Ar-
H), 495 (dt, J=10.7, 4.6 Hz, 1H; menthyl-CH), 2.13-2.09 (m, 1H;
menthyl-CH), 1.94-190 (m, 1H; menthyl-CH), 1.75-1.72 (m, 2H;
menthyl-CH,), 1.58-153 (m, 2H; menthyl-CH,), 1.18-1.07 (m, 2H;
menthyl-CH,), 0.97-0.89 (m, 1H; menthyl-CH), 0.93 (d, /=6.7 Hz, 3H;
menthyl-CH,), 0.92 (d, /=6.7 Hz, 3H; menthyl-CH,), 0.79 (d, J=7.0 Hz,
3H; menthyl-CHs); °C NMR: 6 =166.91 (s, CN), 164.43 (s, ArCOOC)
131.49 (s, Ar-C), 130.67 (s, Ar-C), 129.64 (s, Ar-C), 126.25 (s, Ar-C), 75.48 (s,
menthyl-CH), 47.05 (s, menthyl-CH), 40.74 (s, menthyl-CH,), 34.08 (s,
menthyl-CH,), 31.29 (s, menthyl-CH), 26.41 (s, menthyl-CH), 23.47 (s,
menthyl-CH,), 21.87 (s, menthyl-CHj3), 20.59 (s, menthyl-CH;), 16.37 (s,
menthyl-CH;); C;sH,;NO, (285.39): caled C 75.76, H 8.12, N 4.91; found C
75.53, H 7.88, N 4.86.

Reaction of 1 with 2 equivalents of (L)-5 and (D)-5: These reactions were
carried out by a method similar to that used for the reaction with
2 equivalents of (L)-2.

(L)-6,: Yield: 90 %; reddish-brown oil; [a]¥ = —17 (¢c=0.1 in CHCL;); IR
(KBr): 7#=2083 (C=C), 1710 (C=0) 1570 cm~' (C=N); 'H NMR: 6 =8.04
(d, J=85Hz, 2H; Ar-H), 8.03 (d, /=85Hz, 2H; Ar-H), 782 (d, J=
8.5Hz, 2H; Ar-H), 702 (d, J=8.5Hz, 2H; Ar-H), 498-4.92 (m, 2H;
menthyl-CH), 2.12-2.10 (m, 2H; menthyl-CH), 1.97-194 (m, 2H;
menthyl-CH), 1.82-1.80 (m, 24H; CH,CH;), 1.76-1.55 (m, 8H; menth-
yl-CH,), 1.19-1.07 (m, 4H; menthyl-CH,), 1.05-1.00 (m, 36 H; CH,CH5),
0.98-0.90 (m, 14H; menthyl-CH; and -CH), 0.81 (d, /J=70Hz, 6H;
menthyl-CH;); ®C NMR: 0 =198.82 (s, CN), 165.98 (s, ArCOOC), 165.85
(s, ArCOOC), 158.73 (s, CN), 156.82 (s, Ar-C), 154.80 (s, Ar-C), 130.39 (s,
Ar-C), 130.14 (s, Ar-C), 12744 (s, Ar-C), 125.80 (s, Ar-C), 120.00 (s, Ar-C),
119.75 (s, Ar-C), 10222 (t, J(P,C)=13.2 Hz, PtC=C), 98.02 (s, PtC=C),
74.60 (s, menthyl-CH), 74.35 (s, menthyl-CH), 47.29 (s, menthyl-CH), 47.22
(s, menthyl-CH), 41.01 (s, menthyl-CH,), 40.98 (s, menthyl-CH,), 34.27 (s,
menthyl-CH,), 31.40 (s, menthyl-CH), 31.36 (s, menthyl-CH), 26.54 (s,
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menthyl-CH), 26.47 (s, menthyl-CH), 23.68 (s, menthyl-CH,), 23.49 (s,
menthyl-CH,), 21.99 (s, menthyl-CHj;), 20.76 (s, menthyl-CHj;), 20.71 (s,
menthyl-CH;), 16.56 (s, menthyl-CHj3), 16.41 (s, menthyl-CHj;), 15.95 (vt,
J=14.1 Hz, CH,CH,), 13.99 (vt, J = 174 Hz, CH,CH,), 8.14 (s, CH,CH,),
785 (s, CH,CH,); 'P NMR: 0 = 16.3 (s, J(Pt,P) = 2345 Hz, P on Pt), 14.1 (s,
P on Pd); Cg,H,;(6N,Cl,0,,PdPt (1439.84): caled C 51.72, H 742, N 1.95, Cl
4.92, P 8.60; found C 51.97, H 7.67, N 1.85, C1 4.90, P 8.39.

(D)-6,: Yield: 90 %; reddish-brown oil; [a]f =+ 18 (¢ =0.1 in CHCL;); IR
(KBr): #=2083 (C=C), 1710 (C=0) 1570 cm™' (C=N); 'H NMR: 6 =8.04
(d, J=8.5Hz, 2H; Ar-H), 803 (d, J=8.5Hz, 2H; Ar-H), 782 (d, J=
8.5Hz, 2H; Ar-H), 7.02 (d, J=8.5Hz, 2H; Ar-H), 4.98-4.92 (m, 2H;
menthyl-CH), 2.12-2.10 (m, 2H; menthyl-CH), 1.97-1.94 (m, 2H;
menthyl-CH), 1.83-1.81 (m, 24H; CH,CHj;), 1.76-1.55 (m, 8H; menth-
yl-CH,), 1.19-1.07 (m, 4H; menthyl-CH,), 1.05-1.00 (m, 36 H; CH,CH,),
0.98-0.90 (m, 14H; menthyl-CH; and -CH), 0.81 (d, J=70Hz, 6H;
menthyl-CH;); 3C NMR: 6 =198.81 (s, CN), 165.97 (s, ArCOOC), 165.84
(s, ArCOOC), 158.72 (s, CN), 156.82 (s, ArC), 154.79 (s, ArC), 130.34 (s,
ArC), 130.13 (s, ArC), 12743 (s, ArC), 125.79 (s, ArC), 120.00 (s, ArC),
119.74 (s, ArC), 102.22 (t, J(P,C) = 13.2 Hz, PtC=C), 98.01 (s, PtC=C), 74.59
(s, menthyl-CH), 74.34 (s, menthyl-CH), 47.28 (s, menthyl-CH), 47.21 (s,
menthyl-CH), 41.01 (s, menthyl-CH,), 40.97 (s, menthyl-CH,), 34.26 (s,
menthyl-CH,), 31.39 (s, menthyl-CH), 31.36 (s, menthyl-CH), 26.53 (s,
menthyl-CH), 26.46 (s, menthyl-CH), 23.67 (s, menthyl-CH,), 23.48 (s,
menthyl-CH,), 21.99 (s, menthyl-CHj;), 20.74 (s, menthyl-CHj;), 20.70 (s,
menthyl-CH;), 16.56 (s, menthyl-CHj3), 16.41 (s, menthyl-CHj;), 16.02 (vt,
J=14.1 Hz, CH,CH,), 14.05 (vt, J = 17.4 Hz, CH,CH5), 8.16 (s, CH,CH,),
7.87 (s, CH,CH,); 3'P NMR: 6 =16.3 (s, J(Pt,P) = 2345 Hz, P on Pt), 14.1 (s,
P on Pd); Cg,H,;46N,Cl,0,,PdPt (1439.84): caled C 51.72, H 742, N 1.95, CI
4.92, P 8.60; found C 51.49, H 734, N 1.94, C1 4.88, P 8.55.

Reaction of 1 with 10 equivalents of (L)- and (D)-5: These reactions were
carried out by a method similar to that used for the reaction with
2 equivalents of (L)-2.

(L)-6,9: Yield: 95%; yellow solid; [a]¥ =+354 (¢=0.05 in CHCl;); IR
(KBr): =2091 (C=C), 1715 (C=0) 1650 cm ' (C=N); 'H NMR: 6 = 8.18
621 (m, 40H; Ar-H), 4.97 (br, 10H; menthyl-CH), 2.19-0.80 (m, 240 H;
menthyl-H and CH,CH,); *C NMR: § =165.5 (br, ArCOOC), 163.2 (br,
CN), 1519 (br, Ar-C), 130.2 (br, Ar-C), 128.3 (br, Ar-C), 119.8 (br, Ar-C),
74.8 (br, menthyl-CH), 47.2 (br, menthyl-CH), 41.1 (br, menthyl-CH,), 34.3
(br, menthyl-CH,), 31.5 (br, menthyl-CH), 26.5 (br, menthyl-CH), 23.7 (br,
menthyl-CH,), 22.1 (br, menthyl-CHj;), 20.8 (br, menthyl-CHj;), 16.6 (br,
menthyl-CH,), 14.8 (br, CH,CH,), 13.8 (br, CH,CH,), 8.1 (br, CH,CH,), 7.8
(br, CH,CH,); *'P NMR: 6 = 16.3 (br, J(Pt,P) = 2320 Hz, P on Pt), 14.0 (br,
P on Pd); CopsHasyOa Ny CLPAPt (3722.95): caled C 66.46, H 7.85, N 3.76, Cl
1.90, P 3.33; found C 66.24, H 7.89, N 3.48, Cl 1.86, P 3.20.

(D)-619: Yield: 89 %; yellow solid; [a]} = —348 (¢=0.05 in CHCL); IR
(KBr): #=2091 (C=C), 1715 (C=0) 1650 cm™' (C=N); 'H NMR: 0 = 8.18-
621 (m, 40H; Ar-H), 4.97 (br, 10H; menthyl-CH), 2.19-0.80 (m, 240H;
menthyl-H and CH,CH,); *C NMR: 6 =165.5 (br, ArCOOC), 163.2 (br,
CN), 151.9 (br, Ar-C), 1303 (br, Ar-C), 128.3 (br, Ar-C), 119.1 (br, Ar-C),
74.8 (br, menthyl-CH), 47.4 (br, menthyl-CH), 41.1 (br, menthyl-CH,), 34.4
(br, menthyl-CH,), 31.6 (br, menthyl-CH), 26.5 (br, menthyl-CH), 23.7 (br,
menthyl-CH,), 22.1 (br, menthyl-CHj;), 20.9 (br, menthyl-CHj;), 16.6 (br,
menthyl-CHs), 14.8 (br, CH,CH,), 13.8 (br, CH,CHS,), 8.0 (br, CH,CH,), 7.7
(br, CH,CH,); *'P NMR: 6 = 16.3 (br, J(Pt,P) = 2320 Hz, P on Pt), 14.0 (br,
P on Pd); CagHasON10:CLPAPt (3722.95): caled C 66.46, H 7.85, N 3.76, Cl
1.90, P 3.33; found C 66.69, H 8.00, N 3.64, Cl 1.77, P 3.22.

Reaction of 1 with 30 equivalents of (L)- and (D)-5: These reactions were
also carried out by a method similar to that used for the reaction with
30 equivalents of (L)-2.

(L)-639: Yield: 89%; yellow solid; [a]¥ =+859 (¢=0.05 in CHCl;); IR
(KBr): #=2090 (C=C), 1715 (C=0) 1650 cm~! (C=N); 3C NMR: 6 =165.2
(br, ArCOOC), 160.8 (br, CN), 150.7 (br, Ar-C), 130.1 (br, Ar-C), 128.2 (br,
Ar-C), 118.0 (br, Ar-C), 74.8 (br, menthyl-CH), 47.3 (br, menthyl-CH), 41.1
(br, menthyl-CH,), 34.4 (br, menthyl-CH,), 31.4 (br, menthyl-CH), 26.5 (br,
menthyl-CH), 23.7 (br, menthyl-CH,), 22.1 (br, menthyl-CHj;), 20.7 (br,
menthyl-CH;), 16.6 (br, menthyl-CH;), 14.9 (br, CH,CHj;), 13.8 (br,
CH,CHs;), 8.0 (br, CH,CHs;), 7.7 (br, CH,CH;); 'P NMR: 6 =16.3 (br,
J(Pt,P) =2320 Hz, P on Pt), 14.0 (br, P on Pd); CseH;50N3,CL,O4,PdPt
(9430.74): caled C 72.10, H 7.96, N 4.46; found C 72.34, H 7.81, N 4.42.
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(D)-63,: Yield: 89%; yellow solid; [a]d =—821 (¢=0.05 in CHCL); IR
(KBr): #=2090 (C=C), 1715 (C=0) 1650 cm™' (C=N); ®C NMR: 6 = 164.3
(br, ArCOOC), 160.8 (br, CN), 150.8 (br, Ar-C), 130.8 (br, Ar-C), 128.3 (br,
Ar-C), 116.8 (br, Ar-C), 74.7 (br, menthyl-CH), 47.3 (br, menthyl-CH), 40.9
(br, menthyl-CH,), 34.4 (br, menthyl-CHy,), 31.6 (br, menthyl-CH), 26.5 (br,
menthyl-CH), 23.7 (br, menthyl-CH,), 22.1 (br, menthyl-CH;), 20.6 (br,
menthyl-CH;), 16.8 (br, menthyl-CH;), 14.6 (br, CH,CHj;), 13.8 (br,
CH,CH,), 8.0 (br, CH,CH,), 78 (br, CH,CHz); P NMR: =163 (br,
J(Pt,P)=2320 Hz, P on Pt), 14.0 (br, P on Pd); CssHysoN3ClLOgoPdPt
(9430.74): caled C 72.10, H 7.96, N 4.46; found C 71.82, H 791, N 4.36.

Polymerization of @)-5 with 1: Treatment of (L)-5 (100 equiv) with 1 by a
method similar to that used for the reaction of 1 with 30 equivalents of (L)-2
gave (L)-6, as a yellow solid in 85% yield. [a]¥ =+1079 (c=0.05 in
CHCL;)IR (KBr): #=1715 (C=0) 1650 cm™! (C=N); *C NMR: 6 =163.8
(br, ArCOOC), 160.6 (br, CN), 150.8 (br, Ar-C), 130.0 (br, Ar-C), 128.2 (br,
Ar-C), 118.5 (br, Ar-C), 74.5 (br, menthyl-CH), 47.0 (br, menthyl-CH), 40.9
(br, menthyl-CH,), 34.4 (br, menthyl-CH,), 31.5 (br, menthyl-CH), 26.5 (br,
menthyl-CH), 23.8 (br, menthyl-CH,), 22.1 (br, menthyl-CH;), 20.8 (br,
menthyl-CHj;), 16.8 (br, menthyl-CHj;); Cigy6H3360N100Cl, 05004 PdPt (29408):
caled C 74.58, H 8.09, N 4.76; found C 74.56, H 7.82, N 4.60.
3,5-Di(propoxycarbonyl)phenyl isocyanide (11): White solid; m.p. 58.0—
58.5°C; IR (neat): 7 =2138 (C=N), 1723 cm™! (C=0); '"H NMR: 6 =8.70 (s,
1H; Ar-H), 8.20 (s, 2H; Ar-H), 4.34 (t, J=6.8 Hz, 4H; CH,CH,CH,),
1.87-1.78 (m, 4H; CH,CH,CH;), 1.05 (t, J=7.6 Hz, 6H; CH,CH,CH;);
BCNMR: 0 =166.87 (s, CN), 164.00 (s, ArCOOC) 132.65 (s, Ar-C), 131.04
(s, Ar-C), 130.99 (s, Ar-C), 127.00 (s, Ar-C), 67.55 (s, CH,CH,CH3), 21.96 (s,
CH,CH,CH3;), 10.38 (s, CH,CH,CH;); C;sH;;0,N (275.31): calcd C 65.44,
H 6.22, N 5.09; found C 65.42, H 6.19, N, 4.95.

Block-copolymerization of aryl isocyanides with the oligomer complex

General procedure: The aryl isocyanide was treated with an oligomer
complex under reflux in THF. After 15 h the solution was concentrated
under reduced pressure, and the resulting solution was poured into
methanol. The precipitate was filtered off and washed with methanol to
give the block copolymer as a yellow solid.

(L)-1234/59: Yield: 80 %; yellow solid; [a]% = +280 (¢ =0.05 in CHCL;); IR
(KBr): #=2095 (C=C), 1727, 1715 (C=0) 1650 cm~! (C=N); 3 C NMR: 0 =
164.4 (br, ArCOOC), 162.6 (br, CN), 147.6 (br, Ar-C), 130.4 (br, Ar-C),
1279 (br, Ar-C), 126.2 (br, Ar-C), 123.9 (br, Ar-C), 119.6 (br, Ar-C), 74.1
(br, menthyl-CH), 66.2 (br, Pr-CH,), 47.1 (br, menthyl-CH), 40.7 (br,
menthyl-CH,), 34.4 (br, menthyl-CH,), 31.4 (br, menthyl-CH), 26.4 (br,
menthyl-CH), 23.6 (br, menthyl-CH,), 22.0 (br, Pr-CH,), 20.8 (br, menthyl-
CHj,), 16.5 (br, menthyl-CH,), 10.1 (br, Pr-CH;); Cge6H;130N50CLO 40,PdPt
(14977): caled C 69.45, H 7.60, N 4.68; found C 68.99, H 7.19, N 4.70.

Kinetic studies on the polymerization of (L)- and (©)-5 with ()-6,y: A THF
solution (25 mL), in which (L)- or (D)-5 (71 mg, 250 pumol), (L)-64y (147 mg,
5 umol), and naphthalene (10.5 mg, 8.2 pmol) as an internal reference were
dissolved, was kept at 338 + 0.1 K. The course of the reaction was followed
by gel-permeation chromatography. The conversion of (L)- or (D)-5 was
determined by measurement of the relative size of the integrated UV peak
of (L)- or (D)-5 and naphthalene.
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Strontium Selenogermanate (1) and Barium Selenogermanate({1,1v):

Synthesis, Crystal Structures, and Chemical Bonding

Dirk Johrendt* and Markus Tampier!?!

Abstract: The new selenogermanates
Sr,Ge,Ses and Ba,Ge,Se; were synthe-
sized by heating stoichiometric mixtures
of binary selenides and the correspond-
ing elements to 750°C. The crystal
structures were determined by single-
crystal X-ray methods. Both compounds
adopt previously unknown structure
types. Sr,Ge,Ses (P2,/n, a=8.445(2) A,
b=12302 A, c=9.179 A, f=93.75(3)",
Z=4) contains [Ge,Se,(]*~ ions with

b=9.174(2) A, ¢=9.160(2) A, Z=4)
contains [Ge,Ses]*~ anions built up by
two edge-sharing GeSe, tetrahedra, in
which one terminal Se atom is replaced
by a lone pair from the divalent germa-
nium atom. The alkaline earth cations
are arranged between the complex
anions, each coordinated by eight or
nine selenium atoms. Ba,Ge,Ses is a
mixed-valence compound with Ge™ and
Ge!V coexisting within the same anion.

Sr,Ge,Se; contains exclusively Ge'™.

These compounds possess electronic
formulations that correspond
to (Sr*),(Ge**),(Se?7)s and (Ba?*),-
Ge?*Ge**(Se?")s. Calculations of the
electron localization function (ELF)
reveal clearly both the lone pair on Ge™
in Ba,Ge,Ses and the covalent Ge—Ge
bond in Sr,Ge,Ses. Analysis of the ELF
topologies shows that the Ge™Se and
GeV—Se covalent bonds are almost

homonuclear Ge—Ge bonds (dg._g.=
2.432 A), which may be described as
two ethane-like Se;Ge—GeSeSe,,, frag-
ments sharing two selenium atoms.

o selenium -
Ba,Ge,Ses (Pnma, a=12.594(3) A,

Introduction

The structures of ternary and quaternary thio- and seleno-
germanates are characterized by tetrahedral [GeQ,]"~ (Q =S,
Se) anions separated by electropositive transition metal and/
or main-group metal cations. Thiogermanates are formally the
higher homologues of silicates and a variety of structures arise
by arranging and connecting the tetrahedra in space. ['*l But
in spite of their common tetrahedral motif for the anions,
silicate and thio(seleno)germanate chemistries are different.
The reason is the more covalent character of Ge—S(Se) bonds
compared with Si—O. For instance, the ortho compounds
A,GeQ, (A =divalent metal) with isolated tetrahedra form
the olivine structure (known for silicates) only if the cation A
is small (as for transition metals, Mg, and Ca).>* Otherwise
special structure types emerge that are not known in
silicates.l”! Corner sharing of the tetrahedra leads to meta
compounds with infinite ![GeQ,]*~ chains. Examples are
Na,GeS;®! or the recently described PdGeS,.”! Oligomeric
anions [Ge,S;]°~ (corner sharing), [Ge,S¢]*~ (edge sharing), or

[a] Dr. D. Johrendt, M. Tampier
Institut fiir Anorganische Chemie und Strukturchemie II
der Heinrich-Heine-Universitdt Diisseldorf
Universititsstrasse 1, 40225 Diisseldorf (Germany)
Fax: (+49)211-811-4146
E-mail: johrendt@uni-duesseldorf.de
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identical, whereas the Ge"-Se interac-
tions are weaker and more ionic in

germanium character.

the adamatane-like [Ge,S,o]*~ were also reported, the last of
which were also obtained from aqueous solutions.!'**] Larger
oligomeric anions are known for the cesium selenogallates(i1n)
Cs,.4[Ga,Se,,,] with n=2-6.01413]

Nearly all of the known compounds fulfil electronically
precise ionic formulations if assumed to contain Ge',
for example, (Mg?"),Ge**(S§*),, Pd**Ge*(S*);, or (Ba*t),-
(Cu')s(Ge*),(S*")g. They are often intensely colored and are
expected to be semiconducting, in contrast to the insulating
silicates. Unfortunately, the physical properties of thio- and
selenogermanates have scarcely been investigated up to now.

Germanium compounds with tetrahedral chalcogen coor-
dination contain exclusively Ge!. The stability of lower
oxidation states increases within Group 14 from carbon to
lead. Carbon and silicon exist in chalcogenides as C' and Si",
while lead is found exclusively as Pb", and tin is stable as Sn"!
and Sn'. Silicon and germanium clearly prefer to be
tetravalent, but lower oxidation states are possible. Examples
are the binary compounds GeQ (Q =S, Se) with Ge'L.['l The
presence of homonuclear Ge—Ge bonds (that is, Ge') is
assumed in the glassy Ge,Q; (Q =S, Se).l'’] Until now, ternary
Ge'™ compounds have existed only with alkaline metals: the
thio-, seleno-, and tellurogermanates(irn) A¢Ge,Qs (A=K,
Na, Q=S, Se, Te) contain [Ge,Q¢]° units with covalent
Ge—Ge bonds.['®! The homologous tellurosilicate(iir) K¢Si,Teq
and tellurostannate (i) K¢Sn,Te, are also known.["2 Like-
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wise, Gel' was observed in the cyclic [ (GeTe,),Te,]*~ anion of

NayGe,Te,,.? Divalent Ge!! coexists with Ge!Y in T1,Ge,S, to
form infinite .[Ge,Ge!V,Sg]*~ chains.[

In our investigations into ternary and quaternary seleno-
germanates of the alkaline earth metals, we have found two
new compounds of the type A,Ge,Ses (A = Sr, Ba). Although
of the same formula type, they adopt different crystal
structures and contain germanium in the oxidation states
() and (1)/(1v), respectively. In this paper, we report the
synthesis, crystal structures, and chemical bonding of
Sr,Ge,Ses and Ba,Ge,Ses.

Results and Discussion

Crystals of Sr,Ge,Ses are amber but transparent and show no
reaction when exposed to air or water. The compound
crystallizes in a previously unknown monoclinic structure
type with four formula units per unit cell. The structure is
shown in Figure 1; selected atomic bond lengths and angles
are given in Table 1.

The most striking feature of Sr,Ge,Ses is its isolated
[Ge,Seo]®~ anions. They are oriented roughly along [101],
separated and balanced in terms of charge by Sr?>* cations. Srl
is coordinated by eight selenium atoms to form a distorted
bicapped trigonal prism. Sr2 has a distorted quadratic-

Abstract in German: Die neuen Selenogermanate Sr,Ge,Ses
und Ba,Ge,Se; wurden durch Erhitzen stéchiometrischer
Gemenge aus Erdalkaliseleniden und den Elementen auf
750°C dargestellt und ihre Kristallstrukturen rontgenogra-
phisch mit Einkristallmethoden bestimmt. Beide Verbindungen
bilden bisher unbekannte Strukturtypen. Sr,Ge,Ses kristallisiert
monoklin (P2/n, a=8445(2) A, b=12.302 A, ¢c=9.179 A,
B=93.75(3)°, Z=4); wesentliches Strukturmerkmal sind iso-
lierte [GegSe,,[~-Anionen mit homonuklearen Ge—Ge Bin-
dungen. Das Anion besteht aus zwei kondensierten ethan-
analogen Se;Ge—GeSeSe,,-Fragmenten mit zwei verbrii-
ckenden Se-Atomen. Ba,Ge,Ses (Pnma, a=12.594(3) A, b=
9.174(2) A, ¢=9.160(2) A, Z=4) dagegen bildet neuartige
[Ge,Ses]*—-Anionen. Sie leiten sich von kantenverkniipften
Ge,Ses-Doppeltetraedern ab, indem ein Se-Atom durch das
einsame Elektronenpaar eines Ge' ersetzt wird. Die Erd-
alkaliatome sind in beiden Fillen acht- oder neunfach von
Selen koordiniert. Ba,Ge,Se;s ist eine gemischtvalente Verbin-
dung, in der Ge'" und Ge' gleichzeitig in einem komplexen
Anion vorliegen. Sr,Ge,Se; enthiilt ausschliefflich Ge'". Beide
Selenogermanate sind elektrovalent aufgebaut, entsprechend
den ionischen Formulierungen (Sr’+),(Ge’t),(Se*™)s und
(Ba**),Ge**Ge**(Se*~);. Die Elektronenlokalisierungsfunkti-
on ELF zeigt deutlich das einsame Elektronenpaar des Ge' in
Ba,Ge,Ses und die kovalente Ge—Ge Bindung in Sr,Ge,Ses.
Eine Analyse der ELF-Topologie ergibt weiterhin, dass sich
kovalente Ge"—Se und Ge'""—Se Bindungen praktisch nicht
unterscheiden, wihrend die Ge'"—Se Wechselwirkung in
Ba,Ge,Ses schwiicher ist und deutlich ionischen Charakter
aufweist.

Chem. Eur. J. 2000, 6, No. 6

Figure 1. Crystal structure of Sr,Ge,Ses.
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Table 1. Selected bond lengths [A] and angles [°] for Sr,Ge,Ses.

Sr1—Se2 3.117(3) Sr2-Se3 3.065(3) Gel—SeS 2.324(3)
Sr1-Sel 3.197(3) Sr2-Se2 3.094(3) Gel-Sed 2.380(3)
Sr1—Sed 3217(3) Sr2-Se3 3.188(3) Gel-Sed 2.446(3)
Sr1-Se5 3.220(3) Sr2-Se2 3247(3) Gel-Ge2 2.432(3)
Sr1—Se3 3316(3) Sr2-Se5 3308(3) Ge2-Sel 2.316(3)
Sr1-Se5 3.331(3) Sr2-Sel 3325(3) Ge2-Se2 2.355(3)
Sr1-Sel 3.440(3) Sr2-Ses 3379(3) Ge2-Se3 2.381(3)
Sr1—Se3 3.541(3) Sr2-Sed 3.688(3) Ge2—Gel 2432(3)
Se5-Gel-Sed 117.8(1)  Sed-Gel-Ge2  99.0(1)  Sel-Ge2-Gel 114.8(1)
Se5-Gel-Ge2 1242(1)  Sed-Gel-Sed  952(1)  Se2-Ge2-Se3  99.6(1)
Se5-Gel-Sed 107.5(1)  Sel-Ge2-Se2 103.1(1)  Se2-Ge2-Gel 114.8(1)
Sed-Gel-Ge2 113.6(1)  Sel-Ge2-Se3 118.4(1)  Se3-Ge2-Gel 105.5(1)

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

antiprismatic coordination with one more Se over a quadratic
plane. The germanium is four-coordinate—three selenium
and one germanium atom form a distorted tetrahedron
(angles ~ 100—-118°). Figure 2 shows some geometric details

Figure 2. [Ge,Se]*~ anion of Sr,Ge,Ses.

of the centrosymmetric [Ge,Se o |*~ anion. The coordination of
germanium remains tetrahedral as in [GeSe,*", but one
neighbor is now Ge instead of Se. Evidently, the Ge—Se bonds
are not significantly influenced by this fact. The Ge—Se
distances range from 2.32 to 2.45 A and correspond approx-
imately to the sum of the covalent radii (2.36 A),? as found
for other selenogermanates with tetrahedral GeSe, units.?
Each of the two Ge—Ge dumbbells (dg.-g. =2.432 A) is
bridged by two Se atoms. A four-membered ring is formed by
two Ge and the two common Se atoms. The [Ge,Se;]*~ anion
may be regarded as two ethane-like Se;Ge—GeSeSe,, frag-
ments sharing two selenium atoms. As mentioned above,
isolated [Ge,Se¢]° anions have been observed in K,Ge,Seg, '8l
in which the Se;Ge—GeSe; groups adopt a “staggered”
conformation as expected by lone-pair repulsion arguments.
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In contrast to this, the conformation of the Se;Ge—GeSeSe,,,
groups in Sr,Ge,Se; is almost “eclipsed” with a Se—Se distance
of 4.74 A, that is, longer than twice the van der Waals radius of
Se (2.0 A).%] Thus, this is an arrangement of low energy,
because if the terminal GeSe; group were rotated by 180°
around the Ge—Ge bond to reach a “staggered” conforma-
tion, the distance to the terminal Se atoms of the neighboring
GeSeSe,, group would be only 4.38 A. Consequently the
repulsive energy would be even higher. However, the
observed conformation depends also substantially on packing
and on the coordination requirements of the Sr** cations and
is not a result of lone-pair repulsion forces alone.

Owing to the formation of Ge—Ge bonds, the formal
oxidation state of germanium in Sr,Ge,Se; is Ge''l. This leads
to an electronically precise ionic formula of (Sr*+),(Ge**),-
(Se?”)s in agreement with the color and transparency of the
crystals.

The deep red crystals of Ba,Ge,Ses are transparent only in
very thin layers and stable when exposed to air or humidity.
The compound adopts a novel orthorhombic structure type in
the space group Pnma. Selected atomic distances and angles
are compiled in Table 2. As seen in Figure 3, we find isolated

Table 2. Selected bond lengths [A] and angles [°] for Ba,Ge,Ses.

Ba-Sel 3350(1) Gel-Sed 2325(2) Sed-Gel-Sel  108.7(1)
Ba-Se3 3371(1) Gel-Sel 2356(2) Sed-Gel-Se2  110.3(1)2 x
Ba-Se2 3385(2) Gel-Se2 2359(1)2x  Sel-Gel-Se2  110.4(1)2 x
Ba—Sed 3394(1) Ge2-Se3  2.443(3) Se2-Gel-Se2  106.8(1)
Ba—Sed 3.408(1) Ge2-Se2 2.672(2)2x  Se3-Ge2-Se2  97.5(1)2 x
Ba-Se3  3.417(1) Se2-Ge2-Se2  90.3(1)
Ba-Sel 3.424(1)

Ba-Se2 3.527(1)

T e T e
pre Cle a.:?
M Fye
QeI

Figure 3. Crystal structure of Ba,Ge,Ses.

complex anions built up by Ge and Se, but in contrast to the
[Ge,Se ]*~ units in Sr,Ge,Ses, the analogous barium com-
pound forms [Ge,Ses]*~ anions. Barium is coordinated by
eight selenium atoms to form a bicapped trigonal prism. The
[Ge,Ses]*~ groups are aligned roughly along [001] and occur
along [100] every half translation, each rotated by 180° and
shifted by % along [010].

Details of the complex anion [Ge,Ses]*~ are given in
Figure 4. It can be interpreted as two edge-sharing GeSe,
tetrahedra, in which one terminal Se atom is missing and is
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Figure 4. [Ge,Ses]* anion of Ba,Ge,Ses.

replaced by a lone pair from the divalent germanium atom. As
expected, the lower valence state of germanium produces
elongated Ge—Se bonds. Compared with the Ge—Se bond
lengths in binary GeSe (2.56-2.57 A),6! we find a shorter
bond Ge"Se (2.44 A) to the terminal selenium, but the bond
lengths to the bridging selenium are longer (2.67 A) in
[Ge,Ses]*. The Ge'V—Se bond lengths are 2.33-2.36 A and
correspond approximately to the sum of the covalent radii of
Ge and Se (2.36 A).%) This indicates that Ge—Se bonds for Ge
in tetrahedral coordination are not influenced by changing
one neighbor from Se to Ge as in Sr,Ge,Ses, but we find
significant differences when one atom is “replaced” by a lone
pair in Ba,Ge,Ses.

Ba,Ge,Se; is a mixed-valence compound. Divalent Ge!' and
tetravalent Ge!V coexist within the same complex anion. As in
Sr,Ge,Se;s with its exclusively trivalent Ge!, the ionic formula
splitting for Ba,Ge,Ses results in an electronically precise
formulation, namely (Ba?*),Ge?**Ge*"(Se*");. In a crystal
structure built up from isolated anions as found in Sr,Ge,Ses,
no drastic change is expected when strontium is replaced by
barium. Particularly the anions should be the same; merely
the distances between them may be increased because of the
larger ionic radius of barium compared with strontium.
However, the question of why Ba,Ge,Ses and Sr,Ge,Ses form
such different complex anions must remain open.

The electronic structure of Sr,Ge,Ses and Ba,Ge,Ses was
investigated by means of non-empirical band structure
calculations. As expected from the electron-precise composi-
tions, both compounds turn out to be semiconductors. The
calculated band gaps are 1.2 eV for Sr,Ge,Ses and 1.6 eV for
Ba,Ge,Ses. However, it must be kept in mind that density
functional calculations always produce too small gaps com-
pared with experimental values.

In order to visualize the chemical bonding in Sr,Ge,Ses and
Ba,Ge,Ses, we have calculated the electron localization
function (ELF) for selected planes within the anions
[Ge,Seo]*~ and [Ge,Ses]*~. The values of ELF are defined
between zero and one; large values (>0.7) mean a high
probability of paired electron spins, that is, regions of either
covalent bonds or lone pairs of electrons. Local maxima of the
ELF define localization attractors. The valence-electron ELF
maps (core states are not considered) in Figures5 and 6
render contour lines from ELF=0.5 to ELF=0.95 with
increments of 0.05.

Figure 5 shows the ELF contours of a plane within the
[Ge,Seyo]* anion of Sr,Ge,Ses. The attractor of the covalent
Ge—Ge bond can be clearly discerned and is not completely
symmetric because of the different kinds of surrounding
selenium atoms. Gel is connected to two bridging Se4 and one
terminal Se5 (not within the plane), whereas the neighbors of
Ge?2 are exclusively terminal atoms Sel —3. Areas of high ELF
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Figure 5. Electron localization function (ELF) of [Ge,Se (]*~. (Contours
are from 0.5 to 0.95 with increments of 0.05.)

are also seen in the Ge—Se bonding regions and around the
selenium atoms, these latter regions correspond to the lone
pairs of Se and reach values up to ELF =0.9. In seleno- and
thiogermanate compounds, one generally observes shorter
bonds between germanium and the terminally bonded
chalcogens compared with bridging ones!!. The ELF topology
of [Ge,Se]®~ reveals this small difference. Even if the
distances Gel—Se4 (bridging) and Ge2—Se3 (terminal) are
nearly identical 2.38 A, we still see the bonding attractor
(bound by ELF ~0.8) between Ge2 and Se3, which is shifted
slightly towards the germanium atom. In the bonding region
between Gel and Se4, the ELF reaches also values of about
0.8, but the attractor is more spread out in space. This
indicates weaker bonding to the bridging selenium atom
compared with the terminal one.

Figure 6 shows the ELF contours of the [Ge,Ses]*~ ion. The
highest values (up to 0.97) are seen in the vicinity of the Ge2
atom. This is the strongly localized lone pair of electrons of
divalent Ge'™. It does not point directly to a neighboring Ba?*,
but rather towards empty space (see Figure 3). The ELF
topology for the [Ge,Ses]*~ anion in Ba,Ge,Se; reveals the
differences between Ge!V—Se and Ge!"-Se bonding. The
Gel—Se4 and Gel—Se2 (each Ge!V to terminal Se) bonds
represent the typical case expected for tetravalent germanium
compounds. All bonding attractors are bound with values of
ELF = 0.8 between Ge and Se and nearly 0.9 in the areas of
the selenium lone pairs. As mentioned above, the Ge(1))—Se
bonds in Sr,Ge,Ses (compare with Ge2—Se3 in Figure 5) are
practically identical with the Ge'V—Se in Ba,Ge,Ses.

N

Figure 6. Electron localization function (ELF) of [Ge,Ses]*".
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In contrast to this, we see no sharply bound ELF attractor
between Ge2 (which is Ge'') and Se3. The ELF values are
lower (about 0.7) and the topology is more spherical around
Se3. From this we can conclude, that the Ge!"™-Se bonds are
weaker and have more ionic character compared with
covalent Ge™V—Se bonds. Increasing ionicity results in longer
Ge—Se distances, as seen from the NaCl type high-temper-
ature phase of GeSe, in which the germanium has six
neighboring selenium atoms with bond lengths of 2.865 A
In Ba,Ge,Ses we observe the previously unprecedented case
of the coexistence of almost covalent Ge'Y—Se and ionic
Ge'"=Se bonding within the same isolated anion.

Experimental Section

General: Starting materials were selenium powder (Alfa, 99.999 %),
germanium powder (Chempur, 99.999 %), SeO, (Merck, 99.99 %), BaCl,,
and SrCl, (Merck, 99.9%).

Barium selenide and strontium selenide (BaSe and SrSe): Solutions of
BaCl, and SeO, (each 0.2 moll~") were mixed and BaSeO; was precipitated
at pH=S8. The selenite was washed and dried in vacuo before being
reduced by a flow of NH; at 860 °C over 4 h to yield a colorless powder of
BaSe. The same procedure was used to synthesize SrSe.

Strontium selenogermanate(t1y), Sr,Ge,Ses (1): A stoichiometric mixture of
SrSe (0.3332 g, 2 mmol), Ge (0.1452 g, 2 mmol), and Se (0.2369 g, 3 mmol)
was loaded into a corundum crucible. The crucible was transferred into a
silica tube and evacuated. It was flushed three times with argon before
being sealed under an argon atmosphere (ambient pressure). The mixture
was heated to 750°C at a rate of 50°Ch~! and was kept at this temperature
for 50 h; the furnace was then allowed to cool to RT. The first product was
homogenized in an argon-filled glove-box, reloaded to the crucible and
subsequently tempered at 750 °C for 50 h. This procedure yielded a brown
powder of Sr,Ge,Ses, which is stable in air and insoluble in water and
common organic solvents. Single crystals suitable for X-ray experiments
were selected directly from the powder. No impurities could be detected
within the accuracy of the X-ray powder diffraction experiment.

Barium selenogermanate(, 1v), Ba,Ge,Se; (2): BaSe (0.4326 g, 2 mmol),
Ge (0.1452 g, 2 mmol), and Se (0.2369 g, 3 mmol) were heated as described
above for compound 1. The deep red powder showed no reaction when
exposed to air or water. Small, red single crystals were transparent only as
thin layers. X-ray powder patterns were indexed completely with the data
obtained from the single-crystal experiment.

Structure determination: The crystal structures were determined by means
of single-crystal X-ray diffraction at RT. A STOE AED-2 diffractometer
was used for the data collections. Lorentz and polarization corrections were
performed, absorption effects were corrected empirically by acquiring ¥-
scans. The structures were solved in the centrosymmetric space groups
P2/n  (Sr,Ge,Ses) and Pnma (Ba,Ge,Ses) by direct methods
(SHELXTL)?" and refined against F2 (SHELXL-93).1%8! Final refinements
included anisotropic displacement parameters for all atoms. Details of the
data collections and refinements are given in Table 3; the final atomic
and equivalent displacement parameters are listed in Tables 4 and 5.
Important interatomic distances and angles are summarized in Tables 1
and 2 for Sr,Ge,Ses and Ba,Ge,Ses, respectively. Further details on the
crystal structure investigations may be obtained from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany
(fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-410790 for Sr,Ge,Ses and CSD-410791 for
Ba,Ge,Ses.

Electronic structure calculations: Self-consistent ab initio band structure
calculations were performed with the LMTO method in its scalar
relativistic version (program LMTO-ASA 47).%1 A detailed description
may be found elsewhere.?*34 Reciprocal space integrations were per-
formed with the tetrahedron method by using 54 (Sr,Ge,Ses) and
27 (Ba,Ge,Se;) irreducible k-points within the Brillouin zone.*s! The basis
sets consisted of 5s/5p orbitals for Sr, 6s/6p for Ba, and 4s/4p for Ge and Se.
The 4d orbitals for Ge and Se were treated by the downfolding
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Table 3. Crystallographic data and details of the data collection for
Sr,Ge,Ses and Ba,Ge,Ses.

Sr,Ge,Ses Ba,Ge,Se;
M, 715.88 814.66
crystal system monoclinic orthorhombic
space group P2/n Pnma
a[A] 8.445(2) 12.594(3)
b [A] 12.302(2) 9.174(2)
c[A] 9.179(2) 9.160(2)
B 93.75(3)
V [A3] 951.6(3) 1058.3(4)
V4 4 4
Pearca [gem 3] 4.992 5.113
u(Mog,) [mm] 36.45 30.09
absorption correction -scans -scans
min/max transmission 0.21/0.74 0.29/0.74
diffractometer STOE AED-2 STOE AED-2
radiation Mok, Mok,
monochromator graphite graphite
20-range [°] 3-70 3-65
index ranges —6<h<13 0<h<18
—11<k<17 —13<k<0
0<I<13 0<I<13
reflections collected 8079 4406
unique reflections 4360 (R;,,=0.077) 2203 (R, =0.057)
observed reflections [I>20()] 1794 1346
parameters 83 50
R, 0.057 0.041
wR, 0.076 0.102
goodness-of-fit 1.163 1.068

residual electron density [eA~3]  +1.75/—1.75 +3.58/—-3.34

Table 4. Atomic coordinates and equivalent displacement parameters!?]
for Sr,Ge,Ses.

Atom Position X y z Uy

Srl 4e 0.0448(3) 0.1627(1) 0.0323(2) 0.0142(5)
Sr2 de 0.5605(3) 0.3032(2) 0.0218(2) 0.0148(5)
Gel 4e 0.4951(3) 0.0505(2) 0.3358(3) 0.0098(5)
Ge2 4e 0.7996(3) 0.4809(2) 0.3129(2) 0.0093(5)
Sel 4e 0.2032(3) 0.4427(2) 0.4567(3) 0.0132(5)
Se2 4e 0.5380(2) 0.5082(2) 0.2145(2) 0.0119(5)
Se3 4e 0.3144(3) 0.2118(2) 0.7937(2) 0.0120(5)
Se4 4e 0.1583(2) 0.4118(2) 0.0602(2) 0.0123(5)
Se5 4e 0.3449(3) 0.2050(2) 0.2797(2) 0.0118(5)

[l The equivalent displacement parameter is defined as one-third of the
orthogonalized U tensor.

Table 5. Atomic coordinates and equivalent displacement parameters for
Ba,Ge,Ses;.

Atom Position X y b4 Uy

Ba 8d 0.3223(1) 0.9950(1) 0.3790(1) 0.0122(2)
Gel 4c 0.4030(1) % 0.6821(2) 0.0095(3)
Ge2 4c 0.9661(1) % 0.4711(2) 0.0156(4)
Sel 4c 0.2225(1) Y 0.6149(2) 0.0117(3)
Se2 8d 0.4422(1) 0.0436(1) 0.8258(1) 0.0133(2)
Se3 4c 0.2836(1) % 0.1193(2) 0.0129(3)
Se4 4c 0.0059(1) u 0.0287(2) 0.0121(3)

technique. To achieve space filling within the atomic sphere approx-
imation, interstitial spheres were introduced to avoid too large an overlap
of the atom-centered spheres. The empty sphere positions and radii were
calculated by using an automatic procedure developed by Krier.?) We did
not allow an overlap of more than 15 % for any two atom-centered spheres.
Two-dimensional grids of the electron localization function (ELF)P® were
calculated. Within density functional theory, ELF depends on the excess of
local kinetic energy owing to the Pauli principle compared with the bosonic
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system (Pauli kinetic energy tp)). By definition the values for ELF are
confined to to the range 0—1. Regions in space for which the Pauli principle
does not increase the kinetic energy of the electrons (i.e., high values of
ELF) can be identified as areas in which pairing of electrons with opposite
spins play an important role. Thus, high values of ELF can be treated as
equivalent to covalent bonds or lone pairs.*!
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Highly Organized Spherical Hosts That Bind Organic Guests in Aqueous
Solution with Micromolar Affinity: Microcalorimetry Studies

Evgueni L. Piatnitski,'*! Robert A. Flowers IL*! and Kurt Deshayes*!"!

Abstract: Two novel closed-shell hemi-
carcerand-like hosts with spherical cav-
ities of 11 A diameter that are soluble in
aqueous solution were constructed. The
binding of xylenes, aryl ethers, polyar-
omatic compounds, ferrocene deriva-
tives, and bicyclic aliphatic compounds
were examined by NMR spectroscopy
and microcalorimetry. NMR binding
studies indicated that binding depended
upon guest hydrophobicity and shape.
No binding was detected for guests in
which a charge must be desolvated as
part of inclusion or for guests that can
not fit within the cavity of the host.
Three complexes 2-naphthalene, 2-p-
xylene, and 2-ferrocene were isolated
and found to be indefinitely stable in the
solid phase and in aqueous solution. The
binding constants for these complexes
are estimated to be greater than 103m~L

ranging between 107 and 10°m~L A
comparison of results obtained here
with those from previous work with j-
cyclodextrin and cyclophane hosts,
along with analysis of the entropy-en-
thalpy compensation data, indicate that
there is a higher degree of guest des-
olvation with this host structure than
with open-shell hosts. This accounts at
least partially for the increase in affinity
observed with these closed-shell hosts.
Replacing a hydroxy group in the host
portal with a hydrogen atom does not
affect the binding constant, a finding
consistent with the guest residing deeply
buried within the host cavity. It was
observed that aromatic guests are bound
with higher affinity than aliphatic ones
in agreement with results that point to

Keywords: host—guest chemistry -

the importance of London dispersion
forces in the association of aromatic
components in face-to-edge orienta-
tions. The correlation of changes in
NMR chemical shift with microcalorim-
etry data supports a model in which
increased CH-rm interactions strengthen
association between host and guest due
to the dominant role of van der Waals
dispersion forces. Remarkably, the bind-
ing constant for the 1,4 isomer of dime-
thoxybenzene is 32 times higher than for
the 1,2 isomer, and even greater dis-
crimination is observed between the
xylene guests since the binding constant
for p-xylene is 80 times greater than that
for o-xylene. This discrimination be-
tween isomeric guests by a rigid host
indicates that changes in specific hydro-
phobic interactions have substantial ef-
fects upon binding affinity.

Thirteen guests were examined by
microcalorimetry with binding constants
Introduction

Of paramount importance to biology and chemistry is the
readily observed tendency of water to reject nonpolar fatty
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supramolecular chemistry

materials and to be rejected by them. Water is the solvent
found in nature, and the attractive forces that occur in
aqueous solution are related to fundamental biological
processes, such as the formation of cells and biomembranes,
the catalytic efficiency of enzymes, and the folding of proteins.
Complexation in an aqueous medium is a result of favorable
changes in free energy due to rearrangements in solute—
solute, solvent-solute, and solvent—solvent interactions
involving van der Waals contacts, hydrogen bonds, and
electrostatics.l'! The forces which govern the separation of
organic and aqueous phases are often referred to collectively
as the “hydrophobic effect”. The hydrophobic effect has been
a subject of intense interest and debate, although a general
description of the process has been elusive. A large body of
information has been obtained on protein-—protein,? pro-
tein — peptide,?! and protein —ligandP! interactions in water in
order to understand the importance of water in these crucially
important associative processes. Concurrently, the association
between structurally well-defined model systems such as
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Figure 1. a) Structure of host 1 with corresponding ethyl ester analogue 8 (right); space-filling representation of 1 (left). b) Structure of hosts 2 and 3 and

ethyl ester analogues 7 and 9 (right); space-filling representation of 2 (left).

cyclodextrins!! and cyclophanes!® and small organic guests in
water has been studied to gain fundamental insight into
molecular recognition and hydrophobic association in water.

It would be advantageous to our understanding of hydro-
phobic binding if a simple system could be studied in which a
guest moves from water into a well-defined host environment
that excludes water to maximize the guest desolvation. This
ideal has been closely approximated by host 1, introduced by
Yoon and Cram (Figure 1).[!

This water-soluble closed-shell molecule has an enforced
spherical cavity with a diameter of 11 A.[" Several substances
were added to NMR samples of 1 prepared in deuterated
sodium borate buffer (pH?9). A total of 14 compounds formed
complexes in which the chemical shift of the guest moved
upfield by as much as 4 ppm. The change in magnetic
environment of the guest indicates it is deeply held within
the shielded interior of host 1. This model is supported by
CPK molecular models. No thermodynamic parameters have

1000
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been reported for the association of host and guest for this
system. The development of such a well-defined system yields
an ideal opportunity for the study of the movement of small
organic molecules from aqueous solution into an organized
hydrophobic environment. An accurate quantitative inves-
tigation of thermodynamic parameters requires that the
process be studied under equilibrium conditions. This require-
ment is orthogonal to traditional studies on hemicarceplexes
which rely upon large activation barriers for the creation of
stable complexes in organic solvent.®l Diol host 2 and deoxy
host 3 (Figure 1) were employed to ensure equilibrium
conditions are maintained for a wide range of guests. The
enlarged portal of hosts 2 and 3 is intended to allow free guest
entrance and egress, thereby precluding kinetic barriers which
make thermodynamic analysis of solute interactions with 1
nearly impossible.

Herein we describe our NMR and microcalorimetry inves-
tigation of the inclusion of neutral organic guests within these
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Scheme 1. Synthesis of hosts 2 and 3.

novel hemicarcerand-like hosts. Our results are discussed in
terms of recent results which suggest London dispersion
forces are a predominant driving force in hydrophobic
binding.

Results

Construction of hosts 2 and 3: The key step in the synthesis of
hosts 2 and 3 is the connection of two phenol units 4 (prepared
in four steps from resorcinol) with diester 6 (Scheme 1). Host
2 is prepared from tetrol 4, while 3 is obtained from triol 5,
which is a by-product in the synthesis of 4.

By adjusting the reaction conditions, it is possible to isolate
hexaester 7 in 8 % yield, while the octaester 8 (Figure 1) can
be obtained in a 7% yield. Several attempts were made to
optimize the reaction conditions, but in our hands the yield
could not be improved. Hexaester 7 is hydrolyzed to give
hexaacid 2, which is purified by preparative HPLC. The NMR
spectra of 2 and 3 are indicative of the C,y symmetry of the
host. Host 3 is constructed by connecting two triol units 5 to
give hexaester 9, which is subsequently hydrolyzed and
purified. Solutions of 2 and 3 can be prepared up to
concentrations of 5mm with no evidence of micelle formation,
as evidenced by NMR chemical shift studies. Since it is easier
to synthesize 2, the initial work was done with more abundant
host and these experiments were repeated with 3. The binding
observed is unique to aqueous solution since 7 and 9 do not
retain guests inside their cavities in organic solutions.

NMR studies: The initial experiments consisted of screening
guests by NMR spectroscopy. Upfield changes in the chemical
shifts of the guest protons indicated that the compounds were
residing within the highly shielding environment of 2. All 2-
guest complexes show slow exchange between the bound and
free states on the NMR time scale, that is, both bound and free
guests appear in the spectra along with the occupied and
empty host. The appearance of guest peaks which shifted
upfield upon the addition of host 2 was interpreted as a
positive indication of binding. By manipulating the concen-
tration of host and guest, a rough estimate of the binding
constant could be obtained. Association constants that were
too strong to be measured by NMR spectroscopy (>10°M~!)
were observed for 18 highly hydrophobic guests. The list
includes all possible trimethoxybenzene and dimethoxyben-
zene isomers, all xylene isomers, adamantane, norborenol,
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2-adamantanone, ferrocene, and trans-4-[2-(1-ferrocenyl)vin-
yl]-1-methylpyridiniumiodide. Strong binding was also ob-
served for naphthalene, 1-methylnaphthalene, 2-methylnaph-
thalene, 2-methoxynaphthalene, and 1-bromonaphthalene. A
second group of compounds containing camphor, nopinone,
and norbornanemethanol show somewhat reduced affinity for
2, K,~10° although at the accuracy of the experiment the
magnitude of the difference between the two groups was not
apparent. A third grouping of guests which displayed obvious
but weaker association, 10°> K, >10?, included acetone,
methanol, norcamphor, camphene, 5-fluorouracil, 3-carotene,
and ferrocenecarboxylic acid. A final group of compounds
showed no sign of inclusion under the experimental con-
ditions, K, < 10% and included large hydrophobic molecules
such as anthracene, pyrene, and 1,2-dimethylnaphthalene as
well as compounds such as hexamethylenetetramine, 1-naph-
thoic acid, borylamine, and borylacetate that contained
charged residues under the titration conditions.

Isolation of 2-guest complexes: It is possible to isolate
selective guest complexes within 2 by adjusting the pH to >2
and by filtering the resulting precipitate. Subsequent tritu-
ration with CHCI; removes any residual uncomplexed guest.
After the material is air dried, the solids can be redissolved in
deuterium oxide borate buffer at pH 9. The NMR spectra of
the isolated complexes show pure 1:1 complexes that are
stable indefinitely. The 2. ferrocene, 2 - naphthalene, and 2« p-
xylene complexes were stored in the solid state for several
weeks and once redissolved in deuterium oxide at pH 9 give
clean proton NMR spectra for the 1:1 complexes. The spectra
of 2-ferrocene and 2-p-xylene are shown in Figure 2. This
process was successful only for guests that have high binding
constants. Attempts to isolate complexes between 2 and
guests with K, <10° resulted in the recovery of empty 2. The
results described above indicate that 2 can be used to
introduce insoluble substances into aqueous solution at
greater than millimolar concentrations.

Microcalorimetry studies It is possible to obtain binding
constants by 'H NMR spectroscopy by using the relative
integrated areas of the proton signals for free and bound
guests for the guests. For example, analysis of the 2. camphor
spectra yielded a binding constant K, of 3 x 103°M~' (AG°=
—4.8 kcalmol™"). Although a limited range of binding con-
stants can be found using the NMR method, titrations using
isothermal titration microcalorimetry can directly measure
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Figure 2. 400 MHz '"H NMR spectra of the 2- p-xylene (a) and 2 - ferrocene
complexes (b) in D,O at pH 9.

AH° and K, over a large range of K, values; thus, this method
was employed to acquire thermodynamic profiles for complex-
ation. Titration of 2 with 1,2,4-trimethoxybenzene in the micro-
calorimeter produced the thermogram shown in Figure 3.
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Figure 3. ITC thermogram (top) and isotherm (bottom) for the binding of
1,2,4-trimethoxybenzene to diol host 2.

Integration of the heat data plotted versus the molar ratio of
1,2,4-trimethoxybenzene to 2, produced the isotherm shown
in Figure 3. A series of guests were studied calorimetrically.
All host—guest combinations produced thermograms and
isotherms of similar quality. The thermodynamic parameters
K,, AH°, AG°, and AS° extracted from the calorimetric data
for the interaction of all thirteen guests with host 2 and the
results with four guests with host 3 are contained in Table 1.
The excellent fit obtained for all thermograms obtained
support our belief that the values reported here accurately
describe thermodynamic equilibrium.

Unfortunately, the solubility of naphthalene and ferrocene
in water are not sufficient to allow us to carry out calorimetric
titrations with these guests. The binding constants for these

Table 1. Thermodynamic and selected chemical shift data for binding of organic guests by hosts 2 and 3.

Guests Host AH° [kcalmol~'] ] TAS° [kcal mol ][] AG° [kcalmol '] K A6 [ppm]
p-xylene 2 —-12.3 —-2.6 -9.6 1.2 x 107 3.65
m-xylene 2 —129 —43 —8.6 4.9 x 10° 3.75
o-xylene 2 -89 —-18 -71 1.5x10° 221
1,2,3-trimethoxybenzene 2 —15.6 -7.9 —-7.6 4.1 x10°
1,3,5-trimethoxybenzene 2 —12.5 —-58 —-6.9 1.1x10°

1,2 4-trimethoxybenzene 2 -9.7 -31 —-6.6 7.1 x10*
1,4-dimethoxybenzene 2 —10.9 -3.0 -7.9 6.4 x10° 4.05
1,3-dimethoxybenzene 2 —11.6 —4.0 -7.6 4.1 x10° 4.10
1,2-dimethoxybenzene 2 -8.1 -23 —-58 1.9 x 10* 1.95
camphor 2 -2.6 2.2 -48 32x103

nopinone 2 -51 0.9 —-42 1.2 x 103
norbornanemethanol 2 -5.0 0.3 —-52 6.9 x 103

norborneol 2 —42 1.6 —-5.8 1.8 x 10*
1,4-dimethoxybenzene 3 —-11.3 —-34 -79 6.0 x 10°
1,2,3-trimethoxybenzene 3 —14.7 —-173 —-74 2.9 x 10°
1,3,5-trimethoxybenzene 3 —12.9 —-59 -59 1.4 x10°

norborneol 3 —4.1 1.7 —-5.8 1.8 x 10*

[a] The error of AH® measurements is 0.1 kcalmol~'. [b] The error of K determination does not exceed 10 %. [c] Ad is the change of chemical shift of methyl

group upon incarceration.

1002

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0606-1002 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 6





Highly Organized Spherical Hosts

999-1006

highly hydrophobic molecules appear by rough competition
experiments to be much greater than any of the guests that we
measured and therefore a lower limit for the K, of 108M~! can
be assigned for these guests. This value is a conservative
estimate which indicates host 2 binds these guest with
submicromolar affinity, one of the highest affinities recorded
between a monomeric synthetic host and monomer guest.

Enthalpy — entropy compensation: Examination of the data in
Table 1 reveals that the free energy of binding ranges from
highly enthalpically driven in the case of 1,2,3-trimethoxy-
benzene to partially entropically driven for norborneol. A
plot of TAS® versus AH° gives an excellent linear correlation
(R=0.96) (Figure 4) for a line described by Equation (1) over
a wide range of AS° and AH° values where a=0.75 and
TAS,°=4.2 kcalmol L.

TAS® = aAH® + TAS,? 0

In all cases the association is enthalpically driven with a
systematic increase in AS° as the enthalpic driving force for
binding decreases. A compensation effect between enthalpy
and entropy has been repeatedly observed for the association
between receptor and ligand for several systems.! The origin
and significance of entropy-enthalpy compensation have
been reviewed in depth in several recent papers,'® and
therefore will not be discussed here. However, this data can be
used to provide a qualitative comparison of binding between
different guests.

Discussion

Guest selectivity: Size appears to be an important factor in
determining how strongly a guest will bind within the interior

Hs CHz OCHj;

CHs CHgj o

of 2. For example, although the naphthalene derivatives
substituted at the 2- and/or 3-positions show strong associa-
tion constants, when the substitution pattern is switched to the
1-position, no association is observed. A similar result is
observed with anthracenene, which is too long to fit within the
confines of 2. In an earlier study, Quan and Cram(]
demonstrated that a kinetically stable complex could be
formed between anthracene and a host with an enforced
cavity similar to 1. The contrast between the results from
molecular incarceration and equilibrium binding studies
points out that different factors determine kinetic and
thermodynamic stability.

Other factors that are crucial to the formation of inclusion
complexes are guest hydrophobicity and charge. No com-
plexes are observed when a charge is required to be buried
within the host interior, or when the guest has a high solubility
in buffer (greater than approximately 0.05wm). This result is in
agreement with that of Yoon and Cram!® who observed no
detectable binding of ammonium or carboxylate guests in 1.1
Interestingly, trans-4-[2-(1-ferrocenyl)vinyl]-1-methylpyridi-
nium iodide shows strong complexation with 2. Examination
of CPK molecular models suggest that the ferrocene moiety
can reside deeply buried within 2, while the distal pyridinium
center remains in contact with water. We interpret this result
as indicating that if encapsulation of the hydrophilic region of
the guest does not require desolvation of the charged portion
of the molecule, the driving force for binding can be large. For
example, cyclodextrin hosts can bind a charged species if a
charged portion of the guest remains in contact with water,
while a hydrophobic part will move into the host cavity so
that these hosts can bind a charged guest effectively. An
apparent contradiction is found with the work of Dougherty
et al.,[® which indicates that the cyclophane host they
developed is effective at stabilizing charge through cation—
7 interactions. Although there
is a strong interaction between
the aromatic rings of the cyclo-
phane host and the guest cation,
the charge remains highly sol-
vated. We attribute the absence
of charge solvation for the lack
of cation or anion binding by
hosts 1 and 2.

Comparison with different hosts:
It is also useful to compare the
behavior of 2 with different

'3 H3C
E
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£
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AQ—QCI‘h Hs
{CH3
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OCHg

hosts. A comparison of our p-
xylene results with thermody-
namic parameters obtained on
Diederich’s cyclophane host!',
AH°=—74 kcalmol, AG°=
—53kcalmol™! and TAS°=
—2.1 kcalmol ™, indicate that it
is the 4.9 kcalmol~! increase in
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Figure 4. Enthalpy —entropy plot for host 2 and guests listed in Table 1.
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xylene between 2 (Table 1) and p-cyclodextrin (K,=240m"!
and AG°= —3.2 kcalmol '), shows a difference in free energy
of —6.4 kcalmol~'. In contrast, larger guests such as anthra-
cene and pyrene show significant binding constants to cyclo-
phane hosts!'¥l and cyclodextrins.?® These hosts do not have as
rigid requirements for size complementarity between host
cavity and guest. While 2 shows higher affinity for guests
which can fit inside the enforced cavity, larger guests such as
anthracene are bound more effectively by cyclophane and -
cyclodextrin hosts.

The results of the enthalpy-entropy compensation plot
shown in Figure 4 can be used to help explain this increase in
affinity for smaller guests. It has been suggested that the
unitless slope () indicates to what extent the enthalpic gain is
canceled by the entropic loss, and the value of this parameter
reflects the amount of reorganization the host undergoes
upon binding. For example, a flexible enzymel'®l which
undergoes substantial reorganization upon binding of sub-
strate has an a value of 1, while S-cyclodextrin (a=0.90)
undergoes less reorganization and cyclophane hosts (a = 0.78)
are quite rigid. The a value of 0.75 obtained over a similar
range of AH and AS indicates host 2 is also inflexible. The
TASY intercept represents the inherent free energy of com-
plexation when AH° =0 and can be used as a measure of guest
desolvation upon binding.['® Interestingly, the TAS? intercept
for 2 (4.2 kcalmol™') is higher than either S-cyclodextrin
(3.2 kcalmol ') or cyclophane (3.4 kcalmol~!) hosts.l'? Al-
though the analysis presented above is qualitative, it is
consistent with the model proposed by Diederich and
Jorgensen'® which shows that guests bound within the
cyclophane remain partially solvated by water. The larger
TASjS intercept for 2 suggests that guest desolvation provides
some of the driving force for complexation.

Comparison between hosts 2 and 3: If the model presented
above is correct changes to the exterior structure of 2 should
not have a detectable affect upon guest binding. Titrations
that were carried out with host 3 used guests with represen-
tative structures from the binding study involving diol 2. The
results obtained with 3 were analogous to those obtained with
diol host 2 in all cases (Table 1). The differences in portal
structure appear to have no detectable effect upon binding,
consistent with our model in which the guest has limited
contact with the environment beyond the enforced cavity of
the host. Our assertion that equilibrium has been reached in
all cases is further supported by the comparison between hosts
2 and 3 since the change in the portal size between them has
no detectable influence on the thermodynamic binding
parameters of identical guests.

Interactions between host and guest: Examination of Figure 3
reveals a 3 kcalmol~! gap in binding enthalpy between the
aliphatic and aromatic guests. It is reasonable to suspect the
presence, or absence, of polar functionality for the observed
differences in binding enthalpy. However, there is no obvious
trend in binding enthalpy observed between alcohols and
ketones within the aliphatic compounds, or between methyl
and methoxy compounds within the aromatic group. It is
therefore inconsistent to invoke functional group polarity as
an explanation for the observed gap in binding enthalpy. A
possible clue to the underlying reason for this difference can
be found in the work of Gellman et al.,l'”! which indicates that
the association between two aromatic components is energeti-
cally more favorable than a similar interaction between
aliphatic and aromatic constituents. Further supporting evi-
dence is provided by investigations of protein structure by
Makhatadze and Privlalov(®¥! which indicates that the enthal-
py of the van der Waals interactions is indeed higher for
aromatic components (180 Jmol~'A -2) than for interactions
between aliphatic components (130 Jmol~! A-2). These results
are consistent with the possibility that we are observing an
intrinsic affinity between aromatic groups, and suggests that
London dispersion forces play a crucial role in the interactions
being observed between the host and neutral guest.

It is important to note that no single parameter can take
into account all the factors that lead to the observed
selectivity, which must involve system desolvation as well as
host—guest association. Our understanding of water—solute
interaction is very limited at this time. Therefore, a quanti-
tative analysis of solvation is not possible because the precise
interactions between host and guest are not yet clear.!%]
However, the recent work of Wilcox et al.l'! has demon-
strated through elegant experiments that London dispersion
forces, and not electrostatics, are the predominant terms for
the edge-to-face association of aromatic rings.?”! This model
may help to explain the differences in binding enthalpy
observed among the disubstituted aromatic guests for which
there is a possibility of multiple CH - interactions.

Results from CPK molecular model examination are
illustrated in Figure 5 and show that when the guests are
substituted with methyl or methoxy groups in either para or
meta orientation, it is possible to establish CH - interactions
with both methyl groups. If our model is correct, additional
CH-= interactions would increase the strength of the
interaction between the host and the guest. In contrast, when
guest methyl or methoxy groups have an ortho orientation, it
is not possible to place both CH; groups within the aromatic
regions of the host. If the strength of the host—guest
interaction is related to the CH —mt interactions, a difference

- - - - o}
Q H, H, @ 0 H, H, ©Q i Hz \/Hz i
O=C C\ CH3 C. C=0 0o=C C\ CHgz C C=0 0=C C\ CHg C. C=0
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o=¢ ¢ M~ 0 o=d N\ e8¢0 o=¢ ¢ <
CI) . H2 Hz O. (I) H2 HZ O. 0. Ha 2 (@]

2em-xylene 2¢p-xylene 2¢0-xylene

Figure 5. Illustration of interactions between different xylene isomers and host 2.
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should be observed in binding enthalpy for the different
disubstituted aromatic guests. Indeed, a trend is observed for
AH where meta > para>>ortho for both the xylene and
dimethoxybenzene guests (Table 1). Examination of CPK
models can be used to conclude that the meta orientation is
better than para orientation for maximizing CH-m interac-
tions (Figure 5).

The proximity of the methyl group of the guest to the
aromatic rings of the host should be proportional to the level
of shielding observed in the proton NMR spectra as seen in
the change in chemical shift between the free and bound
guest. Importantly, the same trend observed for AH, meta >
para > ortho, is observed for the Ad of the guest methyl group
chemical shift of 2- guest (Table 1). The large difference in the
chemical shift between the ortho compounds and the other
disubstituted aromatic guests point to a significant decrease in
proximity of the methyl group to the aromatic rings of the
host. It is reasonable to conclude that the correlation between
the increase in Ao to the increase in AH supports a model in
which increased proximity between guest methyl group and
host aromatic rings impart increased complex stability.

It is more difficult to interpret the binding enthalpy values
for the trimethoxybenzene guests. Differences in guest shape
can be used to create a model in which an increase in CH-n
interactions corresponds with the values of AH. The analysis
in this case is not as straightforward as in the disubstituted
cases, and we feel a higher level of modeling is needed before
a precise correlation can be proposed. The overall picture that
results from this analysis is one in which edge-to-face
interactions regulate the host—guest interface and London
dispersion forces dominate this interaction.

Remarkable stereoselectivity has been observed with
Rebek’s self-assembled host system in which the guest acts
as a template for host self-assembly,?!] showing that comple-
mentarity is important for organizing the assembly of the host.
For complexes between host 2 and the xylene and dimethoxy
benzene guest selectivity is achieved without changes in
hydrogen bonding either within the host or between host and
guest. A recent review by Davis and Teaguel® presents a
compelling argument that hydrophobic interactions are
underrated and hydrogen bonding correspondingly overem-
phasized in the analysis of complexes between biological
receptors and drugs. Our results are consistent with their
analysis. The binding constant for the 1,4 isomer of dimethoxy
benzene is 32 times higher than for the 1,2 isomer. Even
greater selectivity is observed between the xylene guests with
the binding constant for p-xylene 80 times greater than for o-
xylene. This discrimination between isomeric guests by a rigid
host indicates that changes in specific hydrophobic interac-
tions have substantial effects upon binding affinity.

Summary

We have investigated a new class of water-soluble hosts with
an enforced cavity that tightly binds organic guests in aqueous
solution with binding constants in some cases greater than
103m~L. It appears that by preorganizing a closed-shell hydro-
phobic cavity, the free energy of complexation is made more
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favorable for neutral guests that can reside inside the cavity.
The closed-shell nature of these cages imparts a degree of
selectivity to the system not observed with open-shell hosts.
Association between host and guest appears to be driven by
guest desolvation as well as specific CH-m interactions which
ameliorate the London dispersion forces between host and
guest. Our results also indicate that the hemicarcerand
structure has a preference for aromatic guests over saturated
ones, which can be accounted for by the increase in van der
Waals interaction between aromatic components. Important-
ly, when binding constants greater than 107 are observed, it is
possible to isolate 1:1 complexes at room temperature that are
stable indefinitely both in the solid phase and in aqueous
solution.

Work on modifying host structure in order to increase the
range of potential guests is currently underway along with
studies on the design of hosts which release guest upon
irradiation into aqueous solution.!

Experimental Section

General methods: All chemicals used were reagent grade and all solvents
were spectral grade, purchased from Aldrich Chemical Inc., and used
without further purification. Tetrol 4 and diester 6 were prepared by
methods described elsewhere.*l 1 'TH NMR spectra were obtained with a
Varian Unity-plus NMR spectrometer. The '"H NMR spectra obtained in
D,O where referenced against the residual water peak at 0 =4.75. Mass
spectrometry was carried out at the University of Illinois at Urbana-
Champaign, School of Chemical Sciences.

Hexaester diol (7): To a solution of tetrol 424 (0.5 g, 0.76 mmol) in dry
1-methyl-2-pyrrolidinone (NMP) (500 mL) was added anhydrous Cs,CO;
(4.0 g) and the solution was degassed. The degassed solution of diester 61>°)
(0.47 g, 1.1 mmol; 1.5 equivalents) was added dropwise over 16 h to the
solution of tetrol 4. After the mixture had been stirred under nitrogen for
24 h, it was poured into 1L of a 1:1 mixture of distilled water and a
saturated solution of NaCl. This mixture was stirred for 30 min and then
allowed to sit until the precipitate settled out of the solution. The
precipitate was filtered using an F-class filtering frit, dried on the frit, and
then dissolved in CH,Cl, (200 mL). The volume was reduced to 20 mL by
rotary evaporation and loaded on 2 g of silica gel. The product was
chromatographed first with CH,Cl, and then with 1 % acetone in CH,Cl, as
the mobile phase. Isolated hexaester diol 7 was dissolved in a small amount
of CH,Cl, and diluted with methanol. The formed precipitate was filtered
and dried under vacuum (102 Torr) at 100°C to give pure 7 (62.5 mg, 8 %;
m.p. >300°C (decomp); '"H NMR (400 MHz, CDCL;): 6 =8.69 (s, 2H), 8.64
(s,2H), 8.62 (s,1H),8.19 (s, 1 H), 7.05 (s,2H), 6.98 (s,2H), 6.96 (s, 4 H), 6.12
(br. s, 2H; OH), 5.94 (d, 4H), 547 (d, 4H, J=72Hz), 545 (d, 4H, /=
16.0 Hz), 5.36 (s,4H) 5.33 (d,4H,J=16.0 Hz), 4.90 (q, 8H,/=8.0 Hz), 4.3
(m, 20H; 8 methine H and 6 CH, ester), 1.72 (m, 24 H; CH; appendages),
1.39 (m, 18H; CH; ester); FAB*-MS for [M*]: calcd 2050.646, found
2050.647.

Hexaacid diol (2): To a solution of hexaester diol 7 (0.10 g, 0.049 mmol) in
THF (2 mL) was added 1M KOH/[18]crown-6 solution (1.46 mL, 1.5 mmol;
30 equivalents) followed by 1M KOH solution (0.98 mL, 0.98 mmol;
20 equivalents). The reaction mixture was vigorously stirred at 70°C for
6 h and then at 35°C for 12 h. THF was removed under vacuum and an
extra 20 mL of 1M KOH was added to dissolve precipitated hexaacid 2. The
solution was filtered using an F-class frit to eliminate undissolved
impurities. The filtrate was acidified to pH 1 and allowed to sit until the
precipitate settled out of the solution. The precipitated product was filtered
and purified by preparative reverse-phase HPLC with acetonitrile/water as
the mobile phase. The fraction containing the host was lyophilized to give
free hexaacid diol 2. After drying under vacuum at 130°C, pure hexaacid
diol 2 (78.4 mg; 85%) was obtained: m.p.>300°C (decomp); 'H NMR
(400 MHz, D,0 pH =9 (0.1M borate buffer), 25°C): 6 =8.19 (s, 2H), 7.71 (s,
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1H),7.62 (s, 1H), 7.28 (s, 4H), 7.27 (s,2H), 722 (s,2H), 6.86 (s,2H), 5.96 (d,
4H,J=76Hz),5.41 (d,4H, J=7.6 Hz), 530 (d, 4H, J=15.8 Hz), 5.11 (d,
4H,J=15.8 Hz, 5.00 (s,4H), 4.90 (m, H overlap with water, found in other
solvents), 425 (m, 8H), 1.74 (m, 24H; CH; appendages); FAB*-MS for
[M]: caled 1882.459, found 1882.459.

Deoxyhexaester (9): This synthesis was carried out according to a
procedure that is analogous to the one for synthesis of compound 7. As a
starting material, methyl triol, which was isolated as a side product from the
tetrol 4 reaction mixture, was used. The purification of the crude product
involves at first a small silica gel precolumn to eliminate polymeric
impurities and then a preparative silica gel plate. The top spot on the TLC
plate is the desired product. Pure CH,Cl, was used as an eluent for both
precolumn and preparative silica gel plates. The overall yield of deoxy-
hexaester 9 was 5.4 %. '"H NMR (400 MHz, CDCl; 25°C, TMS): 0 =8.69 (s,
2H), 8.64 (s, 2H), 8.62 (s, 1 H), 8.19 (s, 1H), 729 (s, 1H overlaps with the
solvent peak), 7.05 (s, 2H), 6.96 (s, 4H), 6.35 (s, 2H), 6.12 (br.s, 2H; OH),
5.94(d,4H),5.47 (d,4H,J =72 Hz),5.45 (d,4H,J=16.0 Hz), 5.36 (5, 4H),
5.33(d,4H,J=16.0 Hz),4.90 (q,8H J=8.0 Hz), 4.3 (m, 20 H; 8 methine H
and 6 CH, ester), 1.72 (m, 24H; CH; appendages), 1.39 (m, 18H; CH;
ester); FAB*-MS for [M*]: calcd 2018.657, found 2018.653.
Deoxyhexaacid (3): The hydrolysis of deoxyhexaester 9 was carried out
exactly like the hydrolysis of semicarceplex 7. The yield of vacuum-dried
deoxyhexaacid 3 was 92.0 %. '"H NMR (400 MHz, D,0 pH =9 (0.1m borate
buffer), 25°C): 6 =8.19 (s,2H), 7.71 (s, 1H), 7.62 (s, 1H), 7.57 (s, 2H), 7.28
(s,4H), 727 (s,2H), 722 (s,2H), 5.96 (d, 4H, /=76 Hz), 5.41 (d, 4H, /=
76 Hz), 5.30 (d, 4H, J=15.8 Hz), 5.11 (d, 4H, /=158 Hz, 5.00 (s, 4H),
4.90 (m, 8 methine H overlap with water, found in other solvents), 4.25 (m,
8H;), 1.74 (m, 24 H; CH; appendages); FAB*-MS for [M*]: calcd 1850.469,
found 1850.472.

Microcalorimetry: The binding parameters were determined by titrating
1mM host solution with 21 mm guest solutions or 0.25mm guest solutions
with 5.25mwm host solution in an Omega isothermal titration calorimeter
(MicroCal, Northampton, MA). Lower concentrations of host and guest
were used in systems that exhibited very high binding affinities. All
titrations were performed in borate buffer, pH 9. The cell was thermo-
statted to £0.1°C using a circulating bath. All of the experiments were
performed at 25°C. In all cases the concentration of the guest was
determined by using measured absorbance and known extinction coeffi-
cients in buffer at pH 9. Host solutions were prepared by weighing out a
known amount of compound and dissolving it in buffer at pH 9. The
enthalpy of binding between host and guest was determined from heats of
multiple single injections. Injection volumes were 5 pL, with 3 min of
equilibration time allowed between injections. The heat of dilution of guest
into buffer was determined and the host —guest titration heat was adjusted
by this small contribution. In cases where the guest had low solubility in
buffer, the solution of the host was added from the syringe into the guest
solution contained in the sample cell.

The binding constants K and the number of binding sites n were extracted
from the calorimetric data by employing the Origin™ data analysis
software supplied with the Omega titration calorimeter. A complete
description of the data analysis has been published by Brandts and co-
workers.*]
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Velcrands with Snaps and Their Conformational Control

Fabio C. Tucci, Dmitry M. Rudkevich, and Julius Rebek, Jr.*?!

Abstract: A novel class of self-folding
velcrands was prepared that dimerize
through intermolecular forces. Solvo-
phobic interactions on extended m sur-
faces stabilize the dimer similar to
velcrands, while eight hydrogen bonds
act like snaps to hold the molecules
together. The self-complementary array

rated on the upper rim of a resorcinar-
ene-based cavitand. A dramatic reor-
ganization of shape and size of the
internal cavity was manifested through

Keywords: cavitands dimeriza-
tions - hydrogen bonds - supramo-
lecular chemistry - solvent effects

changes in solvent polarity. Specifically,
the equilibrium between the extended
surface (D,q; symmetry) and a deep
cavity (C,, symmetry) could be manip-
ulated in mixtures of aromatic solvents
(or CDCl;) and [D4]DMSO. The switch-
ing of conformations and the dimeriza-
tion motif are well-suited for the assem-

of hydrogen bonding sites were incorpo-

Introduction

Self-complementary hydrogen bonding donor and acceptor
sites, properly positioned on a curved molecular platform,
play key roles in the self-assembly of dimeric capsules.ll For
example, calix[4]arenes functionalized with four urea groups
at their upper rims dimerize in apolar solvents to form
pseudo-spherical capsules,”! and resorcinarene-based tetrai-
mides form cylindrical capsules of nanometric dimensions.!
Even in monomeric cavitands derived from 1 the cavity-
forming process can be controlled by hydrogen bonding:
octaamide 2 is held in the vaselike shape by a cooperative
seam of intramolecular -C=0 ---H—N hydrogen bonds. This
results in unusually high kinetic stabilities of their complexes
(caviplexes). We call these molecules self-folding cavitands. 1
At first glance, the structures 3 and 4, in which the amides at
the rim of the vase are merely inverted, should also enjoy the
benefits of intramolecular hydrogen bonding. Unexpectedly,
this “isomerism” exposes a subtle self-complementarity:
intermolecular hydrogen bonding between the secondary
amide donors of one molecule and the diaryl ether acceptors
of another occurs. Here, we describe in detail these systems
and show how solvation causes a switch in conformations,
between a cavity-forming vase and a flattened kitelike shape.
These molecules represent self-folding cavitands of a new sort
and a dimerization mode reminiscent of the velcrands is

[a] Prof. J. Rebek, Jr., Dr. F. C. Tucci, Prof. D. M. Rudkevich
The Skaggs Institute for Chemical Biology and The Department of
Chemistry
The Scripps Research Institute
MB-26, 10550 North Torrey Pines Rd., La Jolla, CA 92037 (USA)
Fax: (+1)858-784-2876
E-mail: dmitry@scripps.edu, jrebek@scripps.edu
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bly of noncovalent polymeric materials.

revealed for the first time: the dimer of D,; symmetry can
reversibly dissociate into the C,, monomers and fold into the
C,, symmetrical vase (Scheme 1). Factors controlling the
switching—the folding and unfolding processes—will also be
addressed.

Results and Discussion

Cavitands are synthetic structures with open-ended enforced
cavities, based on Hogberg’s resorcinarenes (e.g, 1).°) In
resorcinarene 1, the eight hydroxy groups form a cyclic array
of intramolecular hydrogen bonds that rigidify the structure
and stabilize the “cone” conformation. When the resorcinol
oxygen atoms in 1 are bridged with heteroarylene units (e.g.
pyrazines or quinoxalines), deeper cavities result but the
flexibility of the resorcinarene skeleton increases.*! These
cavitands fluctuate between C,, and C,, symmetries. Accord-
ingly, their size and shape, and consequently their binding
properties, were controlled by temperature. Cram et al.
showed that for the unsubstituted resorcinarenes (1, R’ =H),
the vase-shaped C,, conformer, with all of its four walls
upwards, is preferred at >295 K.[ The C,, conformer has the
walls flipped outwards in a kitelike shape and is the dominant
conformation at much lower temperatures. The interconver-
sion barrier is typically 10-12 kcalmol~LI On the other
hand, when 2'-substituted resorcinarenes (1, R’= CH;, C,Hs)
are condensed with heteroaryl dichlorides, only the C,,
conformer is observed: the presence of the 2'-methyl or 2'-
ethyl groups sterically destabilizes the vase.l?! Furthermore,
the kite-shaped C,, conformer tends to dimerize in solution
through solvophobic interactions; the D,y dimers are known
as velcrands.!®
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la R=CHg R =H
1b R =n-CyiHps, R = H
1c R = n-CgHie, R'= CH3

2 R = n-C;Hjs, CH,CI, cyclo-CgHq1

3a R = CHg, R' = n-CgHyy
3b R =n-CyiHa3, R'= n-CgHy7

Abstract in Portuguese: Neste trabalho, uma nova classe de
velcrantes flexiveis foi preparada. Esses velcrantes dimerizam
de maneira ndo covalente, atraves de interacoes solvofobicas e
de oito ligagoes de hidrogénio cooperativas, que conectam a
estrutura como botdes de pressdo. Para obter tal resultado,
fungdes doadoras e aceptoras de ligacdes de hidrogénio, auto-
-complementares por natureza, foram posicionadas estrategi-
camente no aro superior de cavitantes, estruturas derivadas de
resorcinarenos. A presenga de ligacoes de hidrogénio intermo-
leculares, causa uma dramadtica reorganizacdo no formato e
nas dimensoes da cavidade interna ao variar-se a polaridade do
solvente. O equilibrio entre estruturas de simetrias D,;—C,, €
controlado por adig¢do de [Ds]DMSO a solugoes dos velcrantes
em solventes apolares ([D;,]p-xylene ou CDCl;, por exemplo).
Esse fenomeno representa um dispositivo conformacional,
onde uma superficie estendida (D,,) € transformada em uma
cavidade de dimensoes nanometricas (C,,). O modelo estrutu-
ral e o modo de dimerizagdo aqui apresentados, serdo
futuramente utilizados para a construgdo de polimeros auto-
-organizados, que podem ser despolimerizados simplesmente
por aumento da constante dieletrica do meio.
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Ci1Hz3

Ci1Hz3
Ci1Hz3

4a R'= CHs
4b R'= n-C4He

Synthesis: Shorter octaamide cavitands 3a, b were prepared
through the coupling of resorcinarene 1b and 5,6-dichloro-
pyrazine-2,3-dioctylcarboxamides 5. Pyrazine S was prepared
by reaction of 5,6-dichloropyrazine-2,3-dicarboxylic acid
dichloride with two equivalents of n-octylamine (Scheme 2).
Similarly, coupling of 1b with four equivalents of methyl 5,6-
dichloropirazine-2,3-dicarboxylate (6) afforded shallow oc-
taester 7. Deeper octaamide cavitands 4a, b were synthesized
according to a modular approach described by us recently:[®!
bridging of the resorcinarene 1b hydroxy groups was accom-
plished with 1,2-difluoro-4,5-dinitrobenzene, then, after re-
duction of the nitro functions, the octaamino cavitand module
was immediately condensed with diethyl-2,3-dioxo-succinate.
This produced deep octaester cavitand 8. The compound was
subsequently converted into amides 4a, b simply by treat-
ment with an excess of the appropriate amine in boiling
EtOH. Compounds 9 and 10, possessing 2'-CH; group in the
resorcinol unit, were prepared along similar lines. Thus,
reaction between 1¢ and 5 gave 9. Aminolysis of octaester 11
with n-butylamine afforded compound 10. Model compound
12 (Scheme 2) was prepared for spectroscopic comparisons
through the coupling of 4,5-dimethyl-1,2-phenylenediamine
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with diethyl-2,3-dioxo-succinate, followed by aminolysis with
n-butylamine.

Spectroscopic properties: Since octacarboxamides 3a, b and
4a,b do not bear CH; substituents in the resorcinol 2'-
position, they were expected to be in a vase C,, conformation
at room temperature and above. Surprisingly, this was not the
case and C,, symmetries were seen exclusively in their
'H NMR spectra in noncompetitive solvents (CDCl;,
[D¢]benzene, [Dg]toluene, [Dyy]p-xylene). The characteristic
doubled set of signals for all groups of protons (Figures 1 and

Chem. Eur. J. 2000, 6, No. 6
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9 R = NH-n-CgHy7

10 R = NH-n-C4Hg
11 R=O0C,Hs

2) make these assignments unambiguous. In compounds 3a, b
one of the N-H signals was shifted far downfield, indicating
strong hydrogen bonding in these solvents (Table 1). The
'H NMR spectra of extended octaamides 4a, b in CDCl;,
[D¢]benzene, [Dg]toluene, and [D,g]p-xylene were broader
(Figure 2), but also possessed downfield shifted N-H signals.
The spectra sharpen upon addition of as little as 0.5% v/v of
[Dg]DMSO.

The FTIR spectrum of 3b (toluene, 295 K) showed a strong
hydrogen-bonding absorption at 3300 cm~! and a less intense,
nonaggregated one at 3405 cm™!; this picture was concentra-

0947-6539/00/0606-1009 $ 17.50+.50/0 1009





FULL PAPER

J. Rebek, Jr. et al.

CgH17 CaH17

W

o
N
[e]
~
o
~
2

Cl
O
Cl o
a
> N

[ .

N N N
CI>_<CI CI>_<CI CI>—<
5
HOO HO o mco.s_oéib
N/ \N . A\
= =

cl cl Cl

6
C4H9

sz c4Hg

e Q o Q

Scheme 2. Synthetic routes for the preparation of compounds 5, 6, and 12.
a) PCly, 170°C, 1h (82%); b) n-CsH,,NH,, EtOAc/H,0, K,CO;, room
temperature, 1 h (89%); ¢) MeOH, H,SO,, reflux, 17 h (82%); d) diethyl-
2,3-dioxosuccinate, EtOH, room temperature, 2 h (65%); e) n-C;H,NH,,
EtOH, reflux, 41 h (67%).

12

tion independent (2 x 1072-1 x 10-5m). For 4b the corre-
sponding absorptions were at 3306 cm~! and 3411 cm™, also
concentration independent (2 x 1072—1 x 10-m). Model bis-
carboxamide-containing pyrazine 5 and quinoxaline 12 do not
exhibit substantial hydrogen bonding in apolar solution,
either between the adjacent amide fragments, or between
the heterocyclic nitrogens and the amide N—-H donors. The
N -H chemical shift is upfield 6 =7 (Table 1). In their FTIR
spectra, only the nonaggregated N —H stretching absorptions
were observed at 3430 cm~! in CDCl; and at 3410 cm™ in
[Dg]toluene (<1 x 1072m) for 5, and at 3434 cm~' in CDCl,
and at 3417 cm~! in [Dg]|toluene (<1 x 10~2m) for 12 (Table 1).

Cavitands 7 and 8 showed the anticipated spectroscopic
features of the vaselike C,, conformation, and in their
'H NMR spectra only one set of signals for all groups of
protons appears. The spectra of 2'-methylated cavitands 9, 10,
and 11 in various solvents showed the spectroscopic earmarks
of the C,, kitelike conformation,/® and two sets of signals were
found for all groups of protons.

The unusual kite conformation in cavitands 3a, b and 4a, b
is, most probably, due to the presence of eight secondary
amides on their upper rims, but molecular modelingl® % of
only the monomeric forms does not offer a reasonable
explanation of the observed '"H NMR and FTIR spectroscopic
pictures. In the monomeric form of C,, symmetry, the
hydrogen bonding sites are some distance from each other,
and are unlikely to confer much stability to this conformation.
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Figure 1. Downfield portion of the "H NMR (600 MHz) of 3b (1 x 10~3m
solution) in: a) CDCl;, 295+1K; b) [Dg]toluene, 295+1K; c) [Dy]p-
xylene, 295 + 1 K, the compound symmetry did not change upon heating up
to 380 K; d) [Dy]p-xylene + 12 % v/v [Dg]DMSO, 330 + 1 K. Assignments
were made based on COSY and ROESY experiments of derivatives. The
solvent signals with corresponding satellites are marked “e”.

Dimerization in solution: The stable C,, structures of 3a, b
and 4a, b exist, most probably, in equilibrium with their D,y
dimers.[! For the 2"-substituted C,, molecules these phenom-
ena were well-studied by Cram etal.; solvophobic and
entropic driving forces were found to be responsible for
dimerization to velcraplexes in organic media.l% For the cases
at hand, MALDI mass spectrometry provided preliminary
evidence that the dimerization was taking place (Table 2). For
compound 3b, the peak for the protonated monomer at m/z
2653, is accompanied with a peak for the dimeric structure at
m/z 5307. The CHj;'-substituted octaamide 9 displayed a strong
peak for the dimer at m/z 5187, along with the protonated
monomer at m/z 2593. The MALDI mass spectrum of the
extended octaamide 4b also showed the dimerization in
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line) fragment. Although mod-

eling suggests that intramolec-

ular hydrogen bonding between

the -C(O)-NH and the pyrazine
(quinoxaline) nitrogen atom is

possible, the FTIR control ex-

periments (vide supra) with

models 5§ and 12 ruled this out.

On the other hand, there is an

obvious electrostatic repulsion

between the carboxamide oxy-

o gen and the pyrazine (quinoxa-
T line) nitrogen, which forces
both the -C(O)-NH out of the

heterocyclic plane. Moreover,

due to the repulsion between
o the two carbonyl oxygens, the -
C(O)-NH groups are likely to
be in a trans configuration with
respect to the aromatic plane
(Figure 4, left). The energy-
minimized dimeric structures

a are presented in Figure 4. The
two molecules are rotated 90°
with respect to each other and
extensive surface contacts are
made. As a result, the four NH

—_— donors of one molecule appear
in close proximity to the diaryl
ether oxygen acceptors of the

other. The N—H---O angle of

about 170° is nearly ideal for

| g ) I
c b
| ol e

Figure 2. Downfield portion of the 'H NMR (600 MHz) of 4b (1 x 10~3M solution, 295+ 1 K) in: a) CDCl;;
b) [Dyo]p-xylene; c) [Dyo]p-xylene +3 % v/v [Dg]DMSO; d) [Do]p-xylene +20% v/v [Dg]DMSO. Assignments
were made based on COSY and ROESY experiments of derivatives. The solvent signals with corresponding

satellites are marked as in Figure 1.

solution; beside the peak for the protonated monomer at m/z
2405, an intense (ca 50 % of the base peak at m/z 2405) peak
for the dimer at m/z 4811 was also observed. An analogous
result was also obtained for the CHy'-substituted extended
octaamide 10; peak at m/z 2347 and m/z 4694 were observed.

Further evidence for dimerization in solution came from
'H NMR studies. Mixing solutions of 3a and 3b in [D,]p-
xylene, containing 2% v/v of [Dg]DMSO, showed the
corresponding homodimers 3a-3a and 3b-3b, along with
heterodimer 3a-3b (Figure 3). In particular, four different
aromatic peaks—one for each homodimer and two for the
heterodimer—were clearly seen. Most interestingly, the
presence of the highly competitive [Dg]DMSO does not
dissociate the dimers! In fact, in the absence of [Dg]DMSO
the picture is broader, making it difficult to identify the peaks
for each species in the spectrum. In short, in apolar solutions,
dimers 3-3 and 4-4 are formed exclusively.

Structural studies: The important structural feature of the
molecules 3 and 4 is a 2,3-dicarboxamido pyrazine (quinoxa-

Chem. Eur. J. 2000, 6, No. 6
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the formation of eight intermo-
lecular hydrogen bonds, which
are like snaps that further hold
the molecules in a dimer.

In the '"H NMR spectra of
compounds 3 and 4, the two
CH,H,NH-C(O) groups on
the pyrazine and quinoxaline rings are seen as magnetically
nonequivalent, and their relationship is diastereotopic. This
indicates hindered rotation caused by hydrogen bonds
(Figures 1 and 2). The presence of dimers in solution was
further supported by 2D ROESY experiments. Thus, for
compound 3b in [Dj]p-xylene, a through-space contact
between the hydrogen bonding N—H (6 =9.0) and the top
aromatic CH of the resorcinarene skeleton was observed,
which can only be intermolecular (ca. 2.5 A). For the
extended compound 4b, the ROESY spectrum ([D;o]p-
xylene/[Dg] DMSO, 97:3 v/v) showed the through-space con-
tacts between one of the quinoxaline aromatic protons and
both upwardly directed CH resorcinarene protons. This is also
possible only in the dimer. The kitelike octaamides 9 and 10,
which feature a 2'-CHj; substituent in the resorcinol rings (and
are therefore fully expected to dimerize) showed 'H NMR
spectroscopic behavior similar to octaamides 3a, b and 4a, b
in noncompetitive solvents.

Accordingly, compounds 3, 4,9 and 10 exist as D,y dimers in
apolar solutions. To our knowledge, this type of velcraplex—
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Table 1. Spectroscopic data (NMR and FTIR) for the amide NH signals in cavitands 3a, b, 4a, b, 9 and 10, and
model compounds 5 and 12 in various solvents.?

exist exclusively in the C,, con-
formation. Accordingly, inter-

Compound Solvent 0 v molecular hydrogen bonding
3altl CDCl, 79,78 must be the main driving force
[Do]p-xylene 9.1 br., 7.8 br. for dimerization of 3a, b and
- t()jfglchine ;8 5 3400,3286  4a,b in noncompetitive sol-
[D ];—xylene 9:1’ 7:7 vents.
[DyJtoluene 98.7.0 3405, 3300 We found that 3a,b and
[Dg]benzene 10.0, 6.8 4a, b can eventually be con-
[D1o]p-xylene + [Dg]DMSO, 9:1 8.1 verted to the vase C,, structures
4al’ CDCl 8.00 br., 7.2 br. upon progressive addition of
Ee?lzc;;: [DIDMSO, 19:1 f’l br., 7.6 br. 3409, 3303 [D¢]DMSO to the correspond-
4pbl CDCl; 8.1br., 7.2 br. 3429,3304  ing mnonpolar solution (Fig-
CDCl; + [Dg]DMSO, 9:1 81,76 ures 1, 2, and 5). Titration of a
[Ds]toluene - 3411,3306  solution of 3b with [Dg]DMSO
[Dulyiene £ [DIDNSO, 9725 59,54 resulted in the disappearance of
[Dyolp-xylene + [D,]DMSO, 4:1 85 the D,y species with concomi-
5 CDCl, 6.9 3430 tant appearance of the C,,
[Dg]toluene 6.2 3410 structure. One set of NMR
9lel %)%13 2§ ;g signals for all groups of protons
{D?l]]];_r;ﬁ::e 98br 6.9br. were observed. No other spe-
[Dyo]p-xylene + [D¢]DMSO, 9:1 95,88 cies were detected. Eventually,
[Dg]toluene - 3402,3276  in >10% v/v of [D¢]DMSO in
CH,Cl, - 3418,3259  [D,y]p-xylene and >40% v/v of
100 [Cl)ﬁ“gm“e 86,64 suts 3305 | DeIDMSO in CDCl, the vase-
2 CD2C132 70 3434 shaped C,, conformer 3b was
[Dy]toluene 6.7 3417 observed exclusively, even
[Dg]benzene 7.0 though its '"H NMR spectrum

[a] At0.5 x 1073m,295 £ 1 K. [b] The spectra in apolar solvents are concentration independent within the 1 x 10~*

to 1 x 107%™ range.

was broad at room tempera-
ture. Similarly, when extended

Table 2. Selected MALDI-MS Spectroscopic data for cavitands 3a, b, 74
4a, b, 9, and 10.
: | S @
Compound Formula Weight Observed ,\‘
monomer dimer Pr\ “J\ il Vk,
c R V
3a Cia0H16sN 16016 2090 2092 fa]
3b Cio0H24sN 16016 2651 2653 5307
4a CiaoH 144N O 2066 2090 fal
4b Ci4sH 1N O 2403 2405 4811
9 Ci56Ha40N 16016 2593 2593 5187 “q | ‘
10 CiyH 18N 1sO16 2347 2347 4694 b )L__p#} | )

[a] Not detected.

stabilized by both solvophobic and hydrogen-bonding inter-
actions—is without literature precedent, and we call these
molecules “velcrands with snaps”.

Conformational switch: The dimers of 3a,b and 4a,b
displayed remarkable solution stability. That no monomeric
species could be detected by 'H NMR spectroscopy within a
wide temperature range in different solvents (including more
competitive media, such as [Dy]p-xylene/[Dg]DMSO mix-
tures), indicates very high values of the dimerization constants
(Kp=10°M~", —AG* >6.7 kcalmol~!). Although 2'-unsub-
stituted cavitands have never before been found to form C,,
dimers,”® the combination of dipole —dipole, van der Waals,
and solvophobic attractions might still be responsible for the
behavior of 3 and 4. However, the structurally similar
octaester cavitands 7 and 8, lacking hydrogen donor sites,
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Figure 3. The heterodimerization experiment. Downfield region of the
"H NMR spectra ([Dyo]p-xylene +2% v/v [Ds]DMSO, 600 MHz, 295 +
1K) of: a) cavitand 3b; b) cavitand 3a; c¢) 1:1 mixture of cavitands 3a
and 3b. Concentrations were 1 x 10-*M for each compound. Some of the
heterodimer aromatic signals are indicated by the arrows. Peak assignments
were performed by varying the ratio [3a]:[3b].

cavitand 4b in [D,]p-xylene was titrated with >16% v/v of
[Ds]DMSO, a smooth conversion to the C,, vase resulted. In
both cases, the two CH,NH—C(O) groups of the pyrazine
(quinoxaline) rings became magnetically equivalent (Fig-
ure 1d and 2d).
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Figure 4. Energy-minimized! structures of both monomeric and dimeric 3. The long alkyl chains and some CH bonds have been omitted for viewing clarity.
The trans orientation adopted by the vicinal carboxamide groups upon dimerization is depicted on the left side of the figure. The self-complementary sites are
indicated by the arrows.
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Figure 5. The NMR titration curves for compounds 3b (left) and 4b (right) in [D,y]p-xylene with [D{]DMSO added in increments at 295+ 1 K. The ratios
D, /C,, were obtained by integration of the methine (CH,) triplets.

Accordingly, a dynamic conformational equilibrium—fold- erative hydrogen bonds, this process must require significantly
ing and unfolding—takes place. At least two processes are more energy. In the case of the 2'-methylated molecules, even
involved. First, dissociation of the dimer to a monomeric at 70 % v/v of [Dg]DMSO in CDCl, the dimeric velcraplex 9-9
kitelike structure occurs. Then, a subsequent C,,—C,, equili- is not completely dissociated into its monomer! The mono-
brium takes place. meric 9 however does not interconvert to the C,, conformer.

In the absence of hydrogen bonding, the C,,—C,, inter- The vase C,, conformers 3a,b and 4a, b doubtlessly
conversion for the structures related to 3 and 4 requires an accommodate solvent/guest molecules in their internal cavity,
activation energy of ~10-12 kcalmol ) With eight coop- whereas their kite C,, conformers and the dimeric velcra-
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plexes do not posses a cavity of any size. The conformational
switch results in significant reorganization of the solution: the
large C,, surface orients many solvent molecules, whereas the
C,, cavity is, in principle, able to trap a few of the solvent
molecules in its interior (Figure 6). The dimensions of vase-
like cavitands 3a, band 4a,bare 8 A x11 Aand8 A x 14 A,
respectively; the latter one is among the largest known for a
monomeric, open-ended molecule.''] Molecular modeling!®!
accommodates four molecules of CHCl;, or three molecules
of benzene or toluene in their interior. To date, no strong
complexation with simple aromatic and aliphatic compounds
has been detected in [D¢]DMSO/[D,y]p-xylene mixtures.
Even so, the effect of solvation on the cavities was readily
detected: solvent(guest)-induced 'H NMR shifts of up to
0.2 ppm were observed for the protons on the resorcinarene
skeleton and the walls. Apparently, rapid solvent-—guest
exchange takes place in the open-ended cavitands 3a, b and
4a, b, when no seam of hydrogen bonds is available to
stabilize the vase form. This behavior is similar to that
observed by Dalcanale et al. for quinoxaline-based cavitands
also lacking hydrogen bonds.l’ ®

Conclusion

A new generation of self-folding cavitands has been prepared.
These can switch conformations and their behavior is due to
intermolecular hydrogen bonding. A highly extended surface
can now be reorganized into a deep cavity in a controlled
way—Dby changing the solvent polarity (Scheme 1 and Fig-
ure 6 ).

The high kinetic and thermodynamic stability of the D,y
dimers—velcrands with snaps—stabilized by hydrogen bond-
ing, van der Waals interactions, and solvophobic forces
directly points at their applications for the formation of
noncovalent polymers.'l We are currently exploring these
possibilities.

Experimental Section

General: Melting points were determined on a Thomas-Hoover capillary
melting point apparatus and are uncorrected. 'H NMR (600 MHz) and
BC NMR (151 MHz) spectra were recorded on a Bruker DRX-600
spectrometers. The chemical shifts were measured relative to residual non-
deuterated solvent resonances. Fast atom bombardment (FAB) mass
spectra were obtained with a VG ZAB-VSE double focusing high-
resolution mass spectrometer equipped with a cesium ion gun; m-nitro-
benzyl alcohol (NBA) was used as a matrix. For high-resolution mass
spectral data (HRMS-FAB), for compounds with molecular weight <500,
the measured masses always agreed to <5 ppm with the calculated values.
For compounds with significantly higher molecular weight (>2000), slightly
lower resolution (<10 ppm) was achieved.!'¥] Matrix-assisted laser desorp-
tion/ionization (MALDI) mass spectrometry experiments were performed
on a PerSeptive Biosystems Voyager-Elite mass spectrometer with delayed
extraction, using 2,5-dihydroxybenzoic acid (DHB) as a matrix. FTIR
spectra were recorded on a Perkin Elmer Paragon 1000 PC FT-IR
spectrometer. Silica gel chromatography was performed with Silica Gel 60
(EM Science or Bodman, 230-400 mesh). All experiments with moisture-
or air-sensitive compounds were performed in anhydrous solvents under a
dry nitrogen atmosphere. Compounds 1a—cP and 8 were synthesized in
accord with the literature protocols. Molecular modeling was performed
using the Amber* force field in the MacroModel 5.5 program.’!

5,6-Dichloropyrazine-2,3-dicarboxylic acid dichloride: 5,6-Dichloropyra-
zine-2,3-dicarboxylic acid anhydride!®! (876 mg, 4.0 mmol) and PCls

19 A

LT

114

Cie

Figure 6. Top: solvent reorganization upon folding (cartoon representation). Bottom: energy-minimized structures!”! of 4 in the C,, and C,, conformations,
with the approximate dimensions. The alkyl chains and the CH bonds have been omitted for clarity.

1014

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0606-1014 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 6





Velcrands

1007-1016

(886 mg, 4.3 mmol) were heated at 170°C for 1 h. The reaction mixture was
cooled and the POCI; formed during the reaction was removed under
vacuum. The dark residue was distilled under vacuum using a kugelrhor
apparatus (~1 mmHg/170-200°C) to yield the title compound as a
colorless oil (900 mg, 3.3 mmol; 82%). The compound was used without
further purification.

5,6-Dichloropyrazine-2,3-dioctyl carboxamide (5): To a rapidly stirred
mixture of K,CO; (2.07 g, 15.0 mmol), water (15 mL), EtOAc (15 mL), and
n-octylamine (1.07 mL, 6.5 mmol) at room temperature was added a
solution of the diacid chloride above (900 mg, 3.3 mmol) in EtOAc (2 mL)
over a period of 5min. The resulting biphasic mixture was stirred for
40 min at room temperature. The organic layer was then separated, washed
with brine (20 mL), and dried over anhydrous MgSO,. After filtration, the
solvent was evaporated under vacuum to yield a yellow solid (1.36 g,
2.9 mmol; 89 %) that was pure enough to be carried on to the next step.
M.p. 147-149°C; 'H NMR (CDClLy): 6 =7.12 (t, *J(H,H) =5 Hz, 2H), 3.41
(q, 3J(HH)=7Hz, 4H), 1.61 (m, 4H), 1.35-1.25 (m, 20H), 0.86 (t,
3J(H,H) =7 Hz, 6H); *C NMR (CDCl;): 6 =162.77, 147.09, 144.68, 40.43,
32.02, 29.44, 2720, 22.95, 22.86, 14.38, 14.29; FTIR (film): 7 =3418, 3277,
2928, 2854, 1677, 1530, 908, 733 cm~'; HRMS-FAB: m/z: 459.2309 [M+H*]
(caled for C,,H3CLN,O,H 459.2294).

Octaamide cavitand 3a: To a solution of octol 1a (55 mg, 0.10 mmol) and 5
(207 mg; 0.45 mmol) in anhydrous DMF (5 mL) was added anhydrous
K,CO; (138 mg, 1.00 mmol). The resulting solution was stirred for 72 h at
room temperature, during which time a suspension was formed. The solids
were filtered, washed thoroughly with water, and chromatographed on
silica gel (3:2 v/v hexanes:EtOAc as eluent). The desired compound was
isolated as a white solid (103 mg, 0.05 mmol; 50 % ). M.p. >270°C; 'HNMR
(CDCl,): 6 =17.80(s,4H),7.55 (s,4H), 7.18 (s,2H), 7.13 (s, 2H), 6.56 (s, 2H),
6.30 (s, 2H), 3.68-3.62 (m, 8H), 3.53-3.52 (m, 4H), 3.51-3.49 (m, 4H),
3.29-3.27 (m, 4H), 1.73-1.29 (m, 108 H), 0.92-0.87 (m, 24H); *C NMR
(CDCL): 6 =163.37, 162.97, 152.45, 150.55, 149.63, 145.28, 142.17, 139.12,
134.23,130.42, 127.75, 121.20, 116.79, 109.57, 40.47, 40.24, 31.94, 31.90, 31.70,
31.44, 29.67, 29.58, 29.51, 29.36, 29.29 (br), 28.71, 27.59, 27.34, 2715, 22.68,
22.65,22.58; FTIR (benzene): 7 = 3400, 3286, 2925, 2854, 1656, 1542, 1524,
1405, 1335, 890 cm~'; MALDI-MS: m/z: 2092 [M+H]* (caled for
CipoH;sNisO016H 2091.8); HRMS-FAB: m/z: 2222.1685 [M+Cs]* (calcd
for Cy50H;4sN160,,Cs 2222.1879).

Octaamide cavitand 3b: Prepared as described for 3a using resorcinarene
1b (110 mg, 0.10 mmol), 5 (207 mg, 0.45 mmol), anhydrous DMF (5 mL),
and anhydrous K,CO; (138 mg, 1.00 mmol). Compound 3b was purified by
chromatography (78:22 v/v hexanes:EtOAc as eluent). The product was
obtained as a pale yellow solid (98 mg, 0.04 mmol; 40 % ). M.p. 225-230°C;
'HNMR (CDCly): 6 =7.79 (t,*J(H,H) = 5 Hz, 4H), 7.39 (t, 3/(H,H) = 5 Hz,
4H), 717 (s,2H), 7.03 (s,2H), 6.51 (s, 2H), 6.20 (s, 2H), 3.64-3.61 (m, 8H),
3.55-3.50 (m, 4H), 3.45-3.40 (m, 4H), 3.30-3.26 (m, 4H), 1.94-1.18 (m,
176 H), 0.92-0.86 (m, 36 H); '"H NMR ([Dg]toluene): 6 =9.76 (s, 4H), 7.87
(s,2H), 7.37 (s, 2H), 7.20 (s, 2H), 7.00 (s, 4H), 6.57 (s, 2H), 3.99-3.97 (m,
4H),3.94-3.91 (m,8H),3.69-3.67 (m,4H), 3.39-3.36 (m, 4H), 2.00-1.19
(m, 176H), 1.01-0.89 (m, 36H); 'H NMR ([D,]p-xylene): 6 =9.35 (t,
3J(HH) =5 Hz, 4H), 7.87 (s, 2H), 7.51 (s, 4H), 723 (s, 2H), 7.16 (s, 2H),
6.50 (s,2H), 3.87-3.83 (m, 12H), 3.70-3.68 (m, 4H), 3.38-3.36 (m, 4H),
2.05-1.10 (m, 176 H), 1.00-0.95 (m, 36 H); '"H NMR ([D4]benzene): 6 =
9.98 (s,4H), 7.85 (s,2H), 7.36 (s, 2H), 720 (s, 2H), 6.84 (s, 4H), 6.55 (s,2H);
3.97-3.94 (m, 8H), 3.89-3.87 (m, 4H), 3.65-3.63 (m, 4H), 3.37-3.35 (m,
4H),2.15-2.09 (m, 8H), 1.96-1.89 (m, 4H), 1.78-1.70 (m, 4H), 1.67-1.64
(m, 8H), 1.45-1.05 (m, 152H), 0.95-0.90 (m, 36 H); *C NMR ([D,]p-
xylene +12% v/v [D]DMSO): 6 =164.03, 153.51, 151.20, 144.08, 138.02,
126.66, 118,08, 33.02, 32.89, 30.82, 30.76, 30.71, 30.66, 30.47, 30.40, 30.36,
28.86, 28.29, 23.60, 23.57,20.93, 14.77;, FTIR (toluene): 7 = 3407, 3292, 1657,
1404, 905cm™'; MALDI-MS: m/z: 2653 [M+H'] (caled for
Ci60H24sN1sO1H  2652.9), 5307 [M,+H*] (caled for CsoH,N3O05H
5304.7); HRMS-FAB: m/z: 2782.8399 [M+Cs*] (calcd for C,5H,45N160,6Cs
2782.8139).

n-Methyl octacarboxamide cavitand 4a: To a flask containing octaester 8
(20 mg, 9.2 umol) was added methylamine (4 mL of a 2.0M solution in
MeOH). The flask was sealed and the mixture was stirred at room
temperature for 24 h. The system was then heated in an oil bath at 70 °C for
3h. After cooling, the volatiles were removed under vacuum and the
residue was purified by preparative thin-layer chromatography (PTLC,
plate thickness 0.5 mm; 9:1 v/v EtOAc:MeOH as ecluent). The title
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compound was obtained as a white solid (4 mg, 1.9 umol; 21%). M.p.
>250°C; 'THNMR (CDCly): 6 =7.99 (s, 4H), 7.51 (s, 4H), 740 (s, 4H), 7.17
(s, 4H), 710 (s, 2H), 7.05 (s, 2H), 6.81 (s, 2H), 6.24 (s, 2H), 3.92 (t,
3J(H,H) =7 Hz, 4H), 3.27 (s, 12H), 3.17 (s, 12H), 1.88-1.79 (m, 8 H), 1.26 —
1.05 (m, 72H), 0.83 (t, *J(H,H) =7 Hz, 12H); 'H NMR (CDCl; + 5% v/v
[D¢]DMSO): 6 =8.11 (s,4H), 7.61 (s,4H), 7.40 (s, 2H), 7.31 (s, 4H), 6.98 (s,
4H), 6.95 (s, 2H), 6.70 (s, 2H), 6.14 (s, 2H), 3.81 (t, 3/(H,H) =7 Hz, 4H),
3.13 (s, 12H), 3.04 (s, 12H), 1.90-1.75 (m, 8 H), 1.17-0.96 (m, 72H), 0.72 (t,
3J(H,H) =7 Hz, 12H); '"H NMR ([D4]DMSO, 350 K): 6 =8.29 (s, 8H), 8.23
(br., 8H), 7.58 (s, 4H), 7.36 (s, 4H), 4.79 (br., 4H), 2.85 (d, *J(H,H) =5 Hz,
24H), 2.31-2.27 (m, 8H), 1.29-1.17 (m, 72H), 0.86 (t, *J(H,H)=7 Hz,
12H); C NMR ([D¢]DMSO, 350 K): ¢ =164.63, 153.20, 152.35, 146.55,
139.55, 138.00, 132.60, 124.45, 119.76, 30.73, 30.10, 28.50, 28.39 (br), 28.10,
26.58,25.33,21.46,13.20; FTIR (benzene): 7 = 3409, 3303, 2925, 2845, 1674,
1396, 1220, 850, 806 cm~'; MALDI-MS: m/z: 2069 [M+H]* (calcd for
Ci20H 144N 10 sH 2068); HRMS-FAB: m/z: 2198.0121 [M+Cs]* (calcd for
Ci20H144N160,6Cs 2198.0001).

n-Butyl octacarboxamide cavitand 4b: A 25 mL round-bottomed flask
equipped with a reflux condenser and a magnetic stirring bar was charged
with octaester 8 (50 mg, 23.0 umol), absolute EtOH (10 mL), and n-
butylamine (1 mL, 10.0 mmol). The resulting mixture was heated under
reflux while the consumption of the starting material was monitored by
TLC (3:2 v/v hexanes:EtOAc). The reaction was deemed complete after
19 h. The volatiles were removed under vacuum and the residue was
chromatographed (3:2 v/v hexanes/EtOAc as eluent). The product was
obtained as a yellowish solid (27 mg, 11.3 umol; 49%). M.p.>270°C;
'"H NMR ([D,]p-xylene +3 % v/v [D¢]DMSO, C,,): 6 =8.88 (s, 4H), 8.39
(s,4H), 8.26 (s,2H), 7.85 (s, 4H), 7.49 (s, 4H), 7.33 (s, 2H), 7.28 (s, 2H), 6.62
(s,2H), 4.31-4.29 (m, 4H), 3.77-3.75 (m, 4H), 3.67-3.65 (m, 8 H), 3.57 -
3.55 (m, 4H), 2.20-2.10 (m, 8H), 1.88-1.84 (m, 32H), 1.67-1.62 (m, 8H),
1.57-1.52 (m, 8H), 1.29-1.09 (m, 68 H), 1.05 (t, *J(H,H) =7 Hz, 12H), 0.91
(t, 3(H,H) =7 Hz, 12H); 'H NMR ([D,o]p-xylene +20% v/v [Ds]DMSO,
C,.): 0=8.74 (s, 8H), 851 (t, 3J(H,H) =5 Hz, 8H), 8.06 (s, 4H), 7.79 (s,
4H), 5.59 (m, 4H), 3.49-3.46 (m, 16 H), 2.53-2.48 (m, 8 H), 1.70-1.66 (m,
16H), 1.48-1.44 (m, 32H), 1.29-1.25 (m, 56 H), 0.99 (t, 3/(H,H) =7 Hz,
24H), 0.90 (t, 3/(H,H)=7 Hz, 12H); BC NMR ([Dg]DMSO +30% v/v
CDClLy): 6 =164.51, 153.41, 152.58, 147.02, 138.30, 132.86, 125.00, 120.16,
113,10, 38.67, 34.42, 31.28, 31.00, 30.54, 29.13, 28.99, 28.73, 27.05, 22.06,
19.60, 13.81, 13.55; FTIR (CDCl): 7=23429, 3304, 2959, 2929, 2856,
1671 cm™!; MALDI-MS: m/z: 2405 [M+H]* (caled for C,yH,9,N;,0,sH
2404.2), 4811 [M,+H]* (caled for CygsH5N3,05,H 4807.5); HRMS-FAB:
m/z: 2534.3612 [M+Cs]* (caled for C,,H,9,N;50,,Cs 2534.3757).
Dimethyl 6,7-dimethyl-2,3-quinoxalinedicarboxylate: 4,5-Dimethyl-phe-
nylenediamine (136 mg, 1.00 mmol) was dissolved in absolute EtOH
(S5mL) and diethyl-2,3-dioxosuccinate (404 mg, 2.00 mmol) was added
dropwise by syringe. The resulting mixture was stirred for 2 h at room
temperature, then the solvent was evaporated under vacuum. The residue
was chromatographed (4:1 v/v hexanes/EtOAc as eluent) to give the title
compound as a white solid (196 mg, 0.65 mmol; 65%). M.p. 119-121°C;
'"H NMR (CDCl,): =795 (s, 2H), 4.51 (q, *J(HH) =7 Hz, 4H), 2.50 (s,
6H), 1.44 (t, 3J(H,H) =7 Hz, 6H); *C NMR (CDCl;): 6 =165.02, 143.71,
143.22, 140.33, 128.61, 62.63, 20.55, 14.16; FTIR (CH,Cl,): ¥ =2977, 2933,
1735, 1550, 1480, 1286, 1198, 1137, 1071, 872 cm~!; HRMS-FAB: m/z:
303.1347 [M+H]* (calcd for C¢H;gN,O,H 303.1345).
N2,N3-Dibutyl-6,7-dimethyl-2,3-quinoxalinedicarboxamide 12: Dimethyl
6,7-dimethyl-2,3-quinoxalinedicarboxylate (100 mg, 0.33 mmol) was sus-
pended in absolute EtOH (4mL) and then n-butylamine (200 pL,
2.00 mmol) was added. The mixture was heated under reflux for 41 h.
The volatiles were removed under vacuum and the remaining solid
triturated with EtOH to give the product as a beige solid (80 mg,
0.22 mmol; 67%). M.p. 147-149°C; '"H NMR (CDCl;): 6 =770 (s, 2H),
7.16 (t,°J(H,H) =5 Hz, 2H), 3.52 (q, */(H,H) =7 Hz,4H), 2.46 (s, 6 H), 1.67
(quint, 3/(H,H)=7 Hz, 4H), 145 (sext, 3J(H,H)=7Hz, 4H), 0.96 (t,
3J(H,H) =7 Hz, 6H); '"H NMR ([Dg|toluene): 6 =7.62 (s, 2H), 6.67 (s,2H),
3.39 (q, *J(H,H) =7 Hz, 4H), 2.03 (s, 6H), 1.48-1.44 (m, 4H), 1.34-1.29
(m, 4H), 0.88 (t, 3J(H,H)=7 Hz, 6H); 3C NMR (CDCl;): 6 =165.18,
158.40, 145.61, 142.50, 139.46, 128.00, 39.66, 31.42, 20.42, 20.16, 13.75; FTIR
(CDCl): 7= 3434, 2961, 2934, 2875, 1672, 1527, 1483; HRMS-FAB: m/z:
3572294 [M+H]* (caled for C,yHyN,O,H 357.2291)

Dimethyl 5,6-dichloropyrazine-2,3-dicarboxylate (6): To a solution of 5,6-
dichloropyrazine-2,3-dicarboxylic acid (1.19 g, 5.00 mmol) in MeOH
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(15 mL), concentrated H,SO, (0.5 mL) was added dropwise. The resulting
mixture was heated under reflux for 17 h. Upon cooling, the mixture was
poured onto ice water and extracted with EtOAc. The organic layer was
washed with diluted aqueous NaHCO; and brine, dried over anhydrous
Na,SO,, and filtered. After evaporation, 6 was obtained as a thick colorless
0il (1.09 g,4.11 mmol; 82 %). 'HNMR (CDCl;): 6 = 3.98 (s, 6H); ®*CNMR
(CDCL,): 6= 162.86, 148.82, 141.80, 53.74; FTIR (film): v= 3009, 2956,
2855, 1751, 1522, 1440, 1264, 1176, 1097, 961, 913, 837, 815, 785 cm™!;
HRMS-FAB: m/z: 264.9713 [M+H]" (calcd for CgH4CL,N,O,H 264.9783).

Cavitand 7: Anhydrous K,CO; (690 mg, 5.0 mmol) was added to a solution
of resorcinarene 1b (552 mg, 0.50 mmol) and diester 6 (600 mg, 2.25 mmol)
in anhydrous DMF (25 mL). The mixture was stirred at room temperature
for 46 h, then poured onto acidic water (pH ~1). The solid was filtered,
rinsed with water, and dried under vacuum. The residue was chromato-
graphed (3:1 v/v hexanes:EtOAc as eluent) and the title compound was
obtained as a white solid (185 mg, 0.10 mmol; 20%). M.p. 155-158°C ;
'"H NMR (CDCl;, 330 K): d = 7.20 (s, 4H), 6.83 (s, 4H), 3.98 (s, 24 H), 3.88
(t, *J(H,H)=7 Hz, 4H), 2.10-2.05 (m, 8H), 1.32-1.27 (m, 72H), 0.92—
0.90 (m, 12H); '"H NMR ([D4]benzene): 6 = 7.87 (s, 4H), 7.37 (s, 4H), 5.25
(br., 4H), 3.62 (s, 24H), 2.16-2.14 (m, 8H), 1.40—1.20 (m, 72H), 0.95 (t,
3J(H,H) =7 Hz, 12H); ®C NMR ([D¢]benzene): 6 = 164.00, 153.25,152.55,
141.17, 135.97, 124.33, 118.57, 53.17, 35.80, 33.00, 32.75, 30.54, 30.52, 30.50,
30.39,30.31, 30.25, 28.33, 23.51, 14.75; FTIR (CDCly): 7 = 2955, 2928, 2855,
1742, 1601, 1548, 1482, 1446, 1418, 1342, 1277, 1215, 1193, 1145cm™;
HRMS-FAB: m/z: 2005.8279 [M+Cs]t (caled for C,H;;sNgO,,Cs
2005.8096).

Cavitand 9: Anhydrous K,CO; (138 mg, 1.00 mmol) was added to a
solution of resorcinarene 1lc¢ (105mg, 0.10 mmol) and 5 (207 mg,
0.45 mmol) in anhydrous DMF (5 mL). The mixture was stirred at room
temperature for 46 h, then poured onto acidic water (pH about 1). The solid
was filtered, rinsed with water, and dried under vacuum. The residue was
chromatographed (9:1 v/v hexanes:EtOAc as eluent) and the title
compound was obtained as a white solid (53 mg, 0.02 mmol; 20%). M.p.
>250°C; 'HNMR (CDCl;): d = 8.67 (br., 4H), 7.40 (br.,4H), 6.91 (s, 2H),
5.99 (s, 2H), 3.66-3.62 (m, 4H), 3.54-3.51 (m, 4H), 3.50-3.46 (m, 4H),
3.38-3.30 (m, 8H), 2.46 (s, 6H), 2.17-2.05 (m, 8 H), 1.87-1.70 (m, 16H),
1.69 (s, 6H), 1.43-1.14 (m, 136H), 0.89-0.74 (m, 36H); 'H NMR
([Dg]benzene, 330 K): 6 = 9.52 (s, 4H), 7.22 (s, 2H), 6.80 (s, 4H), 6.36 (s,
2H), 3.99-3.94 (m, 8H), 3.73-3.70 (m, 8H), 3.35-3.40 (m, 4H), 2.99 (s,
6H), 2.40 (s, 6H), 2.10-1.90 (m, 12H), 1.85-1.80 (m, 4H), 1.70-1.55 (m,
16H), 1.45-1.10 (m, 136 H), 0.96-0.90 (m, 36 H); *C NMR (CDCl,): 6 =
164.10, 163.03, 151.24, 150.02, 149.88, 144.75, 142.81, 139.38, 134.33, 129.64,
126.66, 122.35, 119.02, 118.51, 40.59, 40.53, 37.83, 32.33, 31.92, 31.90, 31.86,
29.92,29.65,29.58,29.49,29.43,29.33, 29.24, 29.03, 27.41, 27.22, 2714, 22.71,
22.68,22.65,14.09, 14.08,11.31, 11.02; FTIR (CH,Cl,): 7 = 3418, 3259, 2925,
2854, 1652, 1559, 1546, 1405, 1071 cm~'; MALDI-MS: m/z: 2593 [M+H]*
(caled for CssHooN ;O gH 2594.9), 5187 [M,+H]* (caled for
C;1,HigoN3,05,H 5188.7); HRMS-FAB: m/z: 2726.7765 [M+Cs]* (caled
for C,54H,4N;60,Cs 2726.7513).

Cavitand 11: The corresponding octaamino compound® (1.30 g,
0.89 mmol) was dissolved in EtOH (30 mL) and to the resulting solution,
diethyl-2,3-dioxosuccinate (1.02 g, 5.05 mmol) was added dropwise. Within
5 min of the addition, a precipitate formed. The mixture was stirred for 12 h
at room temperature. The yellow solid was filtered, washed with EtOH, and
dried under vacuum. Yield=148g (0.69 mmol; 78%). M.p.>250°C;
'"H NMR (CDClLy): 6 = 8.04 (s, 4H), 7.73 (s, 4H), 7.00 (s, 2H), 6.06 (s, 2H),
4.54 (q, *J(H,H) =7 Hz, 8H), 4.50 (q, */(H,H) =7 Hz, 8H), 3.99-3.96 (m,
4H), 2.52 (s, 6H), 2.39 (s, 6H), 1.99-1.90 (m, 8H), 1.48-1.42 (m, 24H),
1.25-1.10 (m, 56 H), 0.85 (t, *J(H,H) =7 Hz, 12H); B*C NMR (CDCl;): 6 =
164.81, 164.54, 153.73, 153.56, 151.08, 150.95, 144.28, 142.18, 140.10, 137.82,
134.43, 130.02, 124.26, 122.48, 121.17, 118.85, 118.12, 115.33, 62.76, 62.59,
36.75,31.79, 31.66, 29.43, 29.39, 29.19, 26.88, 22.61, 14.10, 14.05, 11.21, 10.93;
FTIR (CH,Cl,): = 2925, 2854, 1740, 1603, 1480, 1203, 1018; HRMS-
MALDI-FTMS: m/z: 2152.0012 [M+Na]* (caled for C,H;4yN;O,,Na
2152.0190).

Octacarboxamide cavitand 10: Octaester 11 (50 mg, 23.4 umol) was
suspended in EtOH (10 mL) and n-butylamine (1 mL, 10 mmol) was
added. The mixture was heated under reflux for 18 h after which time the
volatiles were removed under vacuum. The residue was purified by PTLC
(plate thickness 1 mm; 95:5 v/v CH,Cl,:MeOH as ecluent). The title
compound was obtained as a pale yellow solid (16 mg, 6.8 umol; 29 %).
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M.p. >250°C; 'H NMR ([Dg]benzene): 6 = 8.66 (t, *J(H,H) =5 Hz, 4H),
788 (s, 4H), 7.54 (s, 4H), 740 (s, 2H), 6.55 (s, 2H), 6.45 (t, J(H,H) = 6 Hz,
4H), 4.61-4.59 (m, 4H), 3.89-3.48 (m, 16H), 3.40 (s, 6H), 2.63 (s, 6H),
221-1.98 (m, 8H), 1.85-1.52 (m, 16H), 1.26-1.13 (m, 72H), 1.02-0.89
(m, 36 H); FTIR (CH,CL): v= 3418, 3295, 2960, 2925, 2854, 1665, 1528,
1480, 1374, 1216, 1057 cm~'; MALDI-MS: m/z: 2347 [M]* (caled for
CiyoH18NsO 2347.1), 4694 [M],t (caled for ChgHsesN3Os, 4694.2);
HRMS-FAB: m/z: 24783285 [M+Cs]t (caled for C 4 H;gN;40,4Cs
2478.3131).
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Nonaqueous Ionic Liquids: Superior Reaction Media for the
Catalytic Heck-Vinylation of Chloroarenes
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Abstract: Nonaqueous ionic liquids,
that is molten salts, constitute an acti-
vating and stabilizing noninnocent sol-
vent for the palladium-catalyzed Heck-
vinylation of all types of aryl halides.
Especially with chloroarenes an im-
proved activity and stability of almost
any known catalyst system is observed as
compared to conventional, molecular

N-methyl-2-pyrrolidinone (NMP), or di-
oxane). Thus, even catalytic amounts of
ligand-free PdCl, yield stilbene from
technically interesting chlorobenzene
and styrene in high yield (turnover
number (TON)=18) without the need

Keywords: alkenes - arenes - Heck
reaction - nonaqueous ionic liquids

for further promoting salt additives such
as tetraphenylphosphonium chloride.
The scope of the new reaction medium
is outlined for the first time for the
vinylation of various aryl halides using
different mono- and disubstituted ole-
fins as well as a variety of known
palladium(o) and palladium(i) catalyst
systems. Furthermore, a novel means of

solvents  (e.g.  dimethylformamide

. : - palladium
(DMF), dimethylacetamide (DMAc),

Introduction

The palladium-catalyzed arylation of olefins with aryl halides
is generally referred to as the Heck reaction.l'l This reaction
has received considerable attention, primarily due to the
enormous synthetic potential to generate sp>—sp? carbon—
carbon bonds.2l However, the reaction suffers from limita-
tions that have so far precluded many industrial applica-
tions.®l Typically, a relatively large amount of catalyst
(>1mol %) is needed for reasonable conversions and often
catalyst recycling is hampered.?!

Various approaches towards catalyst improvement have
been described.*! Most effort was reported to be achieved
with activated, electron-poor chloroarenes by the use of
highly basic, sterically hindered phosphanes,”! the use of
N-heterocyclic carbenes (NHC),[® the use of palladacycles,” ®
the use of a large excess of coordinating ligands, for example

[a] Prof. Dr. W. A. Herrmann, V. P. W. Bohm
Anorganisch-chemisches Institut
Technische Universitdt Miinchen
Lichtenbergstrasse 4, 85747 Garching (Germany)
Fax: (+49)89-28913473
E-mail: herrmann@zaphod.anorg.chemie.tu-muenchen.de

[*] Part 11: See reference [22a].

Chem. Eur. J. 2000, 6, No. 6

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

catalyst recycling is presented and its
scope is evaluated.

triphenylphosphanel”? or  tris(2,4-di-tert-butylphenyl)phos-
phite (tbp),l” the use of heterogeneous Pd/CMl or Pd/
MgO,l"l or the use of nanostructured palladium clusters.['3]
Only few approaches have reported success in the activation
of chlorobenzene or even deactivated, electron-rich chloroar-
enes in general. These approaches include the use of
palladium() dichloride with an excess of phosphonium
saltsl" or the use of palladium(o) complexes of dibenzylide-
neacetone (dba) with sterically demanding tris(fert-butyl)-
phosphanel' or bis(zert-butyl)ferrocenylphosphane. 'l

Approaches other than the improvement of the catalyst or
ligand are rare. Chloroarenes can be activated by reaction
with hexacarbonylchromium, which reduces the electron
density on the aromatic system,['”] or by addition of a nickel(1])
cocatalyst in the presence of sodium iodide, which was
reported to transform the chloroarene into more reactive
iodoarenes in situ.['®]

We present here a completely different approach to activate
chloroarenes. It has long been known that the Heck reaction is
performed best in polar solvents such as dimethylformamide
(DMF), dimethylacetamide (DMAc), N-methyl-2-pyrrolidi-
none (NMP), and 1,4-dioxane.”! In addition, the beneficial
effect of tetraalkylammonium salts on the activity and
stability of palladium(i) catalysts has been described.l']
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Bearing these facts in mind, we chose nonaqueous ionic
liquids (NAIL) as the solvent. The possibility to use NAIL as
solvents in catalysis is known.?! It has been applied in the
Heck reaction®! but the beneficial effect on less reactive
substrates was discovered only recently.’? In the following we
report outstanding activities for various literature catalysts in
the reaction of chloroarenes with different olefins using
molten salts as reaction media. Additionally, a novel approach
for the the catalyst-recycling and its scope is presented.

Results and Discussion

Vinylation of chlorobenzene

The oxidative addition of chloroarenes to palladium(o)
complexes needs elevated temperatures.”l Thus, it was clear
to us that the activation of chlorobenzene in the Heck
reaction also needed similar temperatures. The palladacycle
trans-di(u-acetato)-bis[o-(di-o-tolylphosphino)benzyl]dipalla-
dium(n) (1) (Scheme 1) constitutes an established, stable
catalyst for the Heck reaction at elevated temperatures and
was therefore chosen for preliminary studies.”?? For the
activation of electron-poor chloroarenes with catalyst 1, the
addition of tetra-n-butylammonium bromide [NBu,|Br was
necessary. Initially we chose conditions which are known to
work well in DMAc.”

Experiments revealed that temperatures of 130°C are
necessary for stilbene to be formed from chlorobenzene and
styrene in [NBu,|Br with catalyst 1 using sodium acetate
Na(OAc) as the base. Raising the temperature to 150°C
results in much higher turnover numbers (TON) of 36
[molproduct per mol palladium]. Like in traditional, molec-
ular solvents the addition of further activating additives such
as [PPh,]CI or [AsPh,]Cl yields stilbene quantitatively from
1 mol % catalyst 1 (TON =48, entry 25, Table 4).U]

Comparison of different NAIL shows that [NBuy|Br and
[NBu,]JOAc constitute the most efficient solvents for the

Abstract in German: [onische Fliissigkeiten bzw. Salzschmel-
zen sind aktivierende und stabilisierende Losungsmittel fiir die
Heck-Vinylierung von Halogenaromaten mit Palladium-Kata-
lysatoren. Besonders mit Chloraromaten wird im Vergleich zu
konventionellen, molekularen Losungsmitteln (z. B. DME,
DMAc, NMP oder Dioxan) eine erhohte Aktivitit und
Stabilitit bei beinahe allen literaturbekannten Katalysatorsy-
stemen beobachtet. Auf diese Weise konnen z. B. katalytische
Mengen des ligandenfreien PdCl, das technisch interessante
Chlorbenzol mit Styrol in hoher Ausbeute zu Stilben umsetzen
(TON =18), ohne daf} weitere aktivierende Salzzusitze wie
Tetraphenylphosphonium-chlorid nétig sind. In Bezug auf
dieses Reaktionsmedium beschreiben wir erstmals ausfiihrlich
die Vinylierung von Halogenaromaten und deren Umsetzung
mit unterschiedlichen mono- und disubstituierten Olefinen mit
einer Vielzahl literaturbekannter Palladium(o)- und Palladi-
um(1)-Katalysatorsysteme. Zusditzlich wird ein neues Verfah-
ren zur Riickgewinnung des Katalysatorsystems vorgestellt und
dessen Leistungsfihigkeit diskutiert.
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Scheme 1. Structurally defined palladium(ir) catalysts for the Heck reac-
tion. OAr =2,4-di-tert-butylphenoxy.

activation of chlorobenzene by palladacycle 1 (entries 1 and 2,
Table 1). At first, the results with [NBu,JOAc as the solvent or
the base were disappointing until we realized that extremely
careful drying and degassification were necessary here.
Storing the solid [NBu,JOAc over potassium hydroxide prior
to degassing the melt for various hours furnishes a suitable
base for further experiments. Similar properties of
[NBu,]JOAc and [NBu,|Br were observed in the reaction of
deactivated p-bromoanisole and n-butyl acrylate. Tetra-n-
butylammonium salts with the noncoordinating anions hexa-
fluorophosphate or tetrafluoroborate were not tested due to
their high melting points; for the same reason [NBu,]I was not
used either. Most commonly used imidazolium salts proved to
be a bad choice whether they bear halide anions, like
1-methyl-3-propylimidazolium bromide ([MPIm|Br; 6) and
1-butyl-3-propylimidazolium bromide ([BPIm]Br; 7), or non-
coordinating hexafluorophosphate anions, like 1-butyl-3-pro-
pylimidazolium hexafluorophosphate ([BPIm]PF,; 8) (see
Scheme 2 and entries 5, 10, 11, Table 1). The observation that
coordinating halide anions are necessary for a beneficial
solvent effect prevented us from testing the room-temper-
ature liquid tetrachloroaluminate imidazolium salts (Im-
[AICL]) as the solvent. The Lewis acidic medium would
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Table 1. Heck olefination of chlorobenzene with styrene and palladacycle 1.

)
_ e _
A@ . O + HCl
=

decomposition of the catalyst and additionally of [NBu,]|Br
in a Hofmann-type elimination.?*l We ascribe the indifference

0.5 mol% palladacycle 1 . .
Mo paladacyete in TON towards the nature of the base to the good solubility

5;{aﬂslgpr\5‘/ﬂf' @A of all bases in [NBu,]|Br at 150°C. Thus, any base which is
150 °C capable of reductively eliminating HX from the hydrido
Entry Solvent (NAIL) Base ¢ [h] Yield [%]  Ppalladium species HPd(L),X can be used. The problem of
1 [NBu,JOAC ~ 1 P solubility does not require attention. As a result, Cs,CO; can
5 [NBu,|Br Na(OAc) 18 51 be replaced by much more economic bases like Na(OAc).
3 [Oct;NMe|Br Na(OAc) 15 45 Encouraged by the initial success with palladacycle 1, we
4 Aliquat 336! Na(OAc) 15 32 also tested other catalysts for the coupling of chlorobenzene
2 gt’lﬁgg]Br ©) 11:1122828 iz ;? and styrene. Diiodo-bis(1,3-dimethylimidazolin-2-ylidene)-
7 TBHDP Na(OAc) 16 19 palladium() (2), diiodo-(1,1’-methylene-3,3"-tert-butylimi-
3 le] Na(OAc) 15 17 dazolin-2,2'-ylidene)palladium() (3),”! trans-diiodo-(1,3-
9 [NBu,]Cl Na(OAc) 15 15 di(1'-(R)-phenylethyl)imidazolin-2-ylidene)triphenylphosphi-
10 [BPIm|Br (7) Na(OAc) 16 11 nopalladium(tr) (4), %! and rans-di(u-chloro)-bis-P,C-{2-[di-
E %351?]]3};1:6 ®) I{i?é?‘?ékc E 5; (2,4-di-tert-butylphenylato)phosphinoxyl]-3,5-di-tert-butyl-
13 [NBu:]Br HCOONa 16 4001 phenyl}dipalladium() (5)?"! are thermostable under the
14 [NBu,|Br Bu,N 15 46 reaction conditions described earlier. Testing reveals high
15 [NBu,|Br Et:N 16 46 activity of the catalysts which is better than results reported in
16 [NBu,]Br Cs,CO, 15 45 the literature with molecular solvents (entries 5, 8, 9, 10,
i; {Egﬁﬂﬁi Eig& Os 12 2‘1‘ Table 2; entries 4, 5, Table 3).[% 627281 With catalyst 5 the
19 [NBu,]Br K,PO, 16 38

Table 2. Heck olefination of chlorobenzene with styrene in [NBuy|Br using

different catalysts.[?]
g + HCI

mu

[a] Conditions: 1.0 equiv chlorobenzene, 1.5 equiv styrene, 1.2 equiv base.
[b] GC yield using diethyleneglycol-di-n-butyl ether as internal standard.
[c] Aliquat 336 = tri-n-octylmethylammonium chloride. [d] TBHDP = tri-n-bu-

Catalyst
tyl-n-hexadecylphosphonium bromide. [e] Aliquat 336/[NBu,|Br 1:1. [f] Ethyl- /\© ¥ 4

benzene and biphenyl as major by-products. ~F Na(OAc), [NBu,]Br, 150 °C ©/\ N
fra )\ Entry Catalyst Pd [mol %] Additive [mol%] ¢ [h] Yield [%]®
N\
N N@ N N@N ad 1 Pdy(dba); 1 P(:Bu); (2) 17 74
Br X 2 Pd(PCys,), 1 - 17 67
3 (CH,CN),PdCl, 1 [PPh,]CI (6) 17 65
6 7 (X =Br) 4 Pd(PPh;), 1 - 17 55
8 (X = PFg) 5 4 1 - 17 53
Scheme 2. Imidazolium salts liquid at ambient temperature. 6 Pd[P(o-Tol),], 1 - 1751
7 Pd(OAc), 1 PPh, (4) 16 50
8 2 1 - 17 48
additionally be contradictory to the basic medium necessary 13 : 1 - i; :g
for the Heck reaction. Also tri-n-butyl-n-hexadecylphospho- | PdCl 1 i 17 a3
. . . . . 2 -
nium bromide (TBHDP) did not work satisfactory in contrast 1 Pd(OAc), 1 PCy, (4) 18 41
to literature reports (entry 7, Table 1).2! This was astonishing 13 Pd(OAc), 1 P(o-Tol); (3) 18 41
since [PPh,]Cl constitutes an activating additive with catalyst 14 (CH:CN),PdCl, 1 [AS[PIhA]CI (©) 18 34
1 (vide supra). Even carbenium salts such as trityl chloride }2 f) d(0AC) 1 tbpt (1) }Z gé
X -
(Ph;CCl) can be used as the solvent (entry 6, Table1). {5 Pd(OAc), 1 tbpl (10) 15 9
Obviously, the nature of the salt and especially the nature of 18 colloid!! 10 [AsPh,]CI (1) 18 6
the anion has a strong influence on the catalyst activity. 19 Pd,(dba), 1 - 17 5
20 5 1 tbpl (5) 6 2

Despite the elevated temperatures, we never observed prob-
lems due to decompostion of the solvent, only [NBu,JOAc
becomes brownish at these temperatures.

Screening for the optimum base showed most inorganic
bases including Et;N and Bu;N to be equally capable of

[a] 1.0 equiv chlorobenzene, 1.5 equiv styrene, 1.2 equiv base. [b] GC yield
using diethyleneglycol-di-n-butyl ether as internal standard. [c] tbp = tris(2,4-
di-tert-butylphenyl)phosphite. [d] Pd;sPt,s[N(Octyl),] colloid.

furnishing stilbene. Differences in TON were generally small
in contrast to observations in molecular solvents.['>] Especially
between [NBu,]JOAc and the much cheaper Na(OAc) only an
insignificant difference was observed. Nevertheless, variances
regarding the stability of the catalyst 1 could be detected.
Palladium black precipitation with K;PO, occurred readily,
whereas Na(OAc), [NBu]OAc, Et;N, Bu;N, Cs,CO;, or
K,CO; used to give no decomposition at all. Stronger bases
like KOH or KOrBu rendered useless as they lead to

Chem. Eur. J. 2000, 6, No. 6
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addition of an excess of the phosphite tbp resulted in a
dramatic drop of activity which is in contrast to the behavior
with bromoarenes in molecular solvents (entries 15, 20,
Table 2).?! The same dropping of activity is observed when
the ligand tbp is used in excess with palladium(ii) diacetate
Pd(OAc), (entry 17, Table 2).

Ligand-free palladium(ii) salts constitute attractive substi-
tutes for complicated, organometallic catalysts but used to
suffer from low activity and early palladium black precipita-
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tion.”! PACl, and Pd(OAc), were tested under the conditions
described above. Despite low reactivity of Pd(OAc),, PdCl,
was found to catalyze the transformation surprisingly well
albeit high palladium concentrations are necessary (entries 11,
16, Table 2; entry 27, Table 4). These results made us wonder
whether phosphane ligands
were necessary at all for the
catalytic activity. The compari-
son of a mixture of Pd(OAc),
and four equivalents of PPh;,
three equivalents of tri(o-tol-

different catalysts.?

oo

Scope and limitations

In order to judge the solvent effect, we compared [NBu,]|Br
directly with the commonly used molecular solvent DMF
(Table 3). All tested catalysts show increased yields in the

Table 3. Comparison of the solvent effect on the Heck olefination of bromo- and chlorobenzene with styrene and

2 mol% Pd
_ + HX
Na(OAc) ‘ A
=

solvent, 150 °C

yl)phosphane (P(o-Tol);) or
four equivalents of tri(cyclo-  Entry  Catalyst Yield [%]®
hexyl)phosphane (PCy3) with t=2h t=2h t=18 h t=18h t=2h t=2h
ligand-free Pd(OAc), proved X=C  X=c X=C  X=c X=Br  X=Br
- DMF  [NBuy]Br DMF [NBu]Br DMF  [NBu,]Br
the beneficial effect of phos-
phane addition (emiries 7 12, ) Ot g 2 @ e s o e
3 2 2! 4 = b >

13{ Table 2). The bulky phos- 5 1/5[AsPh,]CI 19 37 41 84 57 100
phite tbp cannot replace the 4 2 0 4 3 51 20 ~99
phosphanes in contrast to ob- 5 5 1 11 5 49 4 39
servations in molecular solvents ~ © S/5 thp 15 0 35 4 25 9

17 Table 2).11° In fact 7 PdCl, 0 7 0 50 16 94
(entry 17, Table 2) mplactan g Pd(OAc),/3 P(o-Tol), 3 11 29 46 50 86
excess of tbp constitutes t.he 9 Pd,(dba), 0 1 5 3 1 14
only example of a less reactive 10 Pd(PPh,), 4 24 17 65 38 92

catalyst system in [NBu]Br
than in DMF with either palla-
dacycle 5 or Pd(OAc), (entry 6,
Table 3). [PPh,]Cl is known to
furnish active catalysts from dichloro-bis(acetonitrilo)palla-
dium(11).['¥1 With this catalyst system an enhancing effect was
observed despite the competitive existence of two salts (entry
3, Table 2). In contrast to observations with palladacycle 1,
[AsPh,]Cl does not have a similar effect (entry 14, Ta-
ble 2).22

The use of phosphane-free palladium(o) sources like
Pd,(dba); does not give satisfactory results (entry 19, Table 2)
neither does the use of preformed colloids (entry 18, Table 2)
in respect to the results obtained with PdCl,. With Pd° the
addition of phosphane ligands markedly enhances the activity.
Using Pd(PPh;), yields stilbene at a TON of 55 (entry 4,
Table 2). Higher TONSs can also be achieved with Pd(PCys),
and Pd[P(o-Tol);], (entries 2 and 6, Table 2). Also the very
active catalyst system Pd,(dba); and P(tBu); furnishes stil-
bene with a TON up to 74 even if Cs,COj; is replaced by
Na(OAc) (entry 1, Table 2). With this catalyst tri-n-octylme-
thylammonium chloride (Aliquat 336) furnishes a similar
TON although the anion has changed to chloride (entry 26,
Table 4). Furthermore, upon the addition of phoshane ligands,
the Pd® complexes become more active than the correspond-
ing Pd" complexes although without phosphane ligands it is
the other way around.

Attempts to make the system more efficient by the in situ
formation of bromoarenes from the corresponding chloroar-
enes with a cocatalyst failed. Nickel(i1) dichloride has been
reported to catalyze halide exchanges on carbon atoms
suggesting the use of a bimetallic catalyst system with
palladacycle 1.'®! Despite the promising literature report
neither higher yields were observed nor was bromobenzene
detected in the reaction with 1/NiCl,.

internal standard.
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[a] 1.0 equiv PhX, 1.5 equiv styrene, 1.2 equiv Na(OAc). [b] GC yield using diethyleneglycol-di-n-butyl ether as

coupling of chlorobenzene with styrene using Na(OAc) as the
base. Catalyst 5, with an excess of five equivalents of the
phosphite ligand tbp, was the only negative exception (Entry
6, Table 3). Although the active catalyst systems Pd,(dba),/
P(tBu); or PACL,/[PPh,]Cl are taking less advantage from the
NAIL on the longer time scale, the reaction rates are
significantly increased by the NAIL for these catalysts, too.
This conclusion can be drawn considering the yields of
stilbene from chlorobenzene after 2 h (Table 3). Even more
pronounced effects are observed for less active catalysts like
the NHC-complex 2, Pd(PPh;),, or PdCl,. The unusual long-
term thermal stability of the catalysts in [NBuy]Br most
probably accounts to the significant differences in the yields of
stilbene after 15h at 150°C. The same conclusion can be
drawn on a more qualitative scale if the points of palladium
black formation are compared. The catalysts decompose later
in [NBu,|Br—if they do at all—than they do in DMF under
conditions ceteris paribus. But also the activation of the
catalyst is an important feature as the yields after 2 h also
differ much in both solvents. For example, with the system
Pd,(dba),/P(rBu); after 2 h already 86 % stilbene has formed
at a TON of 43 from chlororbenzene and styrene (entry 1,
Table 3). This is much more than reported in the litera-
ture.l'> 191 Similar effects can be observed for bromobenzene
(Table 3). Palladacycle 1 has its reaction rate doubled; and the
catalyst 2 and PdCl, run even about five times faster than in
DMF.

To evaluate the actual amount of [NBuy|Br necessary for a
maximum effect, we tested different molar ratios of [NBu,|Br
and DMF with catalyst 1 in the coupling of chlorobenzene and
styrene (Figure 1). Indeed, pure [NBuy]Br is necessary for
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Na(OAc) >
[NBuy,]Br / DMF @f
150°C, 12 h
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2
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=
T 100 mol% [NBu,JB referred to PhC
O T T T T T T

0 20 4 60 80 100
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Figure 1. The effect of the molar ratio of [NBu4]Br and DMF
{n([NBuy|Br)/[n([NBu,]Br) + n(DMF)]} on the coupling yield of chloro-
benzene with styrene using 1mol% palladacycle 1 as the catalyst.
Conditions: 0.06 mmol 1, 0.32 mmol chlorobenzene, 0.48 mmol styrene,
0.38 mmol Na(OAc), 13 mmol {[NBu,Br+ DMF}; T=150°C. PhCl=
chlorobenzene; RT =room temperature.

achieving a saturation point of effecting TON. Although the
greater effects on the TON are achieved at lower [NBu,|Br
ratios, one might even consider the molecular solvent to have
a poisoning effect on the reaction as the maximum TON is
reached only with pure [NBuy|Br. Furthermore, the actual
molar amount of solvent being necessary to run the reaction in
[NBu,]Br constitutes only about 10 % of the amount of pure
DMF needed. This corresponds to five equivalents or
500 mol % of [NBu,]Br in the reaction.

As [NBu]Br with a melting point of 103°C needs high
temperatures of over 120 °C to have the viscosity of the melt
reduced to an extent which makes magnetical stirring
effectively possible, one has to use other NAIL for lower
reaction temperatures. Thus, we tested the imidazolium salts
6-8 as well as Aliquat 336 and tri-n-octylmethylammonium
bromide ([Oct;NMe|Br) which are liquid at—or close to—
room temperature (Table 2). In all these NAIL with pallada-
cycle 1 and the system Pd,(dba),/P(tBu); TOF and TON are
lower than in [NBuy]Br (vide supra). At milder reaction
temperatures of 80°C reasonable TON were not obtained as
the solubility of the base is reduced.

Generally, all types of chloroarenes, bromoarenes, iodoar-
enes, and benzoic acid anhydride can be coupled under the
conditions described. Various examples of these substrates for
different catalysts are given in Table 4. The results obtained
are not easily comparable to literature results or to each other
as the conditions have not been optimized in all cases.

PdCl, couples p-iodotoluene with a TON of 10000 (entry 1,
Table 4) and palladacycle 1 furnishes stilbene from benzoic
acid anhydride at a TON of 1000 (entry 21, Table 4). Despite
the high activity of PdCl, for bromoarenes and activated
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chloroarenes including almost quantitative conversion of
chlorobenzene it is not capable of coupling p-chloroanisole
efficiently (entry 30, Table 4). The same observation was
made for palladacycle 1 and Pd(PPh;), (entries 29, 31,
Table 4). Only Pd,(dba);/P(tBu); achieves a reasonable
TON with deactivated chloroarenes (entry 28, Table 4).

Changing of the olefin is interesting with respect to possible
applications as well as to mechanistic questions regarding the
influence of the NAIL on elemental steps in the catalytic
cycle. To study the effect of the olefin in Heck reactions, n-
butyl acrylate, different substituted styrenes, butyl vinyl ether,
and the disubstituted a-methyl-n-butyl acrylate in the pres-
ence of palladacycle 1 and PdCl, were examined. The results
are summarized in Table 4. n-Butyl acrylate and N,N-dime-
thylacrylamide give similar TONS to that of styrene (entries 6,
7, Table 4). However, the catalyst activity was lower for the
electron-rich butyl vinyl ether and 4-methoxystyrene (entries
3,4,8,9,13, 16, 17, Table 4). Nevertheless, TONs up to 45000
have been achieved for the first time.

It is obvious from Table 4 that both the electronic nature of
the olefin and steric hindrance are decisive factors for the
catalysts’ efficiency. The influence of electronic factors is seen
from reactions of 4-substituted styrenes (entries 8-12,
Table 4). Here, electron-withdrawing groups increase the
yield of the corresponding stilbene, and vice versa. p-
Trifluoromethylstyrene gives a TON of 910 in the coupling
with bromobenzene whereas p-methoxystyrene only achieves
a TON up to 500 when PdCl, is used as the catalyst. Using n-
butyl methacrylate as an example for a 1,1-disubstituted
olefin, it became evident that the palladacycle catalyst 1 and
PdCl, are less sensitive towards steric hindrance in [NBu,|Br
than in molecular solvents (entries 14, 15, Table 4).1 7

In agreement with reported data for Heck reactions
concerning enol ethers,? both catalysts show the usual
regioselectivity. Electron-rich aryl substrates, for example
4-bromoanisole, favor a-arylation, whereas electron-poor aryl
derivatives, for example 4-bromoacetophenone, strongly
favor f-arylation (entries 3, 4, 16, 17, Table 4). This result
suggests that the rate-determining step in the Heck reaction of
aryl bromides is not the oxidative addition to the reactive
palladium catalyst, but rather the insertion of the olefin into
the arylpalladium intermediate. This assumption is further
supported by the competitive reaction of styrene and n-butyl
acrylate with 4-bromoacetophenone, which led to a mixture of
31% 4-acetylstilbene and 69 % n-butyl 4-acetylcinnamate
with palladacycle 1 and 22 % 4-acetylstilbene and 78 % n-
butyl 4-acetylcinnamate with PdCl,.

Catalyst recycling

The described NAIL protocol is of further advantage because
the catalyst and the rather expensive solvent can be recycled.
Recycling was tested in the reaction of bromobenzene and
styrene using 1 mol% of palladium. The solvent and the
catalyst 1 were used again after distillation of the reactants
and products in vacuo (130°C, 10~2 mbar). Figure 2 shows a
graphical comparison of the yields of stilbene isolated with
palladacycle 1 and PdCl, for consecutive runs.
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Table 4. Survey on the possible Heck olefinations in [NBu,|Br.

X catalyst N\
A R+ /©/ ©/ SR Ex
R [NBuy]Br R
Na(OAc)

Entry R’ R X Catalyst Pd [mol%]  Additive [mol%] T[°C] «¢[h] Yield [%]® TON

1 C¢Hjs CH; I PdCl, 0.01 - 130 14 100 10000

2 CH; COCH; Br 1 0.0001 - 120 60 100 1000000

3 OC,H, COCH; Br 1 0.1 - 130 13 70 7001

4 OC,H, COCH; Br PdCl, 0.2 - 130 14 98 4901l

5 CH; H Br colloid!®] 5 - 130 18 40 8

6 CON(CH;), H Br 1 0.1 - 130 14 99 990

7 COOC,H, H Br 1 0.01 - 130 14 80 8000

8 p-H;COC¢H, H Br 1 0.01 - 130 13 45 45000

9 p-H,COCH, H Br PdCl, 0.1 - 130 14 50 500
10 p-H;CCH, H Br 1 0.01 - 130 13 72 72000
1 p-HCCH, H Br PdCl, 0.1 - 130 14 68 680
12 p-FsCCH, H Br PdCl, 1 - 130 14 91 910
13 OC,H, H Br PdCl, 0.2 - 130 14 69 34511
14 le] H Br 1 0.1 - 130 14 72 72000
15 le] H Br PdCl, 1 - 130 14 100 100t
16 OC,H, OCH; Br 1 0.1 - 130 13 40 40001
17 OC,H, OCH,  Br PACL, 02 - 130 13 52 260
18 C4Hs OCH,  Br 1 0.1 - 120 17 79 790
19 COOC,H, OCH; Br 1 1 - 120 17 >99 100M
20 C.H; OCH,  Br PACL, 0.1 - 130 14 69 690
21 CH; H C(0)0OC(0)Ph 1 0.1 - 160 19 100 1000
2 C.H. NO, cl PACl, 0.1 - 130 14 99 990
23 CH; COCH; Cl 1 0.1 [AsPh,]Cl (0.1) 150 15 99 990
24 CH; COCH; Cl PdCl, 0.1 - 130 14 97 970
25 C4H; H a 1 2 [AsPh,]CI (20) 150 16 96 48
26 C4H; H a Pdy(dba), 1 P(Bu); (2) 150 15 67 67m!
27 CH; H Cl PdCl, 5 - 150 45 89 18
28 C.H; OCH, «l Pdy(dba); 3 P(Bu); (6) 150 40 74 25
29 C.H; OCH, «l Pd(PPh;), 2 - 150 15 <1 ol
30 C.H, OCH, «l PACL, 3 - 150 40 5 2
31 C.H; OCH, «l 1 4 [PPh,ICI (2) 150 14 18 5

[a] 1.0 equiv ArX, 1.5 equiv olefin, 1.2 equiv Na(OAc). [b] GC yield using diethyleneglycol-di-n-butyl ether as internal standard. [c] 33% (E), 23 % (Z),
15% (1/1). [d] 42% (E), 37% (Z), 20% (1/1). [e] Pd;sPtys[N(Octyl),] colloid. [f] 17% (E), 24% (Z), 29% (1/1). [g] Using n-butyl methacrylate as the
olefin. [h] 44 % n-butyl 2-benzylacrylate, 24 % n-butyl (E)-2-methylcinnamate, 4 % n-butyl (Z)-2-methylcinnamate. [i] 62% n-butyl 2-benzylacrylate, 33 %
n-butyl (E)-2-methylcinnamate, 5% n-butyl (Z)-2-methylcinnamate. [j] 13% (E), 7% (Z),20% (1,1). [k] 10% (E), 14% (Z),27% (1,1). [1] [NBu,]JOAc as
the solvent and base. [m] Aliquat 336 as the solvent. [n] Stilbene as major product by aryl scrambling.

1 mol% Pd

S + HBr

O e o

base, 130°C
[NBu,]Br, 12h

100
90
80-]
70
60} ey
50 .

40 \‘\9

\-’_’.\l—l———-\.
S

&kl f>i—<l\'\

" \ —=— Cat. 1, [NBu,JOAC
: —e— Cat. 1, Na(OAc)

% yield stilbene

--------- PdCI,, Na(OAc)

T T T T T T

01 2 3 4 5 6 7 8 9 1o 11 12 13
run [no.]

Figure 2. Recycling of the catalyst and the NAIL. Palladacycle 1

{Na(OAc) and [NBu,y]JOAc} and PdCl, {Na(OAc)} in [NBu4|Br (1 mol %

Pd). Conditions: 1.0 equiv bromobenzene, 1.5 equiv styrene, 1.2 equiv base,

1 mol % Pd; [NBu,]|Br; 7=130°C. Isolation of analytically pure stilbene by

vacuum distillation.
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If Na(OAc) was used as the base, sodium bromide was the
only product which could not be removed from the catalyst
system by distillation. This limited the recycling to eight
consecutive runs. To overcome this problem [NBu,JOAc can
be used as the base furnishing the solvent as the by-product.
Recycling is possible although with palladacycle 1 after the
fourth run visible palladium black formation occurred and
after the sixth run the melt became very viscous. Workup of
the reaction mixture after the eighth run showed that there
was still 23 % of the palladacycle 1 left structurally unchanged
along with free P(o-Tol); and the corresponding phosphine
oxide. For PdCl, it was astonishing to be able to recycle the
system successfully several times, as heavy palladium black
formation was observed already during the first run. Albeit
that decreasing yields of stilbene were obtained during the
recycling procedure, it was possible to filter off the NaBr and
the palladium black precipitates after eight recycling runs by
dissolving the mixture in acetone. After evaporation of the
acetone the filtrate can be used again and stilbene was
obtained in 60 % yield. Using both procedures in conjunction,
the insoluble by-products like NaBr and palladium black can
be separated and removed by filtration after several recycling
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runs, whereas the soluble catalyst and the [NBu,]Br can be re-
used for further recyclings again. As with the distilling of the
products no loss of the catalyst can occur, this protocol
constitutes the first recycling procedure for the Heck reaction
which does not suffer from metal leaching.*" %]

Mechanism

The observed effects of NAIL as solvents can have various
reasons. In the literature the co-catalytic effect of tetraalky-
lammonium salts has been ascribed to 1) phase-transfer
catalysis!'> 3!l and increased polarity of the solvent,l')] 2)
facilitating oxidative addition and reductive elimination
during a Pd%/Pd" catalytic cycle,’? and 3) enabling a hypo-
thetical Pd"/Pd"V catalytic cycle.l*®! Furthermore, the effect is
sometimes attributed to the stabilization of palladium(o)
colloids which may be formed in situ.l*

In favor of point (1) is the fact that NAIL indeed constitute
extremely polar media which would stabilize ionic and polar
transition states in the catalytic cycle and could thus lead to an
increased overall reaction rate. However, this fact cannot
account for all observations; for eaxmple, it does not explain
the prolonged thermal stability of the catalysts (Table 3 and
Figure 2). Phase-transfer catalysis can be ruled out here
because the addition of small amounts of water resulted in
lower TON, lower catalyst lifetime, and increased by-product
formation.

Point (2) has been discussed in full detail for the system
Pd(OAc),/PPh; by means of cyclic voltammetry and NMR
spectroscopy.’?l The results suggest an anionic [AcO-Pd-
(PPh;),]- complex to be the most active catalyst species.
Similar observations have been made for [P(o-Tol);] propos-
ing a [AcO-Pd-P(o0-Tol);] ion to be the effective catalyst.[’s 33
In addition, the observations with P(o-Tol); also show an
enhanced stability of the anionic palladium(o) complex
compared to the parent bis(tri-o-tolylphosphane)palladium(o)
compound. These observations suggest the salt effect to be a
general principle for palladium(o) — phosphane systems. This
can explain the observations made here for both palladium(o)
and, after in situ reduction, palladium(i)—phosphane sys-
tems.? On the other hand, this does not explain the efficiency
of ligand-free catalysts or complexes bearing only nondisso-
ciative ligands like the NHC complexes 2 or 3.

Finally, point (3) has led to much speculation in the
literature.’" Discussions about a Pd"/ Pd'V catalytic cycle
being active in competition to the established Pd%/Pd"
mechanisms have led to the proposal of a nucleophile-assisted
addition of the olefin on the palladium(i) center and
subsequent oxidative addition of the aryl halide to form a
palladium(1v) species. In the following steps, the palladium(ir)
catalyst is re-formed after product formation by S-hydride
elimination and reductive elimination of HX.*®l The impor-
tant point of this proposal is the nucleophilic attack on the -
coordinated olefin. Thus, the addition of nucleophilic anions
like [AcO]~, Br-, or Cl- should lead to greater overall rates.
The higher efficiency of Br~ over CI™ is in full accordance to
this mechanism because of the nucleophilicity order I~ >
Br~> Cl~ > F~. Although the aforementioned arguments can
explain the efficiency of palladium(i) complexes, they do not
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give credence for palladium(o) catalysts because these cannot
be oxidized to palladium(i) under the reaction conditions.
The occurrence of palladium(o) colloids during the reaction
cannot be ruled out. Tetraalkylammonium salts are in fact
frequently used to stabilize colloids.? In favor of this
hypothesis is the observation that colloids can be active
catalysts in the Heck reaction of bromoarenes and activated
chloroarenes.!' 3] Also the observation of long activity of the
catalysts during the recycling procedures despite blackening
of the reaction mixture supports this view (vide supra). All
attempts to isolate colloids from reaction mixtures or to form
and isolate colloids under reaction conditions have failed until
now. Further contrary hints have been obtained by the direct
application of defined colloids,'*®! which resulted in much
lower TONSs than the use of most molecular catalysts (entry
18, Table 2; entry 5, Table 4). Also the use of a reducing agent
like sodium formate to force the formation of palladium(o)
colloids does not result in higher yields in the Heck reaction
with chlorobenzene (entry 13, Table 1). The observation of
different TONs for various catalysts would not be expected if
defined colloids of similar structure were produced (Table 2).
An in situ transformation of chloroarenes to the corre-
sponding bromoarenes can be ruled out. We never detected
bromoarenes in the reaction mixtures and bimetallic ap-
proaches to force this reaction have failed also (vide supra).
In summary, no general conclusion about the active
catalytic species or the definite effect of the NAIL and its
anion can be drawn for all the catalysts that have been used. It
is likely that different reasons account for each type of
catalyst. For palladium(o) complexes and palladium(i)—
phosphane mixtures, we suggest the anion effect forming
active, anionic [Br-Pd’ligand]~ species to be predominant.
For thermally stable palladium(i) complexes like pallada-
cycles 1 and 5 or NHC complex we favor the above-
mentioned reason for the observed effect after in situ
reduction to palladium(o). But we cannot definitely rule out
any effects on a Pd"/Pd" catalytic cycle. A critical observation
in this respect is the isolation of 23 % palladacycle 1 from the
recycling runs. Ligand-free palladium(i) salts however are
most likely reduced thermally to extremely active colloids.
Early blackening of the reaction mixture indicates the in situ
reduction to palladium(o) but recycling of the catalyst is still
possible for many more runs (Figure 2). The latter rules out
the sole formation of inactive palladium black aggregates.

Conclusion

Molten salts—especially [NBu,|Br—as media for the Heck
reaction have various advantages as novel solvents for the
Heck-vinylation of aryl halides. Improved catalyst efficiencies
compared to all previously described molecular solvents have
been observed for reactions of bromoarenes and chloroar-
enes. Advantages with regard to conventional solvents are
based on high activity as well as improved thermal stability
and life-time during the reaction. In this respect, even less
active catalysts like palladium(i) dichloride and tetrakis(tri-
phenylphosphane)palladium(o) can be efficiently used for the
coupling of chloroarenes.
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NAIL protocols are homogeneous one-phase reactions
despite catalyst recycling being possible like in two-phase
catalysis or in heterogeneous catalysis. No leaching of the
catalyst into the product and thus no loss of metal was
achieved for the first time in the Heck reaction. NAIL
protocols require significantly less solvent due to the good
solubility of all reactants making the price for the solvent per
reaction comparable to NMP or DMAc. Furthermore, these
conditions enable the use of most inorganic bases to replace
the expensive Cs,CO;.

The NAIL protocols presented in this paper are likely to
serve as a future general concept for Heck catalysis. Espe-
cially the possibility to recycle catalyst and solvent efficiently
by distilling the reactants and products under reduced
pressure constitutes an alternative means of reducing the
effective palladium concentration.

Concerning the mechanism of the Heck reaction in these
novel solvents, more research is necessary to establish and
confirm the reasons for the observed phenomena. Highly
active colloids could be responsible as could an effect of the
salt on a Pd%Pd" or Pd"/Pd"Y mechanism. In this respect it
seems likely that each type of catalyst calls for a different
explanation.

Experimental Section

Materials and methods: Reactions were carried out with the use of vacuum
line, Schlenk, and syringe techniques under an atmosphere of nitrogen if
not stated otherwise. Palladium(i1) diacetate and palladium(t1) dichloride
were gifts from Degussa-Hiils company. Phosphanes were either prepared
by literature methods®! or obtained from Aldrich or Strem. Other
chemicals were purchased from Fluka and Aldrich. Palladium complexes
were prepared according to literature procedures: Pd,(dba);,*" trans-di(u-
acetato)-bis[o-(di-o-tolylphosphino)benzyl|dipalladium(i) (1), trans-
di(u-chloro)-bis-P,C-{2-[di-(2,4-di-tert-butylphenylato)phosphinoxyl]-3,5-di-
tert-butylphenyl}dipalladium() (5),?”) (CH;CN),PdCL, "1 diiodo-bis(1,3-
dimethylimidazolin-2-ylidene)palladium(ir) (2),1? diiodo-(1,1-methylene-
3,3'-tert-butylimidazolin-2,2’-ylidene)palladium(t) (3), * trans-diiodo-(1,3-
di(1’-(R)-phenylethyl)imidazolin-2-ylidene )triphenylphosphinopalladium(ir)
(4),P° tetrakis(triphenylphosphane)palladium(o),** bis(tri-o-tolylphospha-
ne)palladium(0).[+

Except for work-up of reaction mixtures, all operations were carried out
under nitrogen. N,N-dimethylformamide was degassed prior to use. Other
solvents were dried and degassed according to a literature procedure.[*’]
The NAIL were dried and degassed by exposing their melt to vacuum for at
least 2 h prior to use. The degree of drying and degassing was found to
drastically influence the catalysis results. [NBuyJOAc was stored over KOH
prior to being dried and degassed under vacuum (vide supra).

Physical and analytical methods: NMR spectra (‘H, 1°C, 3'P) were recorded
on a Jeol IMX-GX 400 instrument and are referenced to residual protons in
the solvent ('H), the solvent carbon-13 signal (*C), or 85% H;PO, as an
external standard (*'P). NMR multiplicities are abbreviated as s =singlet,
t=triplet, dt =double triplet, sept =septet, m = multiplet. Coupling con-
stants J are given in Hz. GC-MS spectra were measured on a Hewlett
Packard gas chromatograph GC 5890 A equipped with a mass-selective
detector MS 5970 B. Elemental analyses were carried out by the Micro-
analytical Laboratory at the TU Miinchen. Catalysis yields were generally
determined by gas chromatography and the products were identified by
comparison to authentic samples.

General procedure for Heck olefinations: In a 100 mL Schlenk flask the
NAIL (giving a melt of approximately 3 mL) was degassed prior to adding
the other reagents (vide supra). After cooling the NAIL to room
temperature, the catalyst, the base (1.2 mmol), and diethyleneglycol-di-n-
butyl ether (50 mg, GC standard) were added. The reaction mixture was
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degassed under vacuum and nitrogen was passed through the mixture to
ensure an inert reaction atmosphere. The olefin (1.5 mmol) and the aryl
halide (1.0 mmol) were then added last because of the possible loss by
evaporation. The reaction was heated to the appropriate temperature and
stirred. Work-up was achieved by deluting with water (3 mL) at room
temperature, extracting with dichloromethane (3 x 1 mL), and drying with
magnesium sulfate. The products were examined by GC/MS, or purified by
recrystallization or flash chromatography.

Recycling procedure: Catalysis was performed as described above but a
short-necked Schlenk flask was used. After completion of the reaction, the
mixture was heated to 130°C and vacuum was applied over a glass bridge
(1072 mbar). Products and starting materials were then distilled from the
NAIL and subsequently frozen out of the gas phase into a flask by liquid
nitrogen. Products had to be prevented from early solidification by using a
heat gun. Further purification of the isolated product was achieved by
recrystallization or flash chromatography.

Preparation of NAIL

1-Methyl-3-propylimidazolium bromide (6): Methylimidazole (14.8 g,
14.3 mL, 180 mmol) was dissolved in anhydrous THF, and 1-bromopropane
(271 g,20.0 mL, 220 mmol) was added. The mixture was heated at 70°C for
10 h. Excess starting materials and the solvent were removed at 80°C in
vacuo. Compound 6 was obtained as an analytically pure pale yellow liquid
(329g; 89% yield). '"H NMR (400 MHz, D,O, 25°C): 6=0.79 (m,
3J(H,H) =73 Hz, 3H; CHj;), 1.78 (dt, */(H,H) =7.3 Hz, *J(H,H) = 7.0 Hz,
2H; CH,), 3.82 (s, 3H; NCH,), 4.08 (t, *J(H,H) = 7.0 Hz, 2H; NCH,), 7.38
(s, 1H; NCH), 743 (s, 1H; NCH), 8.68 (s, 1H; NC(H)N); “C{'H} NMR
(100.5 MHz, D,0/CD;0D, 25°C): 6 =10.5 (CH,), 23.3 (CH3), 36.3 (NCH,),
514 (NCH;), 122.6 (NCH), 123.9 (NCH), 136.2 (NC(H)N); C,;H;;N,Br
(205.10): caled C 40.99, H 6.39, N 13.66; found C 40.76, H 6.51, N 13.38.
1-Butyl-3-propylimidazolium bromide (7): Compound 7 was prepared
according to the description for 6 from 1-butylimidazole and 1-bromopro-
pane. Yield=85%; 'H NMR (400 MHz, D,0, 25°C): 6=0.75-0.81 (m,
6H; CH;), 1.12-1.26 (m, 2H; CH,), 1.68-1.81 (m, 4H; CH,), 4.05-4.09
(m, 4H; NCH,), 740 (s, 2H; NCH); 8.70 (s, 1 H; NC(H)N); C{'H} NMR
(100.5 MHz, D,0/CD;0D, 25°C): 0=10.2, 13.0, 19.1, 23.1, 31.5, 49.6
(NCH,), 514 (NCH,), 122.6 (2C; NCH), 135.4 (NC(H)N); C,,H;(N,Br
(247.18): caled C 48.59, H 7.75, N 11.33; found C 48.33, H 7.86, N 11.22.
1-Butyl-3-propylimidazolium hexafluorophosphate (8): 1-Butyl-3-propyli-
midazolium bromide (2.5 g, 10 mmol) was dissolved in water (20 mL) and
potassium hexafluorophosphate (3.7 g, 20 mmol) was added. The mixture
was stirred at room temperature for 24 h during which a pale yellow second
phase with a density higher than water separated. The aqueous phase was
removed and the salt was dried in vacuo. Compound 9 was obtained as an
analytically pure pale yellow liquid (2.2 g; 69 % yield). 'H NMR (400 MHz,
CDCl;, 25°C): 6=0.76-0.79 (m, 6H; CH,), 1.18-121 (m, 2H; CH,),
1.73-1.76 (m, 4H; CH,), 4.00-4.07 (m, 4H; NCH,), 7.30 (s, 2H; NCH),
8.38 (s, 1H; NCHN); BC{'H} NMR (100.5 MHz, CDCl;, 25°C): 6 =9.6,
12.4,18.6,22.6,31.0,49.0 (NCH,), 50.7 (NCH,), 121.8 (NCH), 121.9 (NCH),
134.4 (NCHN); *'P{'"H} NMR (161.9 MHz, CDCl;, 25°C): 6 =—143.7
(sept., J(FP)=711.2 Hz); C;(H;F(N,P (312.24): calcd C 38.47, H 6.13, N
8.97; found C 38.58, H 6.22, N 8.77.
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2,2'-Bipyridine Lariat Calixcrowns: A New Class of Encapsulating Ligands
Forming Highly Luminescent Eu*" and Th*" Complexes

Claudia Fischer,/®! Gianluca Sarti,”! Alessandro Casnati,'?! Barbara Carrettoni,!?!
Ilse Manet,” Ruud Schuurman,®! Massimo Guardigli,’’’ Nanda Sabbatini,*!™! and

Rocco Ungaro*!?!

Abstract: A new class of calix[4]arene crown ethers with one or two bipyridines
appended to the polyether ring (lariat calixcrowns) have been designed and

synthesized; the luminescence properties of their Eu** and Tb** complexes have
been studied in acetonitrile. In this solvent, long lifetimes for the metal emitting
states and high metal-luminescence intensities obtained upon ligand excitation have

Keywords: calixarenes - conforma-
tion analysis « crown compounds -
lanthanides - luminescence

been observed in both Eu** and Tb** complexes. The association constants in
methanol have been determined for some of the complexes studied.

Introduction

Eu’* and Tb?* complexes of encapsulating ligands are widely
studied because of their potential use as labels in bioaffinity
assays, which is based on time-resolved measurements of the
metal luminescence obtained upon ligand excitation followed
by ligand-to-metal energy transfer.*! The sensitivity of this
type of assay strongly depends on the metal luminescence
intensity, which is determined by the product of the molar
absorption coefficient of the ligand in the complex at the
excitation wavelength and the metal luminescence quantum
yield.®! Therefore, research in this field aims at obtaining
complexes characterized by high molar absorption coeffi-
cients of the ligands and high metal-luminescence quantum
yields upon ligand excitation. Functionalized calixarenes are
one of the classes of encapsulating ligands able to form Eu’*
and Tb3" complexes that exhibit metal luminescence upon
ligand excitation. The study of the complexes of the calix[4]-
arene tetramide ligand 10! with the Eu’* and Tb** ions
demonstrated the stability and solubility of these complexes
in water, as well a remarkably high metal-luminescence
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quantum yield upon ligand ex-
citation for [Tb C 1]**.# How-
ever, for this complex the met-
al luminescence intensity was
rather low because of the low 2" BN NELNEL
molar absorption coefficients 1

of the ligand.

In order to increase the intensity of the metal luminescence,
we introduced two 6-methyl-2,2"-bipyridine or two 29-
dimethyl-1,10-phenanthroline chromophores at the lower
rim of the calix[4]arene 1,3-bisamide, which gave a podand-
like structure with two types of chelating chains. Interestingly,
some of the Tb** complexes of these ligands showed intense
metal luminescence upon ligand excitation.[) The lumines-
cence properties of some Eu** and Tb** complexes of
functionalized calixarenes containing chromophoric units
have also been studied by other authors.[*-]

More recently, we decided to synthesize a new class of
calix[4]arene receptors incorporating the 2,2"-bipyridine (bpy)
chromophore, in order to examine the effects of the relative
orientations of the chromophore and the calixarene moiety on
the thermodynamic stability and the luminescence properties
of the Eu** and Tb** complexes. Note that in the complexes
studied previously, the bpy chromophore is directly linked to
the calix[4]arene oxygen atom and is nearly perpendicular to
the macrocyclic ring.

[#] Following the widely accepted notation (J.-M. Lehn, Struct. Bonding
(Berlin) 1973, 16, 1), we will indicate the formation of the inclusion
complexes of the ligands (L) with different lanthanide ions (Ln*) as
[Lnc LP*.
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A different orientation of the chromophore could, in
principle, give rise to a more efficient ligand —metal inter-
action, thus increasing the stability of the complexes and the
intensity of the metal luminescence upon ligand excitation. To
this end, we started with a class of ionophores, the calix[4]-
arene crown ethers (calixcrowns), which exhibit exceptional
efficiency in the complexation of metal ions.''? Some of
these ligands have been used for lanthanide complexation, but
their Eu** and Tb** complexes showed poor luminescence
properties.¥] We subsequently designed the new lariat!'¥
calixcrowns 2-4 ligands, in which one or two bipyridines

29

N '\/\e/‘.« N
= .00 00, =
Ao o+, 0 A/
o]
Col o)
°© 4a (meso) <,O

4c (S,9)

4b (d)

are attached to the crown ether units. This ligand structure
would yield a complex with the desired orientation of the
chromophore parallel to the calix[4]arene ring. Moreover, the
conformational flexibility of the chromophore linked to the
crown ether should contribute to optimization of the metal —
ligand interaction.

In this paper we report the synthesis, the conformational
and binding properties of ligands 2-4, and the luminescence
properties of their complexes with the Eu*t and Tb* ions in
acetonitrile.

Results and Discussion

Synthesis of oligoethylene glycols: Synthesis of the racemic
lariat mono-bipyridine calixcrown-4 (2) or calixcrown-5 (3)
requires the use of a tri- or tetraethylene glycol, respectively.
Appropriate glycols such as compounds 13 and 14 bear a

Abstract in Italian: E stata progettata e sintetizzata una nuova
classe di eteri a corona a base calix[4]arenica recanti uno o due
bipiridili legati all’anello polietereo, e percio chiamati calix-
crown-lariati. Le proprieta di luminescenza dei corrispondenti
complessi di Eu’* e Th** sono state studiate in acetonitrile. In
questo solvente, sia i complessi di Eu’* che quelli di Tb**
presentano elevati tempi di vita degli stati emittenti del metallo
e alte intensita di luminescenza per eccitazione nel legante. Per
alcuni dei complessi studiati sono state determinate le costanti
di associazione in metanolo.

Chem. Eur. J. 2000, 6, No. 6
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protected hydroxymethyl group on the second carbon atom of
the ethylene chain. Very little is known about the general
synthesis of such oligoethylene glycols and the few examples
reported in literature are fragmentary or incomplete. Ikeda
et al.l¥! reported the synthesis of compound 14 by condensa-
tion of the commercially available glycidyl ether and tri-
ethylene glycol. However the reaction is not very regioselec-
tive and the glycol can react with either the primary or the
secondary carbon atom of the epoxy group to afford a mixture
of structural isomers that is very difficult to separate. A more
promising approach has been proposed by Krakowiak
et al.,l'! who reported the use of 1-allyloxy glycerol for the
synthesis of some allyloxymethyl oligoethylene glycols. This
approach also seemed particularly attractive to us because of
the possibility of direct access to one of the two enantiomers
of compound 11, which can be easily prepared from the well-
known and useful chiral synthon (R)- or (§)-2,3-O-isopro-
pylideneglyceraldehyde.['”! Ditosylates 15 and 16 of 2-allyl-
oxymethyl tri- and tetraethylene glycols were prepared
through the reaction sequence depicted in Scheme 1.

TrCl, P
A2 A SV SN
HO O "OH T0 O  OH
S:n=1 7:n=1
6:n=2 TsCl, Et;N 8:n=2
CH,Cl,
Y, )n\
TrO (0] OTs
9:n=1
10:0=2 0\
1. NaH, DMF A
N\ Ho o "o oH
N ggen 27N 2. Hel
- é/ 13:n=1
14:n=2
Ho  oH M on
al-11 dr-12 A Et,N
DMAP, CH,CI.
O/\\ 212
aaWar
TsO [¢] (o] OTs
16 n=1
16:n=2

Scheme 1. Preparation of the ditosylates 15 and 16.

First, 1-O-allyl-glycerol [(dl)-11] was protected on the
primary hydroxyl by reaction with trityl chloride and triethyl
amine in dichloromethane.'¥ The monotrityl monotosyl
oligoethylene glycols 9 and 10 were prepared by reaction of
trityl chloride in pyridine with a large excess of di- or
triethylene glycols!'!! followed by the reaction of the
resulting monotrityl ethers (7 and 8) with tosyl chloride in
dichloromethane. The resulting monotrityl monotosyl glycols
9 and 10 were allowed to react with the 1-O-allyl-3-O-trityl
glycerol [(dl)-12] in basic conditions (NaH, DMF); the
products thus formed were deprotected with HCI (36%) to
give glycols 13 and 14 in high yields (75 and 71 %, respec-
tively). Compounds 13 and 14 were subsequently tosylated
with tosyl chloride, triethylamine, and a catalytical amount of
dimethylaminopyridine (DMAP) in dichloromethane to yield
15 and 16.

In order to prepare a lariat bis-bipyridine calixcrown-5
derivative, we also needed a glycol with two protected
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hydroxymethyl groups symmetrically located on the second ><O oH
and seventh carbon atom of tetraethylene glycol (18). We 0 1. Pb(OAc),
synthesized compound 18 by following the reactions reported HO T
. OH 2. NaBH, 0_-0
in Scheme 2. o NH,C! 21 7(
20 0 NaH
Br/\
0"\ 0" N\
TrCl, Et;N, CH,Cl, o 0 /\\
— \
HO @ 1O1H HO  OTr < HCI, MeOH gj
- )12 ~— 0_.0
R-11 €142 |1 naH.OWE HO  OH x
R-11 22
SN . . .
TsO 0 ,,0Ts Scheme 3. Preparation of enantiomerically pure (R)-11.
2. HCl . .
use [Pb(OAc),] because it has been reported to give the best
7o oM\ 7o 0 M\ enantiomeric purity in the synthesis of (R)-2,3-isopropyli-
/_<} — /_\é}_\ TsCl, EtN /_<} — /_\;'}_\ deneglyc.era}dehyde.lzol The latter compound was (.1irectly
TS0 0 O O OFs ‘pyapcHe, " © O O OH reduced in situ with NaBH, to afford compound 21, which was
19a,b (meso+dl) 18a,b (meso+dl) ; : : [21.22]
10e (5.9 18 (RR) then alkylated with allyl bromide to give compound 22.

Scheme 2. Synthesis of the tetraethylene glycol 18.

Since compound 18 is formed from two glycerol units and
contains two chiral centers, the synthetic route that starts from
the racemic glycerol (d/)-11 yields a 1:1 mixture of the meso
compound (18a) and the pair of enantiomers (18b); starting
from the enantiomerically pure (R)-11 produces only the R,R-
stereoisomer 18¢. This allows us to study the effect of the
stereochemical disposition of the side arms on the binding and
luminescence properties of the lariat bis-bipyridine calix-
crown-5 derivatives. Enantiomerically pure (R)-11 was ob-
tained as depicted in Scheme 3.

Among the several methods available for the oxidative
cleavage of mannitol-1,2,5,6-diacetonide (20),!') we chose to

N N
XA fR
O.
Hac'c;lo O.H cH, T T1s0 o o oTs
15:0=1,R=H
2 16:n=2,R=H

19¢c: n =2, R = CH,OCH,CH=

Pd/C, TsOH/EtOH, A

NaH/THF, A
-—
BN\

N =

30

N\/

1 n=2; R =CH,0-8-methyl-2,2"-bipy (S,S)

Scheme 4. Synthesis of the calixcrowns 2—4.
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Deprotection in acidic media to (R)-11 followed by tritylation
gives compound (§)-12 (Scheme 2). Two equivalents of (S)-1-
O-allyl-3-O-trityl glycerol, (S)-12, were treated with diethyl-
ene glycol ditosylate (17); subsequent detritylation in situ
with concentrated HCl gave compound 18c¢ in 76 % yield.
Tosylation under the usual conditions (TsCl, Et;N) affords the
ditosylates 19¢.

Synthesis and conformational properties of the lariat calix-
crowns: The 1,3-dimethoxy-p-tert-butylcalix[4]arene (23) was
allowed to react with the appropriate oligoethylene glycol
ditosylate (15, 16, or 19) and Cs,CO; as a base in CH;CN
(Scheme 4)—the well-known conditions for high yields of the
calixcrown-5, -6, and -7 derivatives.'?l The yields of the
compounds 24, 25, and 26 are quite high (about 70 % ), which

Cs,CO,, CHECN, A
_

CH (5.9 (68-72%)
24:n=1,R=H
25:n=2;R=H
26a,b: n = 2; R = CH,0CH,CH=CH, (meso+d/)
26¢: n = 2; R = CH,0CH,CH=CH, (S,S)

(64-71%)

27:n=1,R=H
28:n=2,R=H

29a,b: n =2; R = CH,0CH,OH (meso+d)
29c: n=2; R = CH,0CH,0H (S,S)
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indicates that the steric hindrance of the allyloxymethyl side
arm does not affect the cyclization reaction. Interestingly, the
cyclization of the calixcrown-4 (24) proceeds with the same
efficiency as for the calixcrowns-5, -6, and -7.

Subsequent removal of the allyl groups with p-toluenesul-
fonic acid (TsOH) and a catalytic amount of palladium on
charcoal in refluxing ethanol afforded the lariat alcohols 27,
28, and 29 in good yields. Interestingly the calixcrown-4
derivative 27 could be isolated from the reaction mixture as a
1:1 complex with TsOH, which could only be removed from
the organic phase after several washings with basic water. This
indicates that compound 27 is able to form a strong complex
with the hydronium ion. Subsequent reactions of the dialco-
hols 27, 28, or 29 with NaH and 6-bromomethyl-2,2"-bipyr-
idine (30) in dry DMF yielded the calix[4]arene — bipyridine
lariat ethers 2, 3, 4a, 4b, and 4c¢. From the reaction that
yielded the meso compound 4a and the mixture of dl
stereoisomers 4b, it was possible to separate 4a from the
mixture 4b by preparative thin-layer chromatography on
Al,O; with CH,Cl, as eluent. The assignment of the structure
of compounds 4a and 4b was made on the basis of their NMR
spectra, which were consistent with a compound possessing a
plane of symmetry (4a) and a binary axis (4b), respectively.
The introduction of the bipyridine groups can be easily proven
by analysis of the 'H NMR spectra of compounds 2, 3, and 4;
these always indicate the presence of an AB system for the
diastereotopic methylene groups of the CH,(bpy) moiety and
of the typical absorptions of the bipyridine nuclei between
0 =730 and 8.70.

Whereas the lariat calixcrown-5 derivatives 3 and 4 are
conformationally mobile, as are most of the 1,3-dimethoxy-
calix[4]arene-crowns-5,'] calixcrown-4 (2) is present in sol-
ution as a mixture of cone, partial cone, and 1,3-alternate
conformations, which, at room temperature, are in slow
exchange on the 300 MHz NMR timescale. This is clearly
indicated not only by the presence of two singlets at d =2.91
and 2.81 for the methoxy groups of the inverted anisole nuclei
of the partial cone and 1,3-alternate structure inside the cavity
of the calix[4]arene, but also by the presence of several signals
for the ArCH,Ar carbons in the *C NMR spectrum (see
Experimental Section). Because of the high asymmetry of the
molecule and the presence of different conformations besides
the cone, the NMR spectrum of the free ligand is not easily
analyzed in terms of the purity of the compound. The sodium
complex of 2 shows a much simpler 'H NMR spectrum (see
Experimental Section). Here the methoxy groups resonate at
0=3.99 and 4.03, indicating that the calix is mainly in the cone
conformation.

Complexation and luminescence properties: The complex-
ation of the Eu** and Tb** ions by ligands 2 -4 was studied in
methanol and acetonitrile. Spectrophotometric titrations of
the ligands 2, 3, and 4¢ with salts of the Eu*" and Tb** ions
were performed in dry acetonitrile by following the procedure
indicated in the Experimental Section. All the ligands show a
strong bathochromic shift of the absorption maxima upon
complexation of Eu** or Tb3*. Figure 1 reports the results
obtained for ligand 3. The absorption spectra show two
isosbestic points at ~260 and ~295nm. The plots of the
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Figure 1. Absorption spectra of a solution (1.1 x 10-3Mm) of ligand 3 in the
presence of increasing amounts of Eu(ClO,); in acetonitrile. The europium/
ligand ratio ranges from 0 to 20.

absorbance at 280 and 305 nm versus the metal/ligand ratio
(Figure 2) indicate the formation of a complex with a 1:1
stoichiometry. The association constants in acetonitrile are

0.20 4
A305
< 15 - A A A A &
NI
o
& A
a .
5 0.10 A
3 280
©
0.05
4
0.00

0.0 075 1.0 175 2‘.0 2I.5 3],0 2.5
[Eu(CIO,)] / [ligand 3]

Figure 2. Spectrophotometric titration of ligand 3 with Eu(ClO,); in
acetonitrile at 22°C (/=0.001m Et,NCIO,). Absorbances at 280 nm (o)
and 305 nm (2) are reported in function of the salt/ligand ratio.

too high (log K >7) to be determined accurately, and there-
fore the same titrations were performed in methanol, in which
the log K values are, as expected,’®* smaller. In general, the
association constants of the Eu** complexes with ligands 2 and
3 (Table 1) are at least two orders of magnitude higher than
that found with a simple 18-crown-6,2"! but lower than those
with cryptands.?>

The photophysical properties of the complexes of ligands
2 -4 with Eu** and Tb? were studied in acetonitrile. The molar
absorption coefficients are quite high and, as expected, the
values for the free ligands and the complexes are proportional
to the number of bipyridine units (Table 2). As in previous

Table 1. Association constants (LogK) of perchlorate complexes as
determined by spectrophotometric titration at 22°C in methanol (/=
0.001m Et,NClO,).

LogK
[Euc2P* 3.68+0.03
[Tb c2]** 3.87+0.02
[Euc 3]+ 3.76 £0.04
[Tb C3]** 3.74+0.07
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Table 2. Absorption and luminescence data.l?

Absorption Lifetime®  Luminescence
quantum
Amax [nm] e [M7'em™'] 7 [ms] yield® @
2 282 16000
[Euc2]** 305 13200 0.95 0.18
[Tb c 2P+ 305 13000 1.85 0.32
3 282 18000
[Euc3)]* 305 14200 1.38 0.32
[Tbc3p* 305 13000 1.88 035
4a 282 25400
[Euc 4a]** 305 22700 1.24 0.23
[Tbc4dal* 305 23400 1.86 0.39
4b 282 24000
[Euc4b]+ 305 21000 1.29 0.28
[Tb C4b]** 305 22700 1.83 0.37
4c 282 23900
[Eucdc]+ 305 21000 1.26 0.23
[Tb Cdc]** 305 22200 1.93 0.39

[a] In aerated acetonitrile solution at 300 K. [b] Measured in correspond-
ence with the most intense metal emission bands (°D, —’F, for the Eu®* ion
and D, —7F, for the Tb>" ion); experimental error <10%. [c] Excitation
in the ligand absorption; [Ru(bpy);]** (& =0.028 in water) and quinine
sulfate (@ =0.546 in 1N H,SO,) were used as standards for the Eu’* and
Tb** complexes, respectively; experimental error ~30%.

studies,[®?*] complex formation was proven by the red shift of
the ligand absorption bands upon addition of the chloride
salts of Eu’* and Tb**, and by the analogy between the
absorption spectra and the metal-luminescence excitation
spectra upon ligand excitation. This analogy indicates that
ligand-to-metal energy transfer occurs upon excitation in the
ligand-centered absorption bands and that, in the case of the
complexes of ligands 4a—c¢, both bipyridines are involved in
the ligand-to-metal energy transfer.

Interestingly, the values of the lifetimes of the metal
emitting states and of the metal-luminescence quantum yields
upon ligand excitation are high for both the Tb’* and Eu’*
complexes. This behavior indicates that the nonradiative
decay processes commonly observed in Tb** and Eu®*
complexes are not very efficient.l'3] In particular, in the case
of the Tb* complexes of ligands 2-4, thermally activated
metal-to-ligand back energy transfer may be inhibited be-
cause the energy of the lowest ligand triplet excited state
(obtained from the ligand phosphorescence in the Gd**
complexes) is rather high, ranging from 22400 to
24000 cm~!. Most interestingly, in the case of the Eu®*
complexes nonradiative deactivation of the metal-emitting
states by ligand-to-metal charge-transfer states seems to be
negligible. For the Eu®* complex of ligand 2, the lower value
of the quantum yield compared with those of the other two
Eu’* complexes may be due to a more efficient nonradiative
deactivation by ligand-to-metal charge-transfer states, be-
cause the smaller polyether ring may lead to major involve-
ment of the oxygen atoms of the calix[4]arene in the binding
process. The smaller polyether ring may be also responsible
for a less efficient shielding of the metal ion towards water
molecules present in the lanthanide salts, which, as is
known, ! quench the Eu** and Tb** luminescence.
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Conclusion

The introduction of one or two bipyridines as pendant arms in
calixcrowns led to the synthesis of new ligands that form
complexes with excellent photophysical properties. Com-
pared with the Eu** and Tb** complexes of more classical 1,3-
dialkoxycalixcrowns, the molar absorption coefficients in-
crease significantly because of the presence of the bipyridines;
the metal-luminescence quantum yields are in addition very
high, not only for the Tb** but also for the Eu*" complexes.
The values of the metal-luminescence intensities are among
the highest obtained for Eu’* and Tb** complexes with
encapsulating ligands. We are currently studying the possibil-
ity of synthesizing water-soluble lariat calixcrowns in order to
apply these results to the development of efficient labels for
bioaffinity assays.

Experimental Section

General: Most of the solvents and all the reagents were obtained from
commercial suppliers and were used without further purification. DMF was
freshly distilled and stored over molecular sieves (4 A); the acetonitrile
used for synthesis was also dried over sieves (3 A). 'H and 3C NMR spectra
were recorded on Bruker AC100, Bruker AC300, or Bruker AMX400
spectrometers. Chemical shifts are reported as o values in ppm from
tetramethylsilane (6 =0.0) as an internal standard. Analytical thin-layer
chromatography was carried out on silica gel plates (SiO,, Merck 60 F,s,).
Mass spectra were measured with a FINNIGAN MAT SSQ 710 instrument
(CI, CH,). Infrared spectra were recorded with Perkin—FElmer 298
spectrometer. The optical rotations were measured on a AutopolIIl
Rudolph Research Polimeter. Melting points were obtained for compounds
sealed in capillaries under nitrogen on an Electrothermal Apparatus. 25,27-
Dimethoxy-p-tert-butylcalix[4]arene (23) was synthesized according to the
literature method.! The UV/Vis absorption spectra were measured with a
Perkin—Elmer Lambda 6 spectrophotometer. The luminescence spectra
were obtained with a Perkin—Elmer LS50 spectrofluorimeter. The
luminescence decays were acquired on a Perkin—Elmer LS50 spectro-
fluorimeter and analyzed with a least-squares fitting program. The
luminescence quantum yields were obtained by the method described by
Haas and Stein;?® standards were [Ru(bpy);]** (®=0.028 in aerated
water)?’! for the Eu** complex, and quinine sulphate (@ =0.546 in H,SO,
1N)2) for the Tb** complex. The solvent used for the photophysical
measurement was CH;CN (Uvasol, Merck).

(5)-1-0-Allyl-2,3-O-isopropylideneglycerol (22):!! The alcohol 21 (19.2 g,
145.2 mmol) was slowly added to a suspension of NaH (3.83 g, 159.7 mmol)
and allyl bromide (15.1 mL, 174.2 mmol) in dry benzene (80 mL). The
reaction mixture was refluxed for 2h, cooled, and then quenched
(CAUTION!) with MeOH. Water was added to this mixture, and the
organic phase was separated and dried over MgSO,. The pure allyl ether 22
was obtained after distillation under reduced pressure (20.6 g, 83%). B.p.
100°C (100 mmHg); [a]%s =+ 19.5 (c=0.011, CHCL,) (ref. [22]: [a]Zs=
+19.7 (¢=0.026, CHCl;)); '"H NMR (300 MHz, CDCl;, 300 K): 6 =1.32 (s,
3H; CH;), 1.38 (s, 3H; CH;), 3.38-3.48 (m, 2H; C'HHO or C°'HHO),
3.67-3.71 (m, 1H; C'"HHO or C°’HHO), 4.00 (m, 3H; OCH,CH=CH,,
C'HHO or C°’HHO), 4.22 (m, 1H; C*HO), 5.20 (m, 1 H; CH=CHH), 5.26
(m, 1H; CH=CHH), 5.85 (m, 1 H; CH=CH,); MS (CI, CH,): m/z (%):172.3
(10) [M]*; CoH,405 (172.22): caled C 62.77, H 9.36; found C 62.69, H 9.42.
(R)-3-0-Allylglycerol [(R)-11]:?2 A solution of compound 22 (20.6 g,
119.7 mmol) in a mixture of methanol (140 mL) and HCI (1N, 5 mL) was
refluxed for 1 h. After cooling, the reaction mixture was slowly neutralized
with aqueous NaHCO; and then evaporated to dryness. The residue was
dried by azeotropic distillation of benzene. The pure deprotected glycerol
(R)-11 was obtained by distillation under reduced pressure (12.3 g, 78 %).
B.p. 104-106°C (0.1 mmHg); [a]%, = + 0.6 (c =0.026, pyridine), (ref. [22]:
[a]% =+ 0.6 (c=0.017, pyridine)); 'TH NMR (300 MHz, CDCl;, 300 K):
0=3.40-396 (m, 7H; C'H,OH, C*HOH, CH,0), 4.07 (m, 2H;
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OCH,CH=CH,), 5.13 (dd, 3/ =10.5 Hz, 2/ =1.5 Hz, 1H; CH=CHH), 5.21
(dd, 3/=172 Hz, 2/ =1.5 Hz, 1H; CH=CHH), 5.84 (ddt, *J=172 Hz, 3] =
10.5 Hz, 3/ =35.5Hz, 1H; CH=CH,); C,H,,0; (132.16): caled C 54.53, H
9.15; found C 54.57, H 9.08.

(8)-1-O-Trityl-3-O-allyl-glycerol [($)-12]:  Tritylchloride (18.56 g,
66.6 mmol) and triethylamine (9.26 mL, 66.6 mmol) were added to a
solution of (R)-11 (8.8 g, 66.6 mmol) in CH,Cl, (140 mL). The reaction
mixture was refluxed for 1 h, cooled, and then quenched with diisopropyl
ether (70 mL) and water (70 mL). The organic phase was separated, and
the aqueous one extracted with diisopropyl ether (2 x 70 mL). After the
combined ethereal extracts had been dried over Na,SO,, the solvent was
distilled off and the residue was chromatographed (SiO,: n-hexane/diethyl
ether, 9:1 to 8:2). The product was crystallized from n-hexane (21.2 g,
85%). M.p. 58-59°C (ref. [22]: 58°C); [a]fs=—5 (c=0.014, CHCl;)
(ref. [22]: [a]Z6 = — 5 (¢=0.013, CHCLy)).

1-O-Trityl-3-O-allyl-glycerol [ (dl)-12]: The synthesis was carried out as for
compound (R)-12 by starting from the commercially available alcohol (dl)-
11. M.p. 76-77°C (ref. [16]: 75°C); '"H NMR (300 MHz, CDCl;, 300 K):
0=2.50 (d, 3J=4.7 Hz, 1H; OH), 3.15-3.25 (m, 2H; C'H,0O or C*H,0),
3.47-3.60 (m, 2H; C'H,0 or C*H,0), 3.92-4.05 (m, 3H; OCH,CH=CH,,
C*H), 5.18 (dd, 3J=10.4 Hz, 2J=1.6 Hz, 1H; CH=CHH), 5.25 (dd, 3/ =
172 Hz, 2J =1.8 Hz, 1H; CH=CHH), 5.89 (ddt, *J=17.1 Hz, 3/ =10.4 Hz,
3] =6.7 Hz, 1H; CH=CH,), 7.15-7.55 (m, 15H; ArH); MS (CI, CH,): m/z
(%):374.4 (5) [M]*, 243.4 (100) [Tr]t; C,sHysO; (374.48): caled C 80.18, H
6.99; found C 80.09, H 7.02.

General procedure for the synthesis of oligoethylene glycol monotrityl
ethers 7 and 8: Trityl chloride (50.5 g, 0.18 mol) was added to a solution of
glycol (diethylene glycol 5: 260 mL, 2.7 mol; or triethylene glycol 6:
363 mL, 2.7 mol) and pyridine (22 mL, 0.27 mol), which was then heated at
40°C under nitrogen. The reaction mixture was stirred for 16 h and then
extracted with toluene (3 x 250 mL). The combined organic solution was
washed with H,O (5 x 100 mL) and dried over Na,SO,. The toluene was
removed under reduced pressure to give a residue which was purified as
described below.

7,7,7-Triphenyl-3,6-dioxaheptanol (7): Pure compound 7 (46.9 g; 75 %) was
obtained by crystallization first from CH,Cl, and then from a mixture of
ethyl acetate and hexane. M.p. 113-114°C (ref. [18]: 112.7-114.5°C);
'H NMR (300 MHz, CDCl,, 300 K): 6 =2.43 (brs, 1H; OH), 3.31 (t, 3/ =
5.3 Hz, 2H; CH,OTr), 3.60-3.76 (m, 6H; HOCH,CH,OCH,), 7.15-7.35
(m, 9H; Ar-H), 742 -7.53 (m, 6 H; Ar-H); MS (CI, CH,): m/z (%): 348.6 (4)
[M]*, 243.4 (100) [Tr]*"; Cy3H,,O; (348.44): caled C 79.28, H 6.94; found C
79.23, H 7.00.

10,10,10-Triphenyl-3,6,9-trioxadecanol (8): The product 8 was obtained as a
yellowish oil (58.3 g, 82%) and used without further purification in the
subsequent reaction. Distillation of this oil at 0.3 mmHg brings about
partial decomposition of the product. An analytically pure sample was
therefore obtained by preparative thin-layer chromatography (SiO,:
CHCly/MeOH, 95:5). '"H NMR (300 MHz, CDCl;, 300 K): 6 =1.68 (brs,
1H; OH), 326 (t, 3J=5.1Hz, 2H; CH,OTr), 3.60-3.74 (m, 10H;
HOCH,CH,0CH,CH,0CH,), 718-733 (m, 9H; Ar-H), 743-748 (m,
6H; Ar-H); ®*CNMR (75.5 MHz, CDCl;, 300 K): 6 =61.3, 63.0 (t, CH,OH,
CH,OTr), 70.1, 70.32, 70.45, 72.30 (t, CH,OCH,CH,0CH,), 86.3 (s, CPh;),
126.6, 127.4, 128.4 (d, Ar), 143.8 (s, Ar); MS (CI, CH,): m/z (%): 392.7 (2)
[M]*, 243.4 (100) [Tr]*; CysHagOy (392.49): caled C 76.50, H 7.19; found C
76.44, H 7.24.

General procedure for the synthesis of the oligoethylene glycol monotrityl
ether monotosylates 9 and 10: A solution of tosyl chloride (2.10g,
11.0 mmol) in dry CH,Cl, (20 mL) was slowly added over 30 min to a
solution of monotrityl glycol (compound 7: 3.66 g, 10.5 mmol; compound 8:
4.12 g, 10.5 mmol) in dry CH,Cl, (20 mL) and triethylamine (5 mL) at 0°C.
The reaction mixture was stirred overnight at RT and then extracted with a
saturated aqueous solution of K,CO; (2 x 50 mL) and H,O (2 x 50 mL).
After the organic phase had been dried over Na,SO,, the dichloromethane
was distilled off, and the residue was purified by column chromatography.
7,7,7-Triphenyl-3,6-dioxaheptyl-p-toluenesulfonate (9): After purification
by chromatography (SiO,: n-hexane/diethyl ether, 2:1), compound 9 was
crystallized from diethyl ether (4.12 g, 78%). M.p. 90-91°C; 'H NMR
(300 MHz, CDCl;, 300 K): 6 =2.41 (s, 3H; CHs-Ar), 3.20 (t, 3/ =52 Hz,
2H; CH,0Tr), 3.60 (t, 3/ =4.7 Hz, 2H; TsOCH,CH,), 3.73 (t, 3/ =5.2 Hz,
2H; CH,CH,0Tr), 4.20 (t, 3/ =4.7 Hz, 2H; TsOCH,), 7.23-7.31 (m, 11 H;
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Ar-H), 743-747 (m, 6H; Ar-H), 7.80 (d, %/ = 8.4 Hz, 2H; Ar-H); MS (CI,
CH,): m/z (%): 502.9 (5) [M]", 243.4 (100) [Tr]*; C3,H3,OsS (502.63): caled
C 71.69, H 6.02; found C 71.60, H 6.09.

10,10,10-Triphenyl-3,6,9-trioxadecyl-p-toluenesulfonate (10): Pure com-
pound 10 (4.58 g, 80 %) was obtained by chromatography (SiO, gradient
elution: diethyl ether/n-hexane 1:9, 1:1, and then pure diethyl ether). M.p.
75-76°C; '"H NMR (300 MHz, CDCl;, 300 K): 6 =2.41 (s, 3H; CH;-Ar),
3.27 (t,3J=5.1 Hz, 2H; CH,OTy), 3.63 (s, 4H; OCH,CH,0), 3.67 (t, 3] =
51Hz, 2H; CH,CH,OTr or TsOCH,CH,), 3.73 (t, 3J=5.1Hz, 2H;
CH,CH,OTr or TsOCH,CH,), 4.18 (t, 3/ =5.1 Hz, 2H; CH,OTs), 723 -
7.34 (m, 11H; Ar-H), 7.47-7.52 (m, 6 H; Ar-H), 7.80 (d, *J = 8.4 Hz, 2H; Ar-
H); BCNMR (75.5 MHz, CDCl;, 300 K): 6 =21.5 (q, CH;), 63.2, 68.6, 69.2,
70.6,70.7 (t, OCH,CH,0), 86.4 (s, CPhs), 126.8 (d, Tr-Ar), 127.6 (d, Tr-Ar),
127.8 (d, Ts-Ar), 128.6 (d, Tr-Ar), 129.7 (d, Ts-Ar), 132.9 (s, Ts-Ar), 144.0 (s,
Tr-Ar), 144.6 (s, Ts-Ar); MS (CL, CH,): m/z (% ): 546.8 (1) [M]*, 243.4 (100)
[Tr]*; C3H304S (546.68): caled C 70.31, H 6.27; found C 70.25, H 6.31.

General procedure for the synthesis of 2-allyloxymethyl-3,6-dioxa-1,8-
octanediol (13) and 2-allyloxymethyl-3,6,9-trioxa-1,11-undecanediol (14):
NaH (50 % in mineral oil, 2.14 g, 44.8 mmol) was added to a stirred solution
of (dl)-12 (13.95 g, 37.3 mmol) in dry DMF (100 mL). After 30 min, the
oligoethylene glycol monotrityl ether monotosylate 9 or 10 (37.3 mmol) was
also added, and the reaction mixture was stirred for 17 h at RT. The solvent
was removed under vacuum, and the residue quenched (CAUTION!) with
water (100 mL). The aqueous phase was subsequently extracted with
CH,C], (2 x 100 mL), and the combined organic layers were dried over
Na,SO,. The solution was concentrated to about 100 mL, and then
methanol (100 mL) and HCI (36 %, 20 mL) were added. The mixture was
stirred at RT for 17h and then neutralized (CAUTION!) with solid
KHCO;. The solvents were removed under reduced pressure, after which
H,O (200 mL) added to the residue. Methyltrityl ether was filtered off, and
the water was removed from the filtrate under reduced pressure. The
residue was treated with CH,Cl, (200 mL), and the inorganic salts were
filtered off. The product was obtained as an oil after removal of the solvent
under vacuum.

2-Allyloxymethyl-3,6-dioxa-1,8-octanediol (13): The oily residue (6.16 g,
75% ) was used directly in the subsequent reaction. 'H NMR (300 MHz,
CDCl;, 300 K): 0 =3.35-3.72 (m, 12H; CH,0O-allyl, HOCH,CHROCH,-
CH,0CH,CH,0H), 3.72-3.85 (m, 1H; CHCH,O-allyl), 3.86-3.98 (m,
2H; OCH,CH=CH,), 5.05-5.27 (m, 2H; CH=CH,), 5.72-5.90 (m, 1H;
CH=CH,); MS (CI, CH,): m/z (%): 221.4 (100) [M+H]"; C;HyOs
(220.27): caled C 54.53, H 9.15; found C 54.46, H 9.20.

2-Allyloxymethyl-3,6,9-trioxa-1,11-undecanediol (14): Pure product 14
(6.98 g, 71 %) was obtained after distillation under reduced pressure. B.p.
176-178°C (0.8 mmHg); 'H NMR (300 MHz, CDCl;, 300 K): 6 =3.38-
3.75 (m, 16H; CH,O-allyl, HOCH,CHRO(CH,CH,0);H), 3.86-3.97 (m,
3H; OCH,CH=CH,, CHCH,O-allyl), 4.05 (brs, 1H; OH), 422 (brs, 1H;
OH), 5.15, 5.24 (m, 2H; CH=CH,), 5.86 (m, 1H; CH=CH,); *C NMR
(75.5 MHz, CDCl;, 300 K): 6 = 61.6, 62.4 (t, CH,0OH), 69.5, 69.9, 70.2, 70.5,
70.7, 72.3, 732 (t, (OCH,CH,),0CH,, CHCH,OCH,CH=), 80.5 (d,
CHCH,O-allyl), 1171 (t, CH=CH,), 134.5 (d, CH=CH,); MS (CI, CH,):
mlz (%): 265.5 (100) [M+H]*; C,H,,0¢ (264.32): caled C 54.53, H 9.15;
found C 54.48, H 9.22.

General procedure for the synthesis of 2-allyloxymethyl-1,8-bis(tosyloxy)-
3,6-dioxaoctane (15) and 2-allyloxymethyl-1,11-bis(tosyloxy)-3,6,9-trioxa-
undecane (16): A solution of TsCl (7.8 g, 41 mmol) in dry CH,Cl, (100 mL)
was added dropwise over a period of 30 min to a stirred solution of
compound 13 or 14 (20.4 mmol), NEt; (14.2 mL, 102 mmol), and a catalytic
amount of DMAP in dry CH,Cl, (150 mL) at 0°C. After one night of
stirring at RT, the reaction was quenched with H,O (200 mL) and the
organic phase was washed to the point of neutrality. The dichloromethane
solution was dried over Na,SO,, and the solvent was removed under
vacuum.

2-Allyloxymethyl-1,8-bis(tosyloxy)-3,6-dioxaoctane (15): Pure compound
15 was obtained (8.86 g, 82%) as a colorless oil after column chromatog-
raphy (SiO,: gradient CH,Cl, to CH,Cl,/MeOH, 98:2). 'H NMR
(300 MHz, CDCl;, 300 K): 0 =2.41 (s, 6H; CH;-Ar), 3.38-3.70 (m, 9H;
OCH,CH,0CH,, CHCH,O-allyl), 3.88 (m, 2H; OCH,CH,0Ts), 4.01 (dd,
2J=10.4 Hz, 3/ =6.1Hz, 1H; TsOCHHCHCH,O-allyl), 4.11 (dd, /=
102 Hz, 3/=6.0Hz, 1H; TsOCHHCHCH,O-allyl), 4.12 (m, 2H;
OCH,CH=CH,), 5.09-521 (m, 2H; CH=CH,), 5.71-5.84 (m, 1H;
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CH=CH,), 731 (d, J = 8.3 Hz, 4H; Ar-H), 775 (d, 3/ = 8.4 Hz, 2H; Ar-H),
7.76 (d, 37 =8.3 Hz, 2H; Ar-H); MS (CI, CH,): m/z (%): 529.0 (40) [M]*;
C,,H3,0,S, (528.64): caled C 54.53, H 6.10; found C 54.45, H 6.16.

2-Allyloxymethyl-1,11-bis(tosyloxy)-3,6,9-trioxaundecane (16): Pure com-
pound 16 was obtained (10.18 g, 87%) as a colorless oil after column
chromatography (SiO,: CHCL). '"H NMR (300 MHz, CDCl;, 300 K): 6 =
3.30-3.72 (m, 13H; (OCH,CH,),0CH,, CH(CH,0O)allyl), 3.88 (d, 3/ =
6 Hz, 2H; TsOCH,), 4.02 (dd, 2J=10.0 Hz, 3/ = 6.0 Hz, 1 H; TSOCHHCH-
CH,0-allyl), 4.12 (dd, 2/=10.0 Hz, 3/ =6.0 Hz, 1H; TsOCHHCHCH,O-
allyl), 4.13 (m, 2H; OCH,CH=CH,), 5.12-5.20 (m, 2H; CH=CH,), 5.72—
5.83 (m,1H; CH=CH,), 731 (d,*/ =8.1 Hz,4H; Ar-H), 7.75 (d, 3/ = 8.4 Hz,
2H; Ar-H), 7.76 (d, 3/ =8.1 Hz, 2H; Ar-H); ®C NMR (75.5 MHz, CDCl;,
300K): 0=21.4 (q, CH;Ar), 68.6, 69.2, 69.5, 70.0, 70.5, 70.7, 72.3 (t,
CHCH,0OCH,CH=, CH,CHR(OCH,CH,);), 76.7 (d, CHCH,O-allyl), 117.1
(t, CH=CH,), 1279, 129.8 (d, Ar), 132.8, 133.0 (s, Ar), 134.3 (d, CH=CH,),
144.8 (s, Ar); MS (CIL, CH,): m/z (%): 573.1 (10) [M+H]*; Cy;sH3504,S,
(572.69): caled C 54.53, H 6.34; found C 54.44, H 6.41.

Synthesis  of  2,10-bis(allyloxymethyl)-3,6,9-trioxa-1,11-undecanediols
(18a,b): A solution of (dl)-12 (5.42 g, 14.5 mmol) and NaH (50% in
mineral oil, 1.39 g, 30 mmol) in dry DMF (50 mL) was stirred for 30 min at
RT, after which time the ditosylate 17 (3 g, 7.1 mmol) was added. The
mixture was stirred for 48h and the solvent was then distilled under
reduced pressure. The residue was treated (CAUTION!) with H,O
(50 mL) and CH,Cl, (50 mL). The organic layer was separated, and the
water phase was extracted with CH,Cl, (50 mL). After the combined
organic phases had been dried over Na,SO,, the solvent was distilled off.
This crude product was dissolved in a mixture of CH,Cl,/MeOH (1:1,
60 mL), and HCI (36 %, 5 mL) was then added. This solution was stirred for
48 h at RT and subsequently neutralized (CAUTION!) with solid KHCO;.
After removal of the solvents under vacuum, the residue was treated with
H,O (50 mL), and the resulting precipitate was filtered off. After the water
had been removed from the aqueous filtrate, and the residue had been
taken up with CH,Cl, (50 mL), the white precipitate was filtered off. After
removal of dichloromethane from the filtrate, a yellowish oil (1.83 g,
76 %) was obtained. 'H NMR (100 MHz, CDCl;, 300 K): 6 =3.35-4.11
(m, 24H; HOCH,CHR(OCH,CH,),0CHRCH,0H; CHCH,O-allyl,
OCH,CH=CH,), 5.00-5.26 (m, 4H; CH=CH,), 5.62-6.00 (m, 2H;
CH=CH,); MS (CIL, CH,): m/z (%): 335.3 (100) [M-+H]"; C;H;0;
(334.41): caled C 5747, H 9.04; found C 57.40, H 9.12.

2R-10R-Bis(allyloxymethyl)-3,6,9-trioxa-1,11-undecanediol (18c): The
synthetic route is analogous to that for compounds 18a,b, but starts from
alcohol (S)-12. The product 18 ¢ shows the same physical and spectroscopic
properties as 18a,b. [a]R, = + 28.4 (¢ =0.0183, CHCl;).

2,10-Bis(allyloxymethyl)-1,11-bis(tosyloxy)-3,6,9-trioxaundecanes (19a,b):
A solution of TsCl (2.09 g, 10.9 mmol) in CH,Cl, (30 mL) was added
dropwise over a period of 30 min to a solution of the dialcohol 18a,b
(1.83 g, 5.5 mmol), NEt; (4.6 mL, 32.8 mmol), and DMAP in dry CH,Cl,
(30 mL) at 0°C. The reaction mixture was stirred at RT for 24 h. The
dichloromethane solution was then extracted with water (2 x 30 mL) and
dried over MgSO,. The solvent was then removed, and pure ditosylate
19ab (3.10 g, 88%) was obtained after column chromatography (SiO,:
elution gradient CH,Cl,-CH,Cl,/MeOH, 99:1). 'H NMR (100 MHz,
CDCl;, 300 K): 6=2.39 (s, 6H; CH;-Ar), 3.31-4.15 (m, 22H; TsOCH,-
CHR(OCH,CH,),0CHRCH,0, CHCH,O-allyl, OCH,CH=CH,), 5.03—
526 (m, 4H; CH=CH,), 5.55-6.95 (m, 2H; CH=CH,), 7.30 (d, /=
8.0 Hz, 4H; Ar-H), 7.74 (d, /=82 Hz, 4H; Ar-H); MS (CI, CH,): m/z
(%): 643.2 (20) [M+H]", 489 (100) [(M —Ts)]*; CsHypO44S, (642.78):
caled C 56.06, H 6.59; found C 56.11, H 6.53.

25-10S8-Bis(allyloxymethyl)-1,11-bis(tosyloxy)-3,6,9-trioxaundecane (19c):
The synthesis was carried out in the same way as for ditosylate 19a,b by
starting from the dialcohol 18¢. The product shows the same physical and
spectroscopic properties as the racemic 19ab. [a]R, =+ 6.8 (c=0.0147,

CHCL).

General procedure for the synthesis of 25,27-dimethoxy-p-tert-butylca-
lix[4]arene-26,28-allyloxymethyl-crown-4 (24) and -crown-5 (25), (26a,b),
(26¢): A solution of dimethoxy-p-tert-butylcalix[4]arene 23 (1.28 g,
1.9 mmol), Cs,CO; (2.46 g, 7.6 mmol), and ditosylate 15, 16, 19a,b, or 19¢
(2.0 mmol) in CH;CN (350 mL) was refluxed for 3 days. The acetonitrile
was then removed under reduced pressure and the residue was taken up in
CH,Cl, (100 mL) and HCI (10%, 100 mL). The organic phase was
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separated and washed with water. After removal of dichloromethane, the
residue was crystallized from MeOH to give compounds 24, 25, 26a,b, or
26¢ as white solids.

25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-(2-allyloxymethyl)-
crown-4 (24): Yield=1.11 g (68 % ); m.p. 192-193°C; 'H NMR (300 MHz,
CDCl;, 300 K, mixture of partial cone, 1,3-alternate and cone conformers):
0=0.81, 0.84, 1.00, 1.03, 1.09, 1.13, 1.28, 1.29, 1.30, 1.31, 1.33, 1.34, 1.37 (s,
9H; C(CHs;);), 2.92, 2.82 (s, 3H; OCH3), 4.05-3.10 (m, 26 H; H,,, OCHj,
CH,0CH,CH=, ArtOCH,CHRO(CH,CH,0),Ar, H,), 5.10-5.35 (m, 2H;
CH=CH,), 5.80-5.98 (m, 1H; CH=CH,), 6.90-716 (m, 8H; Ar-H);
BC NMR (75.5 MHz, CDCl;, 300 K): 6 =304 (t, ArCH,Ar, cone), 30.6,
31.0, 31.1, 31.3, 31.4, 31.5, 31.6 (q, C(CHs;)3), 33.7, 34.0 (s, C(CHjs)3), 38.3,
38.6, 38.8, 39.7 (t, ArCH,Ar, pc, 1,3-alt), 577, 58.1, 58.5 (q, OCHs, pc, 1,3-
alt), 62.2 (q, OCHj; cone), 68.0, 68.7, 69.1, 69.3, 69.5, 70.0, 71.2, 72.1, 72.3,
73.0, 75.9 (t, CH,CHRO(CH,CH,0),, CHCH,0OCH,CH=), 79.5 (d,
CH,CHRO), 116.3, 116.8 (t, CH=CH,), 124.6, 125.3, 125.5, 125.6, 125.9,
126.0, 126.2, 126.4, 1272 (d, m-Ar), 133.0, 133.2, 133.4, 133.8 (s, 0-Ar), 134.2
(d, CH=CH,), 144.1, 1442, 144.5 (s, p-Ar), 154.1, 155.4, 155.5 (s, i-Ar); MS
(CI, CH,): m/z (%): 861.3 (100) [M+H]*; CsH70; (861.22): caled C 78.10,
H 8.89; found C 78.01, H 8.96.

25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-(2-allyloxymethyl)-
crown-5 (25): Yield=71%; m.p. 250-254°C (MeOH); 'H NMR
(300 MHz, CDCl;, 300K): 6=0.86 (s, 9H; C(CHj;);), 0.89 (s, 9H;
C(CHs;)5), 1.36 (s, 9H; C(CHy;),), 1.37 (s, 9H; C(CHj;)s), 3.17,3.18 (d, 2/ =
12.0 Hz, 4H; H,), 3.45-4.50 (m, 29H: H,,, OCH;, CH,OCH,CH=,
ArOCH,CHR(OCH,CH,);0Ar), 5.19, 527 (m, 2H; CH=CH,), 5.89 (m,
1H; CH=CH,), 6.53 (s, 2H; Ar-H), 6.58 (s,2H; Ar-H), 7.13 (s, 2H; Ar-H),
715 (s, 2H; Ar-H); 3C NMR (75.5 MHz, CDCl;, 300 K): 6=31.1 (q,
C(CH,)5), 31.5 (t, ArCH,Ar), 31.7 (q, C(CH,)3), 33.5, 34.1 (s, C(CHs,);),
60.8, 61.2 (q, OCH,), 69.2, 69.7, 70.9, 71.1, 71.2, 71.4, 72.4, 72.9, 75.7 (t,
CH,CHR(OCH,CH,);, CHCH,0CH,CH=), 79.1 (d, CH,CHRO), 1172 (t,
CH=CH,), 124.4,124.8,124.9 (d, m-Ar), 132.1,132.5, 132.6 (s, 0-Ar), 134.5
(CH=CH,), 135.7,135.9 (s, 0-Ar), 144.1, 144.2, 144.6, 144.8 (s, p-Ar), 153.0,
153.4, 156.4, 157.0 (i-Ar); MS (CI, CH,): m/z (%): 905.3 (100) [M+H]*;
CsgHggOg (905.27): caled C 76.95, H 8.91; found C 76.85, H 8.88.

25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-[ 2,10-bis (allyloxymethyl) ]-
crown-5 (26):

(26a,b): Yield=72%; m.p. 201-204°C (MeOH); 'H NMR (400 MHz,
CDCl,, 300K): 6=0.85 (s, 18H; C(CH,),), 1.36, 1.38 (s, 9H; C(CH,),),
3.12-325 (m, 4H; H,), 345-418 (m, 28H; OCH;, ArOCH,-
CHROCH,CH,, CH,OCH,CH=), 320-4.51 (m, 4H; H,,), 5.17-5.30 (m,
4H; CH=CH,), 5.84-5.95 (m, 2H; CH=CH,), 6.53 (brs, 4H; CH,0Ar-H),
712, 713, 714, 715 (s, 2H; Ar-H); 3C NMR (75.5 MHz, CDCl;, 300 K):
8=31.1 (g, C(CH,)), 31.6 (t, ArCH,AT), 31.7 (q, C(CHy),), 33.5, 34.1 (s,
C(CH,),), 61.2, 614 (q, OCHS,), 69.0, 69.1, 69.5, 70.2, 70.5, 71.3, 72.4, 757,
75.8 (t, CH,CHROCH,CH,, CHCH,0CH,CH=), 78.6, 79.5 (d, CHRO),
11718, 11723 (t, CH=CH,), 124.5, 124.8, 125.0, 125.1 (d, m-Ar), 132.0,
132.2,132.5,132.8 (s, 0-Ar), 134.6 (CH=CH,), 135.7, 135.9 (s, 0-Ar), 1442,
144.5,144.8 (p-Ar), 153.5, 156.1, 156.2 (i-Ar); MS (CI, CH,): m/z (% ): 974.5
(100) [M]*; C;HgsO4 (975.37): caled C 76.35, H 8.89; found C 76.28, H 8.95.

(26¢): Yield =70 %; m.p. 169-171°C (MeOH); [a]%, = + 12.7 (¢ =0.0126,
CHCI,); 'H NMR (400 MHz, CDCl,, 300 K): 6 =0.83 (s, 18 H; C(CH,);),
1.35 (s, 18H; C(CH,)s), 3.15 (d, 2/ = 12.4 Hz,2H; H,,), 3.17 (d, 2/ = 12.5 Hz,
2H; H,,), 3.14-4.50 (m, 28 H; OCH,CHROCH,CH,, CHCH,OCH,CH=,
OCHS,), 433 (d, 2/ =12.4 Hz, 2H; H,), 4.40 (d, 2/ = 12.7 Hz, 2H; H,), 5.18
(d, 37=10.3 Hz, 2H; CH=CHH), 5.25 (d, 3/ =172 Hz, 2H; CH=CHH),
5.88 (ddt, /=172 Hz, 3/ =10.3 Hz, 3/=5.5Hz, 2H; CH=CH,), 6.55 (s,
4H; Ar-H), 715 (s, 4H; Ar-H); 3C NMR (75.5 MHz, CDCl,, 300 K): 6 =
31.0,31.1, 314, 31.6, 31.7 (t, ArCH,Ar, q, C(CH,);), 33.5, 34.1 (s, C(CH,);),
612, 614 (q, OCH;), 69.0, 69.5, 69.6, 69.7, 70.5, 724, 75.6
(CH,CHROCH,CH,, CHCH,0OCH,CH=), 78.6 (d, CHRO), 1172 (t,
CH=CH,), 124.4, 124.5, 1247, 124.9, 125.1, 125.4 (d, m-Ar), 1322, 132.5
(s, 0-Ar), 134.6 (d, CH=CH,), 135.9 (s, 0-Ar), 144.2, 144.5 (s, p-Ar), 153.4,
156.2 (s, i-Ar); MS (CI, CH,): m/z (% ): 974.5 (100) [M]*; Cs,HgO4 (975.37):
caled C 76.35, H 8.89; found C 76.30, H 8.93.

General procedure for the synthesis of 25,27-dimethoxy-p-tert-butylca-
lix[4]arene-26,28-hydroxymethyl-crown-4 (27) and -crown-5 (28), (29a,b),
(29¢): A suspension of the appropriate allyloxymethyl derivative 24, 25,
26a,b, or 26¢ (1.4 mmol), Pd/C (100 mg), and TsOH (240 mg, 1.4 mmol) in
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a mixture of ethanol/H,O (20:1, 60 mL) was heated to reflux. After 15—
18 h, the solvent was removed under reduced pressure.

25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28- (2-hydroxymethyl)-

crown-4 (27): The residue was treated with CH,Cl,/MeOH (10:1, 100 mL)
and filtered on celite. The solvents were distilled under vacuum to give a
white solid of the 1:1 complex between compound 27 and TsOH. Yield =
70%; '"H NMR (400 MHz, CDCl;, 300 K): 6 =1.06 (s, 18 H; C(CHs);), 1.18,
1.19 (s, 9H; C(CHs)s), 2.04 (brs, 1H; OH), 2.30 (s, 3H; CH;Ar), 3.37 (d,
%J=12.8 Hz, 1H; H,), 3.39 (d,2/ =122 Hz, 1H; H,,), 3.41 (d, 2/ = 12.7 Hz,
2H; H,y), 3.68-4.70 (m, 17H; ArOCH,CHR(OCH,CH,)OAr, CH,OH;
H,y), 6.92-725 (m, 10H; Ar-H), 7.81 (d, 3/ =8.0 Hz, 2H; TsH); *C NMR
(75.5 MHz, CDCl;, 300 K): 6 =21.2 (q, TsCHj), 30.0, 30.3, 30.4, 31.1, 31.3,
31.4 (q, C(CH,)3; t, ArCH,Ar), 34.0, 34.1, 34.2 (s, C(CHs);), 59.7, 64.0, 64.1
(g, OCHa), 678, 70.0, 71.0, 73.7, 76.4 (t, CH,CHR(OCH,CH,),), 80.0 (d,
CHRO), 125.7, 125.8, 126.1, 126.2 (d, m-Ar), 128.6 (d, Ts) 133.7, 133.8,
134.0,134.3,134.4,134.5 (s, 0-Ar), 138.7 (s, Ts), 147.9, 148.1, 148.4 (s, p-Ar),
149.6, 149.7, 155.0 (s, i-Ar); MS (CI, CH,): m/z (%): 821.3 (100) [M+H]*;
Cs3sH7,0; - C;HO5S (993.35): caled C 72.55, H 8.12; found C 72.40, H 7.99.

25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-(2-hydroxymethyl)-
crown-5 (28): Pure compound 28 was obtained by column chromatography
(Si0,, CHCIy/MeOH, 95:5). Yield=71%; m.p. 277-279°C; 'H NMR
(300 MHz, CDCl;, 300K): 6=0.88 (s, 9H; C(CHs);), 0.92 (s, 9H;
C(CH,);), 1.25 (s, 9H; C(CH;);), 1.26 (s, 9H; C(CHj;)3), 2.00 (brs, 1H;
OH), 3.14, 3.17 (d, %/ =11.0 Hz, 2H; H,,), 3.53-4.37 (m, 27H; ArOCH,-
CHR(OCH,CH,);0Ar, OCH;, CH,0H; H,,), 6.58 (s, 2H; Ar-H), 6.63 (s,
2H; Ar-H), 701 (s, 2H; Ar-H), 7.02 (s, 2H; Ar-H); *C NMR (75.5 MHz,
CDCl;, 300K): 6=31.2, 31.7 (q, C(CH;);; t, ArCH,Ar), 33.6, 34.1 (s,
C(CHa;);), 60.9, 61.3 (q, OCHs;), 61.9 (t, CH,OH), 69.4, 71.2,71.3,72.9,75.2
(t, CH,CHRO(CH,CH,0)5), 80.2 (CHRO), 124.7, 125.0 (d, m-Ar), 132.4,
132.9,135.2 (s, 0-Ar), 144.5,144.7 (s, p-Ar), 153.4, 155.6, 155.8 (s, i-Ar); MS
(CI, CH,): m/z (%): 865.1 (100) [M+H]*; CssH;05 (865.21): caled C 76.35,
H 8.85; found C 76.24, H 8.97.

25,27-Dimethoxy-p-tert-butylcalix[ 4]arene-26,28- ]2,10-bis (hydroxymethyl) |-
crown-5 (29a,b): Pure compounds 29ab were obtained by column
chromatography on SiO, with CHCl;/MeOH (10:1) as eluent. Yield=
64 %; m.p.>300°C; '"H NMR (400 MHz, CDCl;, 300 K): 6=0.91 (s, 9H;
C(CH;)3), 1.00 (s, 9H; C(CH,);), 1.22 (s, 9H; C(CHs;)s), 1.32, 1.33 (s, 9H;
C(CHy);),2.07,2.28 (brs, 2H; OH), 3.18-3.27 (m, 4H; H,), 3.59-4.52 (m,
28H; ArCH,CHROCH,CH,, CHCH,OH, OCH;, H,,), 6.59 (brs, 2H;
CH;0Ar-H), 6.72 (s, 2H; Ar-H), 6.97, 6.98 (s, 2H; Ar-H), 7.09, 7.10 (s, 2H;
Ar-H); BC NMR (75.5 MHz, CDCl;, 300 K): 6=31.1, 312, 31.6 (q,
C(CH;);; t, ArCH,Ar), 33.6, 33.7, 34.0, 34.1 (s, C(CH,),), 61.1, 61.6 (q,
OCHj;), 61.5, 622 (t, CH,OH), 68.7, 69.7, 70.8, 71.2, 75.0, 752 (t,
ArOCH,CHROCH,CH,), 79.9, 80.4 (d, CHRO), 124.7, 124.9, 125.0,
1252, 125.4 (d, m-Ar), 132.1, 132.8, 133.1, 134.4, 134.5, 135.3 (s, 0-Ar),
144.4, 144.5, 144.8 (s, p-Ar), 153.4, 153.5, 155.2, 155.6, 156.1 (s, i-Ar); MS
(CI, CH,): miz (%): 895.6 (100) [M+H]*; Cs¢H750, (895.23): caled C 75.13,
H 8.78; found C 75.04, H 8.85.

25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-[2,10-bis (hydroxymethyl) |-
crown-5 (29¢): Pure compound 29¢ was obtained by column chromatog-
raphy on SiO, with CHCl;/MeOH (10:1) as eluent. Yield =65 %; m.p. 290 —
292°C; [a]®y=—-5.0 (¢=0.0140, CHCL); 'H NMR (300 MHz, CDCl;,
300 K): 6=0.96 (s, 18H; C(CH,);), 1.21 (s, 18 H; C(CHj;)s), 3.20 (d, 2/ =
12.7Hz,2H; H,,), 3.23 (d,/=12.7 Hz,2H; H,,), 4.29 (d,%/ = 13.0 Hz, 2H;
H,), 434 (d, ¥=13.0, 2H; H,,), 3.61-436 (m, 24H; ArOCH,-
CHROCH,CH,, CHCH,0OH; OCH,), 6.70 (s, 4H; Ar-H), 6.96 (s, 4H;
Ar-H); C NMR (75.5MHz, CDCl;, 300K): 6=31.2 and 31.6 (q,
C(CHs;);); t, ArCH,AT), 33.7, 34.0 (s, C(CHy;)s), 61.6, 62.2 (q, OCHj;), 68.7,
70.8,75.0 (OCH,CHROCH,CH,, CHCH,OH), 79.8 (CHRO), 124.9, 125.0,
125.2 (d, m-Ar), 132.8, 133.1, 134.1, 134.4 (s, 0-Ar), 144.5, 144.8 (s, p-Ar),
153.5, 155.2 (s, i-Ar); CssH30qg (895.23): caled C 75.13, H 8.78; found C
75.01, H 8.71.

General procedure for the synthesis of 25,27-dimethoxy-p-tert-butylca-
lix[4]arene-26,28- (2,2'-bipyridine-6-methyl)oxymethylJcrown-4 (2) and
-crown-5 (3), (4a,b), (4¢): NaH (50% in mineral oil, 18 mg, 0.36 mmol
for compounds 27 and 28; or 36 mg, 0.66 mmol for compounds 29a,b and
29¢) was added at RT to a stirred solution of calix[4]arene-hydromethyl-
crown 27, 28, 29a.b, or 29 ¢ (0.12 mmol) in dry THF (20 mL). After 15 min,
6-bromomethylbipyridine 30 (30.3 mg, 0.12 mmol for compounds 27 and
28; or 61 mg, 0.24 mmol for compounds 29 a,b and 29 ¢) was also added, and
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the reaction mixture was heated at reflux temperature for 12 h. After
removal of the solvent under vacuum, the residue was treated with CH,Cl,
(50 mL) and washed with H,O (2x50mL). The organic phase was
separated, and the solvent was distilled under vacuum.
25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-[ 2-(2,2'-bipyridine-6-
methyl)oxy-methyl]crown-4 (2): Reverse-phase (C18) column chromatog-
raphy (elution gradient CH;OH/H,O, 15:1-CH;0OH - CH;O0OH/CH,Cl,,
20:1). Yield =66 %; m.p. 113-115°C; 'H NMR (CDCl;, 300 MHz, 300 K):
the spectrum was quite complex and demonstrated the presence of a
mixture of conformations. The following signals were assigned: bpy
multiplets at 6 =8.67, 8.36, 8.25, 7.77, 7.45, 730; OCH,(bpy) at 6 =4.77
(brs), 4.71(s); and the two singlets of the OCH; protons at 6 =2.91 and
2.81; 3C NMR (75.5 MHz, CDCl;, 300 K): 6 =29.6 (t, ArCH,Ar c), 31.0,
31.2,31.3,31.4, 31.5,31.6 (q, C(CH,)5), 33.8, 34.1 (s, C(CHs);), 38.4, 38.8 (t,
ArCH,Ar pe, 1,3-alt), 57.7, 58.0, 58.5 (q, OCHs;), 62.2 (q, OCH3), 68.2, 68.6,
69.4, 70.0, 70.3, 71.0, 71.2, 72.1, 73.0, 74.3, 74.5, 75.8 (t, CH,CHRO(CH,-
CH,0),, CHCH,0OCH,bpy), 774 (d, CHRO), 119.5, 119.7, 120.9 and 121.2
(d, bpy-3, bpy-3'), 123.6, 123.7, 124.7, 125.7, 125.9, 126.1, 126.2, 127.3 (d, m-
Ar, bpy-5, bpy-5'), 133.1, 133.3, 133.4, 133.5, 133.8, 133.9 (s, 0-Ar), 136.9,
1374 (d, bpy4, bpy-4'), 144.1, 144.4, 144.6 (s, p-Ar), 149.1, 149.2 (d, bpy-6'),
154.1,154.2,155.3,155.4,155.5 (s, i-Ar, bpy-2, bpy-2', bpy-6); MS (CL, CH,):
miz (%): 990.2 (100) [M+H]*t; CsHgN,O; (989.35): caled C 77.70, H 8.15,
N 2.83; found C 77.83, H 8.25, N 2.76. A simpler 'H NMR spectrum can be
obtained by converting compound 2 into its 1:1 NaSCN complex (mainly in
the cone structure), by stirring a solution of 2 in CDCl; with solid NaSCN
for 1night. 2-NaSCN: 'H NMR (300 MHz, CDCl;, 300 K, NaSCN
complex): 6 =1.04, 1.13, 1.19, 1.20 (s, 9H; C(CH,);), 3.35-3.85, 4.15-4.80
(m, 21H; H.y, ArOCH,CHRO(CH,CH,0),, CHCH,, H,), 3.99, 4.03 (s,
3H; OCH,), 4.79 (s, 2H; OCH,bpy), 6.98-724 (m, 8H; Ar-H), 7.27 (m,
1H; bpy-5-H), 743 (d, 3/ =7.7 Hz, 1H; bpy-5-H), 7.75 (ddd, 3/ =75 Hz,
3J=75Hz, /=18 Hz, 1H; bpy-4-H), 7.85 (dd, 3J=7.7 Hz, 3] =7.7 Hz,
1H; bpy-4-H), 8.28 (d, 3/ =7.5 Hz, 1 H; bpy-3'-H), 8.37 (d, 3/ =7.7 Hz, 1 H;
bpy-3-H), 8.65 (d, 3] =4.8 Hz, 1 H; bpy-6'-H).
25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-[ 2-(2,2'-bipyridine-6-
methyl)oxy-methyllcrown-5 (3): Preparative layer chromatography on
Al O; with CH,Cl, as eluent gave compound 3 in a yield of 71%. An
analytically pure sample can be obtained by crystallization from CH;CN.
M.p. 182-184°C; 'THNMR (300 MHz, CDCl;, 300 K): 6 =0.83,0.86 (s, 9H;;
C(CHa)3), 1.33 (s, 18 H; C(CHa)3), 3.13 (d, 2/ =13.2 Hz, 2H; H,,), 3.15 (d,
%J=13.4Hz, 2H; H,,), 3.48-4.42 (m, 27H; ArOCH,CHRO(CH,CH,0);,
CHCH,, OCHj;, H,,), 470 (d, 2J=13.5 Hz, 1H; OCHHbpy), 4.76 (d, 2/ =
13.5 Hz, 1H; OCHHbpy), 6.50-6.54 (m, 4H; Ar-H), 7.09 (s, 2H; Ar-H),
710 (s, 2H; Ar-H), 7.27 (ddd, 3J = 7.5 Hz, 3] = 4.5 Hz, */ = 1.2 Hz, 1 H; bpy-
5'-H), 742 (d, 3/ =77 Hz, 1H; bpy-5-H), 7.74 (td, 3/ =75 Hz, *J=1.7 Hz,
1H; bpy-4'-H), 7.80 (dd, 3/ =7.7 Hz, */ =7.7 Hz, 1 H; bpy-4-H), 8.27 (d, 3] =
7.8 Hz, 1H; bpy-3-H), 8.37 (d, 3/ =78 Hz, 1H; bpy-3-H), 8.66 (d, 3/ =
4.5 Hz, 1H; bpy-6'-H); *C NMR (75.5 MHz, CDCl;, 300 K): 6 =31.0 (t,
ArCH,Ar), 31.1, 31.7 (q, C(CH,);), 33.6, 34.1 (s, C(CHs);), 60.9, 61.3 (q,
OCH,;), 69.8, 70.1, 70.9, 71.1, 71.2, 71.4, 72.9, 74.5, 75.6, 76.6 (t, ArCH,-
CHR(OCH,CH,);), 774 (d, CHRO), 79.2 (t, CH,bpy), 119.7 (d, bpy-3),
121.2 (d, bpy-3"), 123.6, 124.5, 124.9, 125.0 (d, m-Ar, bpy-5, bpy-5), 132.2,
132.6, 132.7, 132.9, 135.7, 135.8 (s, 0-Ar), 136.8 (d, bpy-4'), 137.5 (d, bpy-4),
144.2,144.3, 144.7 (s, p-Ar), 149.2 (d, bpy-6'), 155.5 (s, bpy-2’), 156.0, 156.2
(s, i-Ar, bpy-6), 157.9 (s, bpy-2); MS (CI, CH,): m/z (%): 1033.5 (100)
[M+H]*; C4HgyN,Og (1033.40): caled C 76.71, H 8.19, N 2.71; found C
76.81, H 8.24, N 2.75.
25,27-Dimethoxy-p-tert-butylcalix[4]arene-26,28-[2,10-bis(2,2"-bipyridine-
6-methyl)oxy-methyl]crown-4 (4):

Compounds 4ab can be obtained from 29ab in 62% yield after
preparative layer chromatography on AlLO; with CH,Cl,/MeOH (99:1)
as eluent. The meso compound (4a) (R;=0.26) can be separated from the
dl mixture (4b) (R;=0.24) by preparative layer chromatography on Al,O;
with CH,Cl, as eluent.

meso-4a: '"H NMR (400 MHz, CDCl;, 253 K, cone): 6=0.79 (s, 18H;
C(CHa;)5), 1.33 (s, 18 H; C(CH,)3), 3.13 (d, 2/ =12.1 Hz, 2H; H,,), 3.16 (d,
%J=12.0Hz, 2H; H,), 3.46-3.78 (m, 16H; ArOCH,CHROCH,CH,,
CHCH,0), 4.02 (s, 3H; OCH,), 4.19 (s, 3H; OCH,), 4.22-4.35 (m, 2H;
CHRO), 4.31(d,2J=11.8 Hz,2H; H,,), 4.41 (d,%/ =12.3 Hz,2H; H,,), 4.69
(d, 2J=13.8 Hz, 2H; OCHHbpy), 4.83 (d, 2J=13.8 Hz, 2H; OCHHbpy),
6.46 (s, 2H; Ar-H), 6.47 (s,2H; Ar-H), 7.14 (s, 2H; Ar-H), 7.15 (s, 2H; Ar-
H), 734 (dd, 3/ =8.6 Hz, 3/=4.7 Hz, 2H; bpy-5-H), 743 (d, /=78 Hz,
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2H; bpy-5-H), 7.82 (dd, 3J=8.6 Hz, 3J=8.0 Hz, 2H; bpy-4-H), 7.86 (dd,
3] =78 Hz, 3/ =7.8 Hz, 2H; bpy-4-H), 8.21 (d, *J=7.8 Hz, 2H; bpy-3-H),
8.32 (d, 3/ =8.0 Hz, 2H; bpy-3'-H), 8.69 (d, 3/ =4.7 Hz, 2H; bpy-6'-H); MS
(CIL, CH,): mlz (%): 1231.7 (100) [M+H]"; C;sHgN,Oy (1231.63): caled C
76.07, H 7.69; found C 75.96, H 7.61.

(dl)-4b: '"H NMR (400 MHz, CDCl;, 253 K, cone): 6=0.79 (s, 18H;
C(CHj;),), 1.22, 1.33 (s, 9H; C(CHsy),), 3.15 (d, 2/ =11.8 Hz, 2H; H,), 3.17
(d, 7=11.7 Hz, 2H; H,), 3.47-4.30 (m, 22H; ArOCH,CHROCH,CH,,
CHCH,0, H,,), 4.10 (s, 6H; OCHs), 4.71 (d, 2/ = 13.7 Hz, 2H; OCHHbpy),
4.80 (d, 2/ =13.8 Hz, 2H; OCHHbpy), 6.48 (s, 4H; Ar-H), 7.13,7.14 (s, 2H;
Ar-H), 7.34 (ddd, 3/ =75 Hz, 3] =4.8 Hz, ¥/ = 1.0 Hz, 2H; bpy-5-H), 7.44
(d,3J =177 Hz, 2H; bpy-5-H), 7.82 (ddd, 3/ = 7.8 Hz,*/ =7.7 Hz, */ = 1.6 Hz,
2H; bpy-4'-H), 7.85 (dd, 3] = 7.8 Hz, 3] = 7.8 Hz, 2H; bpy-4-H), 8.21 (d, 3/ =
79 Hz, 2H; bpy-3'-H), 8.33 (d, 3/ =79 Hz, 2H; bpy-3-H), 8.69 (d, /=
4.7 Hz, 2H; bpy-6'-H); MS (CI, CH,): m/z (%): 1231.7 (100) [M-+H]";
CsHg,N, O, (1231.63): caled C 76.07, H 7.69; found C 75.99, H 7.59.
(S,5)-4 c¢: Compound (4¢) was prepared from the enantiomerically pure
compound (29¢), and was purified by preparative layer chromatography
(elution gradient CH,Cl,/CH;0H, 100:1 - CH,CL,). M.p. 80-82°C; [a]&y =
+ 9.04 (¢ =0.0188, CHCL,); '*C NMR (75.5 MHz, CDCl;, 300 K): 6 =31.1,
31.7 (q, C(CHy)3), 31.9 (t, ArCH,Ar), 33.5, 34.1 (s, C(CH;);), 614 (q,
OCH;), 69.0, 70.3, 70.5, 74.5, 75.5 (t, OCH,CHROCH,CH,, CHCH,O,
OCH,bpy), 78.6 (d, CHRO), 119.7 (d, bpy-3'), 121.2 (d, bpy-3), 123.4 (d,
bpy-5'), 124.5 (d, bpy-5), 124.5, 125.0, 125.1, 125.2 (d, m-Ar), 132.2, 132.5,
135.6, 135.8 (s, 0-Ar), 136.8 (d, bpy-4'), 137.5 (d, bpy-4), 144.2, 144.8 (s, p-
Ar), 149.1 (d, bpy-6'), 153.4, 155.4 (s, i-Ar, bpy-2'), 156.0 (s, bpy-6), 157.8 (s,
bpy-2); MS (CI, CH,): m/z (%): 1231.7 (100) [M+H]"; C;HgN,O,
(1231.63): caled C 76.07, H 7.69; found C 75.99, H 7.60.
Spectrophotometric titration: Spectrophotometric titrations in dry aceto-
nitrile or methanol (containing~5% H,0) were performed on a spec-
trophotometer Kontron 860. Gradually larger amounts of a solution (1 x
10-3m) of Tb(ClO,); or Eu(ClO,); were added to a solution (1 x 1075M,
2.5mL) of ligands 2, 3, or 4¢ (containing 5.7 mg of Et,NClO,) in order to
produce a metal-to-ligand ratio in the range from 0.4 to 20. After each
addition the corresponding UV/Vis spectrum was recorded between 240
and 360 nm. These spectra, together with the analytical concentrations of
the ligand and the metal ion, were entered into the program SIRKO®! for
evaluation of the 1:1 association constants, K, between the ligands and the
lanthanide ions.
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Conformational Differences Between O- and C-Glycosides:
The a-O-Man-(1 —1)-#-Gal/a-C-Man-(1 —1)-£-Gal Case—
A Decisive Demonstration of the Importance of the exo-Anomeric Effect

on the Conformation of Glycosides
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Abstract: The conformational behavior of a-O-Man-(1 —1)-4-Gal (1) and its

C-analogue (2) has been studied using //NOE NMR data, molecular mechanics,
molecular dynamics, and ab initio calculations. The population distribution around
the glycosidic linkages of 1 and 2 is rather different, especially for the a-Man linkage.
A lower limit for the exo-anomeric effect in water has been experimentally

determined.

Introduction

Carbohydrate — protein interactions are involved in a wide
range of biological activities starting from fertilization and
extending to pathological processes such as tumor growth.'2
Since the carbohydrate ligands are object to hydrolytic
degradation, C-glycosides have been developed to improve
chemical and biochemical stability.>* Thus C-glycosidesl®!
have attracted interest as hydrolytically stable analogues of
O-saccharides and are being applied as enzyme inhibitors
and/or to mimic carbohydrate—protein interactions. How-
ever, the conformational similarity of the intersaccharide
linkage has been under debate since stereoelectronic effects
due to the presence of the interglycosidic oxygen would be
absent in the C-glycoside,[® and steric interactions between
both residues are expected to be different (due to disimilar
C—-0O versus C—C bond distances and C-O-C versus C-C-C
angles). Indeed, appreciable differences between O- and
C-glycosides with respect to conformational behavior and
activity have been reported.™ * It has been suggested that C-
and O-glycosides as exemplified by C-/O-lactose share the
same conformational characteristics in the free state.’! The
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findings that the bound conformation of C-lactose to peanut
agglutinin is identical to that of its parent O-lactose bound to
this lectin was quoted by these authors as additional evidence
of the conformational similarity between O-/C-glycosides.”!
However, we recently noted that this assumption is invalid at
least for C-/O-lactose (B-(1 —4)-linkage)P*<l and for C-/O-
mannobiose (a-(1—2)).54 Our studies indicate that the
conformational behavior of each C-/O-pair is similar about
the glyconic bond but significantly different about the
aglyconic bond. In order to further probe the enhanced
flexibility around the glyconic linkages of C-glycosides, we
have extended these studies to a-O-Man-(1—1)-5-Gal (1)
and its C-analogue 2. The result of this investigation is
reported herein.

Our initial interest in 1 and 2 stems from the hypothesis that
1 is a mimic of the Gal-GlcNAc-Fuc part of sLeX.[® Indeed,
substitution of Gal-O-3 of 1 with a carboxymethyl group leads

to a compound which is five times as active as sLeX in binding
to E-selectin.®l Thus, its corresponding C-glycosyl analogue 2
could be a potential therapeutic agent. Compounds 1 and 2
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are of additional interest for several reasons. It is known that
besides stereoelectronic effects, steric interactions may also
play an important role in determining the conformational
behavior of natural oligosaccharides. In absence of the exo-
anomeric effect, the conformational properties of C-glyco-
sides should be heavily influenced by 1,3-type diaxial steric
interactions. Thus, the non-exo-anomeric (Figure 1) orienta-
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Figure 1. 2D-TOCSY (mixing time 100 ms) spectrum of 2 (500 MHz,
310K, D,0). Key 'H-NMR assignments are shown. 3-(Trimethylsilyl)-1-
propane-sulfonic acid (DSS) was used as internal reference.

tion around a- or -Glc or Gal bonds is expected to be
destabilized by a 1,3-type diaxial interaction between the
equatorial OH2 and the aglycon. In contrast, for a- or f-Man
configuration the non-exo orientation does not present 1,3-
type interaction between the substituent at position 2 and the
aglycon. According to this hypothesis, the Man-configuration
on one side of the linkage for 1 and 2 was chosen to make the
exo-syn (Scheme 1) and the non-exo orientation from the
steric point of view equally accessible. At the same time, the
manno form may allow the unequivocal detection of non-exo

a)

o A\\\R
™~

OH
Jo—et
Q)
OH’

Scheme 1. Schematic representation of the a)exo-syn b)non-exo and
c) exo-anti orientation for the aglycon R in a a-mannoside and a f-
galactoside.

Abstract in Spanish: El comportamiento conformacional del
a-O-Man-(1 —1)-p-Gal (1) y su andlogo C-glicosidico 2 se ha
estudiado utilizando una combinacion de datos experimentales
de RMN Yy cdlculos de mecdnica y dindmica molecular y ab
initio. La distribucion de poblaciones en torno a los enlaces
glicosidicos de 1 y 2 es muy distinta, especialmente para el
enlace a-Man. Ademds, se ha determinado experimentalmente
un limite inferior para el efecto exo-anomerico en disolucion
acuosa.

1036 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

conformers through measurements of exclusive NOEs (see
below). In addition, compounds 1 and 2 were chosen because
both intersaccharide bonds are glyconic: 1 shows overlapping
exo-anomeric effects. Thus at any linkage, the stereoelectronic
effect is expected to be smaller than that for regular
saccharides. Comparison of 1 (O-glycoside with attenuated
exo-anomeric effect) versus 2 conformer distributions could
shed light on the magnitude of the stereoelectronic effect and
clarify the controversy on O/C-glycoside conformational
similarity.l>7]

Results and Discussion

The '"H-NMR spectra of compounds 1 and 2 were assigned by
standard methods using a combination of TOCSY, DQF-
COSY, NOESY and HMQC. The intra-ring vicinal proton—
proton coupling constants (data not shown) proved that all
six-membered rings adopt the *C;(D) conformation, inde-
pendent of the stereochemistry at C-2. Diastereotopic assign-
ment of the prochiral H; and Hg protons was performed using
a similar protocol to that described previously® based
exclusively on a combination of J and NOE values.

Molecular mechanics calculations: As a first step to deduce
the conformational behavior of compounds 1 and 2, their
potential energy surfaces were calculated using the MM3*
force field, as describedP and are shown in Figure 2. These
surfaces provide a first estimation of the conformational
regions which are energetically accessible. Two main con-
formational families are found for 1 (Figure 2). The global
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Figure 2. Steric energy maps calculated by the MM3* program with & = 80.
Left for 1 and right for 2. Contours are given every 2 kJmol~’. The main
regions are marked.

minimum A (exo-syn/exo-syn) is populated about 99 %. This
conformation is in agreement with the presence of the exo-
anomeric effect around both linkages.l’l Local minima B (non-
exolexo-syn) and C (exo-syn/exo-anti) are barely predicted.
The low-energy region that corresponds to minimum A is
extended towards negative @g, values (exo-syn/non-exo
region), although there is not any local minimum in this part
of the potential energy map. In contrast, for compound 2, the
MM3* potential energy surface predicts the existence of five
conformational families: A (66.8% exo-synlexo-syn), B
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(20.4% non-exol/exo-syn), and D (8.4 % exo-syn/non-exo) are
the major families (Figure 2). Minima C (3.3 % exo-syn/exo-
anti) and E (1.1 % non-exo/exo-anti) are minor. A qualitative
conformational analysis was reported for the 3-O-carboxy
derivative of 1.1 Our conformational analysis of 1 and 2 is
based on exclusivel” interresidue NOEs!'" and J coupling data
that characterize minima A-E (Figure 3). For 1 and 2, the
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Figure 3. Simplified view of the major low-energy conformations obtained
by MM3* calculations for compounds 1 and 2. A (exo-syn/exo-syn), B (non-
exolexo-syn), C (exo-synlexo-anti), E (non-exolexo-anti). Expected exclu-
sive and key NOEs are indicated for each conformer. For the a-®y,,
torsion (H1'-C1'-X-C1), the exo-anomeric syn conformation is defined as
—60°, the non exo-anomeric + 60°, and the exo-anti 180°. For the -®, one
(H1-C1-X-C1’), the exo-anomeric syn conformation is defined as +60°, the
non-exo-anomeric —60° and the exo-anti 180°.

relevant NOEs are H1'-H1 (A), H1-H2 (C), H2'-H1 (B) and
H2'-H2 (E). Since the NOE intensities are sensitive to the
respective conformer populations, a first indication of the
population distribution could be obtained by focusing on

HZ inan

Chemical Shift {ppm)

these key NOEs. Significant differences between 1 and 2 can
be observed (Figure 4). For 1 the strong H1’-H1 NOE shows,
at least qualitatively, that the global minimum A (exo-syn/exo-
syn) is highly populated in water. The additional small NOEs
indicate a very minor presence of conformers B and C. By
contrast, compound 2 shows medium —large H1'-H1 and H2'-
H1, and medium H1'-H2 NOEs with different mixing times.
Qualitatively, this observation is in agreement with an
enhanced flexibility of 2 in comparison to 1. In addition, it
unequivocally shows the existence of a significant population
around minimum B (characterized by a non-exo-anomeric
orientation of the a-Man linkage) in agreement with the
MM3* predictions. The experimental NOEs were compared
with the values obtained from the MM3* maps using a
relaxation matrix approach!'” as described.! In addition, for
compound 2, interglycosidic proton-proton J values were
derived from the potential energy surface. A fair fit was
obtained for the NOE values of 1. For compound 2 the four
interglycosidic J values (observed [Hz]: J(H1,Hg)=71,
J(H1',Hg) =74, J(H1,H;) =3.1, J(H1,Hs) = 8.0 Hz) were not
fitted by the MM3* map (expected [Hz]: J(H1' ,Hy)=4.3,
J (H1',Hg)=8.6, J (H1,Hy) =3.1, J(H1,H;) =9.7).

Therefore, although no quantitative agreement between
the MM3* predictions and the experimental NMR data for 2
was obtained, both sets of data indicate a rather different
conformational behavior of the O-disaccharide in comparison
with its C-analogue. The conformational space available to 2
is much larger than the corresponding one for 1. For the
former, there are also significant populations of conformers
characterized by non-exo-anomeric orientations, especially
for the ¢y, linkage.

ab initio Calculations: It is important to bear in mind that the
MM3* force field is not parametrized to deal with systems
presenting overlapping exo-anomeric effects, such as 1. Thus,
in order to gain insight into the consequences of this feature,
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Figure 4. a) 1D-DPFGSE NOESY spectra of 1 (left) and 2 (right). (500 MHz, 310 K, D,0, mixing time 800 ms). Key NOEs and associated conformers are
noted. a-1) Regular 1D spectrum. a-2) Inversion of Man H-1. For 1, NOEs at Man H-2' (intraresidual 2.5 A) and Gal H-1 (minimum A, exo-syn/exo-syn) are
similar. An extremely weak NOE at Gal H-2 (minimum C, exo-syn/exo-anti) is observed. For 2, the NOE at Man H-2' (intraresidual 2.5 A) is much stronger
than those at Gal H-1 (minimum A, exo-syn/exo-syn) and Gal H-2 (minimum C, exo-syn/exo-anti), which are similar between them. a-3) Inversion of Gal H-1.
For 1, the NOE at Man H-1' (minimum A, exo-syn/exo-syn) is ten times stronger than that at Man H-2' (minimum B, non-exo/exo-syn). For 2, the NOE at
Man H-1' (minimum A, exo-syn/exo-syn) is slightly weaker than that at Man H-2' (minimum B, non-exo/exo-syn). b) Build-up curves corresponding to the
key NOEs H1-H1’ (red) and H1-H2’ (blue). NOE volumes were normalized with respect to the diagonal peak at every mixing time.
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full optimizations of the MM3* minima obtained for 1 and 2
were performed at the ab initio level by using the 6-31G* basis
set. Simplified models of 1 and 2 were built including only the
hydroxyl group at position 2 in both pyranose rings. The C6-
hydroxymethyl groups were not considered. ¢yn/¢ga values
of the minimized geometries and the corresponding energies
and populations are shown in Table 1. For compound 1, the ab
initio optimization of the MM3* energy minima led to only

Table 1. Torsion angle values, relative energies, and populations according
to MM3* and 6 -31G* calculations for the different minima of compound 1
and 2. Those geometries obtained by partial optimization are marked with
(*). Energy values are given in kcalmol~".

MM3* 6-31G*
Minima @y, /Pga AE  Pop [%] Py Pia AE Pop [%]
Compound 1
A —47.0/63.1 0 >99 —52.0/13.7 0 70.9
B 43.0/58.2 337 <1 40.0/44.6 2.61 0.97*
C —41.4/165.8 339 <1 —32.6/171.9 0.66 235
D —61.8/-40.0 3.66 <1* —52.0/—40.0 1.64 4.63*
E 40.0/157.1 648 <1* 40.0/ —165.9 491 <0.1*
Compound 2
A —47.5/57.0 0 66.8  —63.6/29.7 029 209
B 52.6/58.9 0.71 20.4 45.6/56.1 015 264
C —46.0/171.2 1.84 33 —46.6/171.6 0 339
D —66.3/-56.6 124 84  —-57.0/-283 043 164
E 55.0/—1733 242 1.1 58.1/—-168.7 1.58 2.4

two low-energy geometries, since the minimization of those
conformers characterized by non-exo-anomeric orientations
for either ¢y, or ¢ga converged to the closest exo-anomeric
geometry. Thus, to get an estimation of the ab initio energy
differences between the exo- and non-exo orientations for
Oman and @y, partial optimizations of the MM3* non-exo-
anomeric minima were carried out, keeping ¢y, Or Pga
angles fixed at their corresponding non-exo-anomeric values.
Those conformers characterized by exo-syn or exo-anti
orientations were fully optimized. ¢ppn/¢ga values of the
obtained geometries and their corresponding energies and
populations are shown in Table 1. All the five minima were
obtained for compound 2.

Some differences with respect to the MM3* values can be
observed. For compound 2, the Hartree-Fock calculations
predict very small energy differences between four of the
minima. Indeed, although the global minimum is now located
in the exo-syn/exo-anti region characterized by ¢ypan/Pca 46/
171, the 6-31G*-based populations for minima A —D oscillate
between 16 and 34 %. For compound 1, as also observed for
the MM3* map, the global minimum is located in the exo-syn/
exo-syn region (minimum A). While, the ab initio calculations
predict that the presence of non-exo-anomeric conformers for
1 is around 5%, for 2 these non-exo conformers amount to
45%. Both methods also show the different conformational
behavior of 1 and 2 in terms of the cost of torsional changes.
According to the HF/6-31G* calculations, for compound 1,
the transition between minimum A (the global minimum) and
minimum B (characterized by a non-exo-anomeric orienta-
tion around ¢y,,) has an energy cost of 2.61 kcalmol~.. In
contrast, for 2, the same conformational change is now
favored by —0.14 kcalmol~' (Figure 5).

1038

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

aj .__:__'

! T
—— Ih
1 ...‘—.b_ X
. -"-' AE=-004 kesl mol™! "I“Aiq
\ l:' | \
Ca ~...-"

Iu.l_*1
s

&
&
o 3

- Afl= 161 keal mol™

-, "

Figure 5. Schematic representation of the conformational change between
minimum A and minimum B. The estimation of the energy cost for the
transition according to HF 6 —-31G* calculations in both the O-disaccharide
and in the C-analogue is shown.
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Molecular dynamics simulations: In a first step, six non-
restrained MD simulations were performed using three
different values of dielectric constant (e=1, e=1 x r, e =80)
and two starting geometries of compounds 1 and 2 (minima A
and B). Explicit solvent molecules and periodic boundary
conditions were used in the calculations with ¢ =1. Some of
the rotamer distributions around ¢y,,/¢ga Obtained for 2 are
shown in Figure 6. Although the final results of these non-
restrained computations are very sensitive to the conditions
used in the simulation, all the trajectories agree with an
enhanced flexibility of 2 in comparison with 1, especially for
the ¢, linkage. The best fit of the experimental data was
obtained with ¢ =1 x r (with maximum differences in J values
of around 1 Hz and small deviations from the NMR derived
average distances).

Then, as a further step, and in order to get the best
experimental conformer distribution, for both 1 and 2, time
averaged restrained (tar)-MD simulations!'!l were carried out
using the AMBER 5.0 force field'? and the experimental
NOE/J information. NOE-derived distances were included as
time averaged distance constraints and scalar coupling con-
stants as time averaged J coupling restraints. Three NOEs
were used for 1, while 14 NOE and four J values were used for
2. Four 15 ns trajectories were collected for each molecule:
Two different starting geometries (minimum A and minimum
B) and two different dielectric constants (¢ =1 x r and & = 80)
were used as input. The distributions of rotamers around ¢y,,/
¢ca for 2 are shown in Figure 6. In all cases, basically identical
outputs were obtained, independent from the starting geom-
etry. In addition, a very small influence of the dielectric
constant values on the final results was observed. These
results clearly indicates that the simulations lengths are
adequate for the proper convergence of the conformational
parameters for these systems.['®! Overall, the simulations
which used e =1 x r produced the best fit of the experimental
data (J and NMR derived distances, see Tables 2 and 3). The
new distribution produced for 1 is shown in Figure 7. Mini-
mum A (exo-synlexo-syn) is the major one (now 93 %), while
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Figure 6. a) Distributions of rotamers around ¢y,,, and ¢, obtained from three independent non-restrained MD
simulations, using explicit solvent and periodic boundary conditions (black), e =80 (blue) and ¢ =1 x r (red).
b) Distributions of rotamers around ¢y, and ¢g, obtained from two independent MD-tar simulations using
minima A and B as starting geometries and ¢ = 80. The predicted J values are shown. ¢) Distributions of rotamers
around ¢y, and ¢g, obtained from two independent MD-tar simulations using minima A and B as starting

geometries and e =1 x r. The predicted J values are shown.

Table 2. Experimental values for the vicinal proton-proton coupling
constants [Hz] for the pseudoglycosidic linkage. The values calculated
(using the complete Karplus—Altona equation) through tar- and non-
restrained (in vacuo and solvated) molecular dynamics simulations are also
given, along with the corresponding starting geometry. The best fit is given

in bold.

JHIH,)  JHIH)  JHILH)  J(HLH)
Exp 71 74 3.1 8.0
MD-tar/e =r 6.9 73 35 8.0
Min A
MD-tar/e =r 71 72 34 82
Min B
MD-tar/z=80 6.6 7.6 32 8.1
Min A
MD-tar/c=80 6.5 7.6 33 8.0
Min B
£=80 Min A 38 9.1 26 10.1
e=1 Min A 6.6 7.0 39 73
H,0 Min A 8.0 59 3.0 9.9

B (non-exo/exo-syn) is populated about 4% and C 2%.
However, with only three NOEs being consider, it is still
possible that distributions of other conformations could fit the
NOE data.l'” The obtained result is in perfect agreement with
the MM3* predictions. In contrast, the single-point ab initio
calculations are only qualitatively in agreement with the MD-
tar distribution, since they clearly overestimate the popula-
tion around minimum C. A population of 23 % around this
mimimum would produce a H1’-H2 NOE much stronger than
the observed one. Nevertheless, since we have deduced single
point values and the HF/6-31G* calculations have been
performed in vacuo, this result can be considered satisfactory.

The distribution obtained for 2 is shown in Figure 7. Now,
the observed J(4)/NOE(14) data with conformational infor-
mation are in full concordance with the values calculated from
the MD (Tables2 and 3), and demonstrate the different
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conformational behavior of
C-glycoside 2 compared with
1. Indeed, the @y, orientations
are quite different. @, of 2 is
very flexible. There is a 52%
population of conformers with
Dy 60° (ie., not favored by
the exo-anomeric effect) com-
pared with only 4% for 1. By
comparison, the conformation-
al distribution about the f—®¢,
linkage is more similar. There is
an increase of 12% population
. of non-exo conformers, while
J ) ! their presence in 1 in less than
o 1% . Presumably, the equatorial
orientation of Gal O-2 desta-
bilizes the non-exo conformers
through 1,3-like diaxial interac-
tions, thereby reducing the dif-
ferences between 1 and 2.
Therefore, the f-@g, linkage
of 2 is more rigid than the a-

MIDE-tar e=lar

Ferraue= 7.0 He
g5~ 1-2 Hz

Pian

Table 3. Experimental and calculated inter-residue proton-—proton dis-
tances with conformational information for 1 and 2 for the best tar-MD
simulations. The starting geometry and dielectric conditions are also given.

H/H pair exp tar-MD/Min A tar-MD/Min B
£=80 e=80

Compound 1

H1'/H1 2.20-2.50 2.36 2.36
H1'/H2 3.60-4.00 4.08 4.16
H2'/H1 3.50-3.90 3.51 3.48
H2'/H2 >4.20 4.58 4.60
H/H pair exp tar-MD/Min B tar-MD/Min B

E=Tr =80

Compound 2

HI1'/H1 2.60-2.90 2.79 2.76
H1'/H2 3.00-3.40 3.10 3.09
H2'/H1 2.50-2.80 2.56 2.59
H2'/H2 >3.30 3.49 343
Hp/H2 2.40-2.70 2.62 2.58
Hy/H3 2.40-2.70 2.53 2.56
Hy/HS 2.40-2.70 2.48 2.50
Hi/H2 2.70-3.00 2.83 2.89
HyH3 2.50-2.80 2.59 2.54
HyHS 2.30-2.60 2.49 2.46
HyH2 2.55-2.85 2.63 2.66

Dyan analogue (see [7b] for a completely different conclu-
sion). These results also indicate that C-glycosides may
display significant variations, not only around ¥ as C-lac-
tose,! but also around @.

The importance of stereoelectronic effects in determining
the preferred conformation of O-glycosides has been ques-
tioned.”! The experimental difference in conformational
mobility in 1 and 2 suggests otherwise. Assuming that the
magnitudes of the inter-residue interactions are not signifi-
cantly affected by the difference in C—O versus C—C bond
distances in the linker, the A/B conformer distributions in 1
and 2 would be expected to be similar in the absence of a
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Figure 7. Trajectories of two independent 15 ns tar-MD simulations (¢ =1 x r) performed for 1 (left) and 2 (right)
with AMBER 5.0. Four MD simulations were performed in total for each compound. Three NOEs were included
for 1 and 14 NOEs and four coupling constants were included for 2. The agreement between the back calculated
NMR parameters and the observed ones was excellent. The populations of every conformational family are given.
The top and right traces show the percentage of populations at any orientation (exo-syn, non-exo, exo-anti). The
results of two of the simulations are superimposed. The difference between @,,, of 1 and 2 is evident. There are

also differences for @g,.

stereoelectronic effect. That conformer A is strongly prefer-
red in 1 (compared with a preference for B in 2) is consistent
with the importance of the stereoelectronic effect. The
absence of a C2-equatorial substituent in the mannose
residue, the existence of a 1,3-type diaxial interaction between
the C1'-0O5 and C1—O5 bonds in conformer A, and the
shorter C—O bond distance in 1 would if anything suggest a
higher B/A ratio for 1 compared with 2, in contrast to the
experimental observation. Therefore, the comparison of the
B/A ratios for 1 and 2 should give a lower limit for the
stereoelectronic effect in water (for @,,, of 1, 2.1 kcalmol~!
corresponding to A:B from 96:4 to 30:42). Since the exo-
anomeric effects for trehalose-like systems are opposed, this
value is expected to be smaller than the exo-anomeric effect
for regular saccharides.[*!

Conclusion

In summary, the greater flexibility around the C-glyconic
bond in 2 compared with 1 is strongly indicative of a
stereoelectronic basis for the exo-anomeric effect. This factor
must be therefore considered when comparing conformations
of O- and C-glycosides. Our finding that the axial-glyconic
bond is less rigid than the equatorial one is in contrast with
previous reports on similar a,3-(1 —1) systems.[™ The impli-
cation of C-glycoside flexibility is that conformers other than
the ground state may be bound in the binding site of proteins
without major energy conflicts. When a lectin imposes a
constraint by establishing interactions to both sugar units,
then only a certain topologically favored conformer will fit
into the binding site. Increased binding affinity may result if
the enthalpic gains exceed the entropic penalty.’*" Therefore,
C-glycosides are excellent probes to study?® 7 the binding of
proteins or enzymes and are important for drug design.l>*

Experimental Section

Materials: The synthesis of 1 and 2 has been described elsewhere.!'*]

Calculations: Potential energy surfaces were calculated with the MM3*
force field as included in Macromodel 4.5.1 A dielectric constant of 80 was
used.
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For the tar-MD simulations, com-
pounds 1 and 2 were built using the
X-Leapl'! program. Atomic charges
were derived from AMI1 semiempiri-

" e cal calculations. All molecular dynam-
: L, ics simulations were carried out using
’.' — the Sander module within the AM-
g BER 5.0 package. As a first step, six

% i rio non-restrained MD simulations were

run for both compounds, three starting
g from minimum A (exo-syn/exo-syn)
- and three starting from minimum B
(non-exolexo-syn). Two 500 ps trajec-
tories were recorded using ¢=1 and
explicit solvent. A single molecule of 1
or 2 was immersed into a box with
758 TIP3P water molecules. Periodic
boundary conditions were used. As a
first step, a short constant pressure
equilibration was performed until a
final density of 1 gcm~ was obtained.
A cutoff of 10 A was used for non-
bonding interactions. Four 15 ns simu-
lations were run using ¢ =1 x r and ¢ = 80 with no explicit solvent.

Prp™a]

In addition, MD-tar simulations were carried out for 1 and 2. NOE-derived
distances were included as time averaged distance constraints and scalar
coupling constants as time averaged J coupling restraints. A (r=°)~1¢
average was used for the distances and a linear average was used for the
coupling constants. The J values are related to the torsion 7 by the well
known Karplus relationship:['7]

J=Acos?(t)+Bcos(t)+C

A, B, and C values were chosen to fit the extended Karplus— Altona
relationshipl'® for every particular torsion. At the end of the simulations
the averaged J values were calculated using both the regular Karplus and
the complete Altona equations and compared with the experimental ones.

Trial simulations were run using different simulation lengths (between 1
and 15 ns) and different force constants for the distances (between 10 and
30 kealmol ' A-2) and J couplings (between 0.1 and 0.3 kcalmol~ Hz?)
constraints. Different values for the exponential decay constant(between
100 ps and 1.5 ns) were also tested. These preliminary runs showed that for
flexible molecules such as 1, the use of exponential decay constants shorter
than 1 ns produced unstable trajectories and led in some cases to severe
distortions of the pyranose rings. In contrast, good results were obtained
when using exponential decay constant values of 1 ns or larger. It has been
estimated('”) that simulation lengths of about one order of magnitude larger
than the exponential decay constant should be used to generate reliable
estimates of average properties. Thus, the final trajectories were run using
an exponential decay constant of 1.5 ns and a simulation length of 15 ns.

It is also known!'!] that when using large force constants for the J coupling
constraints, the molecule can get trapped in high energy, physically
improbable, incorrect minima. In order to solve this false minima problem,
low values (between 0.1 and 0.3 kcalmol-Hz2) were used for the J
coupling restraints force constants.

Four final 15 ns MD-tar simulations (two starting from minimum A and
two starting from minimum B) were run for each molecule (1 and 2) using
two different dielectric constant values (¢ =80 and ¢ =1 x r). Population
distributions obtained starting from different initial geometries were
almost identical indicating that the simulation length is adequate for a
proper convergence of the conformational parameters. In addition, very
similar results were obtained for both dielectric constant values indicating a
rather small influence of the force field in the final results. Average distance
and J values obtained in this way were found to correctly reproduce the
experimental values.

ab initio Calculations were performed with the Gaussian 98 program.?”!
Simplified models of 1 and 2 were built including only the hydroxyl group at
position 2 for both pyranose rings. MM3* minima were optimized by HF
calculations with the 6-31G* basis set. In the case of 1, for those conformers
characterized by non-exo-anomeric orientations of ¢,;,, (minima B and E)
this angle was kept fixed (¢y,, = 40°) during the minimization process. In a
similar way, those conformers characterized by non-exo-anomeric orienta-
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tions of ¢, (minimum D) were minimized keeping this angle fixed (¢pga =
—40°).

NMR spectroscopy: The NMR experiments were recorded on a Varian
Unity 500 spectrometer. 2D NOESY experiments used the standard
sequence, while 1D selective NOE spectra were acquired using the double
echo sequence proposed by Shaka and co-workers.?!l Five different mixing
times were used for the 1D NOE experiments: 200, 400, 600, 800, and
1000 ms. Cross relaxation rates were estimated from these measurements
and the determination of proton—proton distance restrictions was carried
out from several known intraresidue distances according to a full relaxation
matrix analysis with 80 ps correlation time.
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Short-Range Interactions within Molecular Complexes Formed in Supersonic

Beams: Structural Effects and Chiral Discrimination

Andrea Latini,'’! Mauro Satta,'”! Anna Giardini Guidoni,!
Susanna Piccirillo,*! and Maurizio Speranza*[?!

Abstract: One- and two-color, mass-
selected R2PI spectra of the S, S,
transitions in the bare chiral chromo-
phore R-(+)-1-phenyl-1-propanol (R)
and its complexes with a variety of
alcoholic solvent molecules (solv),
namely methanol, ethanol, 1-propanol,
2-propanol, 1-butanol, S-(+)-2-butanol,

lations, indicate that several hydrogen-
bonded [R - solv] conformers are present
in the beam. The R2PI excitation spec-
tra of [R-solv] are characterized by
significant shifts of their band origin
relative to that of bare R. The extent and
direction of these spectral shifts depend
on the structure and configuration of

solv and are attributed to different
short-range interactions in the ground
and excited [R-solv] complexes. Meas-
urement of the binding energies of [R-
solv] in their neutral and ionic states
points to a subtle balance between
attractive (electrostatic and dispersive)
and repulsive (steric) forces, which con-

R-(—)-2-butanol, 1-pentanol, S-(+)-2-
pentanol, R-(—)-2-pentanol, and 3-pen-
tanol, were recorded after a supersonic
molecular beam expansion. Spectral
analysis, coupled with theoretical calcu-

Introduction

Chiral recognition is a fundamental phenomenon in chemistry
and biology and is based on the different affinities of a chiral
selector for each member of an enantiomeric pair. Aggrega-
tion with the selector leads to diastereomeric molecular
complexes (MC), which are generally endowed with different
physical and chemical properties as a result of the operation
of various short-range intracomplex forces. The character-
ization of these forces in solution under normal conditions
and the investigation of their dependence upon structural
factors are difficult, because of the transient character of the
MC and the unavoidable interference from the solvent. A way
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trol the spectral features of the com-
plexes and allow enantiomeric discrim-
ination of chiral solv molecules.

clus-

to overcome these difficulties is to generate diastereomeric
MC in the isolated state and to characterize the intracomplex
forces by spectroscopic methods. The MC between chiral
2-naphthyl-1-ethanol and some aliphatic alcohols have been
investigated by Lahmani and co-workers, by using laser-
induced fluorescence (LIF) and hole-burning (HB) spec-
troscopy.l'"3) We could discriminate between the diastereo-
meric MC between R-(+)-1-phenyl-1-propanol (R) and R-
(—)- or S-(+)-2-X-butane (X =OH, NH,)** on the basis of
their spectra, and we measured their interaction energy!”! with
the use of resonance-enhanced two-photon ionization (R2PI)
spectroscopy,®"! coupled with time-of-flight (TOF) detec-
tion.l2-14]

Both Lahmani’s and our procedure involve formation of
weakly bound MC, otherwise unobservable at room temper-
ature, by supersonic expansion of a carrier gas seeded with the
two chiral alcohols through a pulsed nozzle. There are many
advantages to this method of forming isolated MC. Firstly,
only the lowest rotational and vibrational levels in the
electronic ground state of MC are populated and, therefore,
the spectra often display only a few well-resolved peaks.
Furthermore, the photochemical and photophysical proper-
ties can be studied without any interference from the
environment. Finally, the low internal temperature of the
supersonically expanded MC, ranging around a few Kel-
vins,I'* 4l favors population of the enthalpically most stable
MC structural isomer and sometimes stabilization of other
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structural variants, if high-energy barriers need to be over-
come for them to interconvert.

The MC considered in the present work were studied by
R2PI experiments (Figure 1). One-color R2PI (1cR2PI)
experiments involve excitation of the MC to its discrete S,

state, by absorption of one photon of frequency v;, and to the
ionization continuum, by absorption of a second photon of
different frequency v, (Figure 1). The experimental procedure
is the following: once the 1cR2PI-TOF mass spectrum of the
selected species at the resonant frequency v, has been
obtained, the intensity of the laser emitting at v, is lowered
to such an extent as to reduce the TOF ion pattern to less than
10%. Then, by superimposing a second laser of frequency v,,
one assists a pronounced increase in the TOF signal of a
characteristic ion only when the 2cR2PI process takes place.
The excitation spectra of a given complex is obtained by fixing
v, at a value slightly above the ionization threshold and by
scanning v;. In this way, no significant excess energy is
imparted to the complex and decomposition of conceivable
higher order clusters is avoided. The ionization threshold of a
given species corresponds to the signal onset, which is
obtained by scanning v, while keeping v, at the fixed value
corresponding to the S, — S transition.

1cR2PI

2cR2PI

[mc |+

hv,

il

[mc |*

hv, hv,

Comparison of the R2PI spectra of the mass-resolved MC
with that of the bare aromatic chromophore provides
information about the nature of the interactions operating
in MC. The relative contributions of attractive and repulsive

[mc | [mc ]

Figure 1. Schematic diagram for 1cR2PI and 2cR2PI experiments.

state, by absorption of one photon of frequency v;, and to the
ionization continuum, by absorption of another photon with
the same frequency v,. The 1cR2PI excitation spectra were
obtained by recording the entire TOF mass spectrum as a
function of v,. The wavelength dependence of a given mass-
resolved ion represents the absorption spectrum of the species
and contains important information about its electronic
excited state S;. Two-color R2PI (2cR2PI) excitation spectra,
on the other hand, involve excitation of MC to its discrete S,

Ch

short-range forces in isolated MC are determined by careful
analysis of the relevant R2PI spectral information in the light
of the binding energies of the MC in their ground and excited
states.

In this paper we report on a comprehensive R2PI spectro-
scopic study of the short-range forces operating in the MC
between the chromophore R and a set of primary and
secondary alcohols (solv). Comparison of the relevant spec-

romophore, R Solvent molecule, solv

CH,OH 1

. . .. T R 2 (R,R%,R®*=H,HH
Abstract in Italian: Sono stati investigati gli spettri di H H an ER1, R RP=H H, C:-l3)
ionizzazione bifotonica risonante (R2PI) a uno e due colori no._ HO- R' 3i (R",R® R®=H, CHy H)

P . . 1 2 3 -
delle transizioni S; — S, del cromoforo R-(+)-1-fenil-1-propa- Je .y as H ::1 EI;. ?2, §3 - : ngHéﬁSa)
nolo (R) allo stato isolato e dei suoi complessi con alcune 1 R 4s (R' R’ R®=CHy H, CHa)
molecole alcooliche (solv), quali metanolo, etanolo, 1-propa- 5n (R' R% R®=H, H, CH,CH,CHs)
nolo, 2-propanolo, 1-butanolo, S-(+)-2-butanolo, R-(—)-2- 5r (R, R? R®=H, CHs, CH,CHy)
butanolo, 1-pentanolo, S-(+)-2-pentanolo, R-(—)-2-pentanolo, 5. (RIR\R’=CH, H, CH;CHy)

’ ’ i ’ 5i  (R',R% R®=H, CH,CHs, CHy)

and 3-pentanolo, in un fascio molecolare espanso supersoni-
camente. L’analisi spettroscopica, supportata da calcoli teorici,
indica la presenza nel fascio supersonico di alcuni conformeri
degli addotti molecolari [R - solv]. Gli spettri di eccitazione di
[R - solv] sono caratterizzati da significative deviazioni delle
loro bande fondamentali rispetto a quelle dei rotameri di R.
L’entita e la direzione di tali deviazioni risultano dipendenti
dalla struttura e dalla configurazione di solv e sono attribuite
alle diverse interazioni intime presenti nei complessi [R - solv]
allo stato fondamentale ed eccitato. La misura delle energie di
interazione in [R - solv] allo stato neutro e ionizzato rivela una
sottile interdipendenza tra le forze attrattive (elettrostatiche e di
polarizzazione) e repulsive (steriche) che sono responsabili
delle caratteristiche spettroscopiche dei complessi e che per-
mettono la discriminazione fra le forme enantiomeriche di soly
chirali.

Chem. Eur. J. 2000, 6, No. 6
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troscopic results with pertinent LIF, HB, and theoretical
datal'3l can hopefully shed some light on the dependence of
these forces on the structural and stereochemical features of
both the chromophore and the solvating aliphatic alcohol.

Experimental Section

Mass-selected R2PI spectroscopy: The experimental setup for the gen-
eration of the adducts between R and solv and for their R2PI/TOF analysis
was described previously.'*""3] Supersonic-beam production of the adducts
was obtained by adiabatic expansion of a carrier gas (Ar) seeded with R-
(+)-1-phenyl-1-propanol (R) and the corresponding alcohols solv (Aldrich
Chemical Co.), through a pulsed (aperture time: 200 ps; repetition rate:
10 Hz) 400 pm i.d. nozzle heated at 80°C. The solv concentration was
always maintained low enough to minimize the contribution of heavier
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clusters to the spectra. The molecular beam was allowed to pass through a
1 mm skimmer into a second chamber equipped with a TOF mass
spectrometer. The laser system consisted of two dye lasers pumped by a
doubled Nd:YAG (1 =532 nm). The dye fundamental frequencies were
doubled and, when necessary, mixed with residual 1064 nm radiation to
obtain two different frequencies v, and v,. The ions formed by R2PI
ionization in the TOF source were mass discriminated and detected by a
channeltron after a 50 cm flight path. The photoionization spectra were
corrected for the effect of the electric field strength (200 Vcm™') produced
by the extraction plates of the TOF spectrometer.'4]

Computational details: The theoretical description of the stable con-
formers of R-(+)-1-phenyl-1-propanol (R) was obtained with an IBM
RISC/6000 version of the Gaussian 98 set of programs.!'® 1] A full geometry
optimization of the investigated conformers was performed at the RHF/3 -
21G level. Further structural refinement was obtained at the B3LYP/6—
31G level of theory with the RHF/3-21G geometries as starting points.['*]
Both theoretical approaches provided essentially the same geometries and
stability order for the rotamers of R, although there was some difference in
their relative energy values.

Results and Discussion

Excitation spectrum of the bare chromophore: The mass-
resolved 2cR2PI excitation spectrum of the bare chromo-
phore R (m/z=136 [R]*) taken up to 1000 cm~' above its
electronic S, « S, band origin is shown in Figure 2.5l The band

T

1400

1200

1000 |-

800 |-

600

Intensity (arb. units)
>

400

200

38000 38200
v(em™
Figure 2. Mass-resolved 2cR2PI excitation spectrum of the bare chromo-

phore R-(+)-1-phenyl-1-propanol (R), measured at m/z = 136 and at a total
stagnation pressure of 4 x 10° Pa.

origin region of the spectrum displays a peak at 37577 cm™!
(henceforth called A) and two other peaks at 37618 cm™!
(henceforth called B) and at 37624 cm™~' (henceforth called
C). The same triplet is reproduced at 38106 (A*), 38148 (B*),
and 38155 cm~! (C*). This pattern is by no means unusual and
can be interpreted to be either due to different stable
conformers and/or due to their vibronic transitions.['>2!]

To gather some insight into this point, ab initio calculations
on the relative stabilities of the conformers of R were carried
out at the RHF/3-21G and B3LYP/6-31G levels of theory.
Three stable structures were identified (Figure 3), with the
anti rotamer I as the global minimum and III as the least

1044
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a)
-1
E (RHF) = 0.0 kcal mol
E (B3LYP) = 0.0 keal mol
H
b) OH
H
Me H
700° ph
¥ E(RHF) = +1.6 keal mol
H(gauche) E(B3LYP) = +0.4 kcal mol
Q@
) Do

-1
E (RHF) = +1.7 kcalmol
E (B3LYP) = +0.6 kcal mol

Figure 3. Conformers of the bare chromophore R-(+)-1-phenyl-1-pro-
panol (R) predicted by RHF/3-21G and B3LYP/6-31G calculations.

Hi(gauche)

stable gauche conformer. Both the RHF/3-21G and B3LYP/
6-31G energy calculations indicate that all rotamers I-III
are accessible in the expansion; their stability difference
ranges from 0.6 (B3LYP/6-31G) to 1.7 kcalmol~! (RHF/3 -
21G). On these grounds, the most intense band B of Figure 2
may be attributed to the more stable conformer I, the second-
most intense band A to rotamer II, and band C to conformer
III. Assignment of the three bands to rotamers I -IIl is further
supported by the match between the intensities of the ABC
and the A*B*C* triplets in Figure 2.

Excitation spectra of the molecular complexes: Supersonic
expansion of mixtures of alcohols R and solv generates the
corresponding complexes in which the mutual conformations
of the R and solv moieties are determined by the interaction
forces. As expected, the presence of all these conformations
and the accompanying vibronic transitions heavily complicate
the mass-resolved excitation spectra of the isolated com-
plexes, whose interpretation can then be attemped only by
resorting to a homologous series of solvent molecules, solv. To
this purpose, a number of isolated complexes with homolo-
gous sets of primary and secondary alcohols solv were
generated in the supersonic beam, and their mass-resolved
excitation spectra were compared. Some of the results are
illustrated in Figures 4 and 5.

Figure 4 shows the 1cR2PI excitation spectra of the
complexes between R and solv, with solv as the primary
alcohols 1, 2, 3n, 4n, and 5n, monitored at the m/z values
corresponding to their 1:1 adducts [R-solv]. The major
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Figure 4. 1cR2PI excitation spectra of the complexes between R and a) 1-
pentanol, b) 1-butanol, c¢) 1-propanol, d) ethanol, and e) methanol
measured at their m/z value and at a total stagnation pressure of 4 x
10° Pa. The origin of the frequency scale is relative to the electronic band
origin A of the S, < S, transition of the gauche conformer II of R (Figure 3)
at 37577 cm™.

characteristic peaks (a and f in Figure 4) in the spectra are
shifted relative to the electronic bands A—C of bare R
(Table 1). The o bands are red-shifted relative to the
electronic band A of R, by an extent (Av,) which increases
with increasing length of the R; group of solv. Red shifts Avg,
similar to the corresponding Av,, are observed for the 8
signals if they are referred to the electronic band B of R.
Furthermore, the relative intensities of the a and § bands
qualitatively parallel that of the A and B electronic bands of
R. These features lead us to assign the a and 8 spectral
signatures of Figure4 to two different sets of [R-solv]
conformers, both characterized by the same spatial correla-
tion between the alkyl chain of solv and the aromatic ring of
R. As shown in Figure 6, both Av, and Av; are linearly

Chem. Eur. J. 2000, 6, No. 6

Intensity (arb. units)

N i : 1 . g Lt ;
0150 4100 -50 0 50
Av em™)
Figure 5. 2cR2PI excitation spectra of the complexes between R and a) R-
(—)-2-butanol, b) S-(+)-2-butanol, c¢) R-(—)-2-pentanol, and d) S-(+)-2-
pentanol measured at their m/z values and at a total stagnation pressure of
4 x 10° Pa. The origin of the frequency scale is relative to the electronic

band origin A of the S, S, transition of the gauche conformer II of R
(Figure 3) at 37577 cm ™.

correlated to the proton affinity (PA) of primary solv
[PA(solv) = (180.4 £ 0.6) — (0.076 £ 0.006)Av, r*=0.951] and,
hence, to the strength of the O—H-:--O hydrogen bond
between the R proton donor and the primary solv acceptor.??!
It follows that the different extents of the spectral shifts in
Figure 4 reflect the combined effects of electrostatic and dis-

Table 1. R2PI band shifts relative to jet-cooled 1:1 complexes between R-
(+)-1-phenyl-1-propanol (R2PI) and primary and secondary alcohols
(solv).

solv Av, [em~!] Avy [em™]tl PA [kcalmol ']
(see ref. [22]l

1cR2PI

1 -2 -6 180.3
2 —78 —63 185.6
3n —-90 - 188.0
4n —-96 —101 188.6
Sn —118 —136 189.2
3i —87 —-71 189.5
5i —108 - 195.6
2cR2PI

4r -79 —102 195.0
4s -92 —119 195.0
Sr — 64 -92 195.6
Ss ca. +25 - 195.6

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[a] Band shifts of the a peaks relative to the band origin A of bare R;
[b] Band shifts of the 8 peaks relative to the band origin B of bare R;
[c] Values in italics estimated from the PA limits of primary and secondary
alcohols (J. Long, B. Munson, J. Am. Chem. Soc. 1977, 99, 6822), by using
the group additivity method (S. W. Benson, Thermochemical Kinetics,
Wiley, New York, 1968).
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Figure 6. Diagram of band origin shifts Av of the selected complexes as a
function of the proton affinity (PA) of selv. Open circles and diamonds
refer to the Av, and Av, values of the [R-solv] adduct, respectively, where
solv = primary alcohols (see text and Table 1). The full diamonds refer to
the Av, values of the [R-solv] adduct with selv =secondary alcohols. The
data concerning the relevant Av; values are omitted for the sake of clarity.

persive (polarization) interactions on the HOMO and LUMO
energies of [R-solv], in agreement with previous indications.*’!
Figure 5 shows the main features of the 2cR2PI excitation
spectra of [R-solv], in which solv is one of the chiral
secondary alcohols 4r, 4s, S5r, or §s. As for the complexes
with primary solv, the spectra of the secondary solv in Figure 5
exhibit major characteristic @ and 8 peaks that are shifted
relative to the electronic bands A —C of bare R (Table 1). The
relevant Av, and Av; shifts are reported in Table 1, together
with those from the 1cR2PI excitation spectra of other
complexes with secondary alcohols, that is, [R-3i] and [R-
5i]. All these complexes, except for [R-5s], have spectral
signatures with significant Av, and Awv,; red shifts. The
excitation spectrum of [R-5s] (Figure 5d) is instead charac-
terized by a multiplet that is blue-shifted relative to the band
origin A of the bare chromophore R (Av=ca. +25cm™).
According to Figure 6, the a (as well as the ) signals of the
complexes with secondary alcohols have Av values that are
less negative than expected from the linear correlation
obtained for the primary alcohols. These deviations suggest
that the relative contributions of the electrostatic and
dispersive forces in these systems are substantially different
from those that operate in the complexes with primary solv.
The extent of these deviations actually depends on the
bulkiness and the spatial orientation of the alkyl chains of
secondary solv. This provides the first inkling that, in the
adducts with secondary solv, steric factors somewhat reduce
the effect of the attractive electrostatic and dispersive
interactions on the HOMO -LUMO gap of the adduct.
Particularly intriguing, from this perspective, are the differ-
ent deviations observed for the diastereomeric [R+4r]/[R - 4s]
and [R-5r]/[R-5s] pairs. The Av,([R-4r])=—79 cm™! and
Av,([R-4s])=—92 cm™! red shifts of the a bands in Table 1
indicate that the binding energy of both adducts is greater in
the S| state than in the S, state.”l The same rationale applies to
the Av,([R-5r]) = — 64 cm™! red shift , whereas the multiplet
of signals of [R-5s], blue-shifted by ca. +25 cm~! from the
S| < S, band origin A of bare R, is accounted for by an §; < S,
transition in [R - 5s] involving a decrease of its binding energy.
The difference AAv,=hv,[R-4r]* —hv,[R-4s]*=+13 cm™!
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reflects that the S, S, energy gap of the heterochiral
complex is smaller than that of the corresponding homochiral
one. The trend is just the opposite for the [R-5r]/[R-5s] pairs,
for which AAv=hv[R-5r]* —hv[R-5s]*=ca. —89cm.
The opposite sign and magnitude of the AAv values measured
for the diastercomeric [R-4r]/[R-4s] and [R-5r]/[R-5s]
pairs support the view that the HOMO-LUMO gap in [R-
solv] complexes with secondary alcohols is considerably
affected by steric factors.

The AAv,=hv,[R-4r]* —hv[R-4s]*=+13 cm™! differ-
ence corresponds closely with the greater LIF red shift of
the heterochiral complex between R-(+)-2-naphthyl-1-etha-
nol (N) and 4s, compared with that measured for the
homochiral [N-4r] complex.'"*] However, although the LIF
results for the [N-5r]/[N-5s] pairl' ! are qualitatively similar
to those of [N-4r]/[N-4s], there is no correspondence with
the AAv=hv,[R-5r]* —hv,[R-5s]*=ca. —89cm~L This
marked spectral diversity can be attributed to the shorter
side chain and the wider “m-electron bed” of N, relative to R;
this allows a good compromise between attractive dispersive
and repulsive steric interactions with solv in both the S, and S,
states. In the corresponding complexes with R, the same good
compromise is prevented by the comparatively bulkier side
chain and narrower m system of the chromophore, and the
repulsive forces can, therefore, play a much more “visible”
role in both the ground and excited states.

The different 2cR2PI spectroscopic features of the diaste-
reomeric [R-4r]/[R-4s] and [R-5r]/[R-5s] pairs are mir-
rored by their 1cR2PI/TOF mass spectral patterns, taken at
v, =37485 ([R-4s]), 37498 ([R-4r]), 37597 ([R-5s]), and
37513 cm™! ([R+5r]). The heterochiral diastereomers of both
pairs are invariably characterized by more extensive frag-
mentation.

Binding energy of the molecular complexes: Some insights
into the forces operating in the selected MC can be obtained
from their binding energies, measured by using the procedure
summarized in Figure 7.

[Rsolv]
........... [ R+solv} i
hv[Rsov " | Ay, [R*+S°|V]
hv[R T
[Rsolv]"
{R+so|v]
hv, [R.solv } *
06
[Rsolv]

Figure 7. Schematic representation of the energy levels of the [R-solv]
adduct (left-hand side) and of the bare chromophore R (right-hand side).
The symbols in the squares refer to the binding energy of [R-solv] (D),
[R-solv]* (D,), and [R-solv]* (DY) adducts. Excitation (hv;), ionization
(hv,), and dissociative ionization (hv;) energies are as reported in Table 2,
with the same notations.
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The binding energy D, of the [R-solv] adducts, as
determined by 2cR2PI experiments, is computed from
Equation (1), namely from the difference between its dis-

Dy =hvi([R-solv]*) + hv;([R* +solv]) — IP(R) ®

sociative ionization threshold (AE(R")=hAv,([R-solv]*)+
hv;([R* +solv]); Figure 7) and the ionization threshold of
bare R (IP(R) =/Av,([R]*) + hv,([R]") [IP = appearance po-
tential; AE = dissociative appearance potential].

The binding energy D, of the excited [R-solv]* adducts is
taken as equal to Dy — Av; the appropriate Av terms from
Table 1 are used. The dissociation energy D{ of the ionic
cluster [R-solv]™ is calculated from Equation (2), namely

D§ = (hv,([R-solv]*) + hv;([R + solv])
—IP([R-solv] = hvi([R" +solv]) — Avy([R-solv]") (2)

from the difference between its dissociative ionization thresh-
old (AE(R")=hv,([R-solv]*)+ hv;([RT+solv]); Figure 7)
and its ionization threshold (IP([R-solv])=hv ([R-
solv]*) + hv,([R - solv]*)).

The 2cR2PI ionization threshold of bare R is shown in
Figure 8a. The rise of the R* signal intensity with v, appears
rather broad. This is attributable to a change of molecular

8 r b) a) c)
7_
2 6l I MW
| ‘ I}
E] sl | MHH
A | |
2 i
T 5l i f
g L1 Jﬁ'
—_— 2_
| WM
of yl i
70800 71000 71800 " 73000 73500

v em™)
Figure 8. a) 2cR2PI ionization threshold of bare R, measured at m/z =
136; b) 2cR2PI ionization threshold of [R-4s], measured at m/z =210;
¢) 2cR2PI dissociative ionization threshold of [R-4s], measured at m/z =
210 (total stagnation pressure of 4 x 10° Pa). Intensity, I, is given in
arbitrary units; v=v,+v, for a) and b); v=v,+v; for c) (see Table 2).

geometry upon ionization. The threshold of the R* signal is
taken by setting v, at the frequencies corresponding to bands
A-C (band: 375773 cm~!(A); 37618 (B); 37624 (C)). All
these measurements provide the same value for the appear-
ance potential of R™ (8.84 ¢V) within the experimental
uncertainty (+0.01 eV).

The 2cR2PI ionization and dissociative ionization thresh-
olds of [R -4s] are illustrated in Figure 8b and 8¢, respectively.
Similar ionization and dissociative ionization thresholds are
obtained for [R-3i],[R-4n], [R-4r],["[R-51], and [R-55].
The relevant appearance potential (IP) and dissociative
appearance potential (AE) are listed in Table 2, together
with their derived Dg, Dy, and D{ dissociation energies. The
Dy value of [R-4n] (2.6 +0.2 kcal mol~!) agrees well with an
approximate estimate of the dissociation energy of the
complex between R-(+)-2-naphthyl-1-ethanol (N) and anoth-
er primary alcohol, namely methanol (1) (Dy([N-1])=2-
3 kcalmol~'), obtained by comparing the dispersed fluores-
cence emission spectra of N arising from excitation of bare N
with that of the [N-1] adduct.’! The higher D, values
measured for the complexes between R and the selected
secondary alcohols agree completely with the expected
increase of the O—H--- O hydrogen bond strength with the
proton affinity (PA) of solv (Table 1). The A= Dy([R-4r]) —
Dy([R-4s])=1.1+04 kcalmol! and A=Dy([R-5r])—
Dy([R-5s])=1.640.4 kcalmol~! values in Table 2 demon-
strate that the homochiral complexes are appreciably more
stable toward dissociation than the heterochiral ones. This
trend extends to the corresponding S;-excited complexes as
well, that is, A*=Dy([R-4r])—Dy([R-4s])=A—-13cm™!
=350cm™! (1.0+£0.4 kcalmol!) and A*=Dy([R:5r])—
Dy([R-5s])=A+89cm =630 cm™! (1.8 £ 0.4 kcalmol!).

As pointed out before, the binding energies of the ground-
and the excited-state [R-4r], [R-4s], [R-5r], [R-5s], and
[R-3i] adducts are higher than those of [R+-4n] and [N 1] and
reflect the comparatively more intense attractive electrostatic
forces operating in the complexes with secondary solv
moieties.: 24 However, the Av deviation from linearity in
Figure 6, coupled with the different shifts of the electronic
band origin of the diastereomeric [R-4r]/[R-4s] and [R-5r]/
[R-5s] pairs involving equally basic solv (A — A*=+13 and
—89 cm™!, respectively), corroborates the view that the
interaction forces in these diastereomeric MCs respond to
repulsive steric factors to different extents. This differing
sensitivity is demonstrated by the following diverging obser-

Table 2. Wavenumbers for excitation (v;), threshold ionization (v,), and threshold dissociative ionization (v;) of bare chromophore R and its complexes with
solv molecules. Ionization potentials (IP), appeareance potentials (AE), and dissociation energies of fundamental (D), excited (D) and ionic state (D) of
complexes. All values are in cm™!, figures in parentheses are in kcalmol~! (1 kcalmol~!=349.77 cm™).

v, Av v, [Pl AIP v, AEH D; D, D(D§ — Av)
(S1—Sy) v+, v+ AE - IP(R) (D, — Av) (D}, — AIP)
[R]  37577+£1 -  33670+40 7133040 - - - - - -
[R-3i] 37490+1 —87+2 - - 35030240 7261040 1280+80 (3.7£02) 1370£80 3.9+02) -

[R-4n] 375201 —96+2 3238040 69980+40 — 135080 34640+40
—690+80 35455440
—890+80 35800440
—5104+80 34750440
37513+£1 —64+2 32390+£40 69990+£40 —1340+80 35370+40

[R-4s] 37485+1 —92+2 3307040 70640 +40
[R-4r] 37498+1 —79+2 3286040 70440 +40
[R-5s] 37602+1 +25+2 33140+40 70820 +40
[R-5r]

72240440 910+80 (2.6+£0.2) 1010480 (2.9+0.2) 2260 +80 (6.5 +0.2)
73020440 1690 80 (4.80.2) 178080 (5.1 +0.2) 238080 (6.8 40.2)
7338040 2050 80 (5.9+£0.2) 213080 (6.1 +0.2) 2940 480 (8.4 40.2)
7243040 110080 (3.1+£0.2) 1070480 (3.14£0.2) 161080 (4.640.2)
72970 £40 1640 480 (4.7 £0.2) 1700480 (4.9 40.2) 2980 480 (8.5+0.2)

[a] After correction for TOF field ionization energy (485 cm™).
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vations (Table 2): i) For the diastereomeric [R:4r]/[R-4s]
pair, the larger red shift is associated with the less stable
heterochiral complex [R-4s]; ii) For the diastereomeric [R-
5r])/[R-5s] pair, the less stable heterochiral complex [R-5s]
exhibits a blue shift and the most stable homochiral complex
[R-5r] undergoes a red shift.

The lower Dy values of the heterochiral complexes relative
to the values of the corresponding homochiral adducts
(Table 2) point to a more pronounced steric congestion in
the former diastereomers. However, the A — A*=+13cm™!
difference in shifts, measured for the [R-4r]/[R-4s] pair,
indicates that the S, < S, transition is accompanied by a
higher increase of dispersive interactions in the heterochiral
[R-4s] adduct than in the more stable homochiral homo-
logue, despite the higher steric congestion in the first complex.
The pattern is completely reversed for the [R-5r]/[R-5s]
pair. Here, comparison of the red shifts of the a and f signals
of the homochiral [R-5r] adduct with the more pronounced
red shifts of the [R+4r] complex suggests that the increase of
dispersive interactions accompanying the S, < S, transition in
the sterically more congested [R-5r] (Dy([R-5¢])=4.7+
0.2 kcalmol™!) is less pronounced than that for the less
congested [R-4r] homologue  (Dy([R-4r])=59+
0.2 kcalmol!). This situation goes to extremes in the less
stable heterochiral [R-5s] adduct. The blue shift accompany-
ing the §, < S transition in this complex is accounted for by
its  high steric congestion (cf. Dy([R-5r])=4.7+
0.2 kcalmol~! vs. Dy([R+5s])=3.1£0.2 kcalmol™); this al-
lows spatial arrangement of the two moieties to favor mostly
the attractive electrostatic forces (e.g., O—H -+ m-ring) rather
than dispersive interactions.?

Inspection of the data in Table 2 reveals that the D values,
measured for the ionic complexes [R-solv]*, always exceed
the D, interaction energies of their neutral counterparts.
Determination of D{ is of some interest in view of the paucity
of literature binding energies of isolated complexes, in
particular hydrogen-bonded complexes, formed between
arene radical cations and polar molecules. In this context,
the absolute D values of Table 2 seem too low relative to the
binding energy between the m-system of an arene radical
cation and a butanol molecule, estimated to exceed
12 kcalmol~ L1 Several factors can account for this discrep-
ancy. One is that there is a significant change in the
equilibrium configuration of the complex in its excited and
ionic state, to result in a vertical iv,([R-solv]") absorption
exceeding the corresponding 0% transition. Another refers to
the possibility that the vertical Av,([R-solv]") transition
mostly populates the hydrogen-bonded local minimum of the
[R-solv]™ potential energy surface, which is separated from
the global m-bonded one by a significant energy barrier. Work
is in progress to settle this point.

The vertical Dg values in Table 2 qualitatively parallel the
corresponding D energies. For instance, the D values of the
homochiral complexes [R-4r]" and [R-5r]" are significantly
higher than those of the corresponding heterochiral adducts.
However, comparison of A=Dy([R-4r])— Dy([R-4s])=
11404 kcalmol™' and A*=D{([R-4r])—D{([R-4s]=
1.6 + 0.4 kcalmol~, on the one hand, and A= Dy([R-5r]) —
Dy([R-5s])=14+04 kcalmol! and A*=D{([R-5r])—
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D§([R-5s] =3.9+0.4 kcalmol~!, on the other, reveals that
the extra stabilization due to ionization is always larger for the
more stable homochiral complexes [R-4r] and [R-:5r]
(Table 2). These findings conform to the view that the
comparatively high steric congestion in the heterochiral [R
4s] and [R-5s] complexes hinders development of strong
electrostatic interactions after ionization. This occurs to an
extent that is significantly larger than in the corresponding
homochiral [R-4r] and [R-5r] adducts, and this hindrance is
more pronounced in the highly congested [R - 5s] adduct than
in the less congested [R-4s] analogue.

In conclusion, the R2PI/TOF technique has been applied
for the first time to explore the nature of the forces acting in
MCs between a chiral aromatic alcohol (R) and a set of
primary and secondary aliphatic alcohols (solv) generated in a
supersonic molecular beam. There is a subtle interplay
between the attractive (electrostatic and polarization) and
repulsive (steric) interactions in the ground and excited [R-
solv] complexes; this interplay depends on the structure and
the configuration of solv. The 2cR2PI/TOF technique has
proved to be an excellent tool for enantiodifferentiating chiral
solv molecules through the spectral and energetic features of
their neutral and ionic [R-solv] adducts with a suitable
aromatic chromophore R. Of the systems investigated, the
homochiral complexes were found to be invariably more
stable than the heterochiral ones, both in the ground and the
excited states. The same is true for the corresponding ionic
adducts. The stability differences of the neutral adducts was
traced to differences in the alkyl-group configurations and to
different steric requirements during complexation.
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Design and Synthesis of an a,a-Difluorophosphinate Hapten for Antibody-
Catalyzed Hydrolysis of Organophosphorus Nerve Agents

Philippe Vayron,!>*! Pierre-Yves Renard,*!*¢! Alain Valleix,!*! and Charles Mioskowski*!*!

Abstract: In a new approach to the safe neutralization of organophosphorus

chemical weapons, we designed a hapten to elicit catalytic antibodies with
phosphatase activity. Here we report the synthesis of this a,a-difluorophosphinate
hapten 6. Various methods for the introduction of the key a,a-difluoromethyl feature
into the phosphinate hapten are discussed. The best results were obtained with the

Keywords: catalytic antibodies
fluorine - organophosphates - phos-
phatases - protein mimetics

electrophilic gem-difluorinating agent N-fluorobenzenesulfonimide.

Introduction

Inactivation of extremely toxic organophosphorus chemical
weapons has become a subject of major importance. The
international control of their proliferation is thwarted by the
ease of their synthesis, and by the similarity between their
chemical precursors and widely used pest-control agents. Mild
means of decontamination on the battlefield or in laboratories
and tools for the in vivo degradation of organophosphorus
compounds have both been investigated.!

The main effect of organophosphorus poisons is related to
their potent and irreversible inhibition of mammalian acetyl-
cholinesterase (AChE),?! the enzyme responsible for regulat-
ing the concentration of the neurotransmitter acetylcholine at
cholinergic synapses. Of the four major chemical warfare
organophosphorus agents (Scheme 1), thiophosphonate VX
(1) exhibits the highest toxicity. The usual methods for
decontamination include hydrolysis in strongly alkaline
media, oxidation (both require highly corrosive solutions,
although milder media have been proposed)P! or nucleophile-
assisted substitution.

Considerable work has been done with a view to destruc-
tion of these organophosphorus nerve agents,P! but two issues
have to be addressed:
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Scheme 1. Main organophosphorus chemical warfare nerve agents.

Environmentally compatible solutions are required for
decontamination of sensitive equipment.

New and efficient substances must be able to remove or
neutralize the effects of toxins in vivo,! since, once present in
the body, organophosphorus nerve agents are only partially
hydrolyzed by native esterases and phosphatases before
hitting their target.

Genetically engineered cholinesterases”! and phospha-
tasesl®! probably represent the most interesting of the
approaches described so far to the inactivation of organo-
phosphorus chemical weapons under physiological conditions.
However, these strategies require expensive and time-con-
suming preparation of large amounts of the modified en-
zymes, whose in vivo half-life is short, even when they are
stabilized.

The ability of antibodies to bind strongly to foreign
molecules has long been exploited therapeutically. Their
power to immobilize natural poisons or toxins in vivo is still
used in treatment of snakebite, for example. Progress in the
production of monoclonal antibodies (multigram quantities of
antibodies are now easily available)l’! has revived interest in
these proteins, notably because of their potential clinical
applications against organophosphorus nerve agents.l'’ More
recently, the discovery of catalytic antibodies!'] has broad-
ened the scope for their therapeutic use. Indeed, antibodies
able to destroy a toxin catalytically rather than simply bind to
it would be of great use in therapy. This strategy has been
successfully applied against cocaine addiction: serotherapy
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using a monoclonal antibody

(mAb) that speeds the degra- ((.P? \N(
dation of cocaine into nontoxic, QBS/\/ T/
nonaddictive compounds stop- H-09

ped the drug-seeking behavior VX (1)
of cocaine-addicted rats, and
protected them against an over-
dose that was lethal for con-
trols.'2l

Our aim is to apply this active
immunization strategy to the
degradation of the exceedingly
toxic organophosphorus nerve
agent VX (1). A preliminary
study based on a first-genera-
tion hapten bearing an a-hy-

88% / 12%

droxyphosphinate moiety mim- ) I o

. r Xyp ° p ! mot y m /L /\/S + //P\o/\ PN @ + 1l Y
icking the early approach of an N HO (o) //P\S/\/Nj/
incoming water molecule to the )\ 2 HO 3

phosphorus center gave encour-
aging results, despite the mod-
est acceleration factor of the
catalytic antibody PAR-15.[3l Here we describe the synthesis
of a second-generation hapten which is charged and mimics
the transition state of another hydrolysis pathway.

Few antibodies endowed with phosphatase-like activity
have been described to date, and the major problem is how to
mimic the putative pentacoordinated anionic transition state.
Use of a water stable phosphorane led to a debatable catalytic
activity," and the only successful strategy was based on a
pentacoordinated metallochelate.!’>) Other phosphatase cata-
lytic activities have been observed with haptens mimicking
phosphatase inhibitors,'! or by using a bait-and-switch
strategy.l'”)

strongly basic media.

Results and Discussion

The mechanism of the hydrolysis or perhydrolysis of VX (1) is
still under study. At least four mechanisms have been
considered and are believed to occur simultaneously.['®! First,
hydroxide ion attack on phosphorus yields pentacoordinated
phosphorane, which decomposes with an approximately 88/12
mixture of P—S and P—O bond cleavage, yielding both
nontoxic methyl-O-ethylphosphonic acid (2), and toxic meth-
yl-S-(2-diisopropylaminoethyl)phosphonic acid (3), as depict-
ed in Scheme 2. Unlike the perhydroxide ion attack on VX,

Abstract in French: Dans cet article, nous decrivons la synthese
de lhaptene 6, de structure a,a-difluorophosphinate. Cet
haptene est destine a étre utilise dans une nouvelle approche
pour neutraliser les agents de guerre chimiques organophos-
phores, grdce a des anticorps a activite' catalytique de type
phosphatase. Diverses methodes d’introduction d’'un motif
gem-difluoromethyl en a du phosphore ont ete testees; les
meilleurs resultats ont ete obtenus en utilisant un agent de
difluoration électrophile, le N-fluorobenzene sulfonimide.
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Scheme 2. Mechanism of hydrolysis of VX (1) by HO™ nucleophilic addition to phosphorus, predominant in

for which the concerted Sy2(P) mechanism has been demon-
strated, it is still an open question whether this nucleophilic
attack on phosphorus is concerted or occurs after pseudorota-
tional interconversion.l'>?) However, this hydroxide ion
attack is pH-dependent, and the pseudo-first-order rate
constant koy has been estimated as ~5 x 103 m~'s!. For
the three other mechanisms, the hydrolysis is promoted by the
intramolecular amino group, via a) a neighboring N-assisted
displacement to cleave S—C bonds, as depicted in Scheme 3

<§\’_\ \N( —_— E\S + /LCIQ)J\
VAN

Scheme 3. Mechanism of hydrolysis of VX (1) by intramolecular S—C
bond cleavage.

(k=~4.6 x 1077s71),18 or general base catalyses, with either
b) the O-ethyl (Scheme 4), or c) the S-alkyl (Scheme 5)
group apical to the attacking water molecule (in both cases,
k=~4x107°s71).08 In dilute aqueous solution (pH 6-9), the
latter two mechanisms predominate and give an approxi-
mately 50/50 mixture of P—S and P—O bond cleavage.

We chose to select catalytic antibodies which favor the
latter mechanism (c), in order to simultaneously accelerate
the P—S bond cleavage reaction and minimize the amount of
P—O bond cleavage (which yields the still extremely toxic
thiophosphonic acid 3). This aim can be achieved with the use
of conveniently designed haptens.

In a first series of experiments, to avoid handling exceed-
ingly toxic VX (1), we selected the less toxic phenylthio-
phosphonate PhX (4; Scheme 6) as target. PhX reversibly
inhibits AChE with a 20 nM ICs,,[3l whereas VX (1) almost
irreversibly inhibits AChE with a 0.2 nm IC;, (intravenous
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Scheme 4. VX (1) hydrolysis mechanism involving apical oxygen-bearing side chain.

Scheme 5. VX (1) hydrolysis mechanism involving apical sulfur-bearing side chain.

o ~ Q
II:L\\s/\/N _ #O P‘O\OH + HS/\/\N(
©/<O \‘/ mAb < Y

PhX (4) 5

57/ NO,

~T
N--H ~7 o
0,00 P
H.NT>"0 R = phn">"0 ‘5@

F FF
6 F @ 7
Scheme 6. Hydrolysis of PhX (4) and hapten structure.

LD;,=8 pgkg™! and percutaneous LDs, =28 pgkg! in rab-
bits).['" We therefore designed hapten 6 bearing the structural
features listed below.
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® A charged nitrogen atom

~oH brought artificially close to the
phosphorus in order both a) to

)\ * oH force the folding of the lateral
NS g chain of VX (the entropy re-

. o) duction required for the sub-

strate to reach a reactive form is
thus minimized), and b) to in-
troduce an anionic amino acid
at the antibody-binding site,
which would promote a general
acid/base catalysis known in the
case of catalytic antibodies as
the bait-and-switch strategy.?!l
The side chain is folded by
means of conformational strain
caused by introduction of an
aromatic ring on the side chain
of hapten 6 (Scheme 6), and
through an intramolecular zwit-
terionic bond between the acidic
moiety and the charged amine.

e We decided not to intro-
duce the two isopropyl groups
of PhX (4) on the nitrogen of
the side chain, but only one,
along with a methyl group, in
order not to center the immu-
nological response on this par-
ticularly immunogenic structur-
al feature.

e We included a hydrolyti-
cally stable a,a-difluorophos-
phinate moiety, on the grounds
that substitution of phosphate
groups, in natural and unnatu-
ral products with the a,a-di-
fluoromethylenephosphonate
moiety, results in a significant
enhancement of their biological
properties.?l More particularly,
one of the most striking exam-
ples is the inhibition of protein
tyrosine phosphatases (PTPs)
with peptides containing the non-hydrolyzable phosphotyr-
osine mimetic (phosphonodifluoromethyl)phenylalanine.?’!
This can be understood first by the mimicry of the P—O (or
P—S) bond? with a significantly longer, non-hydrolyzable
P—CF, bond. It can be understood too by the steric and
electronic equivalence between the oxygen of the phosphate
and the CF, moiety replacing it in difluoromethylenephosph-
onate, which are known to be isosteric with the corresponding
phosphates.?l This point is illustrated by the fact that a,a-
difluorophosphonate has a lower pK, than the corresponding
phosphate,?! and finally by specific interactions between the
fluorine atom with the amino acid side chains in the PTP
active sites.[??d As far as the P—S bond is concerned, the P—CF,
bond is slightly shorter than the P—S one. Yet steric and
electronic equivalence is even closer since the CF, moiety
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mimics the bulk of the sulfur atom better than that of the
oxygen atom, and the electronic density is also better
adjusted.

e Moreover, on analogy with the hydration of difluoro-
methyl ketones,?! it was expected that the enhance-
ment of the electrophilicity at the phosphorus of phos-
phinates bearing a CF, moiety would make them prone to
hydration, yielding the corresponding pentacoordinated phos-
phorane.

e We designed in two strongly antigenic aromatic moieties
in order to reinforce the immunological response of immu-
nized mice.

e We included a partially deprotonated phosphinic acid
moiety, which should mimic an incoming water molecule on
phosphorus, as in Scheme 5. The partially negative charge on
the oxygen atom is increased by the strong electron-with-
drawing effect of the neighboring electronegative fluorine
atoms.

@ An aliphatic linker was necessary for coupling to the
carrier protein through the homobifunctional cross-linking
reagent glutaraldehyde; it was situated opposite the «,a-
difluorophosphate moiety, in order to target the immunolog-
ical response on this moiety.

Retrosynthesis of hapten 6 leads to the intermediate 7
(Scheme 6). The ethyl phosphinate ester should either be
saponified (the presence of the strongly electron-withdrawing
fluorine atoms should facilitate saponification of the phos-
phate by increasing the fragility of the O—C bond), or
removed with trimethylsilyl halide.’® The nitro function
should easily be transformed to a tertiary amine.

The key feature in intermediate 7 is the a,a-difluorophos-
phinate moiety. Although synthesis of «o,a-difluorinated
phosphonate and particularly benzylic phosphonates is well
documented,® when we began this study, data on the
synthesis of a,a-fluorinated phosphinates were scarce. Since
then, the PCF, key moiety has been introduced into a,a-
difluorophosphinates and a,a-difluorophosphinites of bio-
logical interest in six different ways:

e Nucleophilic addition of the phosphinyl anion to chlor-
odifluoromethane.!

e Michaelis— Arbuzov-like addition of iodo-P! or bromo-
difluoroalkanes to phosphonites.*?

e Radical addition of phosphinyl radical to a,a-difluoro-
vinylalkanes,* as described more recently and more exten-
sively for phosphonyl radicals.?*

e Addition of iododifluoroalkane to a phosphate by
metallation of the iodide with Zn/Cu.P’

e Electrophilic fluorination with perchloryl fluoride as
“F*” transfer agent.[*]

e [2,3]-Wittig rearrangement of highly electrophilic y,y-
difluoroallylphosphinites.”!

None of these methods is of general use; yields are often
quite low (except for the first one), and preparation of a
completely and conveniently functionalized molecule thus
appears tedious and time-consuming. In order to obtain a
more general method of introducing the PCF, moiety into
benzylic phosphinates, and using literature findings on a,a-
difluorinated phosphonates,?’! we made the efforts reported
here to introduce this PCF, moiety.

Chem. Eur. J. 2000, 6, No. 6
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These methods follow one of two different strategies:
a) the use of a fluorinated synthon, or b) a direct gem-
difluorination by nucleophilic or electrophilic addition.

a) Fluorinated synthons: Two fluorinated synthons attracted
our attention: O-ethyl bromodifluoromethyl phosphinate (8),
and bromodifluoromethylbenzene (9) (Scheme 7). O-Ethyl
bromodifluoromethyl phenyl phosphinate (8), which has been
previously described,®? was synthesized by a Michaelis — Ar-
buzov addition of dibromodifluoromethane to phenyl diethyl
phosphonite (Scheme 8). Yields were greatly improved and

(IDI o NO,
Br_R:
X o\© N/\/\O/©;<Br
FF FF
(0]
8 9

Scheme 7. Difluorinated synthons.

1l

o PNy, CFaBrz B R
° )
L= 99% F FK
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1
F_R
T‘gl >

/

10

Scheme 8. a,a-Difluoromethylene phosphinates.

1l
FYR ~
FHo =

11

amounts of by-products minimized by performing the reac-
tion at room temperature with dibromodifluoromethane as
solvent. The use of fluorinated organometallic reagents is
widely documented,! but with aromatic electrophiles, only
the CuBr-promoted addition of dialkoxyphosphinyl difluoro-
methyl zinc derivativel® and CuCl-promoted addition of
cadmium derivatives*! to aryl iodide have been successful. In
our hands, under the conditions described, the formation of
the organozinc reagent was observed with phosphinate 8; it
proved to be rather stable (unlike the corresponding magne-
sium bromide), but its addition to iodobenzene failed, and the
only product isolated was difluoromethyl phosphinate 10
(Scheme 8). Our efforts to form an anion from 8 or 10 with the
use of various organometallic reagents (nBuLi, sodium
hexamethyldisilazane—NaHMDS, lithium diisopropyla-
mide—LDA) and to add it to electrophiles (alkyl iodide,
triflates, or even simple aldehydes) showed that the strong
electronegativity of the fluorine atoms makes the
CF,P(0)O—C bond too unstable,*!! and despite the very low
temperature (—90°C), the only isolated product was the
corresponding phosphinic acid 11 (Scheme 8), with no trace of
coupling reagent. The same product was observed when aryl
carbanions (PhLi, PhMgBr, or Ph,CuLi) were used as
“nucleophile”™l on 8. With tin derivative 13 (Scheme 9*)
and Pd(PPh;), no change was detected after one week at room
temperature.

* Compound 13 was easily obtained from p-nitrophenol in four steps and
15 % yield as described in Scheme 9.
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Scheme 9. Synthesis of m-metallated aniline 13. i) DHP, PPTS, CH,Cl,;
ii) H,, Pd/C 10 %, EtOH; iii) tBuC(O)Cl, pyridine; iv) 3nBuLi, THF, 0°C,
then 4.5 CISnBu;, 0°C to room temperature.

Bromodifluoromethylbenzene derivative 9 was first de-
signed to be used in a Michaelis— Arbuzov rearrangement,
also known as the Arbuzov reaction, which is a very versatile
way to create a phosphorus—carbon bond from a trialkyl
phosphite, phosphinite, or phosphonite and an alkyl halide.[*!
Its use for the formation of the P—CF, bond is quite rare,*!
and is often limited to dihalogenodifluoromethylenes by a
mechanism claimed to involve the generation of difluorocar-
benes.®! Yet benzylic bromides such as the nonfluorinated
equivalent of 9 are usually particularly reactive halogenides
for the Arbuzov rearrangement.*l Moreover, 9 could be used
as a substrate in Arbuzov-like reactions, either radical-
induced,*”) S\2-likel**# displacements or addition of the
corresponding magnesium bromide onto chlorophosphin-
ate.”] In order to evaluate these approaches to a,a-difluoro-
phosphinate, we decided to synthesize bromodifluoromethyl-
benzene derivative 9. The synthesis of halogenodifluorome-
thylbenzene derivatives is best accomplished by a radical
bromination®” or chlorination®! of the corresponding di-
fluoromethylene compound. Compounds 15a—c¢ were thus
synthesized from the corresponding aldehydes with diethyl-
aminosulfur trifluoride (DAST)F? as described in Scheme 10,

NOz O NO, F NO, F
NOZ 97%
o 15b
14a 15a
" \
80% NO: O NO, F
ii F

o - - (0]

99%
O~ N?;() O ~N

o
14c © 15¢

Scheme 10. Synthesis of difluoromethylbenzenes. i) Ac,O, pyridine, RT;
ii) (N-3-bromopropyl)phthalimide, K,CO;, CH;CN, 80°C; iii) DAST,
CH,Cl,; iv) NaHCO;, H,O/MeOH.

but whatever conditions were used (Br,, N-bromosuccinimide
(NBS), with or without radical initiator or K,CO;) for the
radical bromination, none of them gave satisfactory yields of
the bromodifluoromethyl benzenes. This radical bromination
procedure was also tested without success on other difluoro-
methylbenzene derivatives. The requirements of excessively
harsh conditions and overly long reaction times (p-nitro-
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difluoromethylbenzene with NBS plus irradiation is reported
to give a 69 % yield of p-nitrobromodifluoromethylbenzene,
but in 63 days)®! for this bromination mean that it is of no
practical use. We are currently working on a more appropriate
and general approach to such bromodifluoromethylbenzenes.

b) Direct gem-difluorination: Since the approaches with
difluoromethylene synthons proved unsuccessful, we turned
to direct methods using fluorinating reagents, either nucleo-
philic or electrophilic.’®>! This strategic scheme was
strengthened by our experience of the easy access to
difluoromethylbenzenes 15a—c¢ from the corresponding benz-
aldehydes, by means of nucleophilic addition to the carbonyl
with DAST,? and the numerous examples of conversion of a-
keto estersP*l and a-oxophosphonatest™ to the corresponding
a,a-difluoro esters and a,a-difluorophosphonates, respective-
ly. Yet this latter transformation requires a large excess of
expensive DAST (5 to 20 equivalents), and when performed
on a multigram scale can sometimes cause explosions.[!
Moreover, the reaction conditions and yields vary greatly
according to the stability of the a-oxophosphonate or ester,
which is linked to the nature of the substrate, of the protective
groups, and of the ester functions on the phosphonate.’” As
an illustration, we synthesized a-oxophosphinate 17 in two
steps and 56 % yield from 6-nitropiperonaldehyde as shown in
Scheme 11, by means of Abramov —Pudovik addition® of the

NO, O No2 XY o NOzF Fo

2% 22%

ii 16 X=0H, Y =H.

Y
68% \ 17X=Y=0.

Scheme 11. gem-Difluorination of a-oxophosphinate 17 with DAST.
i) PhP(OH)OEt, Et;N, DME; ii) PDC, Celite, CH,Cl,; iii) 14 equiv DAST,
neat.

anion of the corresponding phosphinite, and subsequent
benzylic oxidation of the a-hydroxyphosphinate 16 (in our
hands, PDC proved to be the reagent of choice for this
transformation, and gave better yields of a-oxophosphinate
than MnO, or the Swern oxidation). Although further
purification of the a-oxophosphinate on silica gel was
possible, it resulted in a drop in yield to 45% owing to the
poor stability of the product, which was in fact sufficiently
pure to be used without further purification. Gem-difluorina-
tion was then performed overnight at room temperature with
14 equivalents of DAST, and gave a,a-difluorophosphinate 18
in a modest 22 % yield, certainly because of the instability of
the starting material. To our knowledge this is the first
successful difluorination of a-oxophosphinate by this strategy.
We then applied this difluorination strategy to other diversely
substituted a-oxophosphinates (21a—d; Scheme 12). These a-
oxophosphinates were obtained by the same synthetic scheme
from the corresponding aldehydes: Abramov —Pudovik addi-
tion to the aldehydes 19a—d gave the a-hydroxyphosphinates
20a—-d in 84.5%, 98 %, 89.5%, and 96 % yield; by oxidation
with PDC (pyridinium dichromate), these gave, after filtra-
tion on Celite, the corresponding a-oxophosphinates in 70 %,
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NO; O NO, OH
‘39
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(SN

X X
19a:X=H 20a: X =H, 85%
19b : X = OTHP 20b : X = OTHP, 98%
14c : X = O(CH,)sNPht 20c : X = O(CH,)3NPht, 89%
19d : X =F 20d : X = F, 96%

Scheme 12. Synthesis of a-oxophosphinates. i) PhP(OH)OEt, Et;N, DME; ii) PDC, Celite, CH,Cl,, except for

21c: Swern oxidation.

95%, and 775 % yield for 21a, 21b, and 21d, respectively;
Swern oxidation of 18 ¢ gave a-oxophosphinates 21¢ in 91 %
yield after successive precipitations in hexane. a-Oxophos-
phinates 21a and 21d could not be further purified owing to
their complete degradation on silica gel; 21b could be flash
chromatographed on silica gel (57.5 % yield, but NMR spectra
showed no difference in purity from precipitated 21b). The
four a-oxophosphinates, either crude or purified, were mixed
with 2-20 equivalents of DAST, either with or without
solvent (CH,Cl,), but in any case only degradation products
were observed and even with crude material the P(O)CF,
characteristic triplet at 0~30 in 3P NMR was never
observed.

To overcome the difficulties generated by the lack of
stability of the a-oxophosphinates, in contrast to the easy-to-
handle and quite stable a,a-difluorophosphinates such as 18,
we turned to electrophilic difluorination. Although the
hazardous and nonselective nature of the traditional “F*”-
transfer reagents such as perchloryl fluoride (FC1O;)P% *] has
limited the use of this pathway to fluorinated products, there
has been a surge over the last 15 years in the development of
stable, mild, and highly selective electrophilic N-fluoro “F*”-
transfer reagents./®” Difluorination of active methylene com-
pounds (such as benzylic phosphinates or phosphonates) still
results in generally modest yields since reaction of the excess
base with fluorinating agent becomes deleteriously compet-
itive with the second deprotonation and fluorination. Best
results for the difluorination of benzylic phosphonates have
thus been obtained from a two-step reaction.'] A recent
publicationl® attracted our attention because of good di-
fluorination yields obtained in one step when NaHMDS was
used for the deprotonation and N-fluorobenzene sulfonimide
(NFBS) as the fluorinating agent. Benzylic phosphinate 24
was therefore synthesized in four steps and high yields from
5-hydroxy-2-nitrobenzaldehyde (Scheme 13). The phenolic
function was first etherified with an N-phthalimido-protected
propylamine moiety, to be used as the aliphatic linker to the

NO, O NO, NO, o@
1]
H i, i X iv P
70% 99% O~
OH O._~_-NPht O._~_-NPht
i /22:X=0OH 24
23:X=Br

60%

Scheme 13. Synthesis of benzylic phosphinate 24. i) (N-3-bromopro-
pyl)phthalimide, K,CO;, CH,CN, 80°C; ii)NaBH,, THF, 0°C;
iii) PPh;Br,, CH,Cl,; iv) PhP(OEt),, toluene, 120°C.
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carrier protein. Reduction of

N 0 @ the benzaldehyde to benzyl al-
Z cohol (NaBH,) and substitution
~ of the hydroxyl by a bromine
(PPh;-Br,) gave benzyl bro-

X = H, 70%
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21b
21c
21d

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

mide 23, which underwent a
very efficient Michaelis— Ar-
buzov condensation on phenyl-
diethylphosphonite to yield
phosphinate 24. Deprotonation
was then tested with nBuli,
KDA, and NaHMDS, with NFBS as the fluorination reagent.
The deprotonation temperature of —80°C had to be closely
monitored, and a mixture of mono- and difluorinated com-
pounds was obtained. Best results were obtained with
NaHMDS, with an overall 56 % yield of a,a-difluorophos-
phinate 26 in two steps, once monofluorinated products 25a,b
have been recycled (Scheme 14). This difluorination proce-

: X = OTHP, 95%
- X = O(CH,)sNPht, 91%
:X=F, 78%

NO, F

O._~_-NPht
25a and 25b 30%

P v, N

)
~ NO, FFOQ
O\/\/Npht 1

P

o~

NO,

70%

O._~_NPht
26 35%
Scheme 14. gem-Difluorination of benzylic phosphinate 24. i)a)2.2
NaHMDS, THF, —80°C, b) 22NFBS, THF, —80°C to RT; ii)a)1.1-
NaHMDS, THF, —90°C, b) 1.1NFBS, THF, —90°C to RT.

dure was also tested on an alkylphosphonite (compound 27,
Scheme 15). None of the tested bases (NaHMDS, nBuli,
KDA, NaDA) gave satisfactory results. Yet deprotonation
with rBuli gave a modest 14% difluorination yield of

28a and 28b 55%

—_—
f +

FF

. o/ ]

P

|
o~
29 5%

17%

Scheme 15. gem-Difluorination of benzylic phosphinate 27; 1) a) 2.2BulLi,
THF, —90°C, b) 22NFBS, THF, —90°C to RT; ii)a) 1.17BuLi, THF,
—90°C, b) LINFBS, THF, —90°C to RT.

phosphinate 29 in two steps, showing that with an appropriate
base for the deprotonation, this electrophilic gem-difluorina-
tion procedure could be extended to a nonactivated position.

With the a,a-difluorophosphinate in hand, we then synthe-
sized hapten 6 in four steps (Scheme 16). Hydrogenation of
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Scheme 16. Final access to hapten 6. i) Acetone, MeOH, MgSO,, Pd/C, H,; ii) K,CO;, Mel, CH;CN;

iii) H,N-NH, - H,O, MeOH; iv) TMSI, CH,CN.

the nitro function of 26 gave an unstable aniline, which could
be alkylated only in very low yields. We thus decided to test a
one-pot reduction of the nitro function and subsequent
reductive amination by performing the hydrogenation in the
presence of magnesium sulfate and excess acetone. By this
procedure, secondary amine 30 was obtained in nearly
quantitative yields. Methylation of 30 afforded the methyl-
isopropylaniline 31 in 97 % yield. The primary amine on the
aliphatic linker required for the coupling to the carrier protein
was then released with excess hydrazine, yielding primary
amine 32, and hapten 6 was obtained following the classical
phosphinic acid deprotection method with TMSI. Analytical
studies of phosphinic acid 33 (obtained in 68 % yield by treat-
ment of phosphinate 31 with TMSI) and hapten 6 confirmed
their zwitterionic and cyclic character: the 'H NMR chemical
shifts of the protons vicinal to the aniline showed that the
nitrogen atom is quaternized. No alien counterion was detected
in the elemental analysis or by FAB mass spectroscopy, which
confirms an intra- (or inter-)molecular zwitterionic character
for 33 and 6. Moreover, 33 and 6 are not present as dimers, and
'H NMR spectroscopy showed that the acidic proton is shared
by a nitrogen atom and an oxygen atom present on the same
molecule, since in [Dg]DMSO, whatever the concentration,
the signal for this acidic proton was unchanged at 6 = 14.91 for
33 and 14.94 for 6, and since 'H-'H COSY of 33 in
[D¢]DMSO exhibited a scalar coupling between this acidic
proton and the protons on the N-methyl group.

The conformations of both hapten 6 and the transition state
it mimics have been determined by means of MM3 force-field
minimization with the AccuModel 1.1 simulation program
(MicroSimulations); results are displayed in Figure 1.

Hapten 6 was then covalently coupled to KLH (keyhole
limpet hemocyanin) via the homobifunctional cross-coupling
reagent glutaraldehyde, for injection into three Biozzi mice,
and to maleimidated AChE, for use as enzymatic tracer in
enzyme immunoassay (EIA),%! via heterobifunctional cross-
coupling reagent SATA (N-succinimidyl S-acetylthioacetate)
as described previously.[*]
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In conclusion, we have tested

2 various methods for the gem-
1/ difluorination of benzylic phos-
' phinates in our attempts to
synthesize  a,a-difluorophos-
phinate hapten 6 to be used
for the selection of catalytic
l antibodies with phosphatase-

iv like activity against the exceed-
88%

Je&

ingly toxic organophosphorus
compounds PhX (4) and VX
(1). a,a-Phosphinates proved to
be much more sensitive and

R

I(:) difficult to synthesize than the

F corresponding  phosphonates,
o NH and the only method which
TN N2

6 gave satisfactory results and
acceptable yields was direct
gem-difluorination with elec-

Figure 1. Conformations of hapten 6 (top) and of the transition state. The
conformations were calculated at the semiempirical level with the MM3
force field implemented in AccuModel v1.1 from MicroSimulations,
Mahwak (NJ, USA).

trophilic N-fluorination agent NFBS using NaHMDS as a
base. This difference in stability can be explained both by the
greater fragility of the CF,P(O)O—C bond in benzylic
phosphinates than in benzylic phosphonates, and by the much
lower partial positive charge borne by the benzylic carbon in
benzylic phosphinates than in benzylic phosphonates. An
exact equilibrium between the base strength required for the
deprotonation and the stability of the forming a,a-difluoro-
phosphinate has to be carefully established, and depends on
the substrate to be gem-difluorinated, since we have shown
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that excess base not only reacts with fluorinating agent, but
also with the nascent a,a-difluorophosphinate.

We thus synthesized hapten 6 in nine steps and 17 % overall
yield from 5-hydroxy-2-nitro-benzaldehyde, once the yield of
the limiting gem-difluorination step was improved to 56 %.
Immunization results and monoclonal antibody activities will
be reported in due course.

Experimental Section

General remarks: Reagents were from Aldrich. TLC was performed with
fluorescent Merck F254 glass plates. NMR spectra were recorded on a
Bruker AC-300 MHz. Chemical shifts (d) are given in ppm, and the
coupling constant J is expressed in Hertz. IR spectra were recorded on a
Perkin - Elmer spectrophotometer 2000-FT/IR, and MS were obtained
with a Finnigan—Mat 4600 quadrupole system. Elemental analysis was
carried out by the “Institut des Substances Naturelles” in Gif sur Yvette.
High-resolution mass spectroscopy was performed by the “Centre Région-
al des Mesures Physiques de ’Ouest” in Rennes.

Ethyl (1-bromo-1,1-difluoromethyl)-phenylphosphinate (8): Diethylphen-
ylphosphonite (1 mL, 5.2 mmol) was added to dibromodifluoromethane
(10 mL, 109 mmol). TLC showed that the reaction was complete within 2 h
at room temperature. Excess dibromodifluoromethane was then removed
under vacuum, and the crude material was chromatographed on silica gel
(1% acetone in CH,Cl,) yielding 1.54 g phosphinate 8 (C,H,,BrF,O,P;
M,=299.05; 99 %) as a colorless oil. 'H NMR (300.125 MHz, CDCl;): 6 =
7.93-787 (m, 2H), 7.68-7.62 (m, 1H), 7.54-748 (m, 2H), 4.48-4.38 (m,
2H), 1.40 (t,3H, 3/ =7 Hz); ®*C NMR (75.4 MHz, CDCl;): 6 =134.4 (CH),
133.4 (d, 2CH, %J(P,C) =10 Hz), 128.9 (d, 2CH, *J(P,C) = 14 Hz), 123.5 (d,
Cq, J(PC)=145Hz), 1242 (td, CF,Br, J(P,C)=149Hz, 'J(CFF)=
334 Hz), 64.5 (d, CH,, 2J(P,C) =6 Hz), 16.5 (d, CHj, 3/(P,C) =4.5 Hz); *'P
NMR (121.5 MHz,CDCL): 6=21.7 (t, */(PF)=100Hz); "F NMR
(282.2 MHz, CDCl;): 6 =41.0 (m); MS (CI/NH;): m/z 316 (80%), 317
(20%),318 (100 %), 319 (20 % ) [M+NH,"]; IR (neat): 7 = 3064, 2987, 1592,
1440, 1262, 1120, 1086, 1021, 966, 868 cm~".
2,2-Dimethyl-N-[4-tetrahydropyran-2-yloxy)-phenyl]-propionamide (12):
Dihydropyran (1.31 mL, 14.4 mmol) and pyridinium p-toluenesulfonate
(181 mg, 0.72 mmol) in dry CH,Cl, (20 mL) were added to p-nitrophenol
(1.0 g, 7.2 mmol). After 18 h at room temperature, excess reagents and
solvents were removed under vacuum. The crude reaction mixture was
diluted in dry methanol (20 mL), and 10% Pd/C (50 mg) was added. The
reaction flask was purged thrice with nitrogen and then thrice with
hydrogen, and the reaction mixture was left for 10 h under hydrogen. Once
TLC indicated that the reaction was complete, the reaction mixture was
filtered through Celite, and the solvents were removed under vacuum. The
crude reaction mixture was dissolved in pyridine (15 mL), and pivaloyl
chloride (2.5 mL, 9.3 mmol) was added. After 1 h at room temperature, the
reaction mixture was filtered and excess reagents were removed under
vacuum. The crude material was chromatographed on silica gel (pentane/
EtOAc 85/15), and yielded 1.27 g protected aniline 12 (C;sH;3NO;; M, =
277.36; 64 %) as a white powder. 'H NMR (300.125 MHz, CDCl,): 6 =7.41
(d, 2H, 3/ =9 Hz), 7.35 (brs, 1H, NH), 6.99 (d, 2H, 3/ =9 Hz), 5.35 (t, 1 H,
3] =3Hz), 3.89 (td, 1H, /=3 Hz, /=10 Hz), 3.61-3.55 (m, 1H), 1.99-
1.95 (m, 1H), 1.86-1.81 (m,2H), 1.70-1.57 (m, 3H), 1.29 (s, 9H); *C NMR
(75.4 MHz, CDCl;): 6 =176.5 (C=0), 153.8 (Cq), 132.1 (Cq), 121.8 (2CH),
117.0 (2CH), 96.8 (CH), 62.1 (CH,), 39.5 (Cq), 30.4 (CH,), 27.7 (3CH,),
25.3 (CH,), 18.9 (CH,); MS (CI/NH,): m/z 278 [M+H'], 295 [M+NH,"];
IR (KBr): 7=3314, 2949, 2872, 1650, 1602, 1512, 1409, 1363, 1319, 1235,
1168, 1110 cm™'; HRMS (FAB, M*, C,(H»;NQO;) caled: 277.1678, found:
277.1686; CisHp3NO; (277.36): caled C 69.29, H 8.36; found C 69.09, H 8.35.
2,2-Dimethyl-N-[4-(tetrahydropyran-2-yloxy)-2-tributylstannanylphenyl]-
propionamide (13): n-Butyllithium (820 uL; 1.6 M in hexane, 1.3 mmol) was
added to aniline 12 (121.2 mg; 0.44 mmol) dissolved in THF (5 mL) at 0°C.
The solution turned yellow. After one hour, tri-n-butylstannyl chloride
(550 uL, 2 mmol) was added, and the reaction mixture was left at room
temperature for 48 h. The reaction was then quenched with water, and
extracted thrice with diethyl ether. The combined organic layers were
washed with brine and dried on MgSO,. Flash chromatography (pentane/
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AcOEt 90/10) of the crude material yielded 89 mg stannyl derivative 13
(C;sHuNOsSn; M,=566.39; 36%) as a white powder. 'H NMR
(300.125 MHz, CDCly): 6 =754 (dd, 1H, J=2.5Hz, J=9 Hz), 728 (d,
1H,J=2.5Hz), 725 (se, 1H, NH), 7.08 (d, 1H, J=9 Hz), 5.38 (t, 1H, ] =
2.5 Hz), 3.86 (td, 1H, 3J=2.5Hz, °J=7.5Hz), 3.63-3.60 (m, 1H), 2.05—
1.48 (m, 3+ 6H), 1.40-1.26 (m, 9+ 9H), 1.11-1.05 (m, 3H), 0.95-0.86 (m,
9H); “C NMR (75.4 MHz, CDCl;): 6 =176.3 (C=0), 158.5 (Cq), 131.9
(Cq), 130.6 (Cq), 128.8 (CH), 122.4 (CH), 112.7 (CH), 96.3 (CH), 61.6
(CH,), 39.5 (Cq), 30.5 (CH,), 29.2 (3CH,), 27.8 (3CH,), 27.5 (3CH,), 25.3
(CH,), 18.8 (CH,), 13.8 (3CHj;), 9.9 (3CH,); MS (CI/NH;): m/z 567
[M+H"], 584 [M+NH,"]; IR (KBr): 7 =2957, 2929, 2872, 1649, 1529, 1474,
1372, 1219, 1109, 967 cm™".
5-[3-(1,3-Dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-nitrobenzaldehyde
(14¢): N-(3-bromopropyl)phthalimide (3.53 g, 13.16 mmol) was added to a
mixture of 6-hydroxy-3-nitrobenzaldehyde (2 g, 11.97 mmol) and potassi-
um bicarbonate (1.98 g, 14.36 mmol) in acetonitrile (40 mL), with stirring.
The mixture was then refluxed at 80°C. When TLC indicated that the
reaction was complete, the mixture was diluted in CH,Cl, and the
carbonates were filtered off. The crude mixture was evaporated and
diluted in a minimum of CH,Cl,, and the product was precipitated with
hexane to yield 3.35 g phthalimide 14¢ (CsH,N,O4; M, =354.31; 80%) as
a white powder, m.p. 143-145°C (decomp). 'H NMR (300.125 MHz,
CDClLy): 6=10.45 (s, 1H), 8.12 (d, /=9 Hz, 1H), 7.84 (m, 2H), 7.75 (m,
2H), 720 (d, 2J=2.5 Hz, 1H), 7.04 (dd, 2/ =9 Hz, 2J=2.5 Hz, 1H), 4.18 (t,
3/=6Hz, 2H), 3.94 (t, 3/ =6.5Hz, 2H), 2.25 (tt, /=6 Hz, 3J=6.5 Hz,
2H); *C NMR (75.4 MHz, CDCl,): 6 =188.4 (C=0), 168.4 (2C=0), 163.2
(Cq),142.4 (Cq), 134.2 (2CH), 132.1 (2Cq), 127.3 (CH), 123.4 (2CH), 118.8
(CH), 113.8 (CH), 67.0 (CH,), 35.1 (CHy,), 28.05 (CH,); MS (CI/NH,): m/z
355 [M+H*], 372 [M+NH,*]; IR (KBr): #=3109 (Fcyor), 1698 (¥eo) cm ™.
2-{3-[3(1,1-Difluoromethyl)-4-nitrophenoxy]-propyl}-isoindole-1,3-dione
(15¢): DAST (136 pL, 1.034 mmol) was added to a solution of aldehyde 14¢
(305 mg, 0.86 mmol) in CH,Cl, (20 mL). After 1 h at room temperature,
TLC showed that the reaction was complete. The reaction mixture was
quenched by addition of ice, and extracted twice with 10 mL CH,Cl,. The
combined organic layers were washed successively with water (5 mL) and
brine (5 mL), and dried over MgSO,, yielding 320 mg difluoromethylben-
zene 15¢ as a white powder after removal of the solvent under vacuum
(CisH4F,N,O5; M, =376.31; 99%). '"H NMR (300.125 MHz, CDCl;): 6 =
8.16 (d, 1H, /=9 Hz), 7.85-782 (m, 2H), 7.75-7.72 (m, 2H), 7.38 (t, 1H,
2J(FH)=55Hz), 715 (d, 1H, J=2.5Hz), 6.95 (dd, 1H, J=25Hz, J=
9Hz), 4.17 (t, 2H, J=6 Hz), 3.93 (t, 2H, J = 6.5 Hz), 3.05-2.97 (m, 2H);
13C NMR (75.4 MHz, CDCLy): 6 =168.4 (C=0), 163.1 (Cq), 134.2 (2CH),
132.1 (Cq), 128.2 (CH), 123.4 (2CH), 115.8 (CH), 113.1 (t, CH, 3J(F.C) =
9.5Hz), 110.5 (t, CHF,, YJ(F,C)=240 Hz), 670 (CH,), 35.2 (CH,), 28.0
(CH,); ¥F NMR (282.2 MHz, CDCl,): —12.3 (d, 2J(FH) = 55 Hz); MS (Cl/
NH,): m/z 394 [M+NH,']; IR (neat): ¥ =3115, 3083, 2955, 1712, 1593, 1515,
1379, 1326, 1256, 1181, 1043, 988 cm~!; HRMS (FAB, M*, C;sH,,F;N,Os)
calcd: 376.0871, found: 376.0869.

3-(1,1-Difluoromethyl)-4-nitrophenyl acetate (15b): Acetic anhydride
(350 uL, 3.6 mmol) was added to a solution of 6-hydroxy-3-nitrobenzalde-
hyde (500 mg, 3 mmol) in pyridine (10 mL). The reaction mixture was left
for 2 h at room temperature, and the excess reagents were removed under
vacuum yielding protected phenol 14b as a white powder. The aldehyde
was then directly dissolved in CH,Cl, (20 mL). DAST (450 pL) was added,
and the reaction mixture was left at room temperature for 14 h. Similar
treatment as for 15 ¢ yielded 665 mg difluoromethylbenzene compound 15b
(CH,F,NO,; M,=231.15; 96%) as a pale yellow oil. 'H NMR
(300.125 MHz, CDCl;): 6=28.20 (d, 1H, /=9 Hz), 760 (d, 1H, J=2 Hz),
742 (dd, 1H,J =9 Hz,J =2 Hz), 738 (t, 1 H, 2J(FH) =55 Hz), 2.36 (s, 3H);
BC NMR (75.4 MHz, CDCl,): 6 =168.3 (C=0), 154.8 (Cq), 144.1 (Cq),
131.3 (Cq), 1272 (CH), 124.6 (CH), 120.8 (t, CH, *J(F,C) =17 Hz), 110.3 (t,
CHF,, 'J(F,C) =240 Hz), 21.0 (CH,); YF NMR (282.2 MHz, CDCl,): 6 =
—12.4 (d, 2J(FH) =55 Hz); MS (CI/NH;): m/z 249 [M+NH,*]; IR (neat):
7 =3123, 3085, 1776, 1593, 1537, 1371, 1349, 1191, 1054, 914 cm~".
3-(1,1-Difluoromethyl)-4-nitrophenol (15a): A saturated aqueous solution
of sodium bicarbonate (3 mL) was added to a solution of 15b (390 mg,
1.69 mmol) in methanol. After 2h at room temperature, the reaction
mixture was acidified to pH2 with 1.0N HCL. The aqueous layer was
extracted thrice with CH,Cl,. The combined organic layers were washed
with brine and dried over MgSO,, yielding 275 mg phenol 14a
(CHsF,NO;; M,=189.11; 86%) as a pale orange powder. 'H NMR
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(300.125 MHz, CDCl;): 6=820 (d, 1H, J=9Hz), 742 (t, 1H, 2/(FH) =
55Hz), 731 (d, 1H, J=2 Hz), 7.05 (dd, 1H, J =9 Hz, J=2 Hz), 6.30 (brs,
1H, OH); “C NMR (75.4 MHz, CDCl,): 6 =161.1 (Cq), 135.2 (Cq), 128.6
(CH), 117.6 (CH), 114.1 (t, CH, *J(F,C) =9 Hz), 110.4 (t, CHF,, /J(F,.C) =
240 Hz); “F NMR (282.2 MHz, CDCly): 6 =—12.5 (d, 2J(FH) =55 Hz);
MS (CI/NH;): m/z 207 [M+NH,*].

Ethyl  [1-hydroxy-1-(6-nitro-1,3-benzodioxol-5-yl)-methyl]-phenylphos-
phinate (16): Triethylamine (345 uL, 2.6 mmol) was added to a mixture
of 6-nitropiperonaldehyde (500 mg, 2.6 mmol) and phenyl O-ethylphos-
phonite (386 pL, 2.6 mmol) in DME (10 mL), with stirring. The mixture
was stirred at ambient temperature for 12 h. Solvents were removed under
vacuum. Flash chromatography on silica gel (15% acetone in CH,Cl,)
yielded 767 mg a-hydroxyphosphinate 16 (C,sH;;NO,P; M,=365.27;82 %)
as a yellow powder (two diastereoisomers). 'H NMR (300.125 MHz,
CDClLy/CD;0D 50/50): 6 =7.60-7.54 (m, 4H), 7.43-7.23 (m, 8H), 7.08 (d,
1H,J=2Hz), 6.85 (d, 1H,J=2Hz), 6.22 (d, 1H, /=11 Hz), 6.18 (d, 1H,
J=13Hz), 5.97 (s, 2H), 5.94 (d, 2H), 3.92-3.69 (m, 4H), 1.10 (t, 3H, 3/ =
7 Hz), 1.03 (t,3H, °*J =7 Hz); *C NMR (75.4 MHz, CDCl;/CD;OD 50/50):
0=152.1 (Cq), 151.9 (Cq), 147.35 (2Cq), 141.6 (2Cq), 132.8 (2CH), 132.5
(d, 2CH, 3J(P,C) =9 Hz), 132.4 (d, 2CH, 3J(P,C) =9 Hz), 130.4 (Cq), 130.3
(Cq), 1284 (d, 2CH, ¥/(P,C)=13 Hz), 128.2 (d, 2CH, %J(P,C)=13 Hz),
127.3 (d, Cq, 'J(P,C) =120 Hz), 108.0 (CH,), 107.7 (CH,), 105.4 (CH), 103.1
(CH), 679 (d, CH, 2J(P,C) =116 Hz), 67.1 (d, CH, J(P,C) =118 Hz), 62.2
(d, CH,, 2J(P,C)=7Hz), 62.0 (d, CH,, 2J(P,C)=7Hz), 16.0 (d, CHs,
3J(P,C)=6Hz); 3P NMR (121.5 MHz, CDCl;): 6 =39.27 (s), 37.23 (s); MS
(CI/NH;): m/z 366 [M+H*], 383 [M+NH,"].

Ethyl [1-(6-nitro-1,3-benzodioxol-5-yl)-methanoyl]-phenylphosphinate
(17): Pyridinium dichromate (891 mg, 2.4 mmol) and Celite were added
to a solution of hydroxyphosphinate 16 (345 mg, 0.948 mmol) in CH,Cl,
(20 mL), with stirring. The mixture was stirred at ambient temperature for
72 h and was then evaporated. The crude mixture was diluted with diethyl
ether and filtered over Celite. Celite and chromium salts were washed
several times with diethyl ether. Evaporation of the solvents under vacuum
yielded 235 mg a-oxophosphinate 17 (C;¢H,;,NO,P; M, =363.26;68 %) as a
white powder. '"H NMR (300.125 MHz, CDCl;): 6 =7.93-7.86 (m, 2H),
7.62-759 (m, 1H), 7.59 (s, 1H), 7.54-747 (m, 2H), 6.69 (s, 1H), 6.20 (s,
2H), 420-4.15 (m, 2H), 1.34 (t, 3H, /=7 Hz); “C NMR (75.4 MHz,
CDCl;): 6 =204.0 (d, C=0, 'J(P,C) =120 Hz), 153.2 (Cq), 150.3 (Cq), 142.5
(Cq), 133.5 (CH), 133.0 (d, 2CH, %J/(P,C) =10 Hz), 131.3 (Cq), 128.7 (d,
2CH, %J(P,C)=13.5 Hz), 106.9 (CH,), 104.8 (CH), 104.0 (CH), 62.9 (d,
CH,, %J(P,C) =7 Hz), 16.0 (d, CHj;, *J(P,C) =5 Hz); *'P NMR (121.5 MHz,
CDCly): 0=17.52 (s); MS (CI/NH;): m/z 381 [M+NH,"]; IR (neat): 7=
3059, 2986, 2920, 1682, 1605, 1524, 1507, 1481, 1332, 1273, 1032 cm™".
Ethyl [1,1-difluoro-1-(6-nitro-1,3-benzodioxol-5-yl)-methyl]phenylphos-
phinate (18): DAST (1.2 mL, 9.08 mmol, 14 equiv) was added to a solution
of a-oxophosphinate 17 (234 mg, 0.644 mmol) in CH,Cl, (2 mL), with
stirring. The mixture was stirred at ambient temperature for 20 h and was
then diluted with CH,Cl, (5 mL) and carefully quenched with aqueous 1IN
KOH. The aqueous layer was extracted thrice with CH,Cl, (10 mL). The
combined organic layers were dried over magnesium sulfate and then
evaporated. Flash chromatography on silica gel (2.5% acetone in CH,Cl,)
yielded 55 mg a,a-difluorophosphinate 18 (C,H;,F,O¢P; M,=385.26;
22%) as a white powder. '"H NMR (300.125 MHz, CDCl;): 6 =7.92-7.85
(m, 2H), 7.69-7.64 (m, 1H), 7.57-750 (m, 2H), 721 (s, 1 H), 7.09 (s, 1H),
6.17 (s, 2H), 4.31-4.21 (m, 2H), 139 (t, 3H, 3/=7 Hz); “C NMR
(75.4 MHz, CDCl;): 6 =149.9 (Cq), 149.8 (Cq), 143.5 (Cq), 133.6 (1CH),
133.3 (d, 2CH, */(P,C) =10 Hz), 128.7 (d, 2CH, 2J(P,C) =13.5 Hz), 125.5
(d, Cq, J(PC)=139Hz), 119.5 (td, CF,, J(P,C)=90Hz, 'J(C,F)=
240 Hz), 108.8 (t, CH, %J(C,F) =16 Hz), 105.2 (CH,), 103.5 (CH), 63.6 (d,
CH,, Y(PC)=65Hz), 165 (d, CH;, *J(PC)=6Hz); *'P NMR
(121.5MHz, CDCL): 6=26.77 (t, %J(PF)=100Hz); “F NMR
(2822 MHz, CDCly): 6=3.69 (dd, */(PF)=100Hz, */(FF)=300 Hz),
—0.17 (dd, 2J(PF)=100 Hz, 2J(F,F)=300Hz); MS (CI/NH;): m/z 403
[M+NH,*]; IR (neat): #=2919, 1541, 1510, 1493, 1266, 1242, 1031 cm™;
HRMS (LSIMS, [M+H*], C;¢H;sF,O¢P) calcd: 386.0605, found: 386.0607;
E.A. for C;sH,F,O4P (385.26): calcd. C 49.88, H 3.66; found C 49.73, H
3.71.

Ethyl [1-hydroxy-(2-nitrophenyl)-methyl]-phenylphosphinate (20a): Com-
pound 20a was prepared from 3-nitrobenzaldehyde (1.345 g, 8.9 mmol) by
the procedure described for 16, with phenyl O-ethylphosphonite (1.34 mL,
8.9 mmol) and triethylamine (1.2 mL, 8.9 mmol). Chromatography on silica
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gel of the crude material (5% acetone in CH,Cl,) yielded 2.42 ¢ a-
hydroxyphosphinate 20a, in a 1/1 mixture of diastereoisomers
(C;sH(NOsP; M,=321.27; 84.5%), as a pale yellow oil. 'H NMR
(300.125 MHz, CDCl;): 0=798-786 (m, 1+1H), 7.70-7.64 (m, 2H),
760-755 (m, 1+1H), 750-723 (m, 5+5H), 6.46 (d, 1H, 2J(PH)=
15 Hz), 6.33 (d, 1H, ?/(P.H) =9 Hz), 4.05-3.98 (m, 2H), 3.89-3.76 (m,
2H), 1.17 (t, 3H, 3/ =7 Hz), 1.05 (t, 3H, 3/ =7 Hz); *C NMR (75.4 MHz,
CDCl,): 6=147.7 (2Cq), 133.5 (2CH), 133.2 (2CH), 132.9 (2CH), 132.6
(2CH), 132.4 (2Cq), 129.5 (2CH), 129.1 (2CH), 128.7 (2CH), 128.5 (2CH),
128.4 (2CH), 1282 (2CH), 126.5 (d, 2Cq, 'J(P.C) =120 Hz), 124.7 (2CH),
124.6 (2CH), 68.6 (CH), 67.1 (CH), 62.5 (d, CH,, 2J(P,C) =7 Hz), 62.3 (d,
CH,, 2J(P,C) =7 Hz), 16.2 (2CH,); 'P NMR (121.5 MHz, CDCl,): 39.6 and
37.1; MS (CIUNH,): m/z 322 [M+H"], 339 [M+NH,"]; IR (KBr): #=3209,
2987, 2905, 1749, 1608, 1531, 1440, 1350, 1122, 1030, 961 cm~".

Ethyl {1-hydroxy-[2-nitro-5-(tetrahydropyran-2-yloxy)-phenyl]-methyl}-
phenylphosphinate (20b): Dihydropyran (1.18 mL, 13 mmol) was added
to a mixture of 6-hydroxy-3-nitrobenzaldehyde (720 mg, 4.32 mmol) and
pyridinium p-toluenesulfonate (0.2 mmol) in dry CH,Cl, (50 mL). The
reaction mixture was allowed to stand at room temperature for 16 h.
Solvent and excess dihydropyran were removed under vacuum, and the
crude material chromatographed on silica gel (10% AcOEt in pentane)
yielding 650 mg protected phenol 19b (C,,H;;NOs; M, =251.23;60%) as a
pale yellow oil. The aldehyde was reacted with phenyl O-ethylphosphonite
(390 pL, 2.6 mmol) and triethylamine (350 uL, 2.6 mmol) as described for
16, yielding 1.07 g a-hydroxyphosphinate 20b, in a 1/1/1/1 mixture of four
diastereoisomers (C,H,yNO,P; M,=421.39; 98%), as a white powder.
'"H NMR (300.125 MHz, CDCl,): 6 =8.08 (d, 1H, /=9 Hz), 8.06 (d, 1H,
J=9Hz), 798 (d,1+1H,J=9 Hz), 7.87-7.76 (m, 2+2H), 7.64-727 (m,
18H), 7.13-7.01 (m, 4 +2H), 6.95 (d, 1H, /=9 Hz), 6.94 (d, 1 H, /=9 Hz),
6.57 (d, 1H, 2J(P,H) =15 Hz), 6.55 (d, 1H, 2J(P,H) = 15 Hz), 6.52-6.40 (m,
1+1H), 598 (t, 1+1H, 3J=5 Hz), 5.59 (brs, 1H), 5.51 (brs, 1H), 5.37-
5.25 (m, 1+1H), 418-4.13 (m, 2H), 4.05-3.75 (m, 8H), 3.75-3.50 (m,
6H),2.10-1.50 (m, 6 +6+6+6H), 1.29 (t,3+3H, *J=7 Hz), 1.14 (t,3H,
3J=7Hz), 112 (t, 3H, 3/ =7 Hz); *C NMR (75.4 MHz, CDCl;): 6 =161.3,
160.9, 141.0, 136.3, 136.1, 133.0, 132.9, 132.5, 129.4, 128.7, 128.6, 128.1, 127.9,
1277, 1275, 127.3, 125.9, 1171, 116.2, 115.4, 115.2, 114.9, 114.8, 96.4, 96.3,
96.1, 68.8 (d, 'J(P,C) =107 Hz), 68.6 (‘J(P,C) =108 Hz), 68.3 (d, J(P,C) =
109 Hz), 62.5, 62.4, 62.1, 62.0, 61.9, 30.0, 29.8, 25.0, 18.3, 16.4, 16.3, 16.2; >'P
NMR (121.5 MHz, CDCl;): 6 =39.5 (s), 372 (s); MS (CI/NH,): m/z 439
[M+NH,*"]; IR (KBr): #=23214, 2947, 2875, 1610, 1579, 1517, 1476, 1439,
1340, 1205, 1120, 1036, 905 cm™~".

Ethyl (1-hydroxy-{5-[3-(1,3-dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-ni-
trophenyl}-methyl)-phenylphosphinate (20 ¢): Ester 20 ¢ was prepared from
14¢ (1.6 g, 4.5 mmol) by the procedure described for 16, with phenyl O-
ethylphosphinite (680 pL, 4.5 mmol) and triethylamine (610 pL, 4.5 mmol).
Chromatography on silica gel yielded 2.1 g a-hydroxyphosphinate 20¢, in a
1/1 mixture of diastereoisomers (C,H,sN,OgP; M, =524.47; 89.5%), as a
white powder. '"H NMR (300.125 MHz, CDCL): =798 (d, 2+2H, J=
9 Hz),7.97-775 (m, 4+ 4H),7.68-7.65 (m, 1 +1H),7.54-7.39 (m, 4+ 4H),
7.05 (m, 1H), 6.95 (m, 1H), 6.75-6.73 (m, 1+ 1H), 6.49 (d, 1H, 2/(PH) =
14 Hz), 6.40 (d, 1H, 2/(P,H) =14 Hz), 4.05-3.83 (m, 6+ 6 H), 2.13 (m, 2+
2H), 1.29 (t, 3H, 37 =7 Hz), 1.22 (t, 3H, 3/ =7 Hz); *C NMR (75.4 MHz,
CDCl,): 6=168.3 (2C=0), 162.3 (2Cq), 136.6 (Cq), 136.4 (Cq), 135.1 (Cq),
134.1 (2CH), 133.0 (CH), 1329 (CH), 132.6 (CH), 132.5 (CH), 132.4
(2CH), 132.1 (2Cq), 128.6 (d, 2CH, 3/(P,C)=12 Hz), 128.0 (d, 2CH,
3J(P,C) =12 Hz), 127.5 (CH), 1272 (CH), 126.4 (d, 2Cq, 'J(P.C) =115 Hz),
123.3 (2CH), 114.6 (CH), 113.6 (CH), 113.0 (CH), 68.6 (d, CH, 'J(P,C) =
110 Hz), 68.3 (d, CH, 'J(P,C) =110 Hz), 66.4 (CH,), 66.2 (CH,), 62.5 (CH,),
35.2 (CH,), 28.1 (CH,), 27.9 (CH,), 16.3 (CH;); 'P NMR (121.5 MHz,
CDCl;): 0=39.6 (s), 37.3 (s); MS (CI/NH;): m/z 341, 358; IR (KBr): 7=
3448, 3191, 1984, 1710, 1583, 1512, 1398, 1342, 1035 cm~!; HRMS (LSIMS;
[M+H*], C,sH,N,O4P) caled: 525.1427, found: 525.1426.

Ethyl [1-hydroxy-(2-nitro-5-fluorophenyl)-methyl]-phenylphosphinate
(20d): Ester 20d was prepared from 6-fluoro-2-nitrobenzaldehyde
(500 mg, 2.96 mmol) by the procedure described for 16, with phenyl O-
ethylphosphinite (445 pL, 3 mmol) and triethylamine (400 uL, 3 mmol).
Chromatography on silica gel (5% MeOH in CH,Cl,) yielded 966 mg
a-hydroxyphosphinate 20d, in a 1/1 mixture of diastereoisomers
(C;sH;sFNOsP; M,=339.26; 96%), as a yellow foam. 'H NMR
(300.125 MHz, CDCl;): 6=8.01-797 (m, 1+1H), 7.74-7.66 (m, 2H),
752-730 (m, 2+3+3+1H), 716-7.13 (m, 1H), 710-6.96 (m, 1+ 1H),
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6.52 (d, 1H, 2J(PH) =155 Hz), 6.41 (d, 1H, 2/(PH) = 10 Hz), 4.08-4.00
(m, 2H), 3.93-3.82 (m, 2H), 1.20 (t, 3H, %/ =7 Hz), 1.09 (t, 3H, ¥/ =7 Hz);
13C NMR (75.4 MHz, CDCL,): 6 = 165.2 (d, CF, J(C,F) =255 Hz), 164.8 (d,
CF, U(C,F) =255 Hz), 143.6 (Cq), 1376 (d, Cq, *J(C,F) =8 Hz), 1373 (d,
Cq, ¥(C,F) =9 Hz), 133.0 (2CH), 132.8 (d, CH, 2/(P.C) = 9.5 Hz), 132.5 (d,
CH, %J(P,C)=9.5Hz), 128.6 (d, CH, *J(P.C)=12Hz), 1282 (d, CH,
2J(P,C) =12 Hz), 127.6 (CH), 127.5 (CH), 126.1 (d, Cq, 2/(P,C) = 120 Hz),
116.7 (d, CH, 2J(C,F) =28 Hz), 116.3 (d, CH, %/(C,F) =28 Hz), 1152 (d,
CH, %(CF)=22Hz), 1149 (d, CH, %(CF)=22Hz), 679 (d, CH,
1J(P,C) =113 Hz), 62.7 (d, CH,, 2J(P.C) =7 Hz), 62.4 (d, CH,, 2J(P.C) =
7 Hz),16.1 (d, CH,, 3J(P,C) =5 Hz), 16.0 (d, CH,, *J(P,C) =5 Hz); MS (CI/
NH,): m/z 340 [M+H*], 357 [M-+NH,*].

Ethyl [1-(2-nitrophenyl)-methanoyl]phenylphosphinate (21a): Ester 21a
was prepared from 20a (439 mg; 1.36 mmol) by the procedure described for
17, with PDC (1g, 2.73mmol), yielding «a-oxophosphinate 2la
(CsH NOsP; M,=319.27, 70%) as a white powder. 'H NMR
(300.125 MHz, CDCl;): 6=8.10 (d, 1H, J=8Hz), 7.87-7.81 (m, 2H),
7.73-7.68 (m, 1H), 7.65-753 (m, 2H), 7.47-7.41 (m, 2H), 731 (d, 1H, J =
7 Hz), 418-4.08 (m, 2H), 1.27 (t, 3H, 3/ =7 Hz); C NMR (75.4 MHz,
CDCly): 6 =205.5 (d, C=0, 'J(P,C) = 130 Hz), 146.8 (Cq), 135.1 (CH), 133.6
(CH), 133.0 (d, CH, %J(P,C) =10 Hz), 132.2 (CH), 131.5 (Cq), 128.8 (d, CH,
2J(P,C)=13 Hz), 128.1 (CH), 126.8 (d, Cq, 'J(P,C) =130 Hz), 124.1 (CH),
63.0 (d, CH,, 2J(P,C)=7Hz), 16.5 (d, CH;, 3J(P,C)=6 Hz); P NMR
(121.5 MHz, CDCl;): 6 =17.6 (s); MS (CI/NH,): m/z 337 [M+NH,"]; IR
(KBr): 7=3061, 2986, 1725, 1684, 1532, 1348, 1235, 1125, 1027, 965 cm~".

Ethyl {1-[2-nitro-5-(tetrahydropyran-2-yloxy)-phenyl]-methanoyl}phenyl-
phosphinate (21b): Ester 21b was prepared from 20b (441 mg; 1.05 mmol)
by the procedure described for 17, with PDC (590 mg, 1.57 mmol), yielding
after flash chromatography (5% MeOH in CH,Cl,) a-oxophosphinate 21b
(252 mg), in a 1/1 mixture of diastereoisomers (C,yH,,NO,P; M, =419.39;
57.5%), as a pale yellow powder. '"H NMR (300.125 MHz, CDCL,): 6 =8.12
(d, 1H, /=9 Hz), 8.11 (d, 1H, /=9 Hz), 794-7.84 (m, 2 + 2H), 7.60-7.57
(m,1+1H),752-745 (m,2+2H), 725 (dd, 1H,/=9 Hz,/=2.5 Hz), 7.22
(dd, 1H, J=9Hz, J=2.5Hz), 691 (d, 1H, J=2.5Hz), 6.87 (d, 1H, J=
2.5 Hz), 5.50 (s, 1H), 5.49 (s, 1H), 4.23-4.13 (m, 2+ 2H), 3.72-3.68 (m,
1+1H), 3.60-3.56 (m, 1+1H), 1.94-1.84 (m, 3+ 3H), 1.70-1.61 (m, 3+
3H), 1.34 (t, 3H, 3/=75Hz), 132 (t, 3H, */=75Hz); *C NMR
(75.4 MHz, CDCly): 6=206.0 (d, C=0, YJ(P,C)=120 Hz), 162.4 (Cq),
140.0 (Cq), 137.5 (Cq), 133.5 (CH), 133.1 (CH), 133.0 (CH), 132.9 (CH),
128.9 (CH), 128.7 (CH), 128.6 (CH), 126.5 (CH), 118.3 (CH), 118.2 (CH),
115.2 (CH), 115.1 (CH), 96.9 (CH), 96.8 (CH), 96.7 (CH), 62.9 (CH,), 62.8
(CH,), 62.7 (CH,), 62.0 (CH,), 29.7 (CH,), 24.8 (CH,), 18.1 (CH,), 16.55 (d,
CHs;), 16.45 (d, CH;); P NMR (121.5 MHz, CDCL): 6 =175 (s), 173 (s);
MS (CI/NH;): m/z 437 [M+NH,*]; IR (KBr): % =2927, 1739, 1686, 1583,
1515, 1442, 1328, 1203 cm ™.

Ethyl (1-{5-[3-(1,3-dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-nitrophen-
yl}-methanoyl)-phenylphosphinate (21c¢): Dimethyl sulfoxide (300 pL;
4.2 mmol) was added under argon at —78°C to oxalyl chloride (200 puL;
2.1 mmol) in CH,Cl, (2 mL). After 15 min at —78°C, 20¢ (1 g; 1.9 mmol)
dissolved in CH,Cl, (15 mL) was added dropwise. After an extra 30 min at
—78°C, triethylamine (1.2 mL; 8.6 mmol) was added. The reaction mixture
was allowed to reach room temperature slowly (2 h), and then 0.1N HCI
(10 mL) and water (30 mL) were added. The aqueous layer was extracted
twice with CH,Cl, (50 mL). The combined organic layers were washed with
brine (10 mL) and dried over MgSO,. The solvent was then removed under
vacuum, dissolved in a minimum amount of CH,Cl,, and precipitated with
hexane, yielding 904 mg a-oxophosphinate 21 ¢ (C,sH,;N,O4P; M, =522.47,
91 %) as a white powder. "H NMR (300.125 MHz, CDCl;): 6 =8.10 (d, 1 H,
J=9Hz),7.92-780 (m, 4H), 7.74-7.70 (m, 2H), 7.63-7.58 (m, 1H), 7.53 -
746 (m, 2H), 6.95 (dd, 1H, J=9 Hz, J=2.5 Hz), 6.61 (d, 1H, J=2.5 Hz),
4.23-4.13 (m, 2H), 4.09 (t, 2H, 3/=6 Hz), 3.89 (t, 2H, 3/ =6.5 Hz), 2.20
(m,2H),1.37 (t,3H,3/ =7 Hz); *CNMR (75.4 MHz, CDCl;): 6 =205.5 (d,
C=0, J(P,C)=120Hz), 168.4 (2C=0), 163.8 (Cq), 139.8 (Cq), 134.2
(2CH), 133.5 (CH), 133.0 (d, 2CH, 2J(P,C) =10 Hz), 132.1 (Cq), 128.7 (d,
2CH, 3J(P,C)=13 Hz), 1275 (d, Cq, 2J(P,C) =120 Hz), 126.9 (CH), 123.4
(2CH), 116.5 (CH), 113.2 (CH), 67.1 (CH,), 63.0 (d, CH,, 2J(P,C) =6 Hz),
351 (CH,), 281 (CH,), 16.5 (d, CHj;, 3J/(P,C)=5Hz); P NMR
(121.5 MHz, CDCl;): 6 =175 (s); MS (CI/NH;): m/z 540 [M+NH,"]; IR
(KBr): 7=3067, 2982, 1771, 1709, 1585, 1516, 1397, 1336, 1284, 1240, 1029,
724 cm~!; HRMS (LSIMS; [M+H"], C,sH;3N,O4P) caled: 523.1270, found:
523.1273.
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Ethyl [1-(2-nitro-5-fluorophenyl)-methanoyl]phenylphosphinate (21d):
Ester 21d was prepared from 20d (278 mg; 0.88 mmol) by the procedure
described for 17, with PDC (662 mg; 1.76 mmol), which yielded 230 mg a-
oxophosphinate 21d (C;sH;FNOsP; M, =337.26; 77.5 %) as white crystals.
'"H NMR (300.125 MHz, CDCL;): =820 (dd, 1H, J=9 Hz, “J(FH)=
4 Hz), 790-7.83 (m, 2H), 7.63-7.58 (m, 1H), 7.52-746 (m, 2H), 7.34-
7.27 (m, 1H), 7.00 (dd, 1H, J=2.5 Hz, *J(FEH) =7 Hz), 420-4.12 (m, 2H),
1.32 (t, 3H, /=7 Hz); BC NMR (75.4 MHz, CDCl;): 6 =204.0 (d, C=0,
1J(P,C) =133 Hz), 165.7 (d, CF, J(C,F) =260 Hz), 143.0 (Cq), 133.8 (CH),
132.9 (d, CH, %J(P,C) =10 Hz), 131.0 (d, Cq, 3/(C,F) =12 Hz), 128.8 (d, CH,
2J(P,C)=14 Hz), 1272 (d, CH, 3J(C,}F) =10 Hz), 126.5 (d, Cq, J(PC)=
120 Hz), 118.7 (d, CH, 2J(C,F) =24 Hz), 115.4 (d, CH, %J(C,F) =26 Hz),
63.1 (d, CH,, %J(P,C)=7Hz), 16.5 (d, CHj;, 3J(P,C)=6 Hz); 3P NMR
(121.5 MHz, CDCl;): 6 =175 (s); MS (CI/NH,): m/z 338 [M+H"], 355
[M+NH,"]; IR (KBr): #=3080, 2993, 1727, 1690, 1585, 1524, 1472, 1440,
1342, 1273, 1238, 1122, 1019, 961 cm™".

2-[3-(3-Hydroxymethyl-4-nitrophenoxy)-propyl]-isoindole-1,3-dione (22):
Aldehyde 14¢ (2.6 g, 7.3 mmol) in THF (60 mL) was stirred at 0°C and
sodium borohydride (277 mg, 7.3 mmol) was added. When TLC indicated
that the reaction was complete, the mixture was quenched with saturated
aqueous ammonium chloride (50 mL). The organic layer was separated and
the aqueous layer was extracted twice with ethyl acetate (100 mL). The
combined organic layers were dried over magnesium sulfate and then
evaporated. Flash chromatography on silica gel (2 to 5% MeOH in
CH,Cl,) yielded 2.27 g alcohol 22 (C;sH;{N,Oq; M, =356.33; 87%) as a
white powder. 'H NMR (300.125 MHz, CDCL;): 6 =8.13 (d, %/ =9 Hz, 1H),
7.84 (m, 2H), 7.74 (m, 2H), 7.12 (d, 2/ =2.5 Hz, 1H), 6.78 (dd, 2J=9 Hz,
2J=2.5Hz, 1H), 4.96 (s, 2H), 4.16 (t, 3J=6 Hz, 2H), 3.93 (t, 3J=6.5 Hz,
2H), 2.24 (tt, ’J=6 Hz, 3/ =6.5 Hz, 2H); C NMR (75.4 MHz, CDCL):
0=168.5 (2C=0), 163.4 (Cq), 140.4 (Cq), 134.2 (2CH), 132.2 (2Cq), 128.1
(CH), 123.5 (2CH), 114.8 (CH), 113.65 (CH), 66.6 (CH,), 63.1 (CH,), 35.3
(CH,), 29.2 (CH,); MS (CI/NH;): m/z 374 [M+NH,"]; IR (KBr): 7= 3489
(Pon), 3063 (Pepar), 1766 (Pe—o), 1702 cm~.

2-[3-(3-Bromomethyl-4-nitrophenoxy)-propyl]-isoindole-1,3-dione (23): A
solution of bromine in CH,Cl, was added dropwise to triphenylphosphine
(1.838 g, 7.0 mmol) in CH,Cl, (40 mL) at 0°C. The addition was stopped
when a yellow coloration persisted. Alcohol 22 (2.27 g, 6.37 mmol) in
CH,Cl, was then added dropwise and the resulting mixture was stirred for
1 h at ambient temperature. Solvent was evaporated and flash chromatog-
raphy on silica gel (1 to 2% acetone in CH,Cl,) yielded 1.6 g bromide 23
(C;sH;sBrN,Os; M, =419.23; 60 % ) as a white powder m.p. 140.5-142.5°C.
'"H NMR (300.125 MHz, CDCl;):  =8.10 (d, 2/ =9 Hz, 1H), 7.84 (m, 2H),
775 (m, 2H), 6.88 (d, 27=3 Hz, 1H), 6.82 (dd, 2J=9 Hz, 2J=3 Hz, 1H),
4.80 (s, 2H), 4.14 (t, J=6 Hz, 2H), 3.93 (t, *J=6.5 Hz, 2H), 2.24 (tt, 3/ =
6 Hz, 3/ =6.5 Hz, 2H); °C NMR (75.4 MHz, CDCl,): 6 =168.4 (2C=0),
162.6 (Cq), 135.7 (Cq), 134.2 (2CH), 132.1 (2 Cq), 128.4 (CH), 123.4 (2CH),
118.1 (CH), 114.3 (CH), 66.7 (CH,), 35.3 (CH,), 29.9 (CH,), 29.1 (CH,); MS
(CIUNH,;): m/z 436 [M+NH,*]; IR (neat): 7=3058 (Vcy,r), 1768 (Vc—o),
1705 cm~'; CigH,5BrN,O5 (419.23): caled C 51.57, H 3.61, found C 51.34, H
371

Ethyl {5-[3-(1,3-dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-nitrobenzyl}-
phenylphosphinate (24): Diethylphenylphosphonite (706 uL, 3.67 mmol)
was added to a suspension of bromide 23 (1.46 g, 3.5 mmol) in degassed
toluene (15 mL) under nitrogen. The mixture was refluxed under a gentle
stream of nitrogen for 18 h. Solvent was evaporated, and flash chromatog-
raphy on silica gel (5% MeOH in CH,Cl,) yielded 1.77 g phosphinate 24
(CyH,sN,O,P; M, =508.46; 99%) as a white powder, m.p. 148-150°C.
IH NMR (300.125 MHz, CDCL,): 6 =787 (d, 2/ =9 Hz, 1H), 780~7.77 (m,
2H), 7.69-7.66 (m, 2H), 7.63-7.56 (m, 2H), 7.49-747 (m, 1H), 7.40-7.36
(m, 2H), 6.69 (d, 2J=1Hz, 1H), 6.68 (dd, 2/ =9 Hz, 2J=1 Hz, 1H), 4.02 -
3.63 (m, 6H), 3.84 (t, 3/ =6.5 Hz, 2H), 2.14 (tt, */ =6 Hz, 3/ = 6.5 Hz, 2H),
1.16 (t, 3/ =7 Hz, 3H); “C NMR (75.4 MHz, CDCL,): 6 =168.3 (2C=0),
161.8 (Cq), 142.4 (d, Cq, 3J(P,C) =4.5 Hz), 134.1 (2CH), 132.6 (CH), 132.1
(2Cq), 131.9 (d, 2CH, 3J(P,C)=9.5 Hz), 130.05 (d, Cq, 2J(P,C) =8 Hz),
129.9 (d, Cq, J(P,C)=127 Hz), 128.6 (d, 2CH, %/(P,C) =12.5 Hz), 127.8
(CH), 123.3 (2CH), 118.0 (d, CH, 3J(P,C)=4 Hz), 113.75 (CH), 66.35
(CH,), 61.25 (d, CH,, 2J(P,C) =5 Hz), 35.6 (d, CH,, 'J(P,C) =92 Hz), 35.2
(CH,), 28.1 (CH,), 16.3 (d, CH;, 3J(P,C) =7 Hz); *P NMR (121.5 MHz,
CDClL;): 0 =39.61 (s); MS (CI/NH,): m/z 509 [M+H"], 526 [M+NH,']; IR
(neat): 7=3074, 1766, 1708, 1605, 1591, 1260 cm~!; HRMS (LSIMS;
[M+H"], C,xH;N,O,P) caled: 509.1478, found: 509.1480.
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Ethyl (1-{5-[3-(1,3-dioxo0-1,3-dihydroisoindol-2-yl)-propoxy]-2-nitrophen-
yl}-1,1-difluoromethyl)phenylphosphinate (26): Phosphinate 24 (2.5g,
4.92 mmol) in THF (80 mL) was added dropwise to sodium hexamethyldi-
silazide (10.82 mL, 1M solution in THF, 10.82 mmol) diluted in THF
(20 mL), at —80°C under inert atmosphere, at such a rate that the
temperature was carefully maintained at —80°C. The purple mixture was
stirred at —80°C for 15min. N-Fluorobenzenesulfonimide (3.41 g,
10.82 mmol) in THF (20 mL) was then added dropwise and the resulting
orange mixture was stirred at ambient temperature ; around —30°C a white
precipitate formed. The reaction was quenched with water (50 mL) and the
mixture diluted with ethyl acetate. The aqueous layer was extracted twice
with ethyl acetate (100 mL). The combined organic layers were dried over
magnesium sulfate and then evaporated. Flash chromatography on silica
gel (pentane 40 % in ethyl acetate) yielded 947 mg a,a-difluorophosphin-
ate 26 (CysH,3Fo,N,O,P; M, =544.44,35%) as a white powder, m.p. 123.5-
126°C, and 790 mg of a-fluorophosphinates 25a and 25b (C,H,,FN,O,P;
M,=526.45, 30%) as an inseparable, approximately 1/1 mixture of
diastereoisomers. This mixture of diastereoisomers could be further
fluorinated by the same methodology with both 1.1 equivalent sodium
hexamethlydisilazide and N-fluorobenzene sulfonimide, to yield 70 % 26,
and thus altogether a 56 % global yield for 26.

Difluorinated phosphinate 26: 'H NMR (300.125 MHz, CDCl;): 6 =7.89—
7.82 (m,4H), 7.75-7.70 (m, 2H), 7.67 - 7.64 (m, 1H), 7.66 (d, 2] =9 Hz, 1H),
7.54-748 (m,2H), 7.13 (d,%J =2.5 Hz, 1H), 6.68 (dd, 2] =9 Hz, %] = 2.5 Hz,
1H), 4.27-4.15 (m, 2H), 4.10 (t, >J=6 Hz, 2H), 3.91 (t, 3/ =6.5 Hz, 2H),
221 (tt, 3/ =6Hz, 3J=6.5Hz, 2H), 135 (t, /=7 Hz, 3H); *C NMR
(75.4 MHz, CDCL,): 6 =168.3 (2C=0), 160.7 (Cq), 142.2 (d, Cq, *J(P,C) =
4.5 Hz), 134.1 (2CH), 133.8 (CH), 133.3 (d, 2CH, 3/(P,C) =10 Hz), 132.1
(2Cq), 128.65 (d, 2CH, 2J(P,C) =13 Hz), 1279 (dt, Cq, 2J(P,C) =13 Hz,
2J(C,F)=22.5Hz), 126.7 (CH), 125.6 (d, Cq, 'J(P,C)=139 Hz), 123.4
(2CH), 118.3 (dt, CF,, 'J(P,C) = 145.5 Hz, 'J(C,F) =269.5 Hz), 116.8 (CH),
1152 (t, CH, *J(C,F) =8.5 Hz), 66.7 (CH,), 63.6 (d, CH,, 2J(P,C) =6 Hz),
352 (CH,), 28.1 (CH,), 16.5 (d, CH;, *J(PC)=5.5Hz); 3P NMR
(121.5MHz, CDCly): 6=2702 (t, *(PF)=100Hz); “F NMR
(282.2 MHz, CDCl,): 3.36 (dd, 2J(P,F) =100 Hz, J(F,F) =307 Hz), —0.36
(dd, %J(P,F) =100 Hz, 2J(FF) =307 Hz); MS (CI/NH,): m/z 545 [M+H*],
562 [M+NH,*]; IR (neat): ¥=2936, 1770, 1713, 1264, 1247 cm™;
CyH,3FoN,O,P (544.44): caled C 57.36, H 4.26; found C 57.21, H 4.31.

Monofluorinated phosphinates ethyl (1-{5-[3-(1,3-dioxo-1,3-dihydroisoin-
dol-2-yl)-propoxy]-2-nitrophenyl}-1-fluoromethyl)phenylphosphinates 25 a
and 25b (roughly 1/1 mixture of diastereoisomers): 'H NMR
(300.125 MHz, CDCL): 6 =8.06 (d, /=10 Hz, 1H), 8.02 (d, 2/=10 Hz,
1H), 7.79-7.74 (m, 4H), 7.72-7.64 (m, 6H), 7.64-7.50 (m, 4H), 7.50-7.38
(m, 4H), 709 (dd, 2(H,F)=45Hz, >(PH)=75Hz, 1H), 699 (dd,
2J(H,F) = 45 Hz, 2J(PH) =75 Hz, 1H), 6.84—6.83 (2 dd, 2H), 6.79-6.76
(2dd, 2H), 4.09-3.89 (m, 8H), 3.86-3.80 (2t, 4H), 2.16-2.09 (2tt, 4H),
1.35 (2t, 6H); ®C NMR (75.4 MHz, CDCL): 6 = 168.3 (2C=0), 162.7 (Cq),
139.8 (Cq), 134.1 (2CH), 133.25, 132.9, 132.75, 132.6, 132.4, 132.1 (3CH,
2Cq), 1287, 128.6, 128.5, 12845 (2CH), 12785 (CH), 1264 (d, Cq,
1J(P,C) =515 Hz), 123.3 (2CH), 114.95, 114.7 (CH), 112.8, 112.6 (CH), 88.4
(dd, CHF, Y(P,C)=112 Hz, 'J(C,F)=205Hz), 873 (dd, CHF, J(P.C)=
112 Hz, 'J(C,F) =205 Hz), 66.55 (CH,), 62.5, 62.4, 62.3, 62.2 (CH,), 35.15
(CH,), 28.0 (CH,), 16.4, 16.3, 16.3 (d, CHj;, 3/(P,C)=5.5 Hz); *'P NMR
(121.5 MHz, CDCL): 6=31.89 (d, 2/(PF) =85 Hz), 30.84 (d, 2/(PF) =
85 Hz); F NMR (282.2 MHz, CDCL): 6 =—99.06 (dd, 2/(PF) =85 Hz,
2J(FH) =45 Hz), —99.39 (dd, 2/(PF) =85 Hz, 2J(C,F) =45 Hz); MS (CI/
NH,): m/z 527 [M+H"], 544 [M+NH,*]; IR (neat): #=3061, 1772, 1712,
1610, 1584, 1032 cm~!; HRMS (LSIMS, [M+H]*, C,xH,sFN,O,P): caled:
5271383, found: 527.1383.

Ethyl (1,1-difluoropropyl)phenylphosphinate (29): Diethylphenylphos-
phonite (1.0 mL; 5.2 mmol) and bromopropane (15mL) were gently
refluxed together overnight. Excess bromopropane was removed under
vacuum, and the crude material was purified by chromatography on silica
gel (3% MeOH in CH,CL) yielding 1.07 g phosphinate 27 (C;;H;;0,P;
M,=212.23,97%) as a colorless oil. Phosphinate 27 (205 mg; 0.97 mmol)
was dissolved in 5mL THF, and cooled to —80°C. tert-Butyllithium
(0.97 mmol, 1.6M in hexane) was then added dropwise. The reaction
mixture turned bright yellow. After 2h at —80°C, N-fluorobenzenesul-
fonimide (365 mg, 1.16 mmol) dissolved in precooled THF (5 mL) was
added dropwise. The reaction mixture was allowed to warm to room
temperature over 2 h. Saturated NH,Cl solution (5 mL) was added, and the
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aqueous layer was extracted twice with ethyl acetate. The organic layers
were pooled and dried on MgSO,. Solvents were removed under vacuum,
and the crude material was chomatographed on silica gel (10 % acetone in
CH,Cl,), yielding 10 mg difluorinated phosphinate 38 (C,;H;sF,O,P; M,=
248.21; 5%) and 120 mg monofluorinated phosphinates 28a and 28b, in a
2/1 mixture of diastereoisomers (C,H;,FO,P; M,=230.22; 54 %), as
colorless oils. Phosphinates 28a and 28b were transformed into difluori-
nated phosphinate 29 in 17 % yield by the same procedure. 29: 'H NMR
(300.125 MHz, CDCl,): 6 =792-7.85 (m, 2H), 7.66-7.61 (m, 1H), 7.58 -
749 (m, 2H), 4.33-4.17 (m, 2H), 2.17-1.91 (m, 2H), 140 (t, 3/=7 Hz,
3H), 1.06 (t, 3/=75Hz, 3H); “C NMR (75.4 MHz, CDCl;): 6=133.6
(CH), 133.1 (d, 2CH, 3J(P,C)=10 Hz), 128.7 (d, 2CH, %/(P,C) =13 Hz),
128.2 (d, Cq, J(P,C) =140 Hz), 124.2 (td, Cq, 'J(P,C) =130 Hz, 'J(C,F) =
235Hz), 62.7 (d, CH,, 2J(P,C)=8Hz), 264 (td, CH,, J(P,C)=15Hz,
2J(C,F)=21Hz), 16.6 (d, CH;, 3J(P.C)=5Hz), 48 (CH;); 3P NMR
(121.5 MHz, CDCLy): 6 =27.6 (t, 2/(P,F) =100 Hz); /F NMR (282.2 MHz,
CDCly): 6 =—12.0 (m); MS (CI/NH;): m/z 249 [M+H"], 266 [M+NH,"];
IR (neat): 7=3064, 2987, 1592, 1440, 1248, 1034 cm~'; HRMS (FAB, M,
C,;H;5F,0,P): calcd: 248.0778; found : 248.0767.

Monofluorinated phosphinate 28a: 'H NMR (300.125 MHz, CDCl;): 0 =
7.85-778 (m, 2H), 7.60-7.55 (m, 1H), 7.51-744 (m, 2H), 4.76 (ddt, 1H,
YJ(FH) =475 Hz, 2J(PH) =8.5 Hz, 3J(H,H) =5 Hz), 419-3.96 (m, 2H),
1.99-1.54 (m, 2H), 1.33 (t, *J(H,H) =7 Hz, 3H), 1.06 (t, */(H,H) =75 Hz,
3H); “C NMR (75.4 MHz, CDCL): 6=133.0 (CH), 132.7 (d, 2CH,
3J(P,C)=10 Hz), 128.6 (d, 2CH, 2J(P,C) =12.5 Hz), 1272 (d, Cq, J(P,C) =
127 Hz), 92.7 (dd, CH, J(P,C) =120 Hz, 'J(C,F) =185 Hz), 61.7 (d, CH,,
2J(P,C)=5Hz), 23.0 (d, CH,, %J(CF)=18.5Hz), 16.5 (d, CH;, 3/(PC) =
5Hz), 10.0 (CHs); 3P NMR (121.5 MHz, CDCL): 6 =35.8 (d, 2J(PF)=
70 Hz); F NMR (282.2 MHz, CDCL,): 6 = —105.2 (dd, Y/(F,H) =47.5 Hz,
2J(PF)=70 Hz); MS (CINH,): m/z 231 [M+H*], 248 [M+NH,']; IR
(neat): 7=3061, 2981, 2939, 1439, 1219 cm~'; HRMS (FAB, M+,
C,;H,sFO,P):calcd: 230.0872; found: 230.0848.

Monofluorinated phosphinate 28b: 'H NMR (300.125 MHz, CDCl;): 6 =
7.85-7.78 (m, 2H), 7.60-7.55 (m, 1H), 7.51-7.44 (m, 2H), 4.62 (ddt, 1H,
\J(FH) =475 Hz, J(PH) =8.5 Hz, *J(H,H) =5 Hz), 419-3.96 (m, 2H),
1.99-1.54 (m, 2H), 1.32 (t, *J(H,H) =7 Hz, 3H), 1.00 (t, */(H,H) =7.5 Hz,
3H); ®C NMR (75.4MHz, CDCl;): 6=133.0 (CH), 132.7 (d, 2CH,
3J(P,C) =10 Hz), 128.6 (d, 2CH, 2J(P,C) =12.5 Hz), 1272 (d, Cq, J(P.C) =
127 Hz), 92.7 (dd, CH, 'J(P,C) =120 Hz, 'J(C,F) =185 Hz), 61.7 (d, CH,,
2J(P,C)=5Hz), 22.6 (d, CH,, 2J(C,F)=20Hz), 16.5 (d, CH;, 3J/(PC) =
5Hz), 9.86 (CH;); P NMR (121.5 MHz, CDCl,): 6 =34.3 (d, 2J(PF)=
65 Hz); "F NMR (282.2 MHz, CDCL;): 6 =—106.3 (dd, 'J(FH) =47.5 Hz,
2J(P,F)=65Hz); MS (CI/NH,): m/z 231 [M+H"], 248 [M+NH,']; IR
(neat): 7=3061, 2981, 2939, 1439, 1219 cm ..

Ethyl (1-{5-[3-(1,3-dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-isopropyl-
aminophenyl}-1,1-difluoromethyl)phenylphosphinate (30): Pd/C 10%
(100 mg) and magnesium sulfate (5 g) were added to a solution of a,a-
difluorophosphinate 26 (947 mg, 1.75 mmol) in methanol (20 mL) and
acetone (20 mL). The reaction mixture was stirred under an atmosphere of
hydrogen at ambient temperature for 120 h. The mixture was filtered and
solvents were evaporated. Flash chromatography on silica gel (5% MeOH
in CH,Cl,) yielded 970 mg N-isopropylaniline (30) (C,H;F,N,OsP;
M.W =556.54; 99%) as a yellow oil. '"H NMR (300.125 MHz, CDCL):
0="778-1771 (m,4H),7.67-7.62 (m,2H), 7.55-7.50 (m, 1 H), 7.44 - 7.37 (m,
2H), 6.75 (dd, 2/ =9 Hz, 2J=2 Hz, 1H), 6.62 (d, 2J=9 Hz, 1H), 7.57 (d,
2] =2Hz, 1H), 423-4.04 (m, 2H), 3.84-3.71 (m, 4H), 3.53 (m, 1H), 2.02
(tt, 2H), 1.30 (t, */ =8 Hz, 3H), 1.19 (d, /=6 Hz, 3H), 1.18 (d, *J =6 Hz,
3H); *C NMR (75.4 MHz, CDCl;): 6 =168.4 (2C=0), 150.3 (Cq), 139.6
(Cq), 134.1 (CH), 134.0 (2CH), 133.7 (CH), 132.95 (d, 2CH, J(P,C) =
10 Hz), 132.2 (2Cq), 128.6 (d, 2CH, 2J(P,C)=12.5Hz), 125.5 (d, Cq,
1J(P,C) =135 Hz), 123.3 (2CH), 120.3 (dt, CF,, 'J(P,C) =150 Hz, 'J(C,F) =
268 Hz), 119.5 (CH), 116.3 (dt, Cq), 114.3 (t, CH, 3J(C,F) =10 Hz), 66.8
(CH,), 63.6 (d, CH,, /(P,C) =6 Hz), 46.2 (CH), 35.5 (CH,), 28.35 (CH,),
223 (CH;), 22.1 (CHj), 16.6 (d, CH;, J(PC)=5Hz); “F NMR
(2822 MHz, CDClL): 6=-3.0 (dd, 2J(PF)=115Hz, %J(FF)=300 Hz),
—5.1 (dd, 2J(PF)=115Hz, 2J(FF)=300Hz); 'P NMR (121.5 MHz,
CDCly): 6=2893 (t, 2/(PF)=115Hz); MS (CI/NH;): m/z 557 [M+H"];
IR (neat): ¥ =3390, 2971, 1772, 1714, 1397 cm~!; HRMS (LSIMS, [M+H]",
C,H3,F,N,04P): caled: 557.2017, found: 557.2015.

Ethyl (1-{5-[3-(1,3-dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-(isopropyl-
methylamino)phenyl}-1,1-difluoromethyl)-phenylphosphinate (31): Iodo-
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methane (2 mL; large excess) was added to a mixture of N-isopropylaniline
30 (760 mg, 1.36 mmol) and of dry potassium bicarbonate (190 mg,
1.38mmol) in acetonitrile (10 mL). The reaction mixture was stirred at
ambient temperature for 48 h, diluted with CH,Cl,, and filtered, and the
solvents were evaporated. Flash chromatography on silica gel (2.5 to 5%
MeOH in CH,Cl,) yielded 760 mg tertiary aniline 31 (Cs;Hs;F,N,O5P;
M,=570.56; 97 %) as a yellow oil. '"H NMR (300.125 MHz, CDCl,): 6 =
7.87-784 (m, 2H), 7.81-7.76 (m, 2H), 7.74-7.71 (m, 2H), 7.56-7.58 (m,
1H), 747-741 (m,2H), 7.09 (d,%/ =9 Hz, 1H), 791 (d, ) =3 Hz, 1 H), 6.84
(dd, 27 =9 Hz, 2J=3 Hz, 1H), 4.25-4.14 (m, 2H), 3.96 (t, 3/ =6 Hz, 2H),
3.90 (t,%/ =7 Hz,2H), 3.02 (m, 1H), 2.28 (s, 3H), 2.16 (tt, 2H), 1.34 (t,%/ =
7 Hz, 3H), 091 (d, 3/=6.5 Hz, 3H), 0.83 (d, 3/ =6.5 Hz, 3H); *C NMR
(75.4 MHz, CDCL): 6=168.1 (2C=0), 154.6 (Cq), 146.2 (Cq), 133.7
(2CH), 132.7 (d, 2CH, 3J(P,C)=10 Hz), 1319 (2Cq), 130.75 (d, Cq,
J(P,C) =149 Hz), 1279 (d, 2CH, 2J(P,C) =13 Hz), 127.8 (Cq), 126.2 (CH),
123.0 (2CH), 120.1 (dt, CF,, J(P,C)=151 Hz, 'J(C,}F) =244.5 Hz), 117.1
(CH), 113.7 (t, CH, 3J(C,F)=9 Hz), 65.7 (CH,), 62.4 (d, CH,, 2J(P,C)=
7 Hz), 55.8 (CH;), 35.2 (CH,), 34.35 (CH,), 28.0 (CH,), 18.6 (CHj3), 17.35
(CH;), 16.3 (d, CH;, 3/(P,C) =5.5 Hz); *'P NMR (121.5 MHz, CDCL): 6 =
28.17 (t, 2J(P,F)=105 Hz); “YF NMR (282.2 MHz, CDCl,): 6 =3.55 (dd,
2J(PF) =105 Hz, 2J(FF) =290 Hz), 1.09 (dd, 2J/(PF) =105 Hz, 2J(F,F) =
290 Hz); MS (CI/NH;): m/z 571 [M+H"]; IR (neat): 7= 3059, 2971, 1772,
1714, 1500, 1395, 1247, 1035cm~'; HRMS (LSIMS, [M+H],
C;3H3F,N,O5P): caled: 571.2173, found: 571.2172.

(1-{5-[3-(1,3-Dioxo-1,3-dihydroisoindol-2-yl)-propoxy]-2-(isopropylmethyl-
amino)-phenyl}-1,1-difluoromethyl)phenylphosphinic acid (33): Iodotri-
methylsilane (30 uL; 0.2 mmol) was added to aniline 31 (80 mg,
0.144 mmol) in CH,Cl, (1 mL) under an inert atmosphere. The reaction
mixture was stirred at ambient temperature for 1h. CH,Cl, was then
evaporated and the crude mixture was stirred in methanol at ambient
temperature for 10 min. Methanol was evaporated and flash chromatog-
raphy on silica gel (5 to 10% MeOH in CH,Cl,) yielded 53 mg phosphinic
acid 33 (CsHyF,N,OsP; M, =542.51; 68 % ) as a white powder. Acid 33 was
recrystallized from warm ethanol to yield colorless crystals. 'H NMR
(300.125 MHz, CDCly): 6 =7.97-791 (m, 2H), 7.76-7.73 (m, 2H), 7.65-
761 (m, 2H), 7.44-7.35 (m,3H), 7.30 (d,%/ =9 Hz, 1 H), 7.12 (d, 2/ = 2.5 Hz,
1H), 6.87 (dd, 2J=9 Hz, 2J=2.5Hz, 1H), 3.98 (t, /=6 Hz, 2H), 3.81 (t,
3]=6.5Hz, 2H), 3.74 (m, 1H), 2.98 (s, 3H), 2.10 (tt, 2H), 1.40 (d, 3/ =
6.5 Hz, 3H), 1.29 (d, 3J=6.5 Hz, 3H); *C NMR (75.4 MHz, CDCl;): 6 =
168.3 (2C=0), 159.05 (Cq), 134.1 (2CH), 133.7 (d, 2CH, *J(P,C) = 8.5 Hz),
132.2 (d, Cq, J(P,C) =149 Hz), 132.0 (CH), 131.75 (CH and 3 Cq), 127.9 (d,
2CH, %J(P,C) =12 Hz), 124.35 (CH), 123.3 (2CH), 120.2 (dt, CF,, 'J(P,C) =
153 Hz, 'J(C,F) =264 Hz), 121.1 (CH), 118.0 (t, CH, 3/(C,F) =9 Hz), 70.0
(CH,), 61.1 (CH), 379 (CH;), 35.2 (CH,), 28.1 (CH,), 19.2 (CHj;), 15.6
(CH;); 3P NMR (121.5 MHz, CDCly): 6=20.0 (t, 2J(P,F)=85Hz); "“F
NMR (282.2 MHz, CDCL,): 6 =3.28 (dd, 2/(P,F) = 85 Hz, %J(FF) = 128 Hz),
—5.18 (dd, %J(PF)=85Hz, 2J(FF)=128 Hz); MS (CU/NH;): m/z 543
[M+H*], 523, 399; IR (neat): ¥=3435, 3065, 2948, 1772, 1712, 1397,
720 cm~'; HRMS (LSIMS, [M+H]*, CyxH3F,N,0sP): calcd: 543.1860,
found: 543.1860.

Ethyl ({1-[5-(3-aminopropoxy)-2-(isopropylmethylamino)-phenyl]-1,1-di-
fluoromethyl}phenylphosphinate (32): Hydrazine hydrate (250 uL) was
added to aniline 31 (500 mg, 0.877 mmol) in methanol (3 mL). The reaction
mixture was stirred at ambient temperature for 18 h, during which a white
precipitate formed. The reaction mixture was diluted in diethyl ether and
the precipitate was filtered. The solvents were evaporated to yield 323 mg
pure amine 32 (C,,H3;F,N,0O;P; M, =440.46; 86%) as a colorless oil.
'H NMR (300.125 MHz, CDCl;): 6=776-7.69 (m, 2H), 7.66-7.61 (m,
1H), 7.53-7.47 (m, 2H), 719 (d, 2J=9 Hz, 1H), 7.00 (dd, /=9 Hz, %/ =
2.5 Hz, 1H), 6.95 (d, %/ =2.5 Hz, 1H), 4.18 (m, 2H), 3.97 (t, ] = 6 Hz, 2H),
2.98 (m, 1H), 2.85 (t,°/ =7 Hz,2H), 2.26 (s, 3H), 1.93 (tt, 2H), 1.31 (t, /=
7 Hz, 3H), 0.91 (d, 3/ =6.5 Hz, 3H), 0.84 (d, *J=6.5 Hz, 3H); C NMR
(75.4 MHz, CDCl;): 0 =159.3 (Cq), 150.3 (Cq), 137.45 (CH), 136.7 (d, 2CH,
3J(P,C) =10 Hz), 133.55 (dt, Cq, %/(P,C) =12 Hz, %J(C,F) =17 Hz), 132.4 (d,
2CH, %J(P,C)=14 Hz), 130.65 (CH), 130.4 (d, Cq, 'J(P,C)=136.5 Hz),
124.3 (dt, CF,, J(P,C)=125Hz, 'J(C[F) =271 Hz), 1171 (CH), 114.5 (t,
CH, °*J(CF)=9Hz), 69.9 (CH,), 6715 (d, CH,, 2J(P,C)=7Hz), 60.15
(CH), 42.2 (CH,), 38.0 (CH3), 35.3 (CH,), 22.1 (CH3), 20.8 (CH,), 19.7 (d,
CH;, °J(PC)=55Hz); *'P NMR (121.5MHz, CDCL): 6=29.8 (t,
2J(P,F)=110 Hz); F NMR (282.2 MHz, CDCl;): 6 =3.63 (dd, %J(PF)=
110 Hz, 2J(FF) =292 Hz), 1.13 (dd, 2J(P,F) =110 Hz, 2/(F,F) =292 Hz); IR
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(neat): 7=3343, 2924, 1622, 1432, 1470, 1261, 1216, 1130 cm~'; MS (CI/
NH,): m/z 441 [M+H"].
{1-[5-(3-Aminopropoxy)-2-(isopropylmethylamino)-phenyl]-1,1-difluoro-
methyl}phenylphosphinic acid (6): Iodotrimethylsilane (100 uL; 0.7 mmol)
was added to amine 32 (194 mg, 0.441 mmol) in CH,Cl, (1 mL) under an
inert atmosphere. The reaction mixture was stirred at ambient temperature
for 18 h. CH,Cl, was then evaporated and the crude mixture was stirred in
MeOH at ambient temperature for 10 min. The mixture was concentrated
in vacuo and precipitated with diethyl ether to yield 153 mg phosphinic acid
6 (C,0H,,FoN,O5P; M, =412.41, 84 %) as a pale yellow powder. 'H NMR
(300.125 MHz, CDCl;): 6 =7.93-7.87 (m, 3H, 3), 7.63-7.58 (m, 1H), 7.54 -
748 (m, 2H), 7.33 (dd, 2/ =9 Hz, 2/ =3 Hz, 1H), 6.24 (d, 2/=3 Hz, 1H);
4.20 (t, 3/ =6 Hz, 2H), 4.06 (m, 1H), 3.28 (s, 3H), 3.17 (t, 3/ =7 Hz, 2H),
2.18 (tt, 2H), 1.51 (d, 3/ = 6.5 Hz, 3H), 1.45 (d, 3/ = 6.5 Hz, 3H); *C NMR
(75.4 MHz, CDCl,): 6 =160.4 (Cq), 134.4 (d, 2CH, 3/(P,C) =9 Hz), 133.5
(CH), 1324 (d, Cq, YJ(P,C)=131.5Hz), 131.9 (dt, Cq, 2J(P,C) =10 Hz,
2J(C,F)=21.5Hz),129.2 (d,2CH, %J(P,C) = 12 Hz), 126.4 (CH), 126.0 (Cq),
121.0 (dt, CF,, J(P,C) =133 Hz, J(C,F) =266 Hz), 118.5 (CH), 115.9 (t,
CH, 3J(C,F)=11.5 Hz), 67.1 (CH,), 64.0 (CH), 40.6 (CHs), 38.4 (CH,), 28.0
(CH,), 19.5 (CHj;), 16.3 (CH;); 3'P NMR (121.5 MHz, CDCl;): 6 =21.71 (t,
2J(PF)=90 Hz); YF NMR (282.2 MHz, CDCL;): 6 =3.38 (dd, %J(PF)=
90 Hz, %J(FF)=297 Hz), —0.85 (dd, */(PF)=90 Hz, 2J(FF)=297 Hz);
MS (CI/NH;): m/z 413 [M+H"]; IR (neat): 7 = 3450, 2971, 1606, 1500, 1441,
1286, 1239, 1192, 1126, 1026 cm™!; HRMS (LSIMS, [M+H]*,
CyHasFoN,O3P): caled: 413.1806, found: 413.1806.
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Chiral “Metallo-Spiralenes”: Helical Molecules Conformationally Stabilised
by an Organometallic Scaffold**
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Abstract: The synthesis of a series of
chiral cyclomanganated 2-[(#%-phenyl)-
Cr(CO);]pyridine complexes derived
from (—)-B-pinene enables, by a “spiro-
genic transformation”, the preparation
of four different chiral helical hetero-
bimetallic syn-facial complexes or Cr%
Mn!-spiralenes, among which two pos-
sess a right-handed P molecular helicity
and two other a left-handed M one.
These organometallic helical molecules

sequential addition of PhLi and MeOTH.
The second method based on reaction of
the cyclomanganated complex with di-
phenyldiazomethane which has been
tested on achiral bimetallic substrates
is a reasonable neutral alternative to the
“Fischer methodology” for the synthesis
of Cr%Mn!-spiralenes. The crystal
structure of one of these heterobimetal-
lic chiral helical compounds serves as a
starting point in the configurational and

structural assessment of the synthesised
chiral  (y%-arene)tricarbonylchromium
complexes. Application of the “Fischer
route” to a cyclomanganated chiral
2-phenylpyridine generates a single chi-
ral 73-benzylic complex—or Mn!-spir-
alene—bearing a left-handed M helicity
which has been characterized by X-ray
diffraction analysis. Circular dichroic
spectroscopic measurements underline
the predominant contribution of the

are synthesised by applying two differ-
ent methods to the chiral cyclomanga-
nated  (n%-arene)tricarbonylchromium
substrates. The first method is the so-
called “Fischer route” which involves a

Introduction

Organometallic chemistry increasingly contributes to material
sciences by providing physico-chemists with a wide variety of

[a] Dr. J.-P. Djukic, Dr. M. Pfeffer, C. Michon, A. Maisse-Francois,

R. Allagapen

Laboratoire de Syntheses Métallo-induites

UMR 7513 CNRS, Université Louis Pasteur

4, rue Blaise Pascal, 67070 Strasbourg (France)

Fax: (+33)3-88-60-75-50

E-mail: djukic@chimie.u-strasbg.fr, pfeffer@chimie.u-strasbg.fr
[b] Prof. Dr. K. H. Dotz

Kekulé-Institut fiir Organische Chemie und

Biochemie der Universitit Bonn

Gerhard-Domagk Strasse 1, 53121 Bonn (Germany)

Fax: (+49)228-735-813

E-mail: doetz@uni-bonn.de

[c] Dr. A. De Cian, Prof. J. Fischer!*]
Laboratoire de Cristallographie, UMR 7513 CNRS
Université Louis Pasteur
4, rue Blaise Pascal, 67070 Strasbourg (France)

[*] Author to whom requests pertaining to X-ray crystal structure
determinations should be addressed.

[**] List of abbreviations used throughout this paper: phenyllithium, PhLi;

methyl trifluoromethylsulfonate, MeOTf; 1.2-dimethoxyethane,
DME; Cotton effect, CE; circular dichroism, CD.

1064

Keywords: arene complexes -
mium - helical structures - manga-
nese - spirogenic reaction

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

chiral and chirally induced aromatic
chromophores to the sign of the Cotton
effects and confirm the helical configu-
rations of the considered heterobimetal-
lic species.

chro-

new substrates.'! Among the wide panel of materials that are
of interest is the class of molecules/molecular assemblies that
possess helical shapes. Chiral molecular helicity results on the
one hand from an ordered arrangement and combination in
the space of molecular units that bear either “point” and/or
“planar” chirality? and on the other hand from a conforma-
tional stabilization through low-energy interactions such as
H-bonding,!! CH-x¥l and m—nal interactions, and high
barriers to changes of conformation. The most popular
examples are proteins, and DNA and RNA molecules. From
a synthetic point of view, helical molecular assemblies can be
formed by several strategies among which two have been
extensively applied. The first one entails a careful tailoring of
fused aromatic rings to generate pure organic helical archi-
tectures of which aromatic derivatives such as helicenes,!®
“geldnder” molecules,”! and cyclophanes® provide the most
representative examples. The second synthetic approach takes
advantage of the numerous modes of coordination of
transition metals and applies them to the elaboration of
polymetallic helicates in which helicity stems from an ordered
arrangement of polydentate chelating ligands.l) This latter
approach ensures a higher conformational stability to the
helical structures than in organic helicenes which may under-
go thermally promoted isomerization and, in the case of chiral
examples, racemization.['"]
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Our interest in helical molecules arose from some of our
recent results.'!l In our continuing efforts to uncover new
chemical properties of organometallic compounds, we recent-
ly discovered the unprecedented generation of heterobime-
tallic helical structures by a selective C—C bond-forming
“spirogenic” 2l reaction. The synthesis of these helical syn-
facial heterobimetallic (5°-aryl)benzyl?l (M = Cr(CO);,
path (a), Scheme 1) and mononuclear #*-benzylic com-

SR . S
{M}C/l\'/ln\ {M} /I\|/In@

co @ Co

Mecy
= .a(O

M} M’
oc” | co
oc

a){M} = Cr(COV cis migration \b) {M} =nil

spontaneous helical
arrangement

MeO ‘_Ph MeQ Ph
(OC)sCr-----: Mn—co Mn“
oc” | 0Cc” /" Neo
co oc

Scheme 1. Synthesis of helical syn-facial heterobimetallic (3°-aryl)benzyl
and mononuclear 7°-benzylic complexes.

plexes'™® (M =nil, path (b), Scheme 1) was performed by
applying the “E. O. Fischer methodology”"¥! to cyclomanga-
nated (n°-arene)tricarbonylchromium complexes!'¥ and aro-
matic compounds,'’l respectively (Scheme 1). The latter
consists of two elementary steps:
1) nucleophilic addition at a CO ligand of the Mn(CO),
moiety;['0l
2) O-alkylation of the acylmanganate species with a hard
electrophilic reagent. In the second step, the anionic
intermediate is converted upon O-alkylation into a tran-
sient electrophilic carbene species that evolves by cis-
migration toward the final syn-facial heterobimetallic (7°-
aryl)benzyl species (M = Cr(CO)j;, path (a), Scheme 1) or
n-benzylic complex (M =nil, path (b), Scheme 1). In all
the cases that we addressed so far, the aryl group
originating from the aryllithium reagent spontaneously
placed itself in the product above the heterocyclic ring,
hence providing a helical shape to the molecule.['!
Although many questions still remain to be answered with
regard to the origin of the stereoselectivity of this “spiro-
genic” reaction, our recent results introduced a new organo-
metallic methodology for the elaboration of conformationally
stable helical three-dimensional structures in which the
Mn(CO); entity constitutes a necessary molecular scaffold.
A pertinent metaphore applied to our system would be to
identify the bimetallic Cr’,Mn'-centred unit and the mono-
nuclear Mn(CO); moiety with the supporting core of an
“organic molecular spiral staircase” (Figure 1). Such a familly

Chem. Eur. J. 2000, 6, No. 6
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Thiz “spiral stalrcase anabogy™

g

Eniral slarcase

b —gprabane Cr'"'.'h'i'l":—sp-raﬂl:"u.-

Figure 1. The geometrical analogy between two “spiralenes” (right) and a
“spiral staircase”(left). The manganese() centre sustains the helical
molecular arrangement in a fashion similar to that of a pillar (in light
grey) in a spiral staircase. In the figure representing an example of a Cr’/
Mn' - spiralene, the shadowed Cr(CO)j; tripod is located in the background,
occulted by the quinolinyl fragment of the molecule.

of complexes being consequently named under the generic
terms of binucleo- and mononucleo-“spiralenes”l'”l (Fig-
ure 1). Furthermore, we propose to name the compounds
that we are interested in as “Cr%Mn!-spiralenes” as the
organic spiroidal skeleton is maintained due to the presence
of a composite chromium —manganese “pillar”.["'l This trivial
terminology may likely be applied to the related mononuclear
helical 7>-benzylic manganese() complexes!'!®! that could be
refered to as “Mn!-spiralenes”(Figure 1).

We were very much interested in investigating the synthesis
of a chiral series of helical systems—or spiralenes—by
exploiting the potential offered by a familly of recently
developed and synthetically accessible chiral 2-arylpyridines.
Herein, we describe the synthesis of a series of chiral
cyclomanganated 2-[ (°-phenyl)Cr(CO);]pyridine complexes
derived from (—)-3-pinene which allowed us to prepare, by
two distinct methods, four different chiral Cr?/Mn!-spiralenes
among which two examples possess right-handed P helicity
and two others left-handed M helicity, respectively. We show
that the thermally promoted reaction of 1,1-diphenyldiazo-
methane with cyclomanganated compounds is a reasonable
neutral alternative to the “Fischer methodology” for the
synthesis of Cr%/Mn'-spiralenes. The crystal structure of one
of these chiral helical compounds serves as a starting point in
the configurational and structural assessment of the com-
pounds described herein. We also demonstrate that the steric
bulk generated by the pinene fragment in a cyclomanganated
chiral 2-phenylpyridine provides stereocontrol over the
nucleophilic attack of PhLi that permits the diastereoselective
synthesis of a single chiral #°-benzylic complex (or Mn'-
spiralene) bearing left-handed molecular M helicity.

Results and Discussion

Synthesis of the chiral 2-phenylpyridine 3 by application of
the Krohnke condensation reaction: In recent reports, several
authors have described the preparations of chiral bipyridine
as well as 2-arylpyridine derivatives that are based on the use

0947-6539/00/0606-1065 $ 17.50+.50/0 1065





FULL PAPER

J.-P. Djukic, M. Pfeffer, K. H. Dotz et al.

of chiral cyclic terpenes.'8! These heterocyclic chiral com-
pounds have been mainly applied to investigations dealing
with the photophysical and structural properties of the
corresponding transition metal complexes and helicates, "]
and used as chiral auxiliaries in metal-mediated catalysis."]
Our attention was mostly attracted by the elegant application
of the Krohnke condensation of chiral S-unsaturated ketones
to the synthesis of optically active arylpyridines.”!! Our quest
for an adequate candidate for the conception of chiral Cr?
Mn! -spiralenes led us to choose the chiral arylpyridine 3 as a
first synthetic target, for it could be readily synthesised from
(+)-pinocarvone (1) (obtained from commercial chiral (—)-3-
pinene by SeO, oxidation) and the pyridinium salt 2
(obtained from 2-methylacetophenone by a-bromination and
subsequent pyridination®!) in the presence of NH,7OAc~
(Scheme 2). The reaction between 1 and 2 was carried out in
formamide at 100 °C under conditions that were optimized by
adjusting the concentration of the reagents and the reaction
time. Our adapted procedure allowed us to recover ligand 3 in
37 % yield after purification (Scheme 2).

NH,OAc
_® 7 formamide
o . \ /> 100°C Q \N
089
r
1 2 3

\

3% |

Cr(CO)s

THF/nBUZO/SS% conversion

4a/4b

",,/ -
Cr(CO)3 Cr(CO)3 1:1 ratio

1I"R 1"s
Scheme 2. Synthesis of 4a, b.

Synthesis of chiral 2-{(57%-phenyl)tricarbonylchromium(o)}pyr-
idine derivatives 4a,b: Compound 3 was then submitted to the
thermally promoted reaction with Cr(CO), to generate the
two diastereoisomeric (°-arene)tricarbonylchromium com-
plexes 4a and 4b. Notably, the presence of a methyl group at
the ortho position with respect to the pyridyl substituent
confers metallocenic planar asymmetry to the chromium-
coordinated arene ligand thus offering solely two diastereo-
meric products.?*] The reaction between 3 and Cr(CO),
afforded a 1:1 oily mixture of 4a and 4b with 88 % overall
conversion (Scheme 2).

The separation of the latter two diastereomers could not be
carried out by conventional chromatography over SiO, gel,
for the two components of the mixture having very close rate
factors. Better results were obtained by repeated successive
recrystallizations of the mixture that allowed us to recover
81% of the original content in 4a, while only 27% of
compound 4b were isolated in pure form. Compounds 4a, b
were characterized by polarimetry and displayed rotatory [¢],
values at 25°C opposite in sign. Complexes 4a, b were
determined to be dextrorotatory and levorotatory, respec-
tively, at 589 nm (cf. Experimental Section). This change of
chiroptical behaviour as compared to 3 suggests, in good
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accord with Drude’s formalism,?*l that the chiral [(%°-
aryl)Cr(CO);] chromophores in 4a, b provide a predominant
contribution to the optical rotatory power. This significant
contribution combined to that of the chiral pinene fragment
presumably determines the sign of the resulting rotatory
optical power at the sodium D-line*! owing to the proximity
in wavelength of related metal-to-ligand charge transfer
absorption bands.

The proton NMR spectra of 4a, b showed no major
differences that could have allowed an unambiguous struc-
tural identification. In addition, neither diastereoisomers gave
suitable mono-crystals that would have allowed an early
determination by X-ray diffraction analysis of the absolute
configurations at aromatic carbons of the planar chiral arene
ring.

Cyclomanganation of chiral 2-{(n°-phenyl)tricarbonylchro-
mium(o)}pyridine derivatives 4a, b: With these two com-
pounds in our hands we proceeded to the next step, that was
the selective cyclomanganation of 4a and 4b, separately, by a
thermally promoted reaction with [Mn(CH,Ph)(CO)s]. The
experiments were carried out on both compounds in refluxing
heptane and afforded complexes Sa and 5b with yields of
81 % and 62 %, respectively (Scheme 3). Analytical data gave

Cr(CO);
4b 5b

Scheme 3. Synthesis of Sa, b.

satisfactory results in both cases. However, attempts to
generate single crystals that would have allowed an unequiv-
ocal identification of the structures of the two bimetallic
products failed again. The values of [a]p, for the two
compounds Sa and 5b were determined as being close in
absolute value and again opposite in sign. Compounds Sa and
Sb displayed dextrorotatory and levorotatory characters,
respectively, at 589 nm.

Application of the “Fischer methodology” to the binuclear
complexes 5a and 5Sb; X-ray crystal structural determination
of the product 6a: Complex Sa was treated with a stoichio-
metric amount of PhLi at —50°C. The resulting mixture was
kept at that temperature to avoid possible deprotonations of
the cyclic aliphatic part of the molecule (vide infra) and was
subsequently treated with the alkylating agent MeOTf
(Scheme 4). Chromatographic separation afforded 6a in
satisfactory yields. A sample of the latter was successfully
crystallized from a mixture of CH,Cl, and hexane.
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Table 1. Acquisition and processing data for compounds 6a, 8 and 15.
6a 8 15
formula C33H,xNO;CrMn 2(C3sHp3sNOgPCrMn) - CH,Cl, CyH,xNO,Mn
M, 657.53 1467.90 507.47
crystal system orthorhombic monoclinic orthorhombic
space group P2.2.2, P12,/c1 P2,.2.2,
a[A] 8.8350(3) 11.991(2) 8.7457(2)
b [A] 17.8980(3) 13.232(1) 15.259(1)
c[A] 18.6730(6) 19.955(2) 18.6796(7)
B 95.89(1)
V [AY 2952.7(2) 3149(1) 2492.9(3)
V4 4 2 4
colour red orange orange
crystal size [mm] 0.16 x 0.14 x 0.08 0.35 % 0.35 % 0.30 0.20 x 0.12 x 0.10
Peatea [g cmM 3] 1.48 1.67 1.35
Fono 1352 1640 1056
u [mm~1] 0.846 0.910 0.564
T [K] 173 173 173
2 [A] 0.71073 0.71073 0.71073
radiation Mok, Mok, Moy,
diffractometer KappaCCD MACHS3 Nonius KappaCCD
scan mode ¢ scans 0120 ¢ scans
hlk/l limits —12,12/ — 19,19/ — 26,26 —14,14/0,16/0,24 —9,11/-21,15/ - 19,26
0 limits [°] 2.5/32.45 2.526.29 2.5/32.54
data measured 20414 6852 19396
data with 1> 30(J) 3429 4787 12613
weighting scheme 4 F2/(0*(F%) +0.0064 F?) F2/(0*(F2) +0.0049 F?) 4F2/(0*(F2) +0.0016 F%)
number of variables 388 430 316
R 0.038 0.029 0.037
R, 0.053 0.043 0.045
GOF 1.036 1.006 1.043
largest peak in final difference [e A—3] 0.357 0.321 0.840

SN PhLi NN
/
 A—Mn(CO), ~—Mn(CO);
Cr(CO)s Cr(CO)s >=o Li
5a,b Ph

Scheme 4. Synthesis of 6a, b.

An orthorhombic single crystal of this bright red chiral
compound was analyzed by X-ray diffraction to crystallize in
the noncentrosymmetric space group P2,2,2; without any
solvation molecule. Acquisition and calculation data are
reported in Table 1. Selected interatomic bond lengths and
angles are reported in Table 2.

An ORTEP drawing of the molecular structure of 6a is
given in Figure 2. The helical system formed by C12-C11-C4-
C5-C19-N1-Mn affords a left-handed A-type of helix that

Table 2. Selected interatomic distances [A] and angles [°] for compound
6a.

Mn—Cr 3.010(4) Cl1-04 1.432(4)
Cr—Cs 2.235(4) Cr-C6 2.229(4)
Cr—C7 2.186(4) Cr—C8 2.228(4)
Cr-C9 2.274(4) Mn—Cl1 2.146(4)
Mn-N 2.111(3) c4-Cl1 1.455(5)
C6-C10 1.508(5) Cl11-C12 1.519(5)
Cl1-Cr-C2 81.6(2) C1-Cr-C3 83.6(2)
Cl1-Mn-N 83.3(1) C11-Mn-C32 176.5(2)
C2-Cr-C3 94.0(2) C5-C4-C9 116.8(3)
C4-C5-C6 121.4(3) C5-C6-C7 117.93)
C6-C7-C8 121.5(3) C4-C9-C8 120.7(3)
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Figure 2. ORTEP diagram with atom-numbering scheme of the molecular
structure of 6a. Hydrogen atoms have been omitted for clarity. The
ellipsoids are drawn at the 30 % probability level.

extends at the molecular level to a M-type helical arrange-
ment.’] The molecular structure of 6a possesses strong
similarities with that of racemic compounds that we pre-
viously reported. The intermetallic Cr—Mn distance of
3.010(4) A remains in the range of values reported previous-
ly."a] The coordinated aromatic ring undergoes a slight
distortion at C4 and CS5 with a torsional angle C11-C4-C5-
C19 amounting to 15° and a slight folding of the arene ligand
represented by an interplanar angle of 10° between planes C5-
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C6-C7-C8-C9 and C5-C4-C9. A significant m-stacking inter-
action between the pyridyl and the phenyl groups is confirmed
by particularly short m—m distances and a corresponding
interplanar angle of 25°. These structural features are
summarized in Figure 3.

Figure 3. The helical/spiroidal intramolecular arrangement in 6 a. A part of
the [ (n%-arene)Cr(CO);] fragment has been omitted for clarity. The scheme
on the left side represents a schematic view from the top of the helical
geometrical arrangement of the relevant aromatic rings.

The spacial arrangement of the chiral fragment originating
from (—)-f-pinene allowed us to firmly identify the structures
of the pairs of diastereomers 4a and 4b, and 5a and 5b. The
dimethylmethylene bridge of the aliphatic part of 6a is
located on the same side as the Cr(CO); group. In the reaction
that leads to 6a starting from Sa, the attack of the nucleophile
PhLi takes place at the axial CO group located trans with
respect to the chromium tripod.”?l Hence, we may deduce that
in 5a the Me,C bridge and the Cr(CO); group are cofacial.
Consequently, position 1 at the (7%-aryl) group in 4a bears an
S absolute configuration (Scheme 2). Reciprocally, in 4b the
configuration of the same aromatic carbon is determined to be
R (Scheme 2).

A reaction that was performed under the same conditions
and with the same stoichiometry between Sb and PhLi
afforded 6b with 66 % yield after chromatographic purifica-
tion. Spectroscopic investigations confirmed the existence of
an overall helical shape of the plausible right-handed P-type.
The 'H NMR spectrum of 6b revealed the signals generated
by the benzylic carbon-attached phenyl group as a series of
two and three well-resolved doublets and triplets, respectively.
This indicated clearly a slowed rotational motion of the
considered phenyl group and consequently its very probable
location above the pyridyl fragment.!'!]

The main structural differences between 6a and 6b could
be confirmed by analyzing and comparing their 'H NMR
spectra. The '"H NMR signal corresponding to the endo
methyl group of the Me,C bridge in 6a is shielded by a value
of d¢p,— 06, = 0.4 With respect to that in 6b. By observing the
orientation of the pinene fragment in the structure of 6a one
may notice that the endo Me group points toward the Cr(CO),
moiety, whereas in 6b it must be located in the vicinity of the
phenyl group that eclipses the pyridyl fragment. Therefore,
the relative shift in frequency observed here might be the
consequence of a major shielding effect of the magnetically
anisotropic Cr(CO); entity. In addition, the endo proton of the
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CH, bridge which is in the close vicinity with the phenyl group
in 6a resonates at 0 =1.14, while in 6b it is detected at 6 =
0.75. The protons of the coordinated arene ligand appear at
roughly the same chemical shift values in both 6a and 6b at
0=4.4 (d), 5.1(t) and 6.2 (d). Significant is also the upfield
shift of the pyridyl group proton resonances of a value of
about 0 =1 with respect to values obtained for the uncoordi-
nated ligand 3.

A BC NMR spectrum measured at 253 K with a sample of
6a exhibited four signals in the metal - CO resonance region,
among which three could be easily identified as those
generated by the static CO ligands of the Mn(CO); fragment,
while the remaining broad one was assigned undoubtedly to
the slowed Cr(CO); rotor. A different pattern could be
measured for a sample of 6b which was analyzed at 273 K. At
this temperature we detected two sets of resonances that
differed by their line shape: a first set of three sharp singlets at
0=219.9,230.4, 231.8 was identified as being produced by the
static fac-Mn(CO); moiety and a second set of broad signals at
0=231.1,235.5, 237.0 was identified as being produced by the
slackened Cr(CO); rotor.””l We have recently determined the
barrier to rotation of a *C-enriched Cr(CO); moiety of a
similar binuclear complex to be in the range of 15 kcalmol~!
at 253 K. Both complexes 6a and 6b displayed a strong
optical rotatory strength with values of [a], amouting to + 728
and — 906, respectively.

For the class of chiral cyclomanganated complexes that we
dealt with during this study, we were interested in developing
an alternative “neutral” route for the generation of the
necessary metal carbene transient species. The main motiva-
tion for this was to avoid any interaction of the reactants with
adjacent chiral aliphatic parts of the C,N chelating ligand.
Indeed, the main problem that might have arisen in the
application of the “Fischer methodology” to the cyclomanga-
nated chiral aromatic compounds we describe here, would
have been the undesired deprotonation of the chiral aliphatic
part by a fraction of unreacted organolithium reagent, as it has
been reported for analogous ligands.”! To circumvent this
problem we chose a reasonable solution from the numerous
established methodologies leading to the synthesis of metal
carbene complexes L, M=C(R)(R’).

Thermally promoted reactions of cyclomanganated and
-rhenated [(7%arene)Cr(CO);] complexes with N,=CPh,;
insertion of a carbene species in the C,,—M (M =Re, Mn)
bond: It is well established that labile and electron-deficient
transition metal complexes may react with diazoalkane
reagents N,=C(R)(R’) to form new metal carbene complexes
with concomitant release of dinitrogen.?”! This is a common
route used for the synthesis of metal carbene complexes and
in systems devised for the metal-mediated cyclopropanation
of olefins.?” From our standpoint, the introduction of a
carbene species starting from a diazoalkane would offer the
advantage of requiring absolutely neutral conditions. The
creation of the necessary vacant coordination site on
Mn(CO), or Re(CO), moieties chelated by C,N ligands could
be secured mainly by three methods: photolytic decarbon-
ylation,P! oxidative decarbonylation by reaction with tertiary
amine oxides,*? and thermally promoted decarbonylation.*!
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However, the first two aforementioned methods were not
suitable for the class of bimetallic substrates that we studied,
since they are not selective and may have initiated an
unpredictable amount of decomposition as a result of undis-
criminated decarbonylations at Cr or Mn centres. The last of
these three methods, namely thermal decarbonylation, hap-
pened in fact to be promising.

In an experiment intended to test the feasibility of the
thermally promoted mono-decarbonylation of cyclomanga-
nated compounds, PPh; and complex 7 were treated in
refluxing heptane [Eq.(1)]. The reaction was undertaken

]
\N i N
/ PPh3 | /
Mn(CO),4 — -{ .~ —Mn(CO)3 (1)
Cr(CO); heptane reflux Cr(CO)3 bPhs
7 racemic-8

under a continuous flow of argon and it cleanly afforded the
new compound 8. IR spectroscopic measurements of a
solution of the latter in CH,Cl, suggested a net change of
coordination environment around the Mn centre and the
presence of two different facial metal-tricarbonyl moieties.
Indeed, two different sets of typical A;+ E absorption bands
at 2014 and 1898 cm™! and at 1948 and 1873 cm™! could be
assigned to the Mn(CQO); moiety and to the Cr(CO); moiety,
respectively. Compound 8 was isolated, crystallized and
structurally characterized by a single-crystal X-ray diffraction
analysis. The acquisition data are compiled in Table 1.
Selected interatomic distances and angles are given in Table 3.

Table 3. Selected interatomic distances [A] and angles [°] for compound 8.

Cr-C4 2.220(2) Cr—C5 2.316(2)
Cr—C6 2.224(2) Cr—C7 2.223(2)
Cr—C8 2.226(2) Cr—C9 2.225(2)
Mn—C5 2.037(2) Mn-N 2.075(2)
Mn—Cl15 1.818(2) Mn—Cl16 1.833(2)
Mn—C17 1.792(2) Mn-P 2.3442(6)
C1-Cr-C2 86.6(1) C1-Cr-C3 90.4(1)
C2-Cr-C3 87.4(1) C5-Mn-P 88.39(6)
N-Mn-C15 89.32(9) N-Mn-P 94.43(5)
C5-C4-C9 122.6(2) C4-C5-C6 1152(2)
C5-C6-C7 122.6(2) C6-C7-C8 120.1(2)
C7-C8-C9 120.1(2) C4-C9-C8 119.0(2)

Figure 4 displays an ORTEP drawing of the molecular
structure of compound 8. From this structure it can be
concluded that the relatively bulky PPh; ligand has displaced
selectively the less sterically hindered axial CO ligand, for
example, the one located trans with respect to Cr(CO);. The
structural trends of compound 8 are similar to those of
analogous examplesP* (Figure 4).

The ready access to 8 upon thermal treatment of 7 in
presence of a two-electron o-donor ligand such as PPh;
prompted us to attempt a similar experiment with a diazo-
alkane reagent in order to generate in situ a transient metal
carbene species that would eventually evolve by cis migration

Chem. Eur. J. 2000, 6, No. 6
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O1

Figure 4. ORTEP diagram with atom-numbering scheme of the molecular
structure of 8. Hydrogen atoms and a molecule of CH,Cl, have been
omitted for clarity. The ellipsoids are drawn at the 40 % probability level.

of the coordinated arene ring towards the formation of a new
“binucleospiralene”.

This idea was tested on cyclomanganated and cyclorhen-
ated [ (n%-arene)Cr(CO);] complexes 7 and 9, which were both
treated with 1,1-diphenyldiazomethane (Scheme 5). Separate
treatment of 7 and 9 with a large excess of N,=CPh, yielded
two products 10 and 11, respectively, that could be unambig-
uously identified from their spectroscopic properties as
belonging to the class of syn-facial heterobimetallic Cr%
Mn! —spiralenes that we reported previously 2 (Scheme 5).
The proton NMR spectra of 10 and 11 suggested that among
the two phenyl groups attached to the benzylic carbon atom
and within the time scale of the NMR spectroscopy, the one

N\
g
AN

(CO)sCr .
> -CO oc” i >co N=CPh: &
<] //+/go co N e N2 R Ph
\@
., N

A N
/ < : >
@/ M(CO)4 T

Cr(co)s (COxCr g “‘" ~co
7, M=Mn,R=H
9, M= Re, R= Me N Cco
2
R
cis migration Ph R_Ph
,f[\I"(CO)A | }K\l}
U pp
(CO)sCr endo (CO)3g(r:/l\‘/|\co
10, M= Mn Phexo co

11, M=Re

Scheme 5. Reactions of 7 and 9 with 1,1-diphenyldiazomethane to give 10
and 11, respectively.
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located above the pyridyl group (Ph,,,,) rotates much slower
than its neighbour (Ph,,,). A two-dimensional 'H-'H COSY
experiment carried out with 10 in C,D, allowed the detailed
assignment of the '"H NMR spectrum. Indeed, five signals
located at 6 =6.49 (t), 6.57 (t), 6.69 (t), 7.08 (d) and 8.39 (d)
could be attributed to the protons of the endo phenyl group.
The three other signals at 6 =6.88 (t), 7.10 (t) and 8.01 (d)
could be attributed to the protons of the freely rotating exo
phenyl group. A similar assignment was accomplished for 11.
Interestingly, three out of the four proton resonances of the
[ (#°-aryl)Cr(CO);] moiety resonated, in both 10 and 11, at
significantly high field at 6 =3.05, 3.18 and 3.65, whereas
similar protons are usually expected to resonate at around
0 = 4.1 Such a shielding might be explained by the magnetic
anisotropy of the exo-phenyl group of the Ph,C fragment. The
IR spectra of complexes 10 and 11 presented similar trends.
They both displayed in CH,Cl, two distinct sets of intense
absorption bands related to the A; and E vibration modes of
the M(CO); units.

These successful attempts to introduce a carbene species on
cyclomanganated complexes by using diazoalkanes strength-
en the mechanistic hypothesis of the intervention of a metal
carbene transient species in the process leading to syn-facial
heterobimetallic helical complexes (Scheme 5). They also
offer a new synthetic route towards a rhenium(i) series of
“binucleospiralenes” that might be of interest in the scope of
photophysical investigations.*]

Synthesis of Cr’/Mn’-spiralenes 12a, b by reaction of the
binuclear complexes Sa, b with N,=CPh,: Application of the
thermally promoted insertion of a “Ph,C:” carbene fragment
in the C,,—Mn bond of compounds 5a and 5b was carried out
under conditions similar to those described previously for the
synthesis of 10 and 11. The two products, that is complexes
12a and 12b, were isolated in satisfactory yields after workup
and subsequent chromatographic purification [Eq. (2)].

(@)

Cr(CO)s  sab

The proton NMR spectra of compounds 12a and 12b
presented in the resonance region of the pinene fragment very
similar trends to those noticed previously for 6a and 6b. The
13C NMR spectrum of 12b indicated that the steric interaction
between the two metals are much stronger than in 6b. At
room temperature, the Cr(CO); tripod of 12b generated three
distinct broad signals at 6 =232.0, 235.2 and 238.2 suggesting
that the barrier to rotation of the Cr-centred rotor is higher in
12b than in 6b. It must be remembered that the Me,C
bridging fragment of the aliphatic part in both 6b and 12b is
likely to point toward the Ci,,-attached phenyl group. The
thus induced steric hindrance possibly causes a twisting of the
pyridyl group that tilts the manganese centre toward the
Cr(CO); unit. This distortion consequently might alter the
rotational motion of Cr(CO); by further slackening it.
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The “Fischer methodology” applied to a substrate exempt of
planar metallocenic chirality; the case of the mononuclear
complex 14: We have shown that the nucleophilic attack of
organolithium reagents takes place with total selectivity on
the axial, Mn-bonded CO ligand located trans to the Cr(CO);
moiety of a cyclomanganated [(%-arene)Cr(CO);] complex.
This selectivity indicates that a discrimination between two
apparently chemically equivalent axial CO ligands is partic-
ularly efficient when the stereocontrol has a pure steric origin.
We decided to check this concept with the chiral mononuclear
cyclomanganated complex 14, in which we expected that the
presence of the bulky dimethylmethylene bridge could induce
sufficient stereocontrol over the nucleophilic attack of PhLi to
yield a chiral helical 7*-benzylic manganese() complex or
Mn!-spiralene.

Complex 14 was synthesised by cyclomanganation of ligand
13 in 70% yield. Compound 14 was then treated with PhLi
and MeOTf by following the procedure that we established
previously for the synthesis of 73-benzylic manganese(r)!'']
(Scheme 6). Our experiment afforded a crude mixture of
which only one stable orange-yellow product, 15, was isolated
with 68 % yield (calculated with respect to 14) (Scheme 6).
Compound 15 was crystallized and structurally characterized

8
13
l [PhCH,Mn(CO)s]

O. Ph

_ [ j{ )
‘ N
N i vin
g N PhLi, oc”: ~co
MN(CO), ® ¢o

14
PhLi
>

g
\®®

OoC : co
oo\

NZ -

Scheme 6. Synthesis of 15.

by an X-ray diffraction analysis (Figure 5). Acquisition and
calculation data are presented in Table 1. Selected interatomic
distances and angles are gathered in Table 4. This complex
crystallizes, like 6a, in the noncentrosymmetric space group
P2,2,2, without molecules of solvation. The molecular struc-
ture of compound 15 shows a typical helical arrangement of
the M-type, and the structural features resemble those
encountered in the first case of chelated racemic #3-benzylic
complex we reported.'"™ The Mn atom resides in a quasi-
octahedral coordination configuration, wherein atoms N, Cl1,
C2, C3, C22 occupy ideally the vertices; atom C16 is located at
an anomalous sixth coordination site. A dissymmetric 7’-
bonding model''™® between the metal centre and the organic
ligand can be deduced from the analysis of the distances
between Mn and C16, C17 and C22 (Table 4). The phenyl
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c26 C27

Figure 5. ORTEP diagram with atom-numbering scheme of the molecular
structure of 15. Hydrogen atoms have been omitted for clarity. The
ellipsoids are drawn at the 30 % probability level.

Table 4. Selected interatomic distances [A] and angles [°] for compound
15.

Mn-N 2.042(1) Mn—C17 2.238(1)
Mn—C22 2.101(2) C16-C17 1.440(2)
Cl16-C21 1.430(2) C17-C18 1.436(2)
Cl17-c22 1.471(2) C18-C19 1.359(2)
C19-C20 1.405(3) C20—-C21 1.360(2)
C22-04 1.423(2) C22-C24 1.504(2)
04-C23 1.445(2)

C1-Mn-C2 88.26(7) C1-Mn-C3 98.26(8)
C1-Mn-N 100.89(6) N-Mn-C22 85.06(6)
C17-Mn-C22 39.47(6) Mn-C22-C17 75.29(9)
C17-C22-04 113.2(1) C17-C22-C24 121.1(1)
04-C22-C24 112.1(1)

group attached to the benzylic carbon forms with the pyridyl
moiety an interplanar angle of about 37°. Interatomic
distances between planes C25-C24-C29 and C4-N-C8-C7 are
equal or less than 3.5+0.1 A. The aryl—pyridine system is
twisted by —46° (the torsional angle C17-C16-C8-N), pre-
sumably to minimize steric interactions between C13 and the
phenyl group. As in the first example of Mn'-spiralene,!'"]
the aromatic ring coordinated to the Mn atom undergoes a
slight distortion around the junctions at C16 with the pyridyl
group and at C17 with the benzylic carbon atom, as illustrated
by a value of about 13° for the torsional angle C22-C17-C16-
C8. The aromatic ring coordinated to the manganese atom by
atoms Cl17 and C16 possesses metallocenic-like planar
chirality.?*] The chirality of this system may be defined
following the rules established for other cyclopentadienyl-
and arene —metal complexes.’”] Therefore, application of the
Cahn -Ingold - Prelog priority rule to the manganese-bonded
atom C17 (Figure 5) results in an S configuration.

The stereocontrol provided by the R,C (R=H or Me)
bridge of the chiral pyridine in the mononuclear complex 14 is,
however, far less important than that of the Cr(CO); group in
complexes Sa and 5b. In the case of the latter bimetallic
substrate, its conversion into complexes 6b or 12b takes place
with satisfactory yields even though the Me,C bridge pre-
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sumably occupies the side at which the reactions take place.
Owing to a larger molecular flexibility of the Cr%Mn!-spi-
ralenes the steric interactions between bulky fragments are
more easily counteracted by intramolecular conformational
rearrangements than in Mn'-spiralenes. This distinctive
behaviour is presumably related to the different coordination
modes of the Mn! centre in these two classes of compounds. In
Mn!-spiralenes, the Mn! centre is coordinated to the organic
part in a rigid #*-like mode, while in Cr%Mn'-spiralenes it is
probably coordinated in a loose 7' manner (Figure 2). Several
pieces of spectroscopic information reported previously by us,
suggest indeed that the Mn! centre is probably not engaged in
a strong bonding interaction with the chromium atom of the
Cr(CO); unit.?™

Circular dichroic absorption spectroscopy is often used as a
qualitative tool for structural assessment and conformational
studies of organic, inorganic and organometallic com-
pounds.P®¥! A few theoretical models and “sector rules” 24371
can actually model CD spectra from structural information
and predict, with variable precisions, the sign of Cotton effects
related to given classes of electronic transitions and chromo-
phores.®! Some empirical and semi-empirical methods may
be applied with relative success to simple combinations of
chromophores with straightforward conformational behav-
iours. 22 401

Chiroptical properties of helical molecules 6a, b, 12a, b and
15: For molecules with multiple and different chromophores,
such as those found for instance in 6a, no computational
method is yet able to afford reliable modelling and predictions
of CD spectra. The corresponding experimental CD spectra
most often result from inextricable combinations of contri-
butions from different active electronic transitions and from
probable multiple exciton couplets,?®! respectively.

In general, there are two prerequisites for CD to occur.[*!
Firstly, the substance must possess optical rotatory activity,
which produces birefringence, that is characterized by [a],%.
Secondly, the substance must possess one or more chiral and
chirally induced chromophores that produce dichroism.

In syn-facial binuclear molecules such as 6a,b and 12a,b,
one may define at least four aromatic and metal-centred
chromophores that each shall produce clusters of “chiral”
electronic transitions (;t—m*, n-7*, metal-to-ligand, metal-
centred low-lying ligand field d—d, metal-to-metal transi-
tions) and consequently generate complex series of Cotton
effects in the UV-visible region that was investigated here
(175 -600 nm): that is the phenyl group, the pyridyl group, the
Mn(CO); moiety and the disubstituted (7°-aryl)tricarbonyl-
chromium fragment. Among these four chromophores only
the latter one is strictly chiral since it possesses metallocenic
planar chirality.’”J Due to the overall molecular asymmetry
and helicity, and to the conformational strains within the
molecule, the former three chromophores undergo chiral-
induced dissymmetries or “chiral perturbations” that produce
complex circular dichrograms (Figure 6). In other terms, these
apparently achiral fragments are typically chirotopic.?*!l The
endo phenyl group that eclipses the N-heterocycle in 6a,b and
12a,b is expected to undergo an induction of chirality that
influences the sign of the Cotton effect of its 'L, transition at
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Figure 6. CD spectra of pairs of related complexes 6a,b and 12a,b
recorded in a mixture of CH,Cl, and hexane at room temperature.

around 240-270 nm.* The pinene aliphatic fragment is also
expected to generate detectable Cotton effects from the
related o-—o0* transitions but essentially around 180 nm.
Notably, UV/Vis spectra of complexes 6a,b and 12a,b in
solutions of hexane and CH,Cl, (0.6 % in volume) display in
all cases a continuum of absorption from about 600 nm up to
200 nm with increasing values of absorption coefficients &
varying from around 10° up to 10* dm*mol~'cm~.

The CD spectra shown in Figure 6 were measured with the
two pairs of diastereomeric compounds 6a,b and 12a,b. From
180 nm up to 370 nm 6a and 12a, which are both formed
starting from diastereomer Sa, display Cotton effects with
high absolute values of Ae at similar Acz. The common
structural characteristics that are responsible for the similar
shape of their CD spectra pertain plausibly to a similar
arrangement of the dissymmetric chromophores. A “quasi
mirror-image” relationship exists between the CD spectra of
6a and 6b with more than seven alternating Cotton effects
occurring in the wavelength range 180—-535 nm (Figure 6).
Similarly, compound 12b generates an almost perfect mirror
image of the spectrum of 12a with six alternating Cotton
effects from 180 nm to 535 nm (Figure 6) although the two
considered compounds are diastereomers. Apparently the
contribution of the aliphatic chiral part in 6a,b and 12a,b in
the region from 180 to 200 nm seems not important enough to
have a predominant effect over the sign of the resulting
Cotton effects. One could therefore consider the strongest
Cotton effects observed for 6a,b and 12a,b at about 193 -
198 nm as a convenient probe of the molecular helicity, a
positive and a negative value of Ae being connected to a M
and a P helicity, respectively. For compounds 6a and 6b the
value of Ae is —28.6 (Acg =197 nm) and +81.7 (Acg =193 nm),
respectively. For compounds 12a and 12b the value of Ae is
—58.6 (Acg =195 nm) and +53.3 (Acg = 198 nm), respectively.
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The mononuclear compound 15 displays also a strong CD
activity (Figure 7). Several intense Cotton effects are detected
from A =180 to 535 nm with a particularly intense band at 1 =
216.5 nm (Ae =+21.4) (Figure 7).

Ae/dm?® mol! ¢m?

210.5 275.5 340.5 405.5 470.5 535.5

Alnm
Figure 7. CD spectrum of compound 15 recorded in a mixture of CH,Cl, in
hexane at room temperature.

Any further interpretation of the CD behaviour of 6a,b,
12a,b and 15 is unfortunately hampered by a lack of
comprehensive knowledge about the electronic transitions
that are involved in such systems and which are relevant in
such a spectroscopy. We shall address, in a future report, the
issues pertaining to the spectrophysical properties of mono-
and bi-nucleospiralenes.

Conclusion

We have demonstrated that the construction of chiral helical
organometallic species was conceivable thanks to the “spiro-
genic” nature of the reaction leading to mononuclear or
heterobinuclear spiralenes. The preparation of right- and left-
handed helical systems from a (—)-3-pinene-derived 2-phen-
ylpyridine was made possible by introducing planar metal-
locenic chirality by coordination of Cr(CO); to an ortho-
disubstituted aryl fragment. The syntheses of these chiral
helical Cr%Mn!-spiralenes were achieved by either the
classical two-step “E. O. Fischer methodology” or the “in-
sertion” of a carbene species originating from a diazoalkane in
the Mn—C,, bond. The latter result supports the hypothesis of
the intervention of a manganese—carbene species in the
mechanistic scheme that rationalizes the formation of “spi-
ralenes”. It also constitutes a mild method that does not
require the use of basic organolithium reagents and opens
wide perspectives for the elaboration of rhenium(i)-containing
complexes which are of interest in the fields of photophysics
and photochemistry. We have also shown that the “Fischer
methodology” applied to a mononuclear chiral cyclomanga-
nated 2-phenylpyridine, which does not have planar metal-
locenic asymmetry, leads to a single left-handed helical
compound. As a consequence of the stereocontrol provided
by the pinene-derived fragment further syntheses of right-
handed helical mononuclear molecules could be achieved
only by using the corresponding enantiomeric cyclomanga-
nated substrate.
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Experimental Section

General: All reactions were carried out under a dry argon atmosphere. (7°-
Arene)tricarbonylchromium complexes were prepared by using the
procedure of Pauson and co-workers.*Jl Benzylpentacarbonylmanganese!*’]
and complexes 704 and 911 were prepared by following literature
procedures. (—)-(18,55)-2,3-(2"-Phenyl-1'"-aza-benzo)-6,6-dimethylbicy-
clo[3.1.1]heptane, compound 13, was synthesised according to published
procedures.'®3l (4)-pinocarvone was obtained by SeO, oxidation of
commercially available (—)-(15,55)--pinene ([a]p = —21° (neat)).??l Mild
a-bromination and subsequent pyridination of 2-methylacetophenone was
done following established procedures.”l 1,1-Diphenyldiazomethane has
been prepared by oxidation of Ph,C=N—NH, by yellow HgO.[*l The
reaction products were separated by flash chromatography on silica gel
(Merck, 60 pm) under a dry argon atmosphere. High-resolution mass
spectra were recorded at the Mass Spectrometry Service of the University
Louis Pasteur. Elemental analyses were done in the presence of a
combustion aid (V,0s) at the “Service de Microanalyse de I'Institut de
Chimie”, Strasbourg, France and at the “Service Central d’Analyse du
CNRS” at Vernaison, France. Infrared spectra were recorded with a
Perkin-Elmer FT spectrometer. NMR spectra were acquired on Bruker AC
300 and DRX 500 instruments (300 MHz and 500 MHz for 'H, 75 MHz and
125 MHz for *C). *C NMR spectra reported herein were all carried out
with proton decoupling. Optical absorption circular dichroism has been
measured with a circular 0.100 cm quartz cell on a JASCO J-720
spectropolarimeter at the Kekulé Institut fiir Organische Chemie und
Biochemie in Bonn, Germany. UV/Vis spectroscopic measurements were
done on a Perkin Elmer Lambda 8 spectrometer with 1.00 cm quartz cells.
All the solutions of compounds subjected to optical absorption studies were
prepared by dissolving a given complex in dry and degassed CH,Cl,
(0.6 mL) and by completing to 100 mL with dry and degassed hexane. All
CD spectra were systematically corrected by blank substraction. The atom
numbering used in the systematic nomenclature of the compounds
described in this Experimental Section does not follow necessarily the
one used for convenience in the molecular structures of complexes 6a, 8
and 15.

Krohnke condensation of the pyridinium salt 2 with (4)-pinocarvone 1:
synthesis of (—) (18,55)-2,3-[2'-(2"-methylphenyl)-1’-azabenzo]-6,6-di-
methylbicyclo[3.1.1]heptane, compound 3: To a solution of 1 (33.5¢g,
0.22 mol) in formamide (100 mL) were added the pyridinium salt 2 (32.5 g,
0.11 mol) and NH,OAc (17.2 g, 0.22 mol). This mixture was stirred for 72 h
at 100°C. The reaction medium was then cooled to room temperature and
poured into an aqueous solution of HCI (200 mL at 10 % mass). The acidic
solution was washed with hexane (3 x 300 mL) and basified by reaction
with an ice-cooled concentrated aqueous solution of KOH. An oily layer
appeared on the surface of the solution that was extracted with hexane
(300 mL). The organic phase was then washed with brine, dried over
MgSO,, filtered over a short column of activated alumina and the solvent
was evaporated under reduced pressure. The slightly reddish oily residue
(11 g, 0.042 mol, 37 % yield calculated with respect to 2) was analysed as
being reasonably pure for use in further synthetic steps. Two consecutive
kugelrohr distillations at reduced pressure provided colourless samples for
complete analytical characterizations. Compound 3 :[a],=-73.9%
0.2°dm'g'mL (CH,ClL, 20°C, ¢=9.9mm); C,H;N (%): caled: C
86.65, H 8.04, N 5.32; found: C 86.18, H 8.18, N 5.38; HR MS (FAB*)
caled for CigH,,N (MH"): m/z: 264.1752; found m/z (%): 264.1741 (100);
'H NMR (300 MHz, CDCl;, 20°C): 6=0.70 (s, 3H; Me), 1.34 (d, 1H,
2J(H,H) =9.5 Hz), 1.42 (s, 3H; Me), 2.38 (s, 3H; Me), 2.40 (m, 1H), 2.72
(m,1H),2.79 (dd, 1H, 3/(H,H) = 5.6 and 5.9 Hz), 3.16 (m, 2H), 7.05 (d, 1 H,
3J(H,H) =75 Hz), 725 (m, 4H), 740 (m, 1H); *C {{H} NMR (300 MHz,
CDCl;, 20°C): 6=20.5, 21.4, 26.2, 32.1, 36.8, 39.6, 40.4, 46.4, 120.5, 125.9,
127.9,129.7, 130.7, 133.1, 135.9, 139.7, 141.0, 156.3, 157.1.

Synthesis and isolation of the two diastereoisomers of (18, 55)-2,3-[2'-
(tricarbonyl{zn°-2"-methylphenyl}chromium(o))-1'-azabenzo]-6,6-dimethyl-
bicyclo[3.1.1]heptane, compounds (1"R)-4a and (1”$)-4b: Compound 3
(3 g, 0.011 mol) and [Cr(CO)] (3.7 g, 0.017 mol) were dissolved in a
mixture of THF (15 mL) and di-n-butyl ether (150 mL). The mixture was
refluxed for three days and the resulting bright orange solution was cooled
to room temperature and filtered over Celite. The solvents were
evaporated under reduced pressure. The resulting orange oil was redis-
solved in CH,Cl,, and dry SiO, was added and the solvent removed in
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vacuo. The coated silica gel was loaded on the top of a SiO, column packed
in dry hexane. The mixture of complexes 4a and 4b was eluted with a 10:1
mixture of CH,Cl, and acetone. After evaporation of the solvents the
orange oil (3.7 g, 0.01 mol, 81% conversion) was analysed by 'H NMR
spectroscopy and fouund to contain a 1:1 mixture of 4a and 4b. The latter
two complexes were separated by repeated successive recrystallizations
from Et,O/hexane mixtures. Compound 4a often precipitated in a pure
form and in high amounts (1.5 g, 3.7 mmol, 22 % yield with respect to 3). In
contrast, 4b often failed to give pure yellow solids after recrystallizations of
residual mixtures on the first attempt. However a reasonable amount of 4b
could be obtained in analytically pure form after several recrystallizations
(500 mg, 1.2 mmol, 11% yield with respect to 3). Complex 4a: [a]p,=
+77+1°dm~'g'mL (CH,Cl,, 20°C, ¢c=8mm); C,H, NO;Cr: calcd
(%): C 66.16, H 5.30, N 3.50; found: C 66.20, H 5.44, N 3.52; IR (CH,CL):
7=1964, 1886 cm~! (CO); 'H NMR (300 MHz, C;Dg, 20°C): 6 =0.50 (s,
3H;Me), 1.06 (d, 1H, 2/(H,H) =9 Hz), 1.16 (s, 3H; Me), 2.03 (m, 4 H), 2.38
(m, 1H), 2.42 (t, 1H), 3.04 (m, 2H), 4.40 (t, 1H), 4.44 (d, 1H, 3J(H,H) =
6.1 Hz), 4.66 (t, 1H), 528 (d, 1H, *J(HH)=6.4 Hz), 6.81 (d, 1H, H,,,
*J(H,H) =76 Hz), 716 (d, 1H, H,); *C NMR (75 MHz, C¢D;, 20°C): 6 =
20.2,21.1,25.9, 32.0, 36.8, 39.3, 40.4, 46.4, 88.8, 92.9, 94.5, 97.6, 109.8, 111.0,
121.8, 133.4, 141.1, 153.0, 156.3, 233.8 (CO). Complex 4b:[a],=—146 £
1°dm~'g'mL (CH,Cl,, 20°C, c=8 mMm); C,,H,NO;Cr (%): caled: C
66.16, H 5.30, N 3.50; found: C 66.37, H 5.28 N 3.65; IR (CH,CL,): 7 = 1964,
1886 cm~! (CO); 'H NMR (300 MHz, C;Dg, 20°C): 6 =0.53 (s, 3H; Me),
1.04 (d, 1H, 2J(H,H) =9.0 Hz), 1.15 (s, 3H, Me), 2.04 (m, 4H), 2.35 (m,
1H), 2.42 (t, 1H), 3.07 (m, 2H), 437 (m, 2H), 4.62 (t, 1H), 5.34 (d, 1H,
*J(HH)=6.5Hz), 6.79 (d, 1H, */(HH)=8.0 Hz; H,)), 716 (d, 1H; H,));
BC {'H} NMR (75 MHz, CsDg, 20°C): 6 =20.0, 21.1, 25.8, 31.9, 36.8, 39.4,
40.3,46.4, 88.8,92.8, 94.4, 978, 109.5, 111.1, 121.7, 133.3, 141.1, 152.8, 156 .4,
233.8 (CO).

General procedure for the cyclomanganation of compounds 4a, 4b and 13:
In a Schlenk tube [Mn(CH,Ph)(CO)s] and the corresponding substrate
were mixed and dry degassed heptane was added to the resulting solid
mixture. The resulting mixture was stirred for 5S-6h at 110°C. An
abundant red precipitate formed in the course of the reaction. The reaction
mixture was cooled to room temperature and the solvent was removed
under reduced pressure. The solid residue was then dissolved in a minimum
volume of CH,Cl, and SiO, was added. The solvent was removed in vacuo
and the resulting coated silica gel loaded on the top of a SiO, column
packed with dry and degassed hexane. The cyclomanganated product was
eluted with a 6:4 mixture of CH,Cl, and hexane and the compound was
isolated pure after removal of the solvents under reduced pressure.

(+)-Tetracarbonyl[ (1S, 5S, 6"R)-2,3-[2-(tricarbonyl{z°-2”-methylphenyl-
xkC%}chromium(0))-1'-azabenzo-xN]-6,6-dimethylbicyclo[3.1.1]heptane]
manganese(®, complex S5a: Compound 4a (1.21g, 3.4mmol),
[Mn(CH,Ph)(CO);s] (1.30 g, 5.1 mmol) and heptane (10 mL) were allowed
to react to give Sa in 81 % yield after chromatographic purification (1.40 g,
2.5 mmol). Compound 5a: [a],=+338+£2°dm !g-'mL (CH,Cl,, 20°C,
¢ =8 mM); C,sHyyNO;CrMn (%): caled: C 55.23, H 3.56, N 2.48; found: C
55.51, H 3.61 N 2.45; IR (CH,Cl,): #=2084, 2003, 1982, 1947, 1872 cm™!
(CO); 'H NMR (300 MHz, CDy, 20°C): 6 =0.35 (s, 3H; Me), 0.67 (d, 1H,
2J(H,H) =9.8 Hz), 1.04 (s,3H; Me), 1.89 (m, 1 H), 2.00(s, 3H; Me), 2.14 (m,
1H), 2.21 (1, 1H), 3.05 (d, 1 H, 2/(H,H) =172 Hz), 3.19 (d, 1H, 2J(H,H) =
172 Hz), 4.66 (d, 1H, 3J(H,H)=63Hz), 481 (t, 1H), 585 (d, 1H,
3J(H,H)=5.8 Hz), 6.56 (d, 1H, 3/(H,H) =83 Hz), 727 (d, 1H, 3/(H,H) =
8.0 Hz); 3C {'H} NMR (125 MHz, CDCl;, 20°C): 6 =21.3, 23.6, 25.5, 31.3,
38.7,40.9, 43.1, 46.6, 93.2, 97.1, 103.6, 106.5, 113.2, 121.3, 135.2, 141.0, 143.0,
1614, 163.4, 210.8 (Mn-CO), 211.7 (Mn-CO), 212.7 (Mn-CO), 220.0 (Mn-
C0), 235.3(Cr-CO).

(—)-Tetracarbonyl[ (1S, 5S, 6"S)-2,3-[2-(tricarbonyl{5°-2"-methylphenyl-
«kC%}chromium(0))-1'-azabenzo-xN]-6,6-dimethylbicyclo[3.1.1]heptane]

manganese(, complex 5b: Compound 4b (250 mg, 0.62 mmol),
[Mn(CH,Ph)(CO);] (268 mg, 0.93 mmol) and heptane (10 mL) were
allowed to react to give Sb in 62 % yield after chromatographic purification
(219 mg, 0.39 mmol). Compound 5b: [a]p,=-353+2°dm'g'mL
(CH,CL,, 20°C, c=8 mM); C,sH,NO,CrMn (%): caled: C 55.23, H 3.56,
N 2.48; found: C 55.39, H 3.85 N 2.50; IR (CH,CL,): 7=2084, 2004, 1982,
1947, 1872 cm~' (CO); 'H NMR (300 MHz, C;Dg, 20°C): 6 =0.25 (s, 3H;
Me), 0.70 (d, 1H, 2J(H,H) = 9.8 Hz), 1.01 (s, 3H; Me), 1.88 (m, 1 H), 1.96 (s,
3H; Me), 2.13 (m, 1H), 2.20 (t, 1H), 3.09 (d, 1H, 2/(H,H) =172 Hz), 3.19
(d, 1H, 2J(H,H) =172 Hz), 4.64 (d, 1H, 3J(H,H) = 5.6 Hz), 4.80 (dd, 1H,
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3J(HH)=6.1 and 6.4 Hz), 5.87 (d, 1H, *(H,H) =62 Hz), 6.53 (d, 1H,
S(HH)=83Hz), 727 (d, 1H, ¥(HH)=83Hz); ®C {'H} NMR
(125 MHz, CDCL,, 20°C): 6=21.0, 23.2, 25.4, 30.8, 39.0, 40.9, 42.9, 46.6,
933, 96.9, 103.4, 106.9, 112.8, 121.5, 1352, 141.4, 143.1, 161.3, 163.3, 211.0
(Mn-CO), 211.5 (Mn-CO), 212.7 (Mn-CO), 220.1 (Mn-CO), 235.3 (Cr-CO).

General procedure for the synthesis of chiral complexes 6a, b: Bimetallic
complexes 5a,b were separately dissolved in DME and the solution was
cooled to —50°C. A solution of phenyllithium (1.8 M in cyclohexane/diethyl
ether, Aldrich Chemicals) was then added and the temperature of the
reaction mixture was allowed to reach —20°C. After 10 min at — 20 °C, the
reaction mixture was cooled to —40°C. MeOTf was added and the reaction
mixture slowly warmed to room temperature. The solvent was removed in
vacuo and the residue dissolved in CH,Cl, and mixed with silica gel, the
solvent was then removed under reduced pressure. The resulting coated
silica gel was loaded on the top of a silica gel column that was packed in dry
and degassed hexane and eluted with 70:30 mixtures of CH,Cl, and hexane.

Preparation of (+)-(1S, 55, 6”S, aR)-tricarbonyl[2,3-{2'-{tricarbonyl-
1”,2",3",4”,5"-5-3"-methyl, 6"-(a-methoxybenzylidene)cyclohexadienyl-
kC*]chromium(0)}-1'-azabenzo-«N}-6,6-dimethylbicyclo[3.1.1]heptane]-
manganese(), 6a, by the “Fischer method” starting from compound Sa:
Complex 5a (170 mg, 0.30 mmol), PhLi (0.17 mL, 0.30 mmol, in hexane),
DME (10 mL) and MeOTf (0.15 g, 0.90 mmol) were allowed to react to
give 6a (180 mg, 0.27 mmol, 91% yield): [a]p=+728+6°dm'g-'mL
(CH,Cl,,20°C, ¢ =1.67 mm); C33;HpsNO,CrMn (% ): caled: C 60.28, H 4.29,
N 2.13; found: C 59.96, H 429, N 220; HR MS (FAB*) for
Cy3HyNO,CrMn: caled: 657.06513; found (%): 657.06482 (4.4); CD
(hexane/CH,Cl,, 25°C, ¢=0.031mm): A (Ae)=469.5 (1.61), 431.0
(—=2.97), 356.0 (—5.59), 313.0 (19.2), 263.0 (—17.7), 232.5 (3.21), 210.0
(15.9), 197.0 (—28.6), 186.5 nm (12.7 dm*mol~'cm~'); UV/Vis (hexane/
CH,CL): Apa (€)=459 (2.09 x 10%), 285 (1.68 x 10%), 243 (2.60 x 10%),
221 nm (3.63 x 10*mol~'dm*cm"); IR (CH,ClL,): v=2012, 1958, 1926,
1885 cm™! (CO); 'H NMR (500 MHz, CDCl;, 20°C): 6 =0.29 (s, 3H; Me),
1.14 (d, 1H, 2J(H,H) =5.8 Hz), 1.29 (s, 3H; Me), 1.61 (s, 3H; Me), 2.42 (t,
1H), 2.45 (m, 1H), 2.63 (m, 1H), 3.20 (d, 1H, 2J(H,H) =18.1 Hz), 3.39 (s,
3H; —OMe), 3.65 (d, 1H, 2J(H,H)=170Hz), 448 (d, 1H, J(HH)=
76 Hz; Hy,o,), 5.18 (t, 1H; Hy,o), 5.66 (d, 1H, *J(HH) =6.3 Hz; H,,),
6.23 (d, 1H, JJHH) =6.0 Hz; H,,(,), 6.36 (d, 1H, *J(HH) =77 Hz; H,,),
6.90 (t, 1H; H,poi0, phendo)> 6-99 (6, TH: Hpra, pendo)s 712 (t, TH: Hoera, pheendo)s
7.37 (d, 1H, 3J(H,H) =78 Hz; H,,110. phcnao)s 7-55 (d, 1H, 3J(H,H) =7.0 Hz;
Ho o, pheendo); 2C {{H} NMR (125 MHz, CDCl;, —20°C): 6 =20.3, 20.5,
25.4,31.5, 38.3, 38.9, 40.4, 46.2, 54.7, 81.0, 89.2, 90.5, 92.3, 98.5, 98.7, 120.6,
126.7,127.2, 128.4, 132.5, 133.2, 133.9, 141.9, 142.6, 152.2, 160.7, 219.9 (Mn-
CO), 230.3 (Mn-CO), 232.0 (Mn-CO), 236.2 (br.; Cr(CO);).

Preparation of (—)-(1S, 58, 6"R, aS$)-tricarbonyl[2,3-{2"-{tricarbonyl-
[17,2",3",4”,5"-p5-3"-methyl, 6"-(z-methoxybenzylidene)cyclohexadienyl-
Kk C*]chromium(o)}-1'-azabenzo-xNV}-6,6-dimethylbicyclo[3.1.1]heptane]-
manganese(, 6b, by the “Fischer method” starting from compound 5b:
Complex 5b (364 mg, 0.64 mmol), PhLi (0.35 mL, 0.64 mmol, in hexane),
DME (10 mL) and MeOTf (0.316 g, 1.8 mmol) were allowed to react to
give 6b (280 mg, 0.42 mmol, 66 % yield): [a]p,=—906+12°dm'g-'mL
(CH,Cl,,20°C, ¢ =1.67 mm); C33;HpsNO,CrMn (% ): caled: C 60.28, H 4.29,
N 2.13; found: C 59.97, H 433, N 2.12; HR MS (FAB*) for
Cy3HNO,CrMn: caled: 657.06513; found (%): 657.06485 (4.0); CD
(hexane/CH,Cl,, 25°C, ¢=0.036 mM): A (Ae)=464.0 (—2.91), 427.0
(1.16), 359.0 (5.37), 313.0 (—20.0), 267.0 (13.8), 229.5 (—10.2), 212.5
(—9.44), 193.0 nm (81.7 dm*mol~'cm™"); UV/Vis (hexane/CH,CL,): A,y
(e) =460 (2.56 x 10%), 283 (1.96 x 10%), 244 (2.81 x 10%), 221 nm (4.11 x
10* mol~'dm?*cm"); IR (CH,CL,): #=2004, 1955, 1920, 1877 cm~! (CO);
'H NMR (500 MHz, CDCl;, 20°C): 6=0.73 (s, 3H; Me), 0.75 (d, 1H,
2J(H,H) =9.5 Hz), 1.32 (s, 3H; Me), 1.61 (s,3H; Me), 2.42 (m, 2H), 2.46 (m,
1H), 3.25 (d, 1H, 2J(H,H) =18.0 Hz), 3.35 (s, 3H; OMe), 3.49 (d, 1H,
2J(H,H) =18.0 Hz), 4.43 (d, 1H; Hp,y), 5.17 (t, 1H; Hp,r), 5.74 (d, 1H;
Harer), 623 (d, 1H, 3J(HH) =5.8 Hz), 6.42 (d, 1 H, */(H,H) = 7.9 Hz), 6.93
(t, 1H), 6.98 (t, 1H), 7.10 (t, 1H), 7.34 (d, 1H, *J(H,H) =77 Hz), 7.79 (d,
1H, 3J(H,H) =76 Hz); °C {H} NMR (125 MHz, CDCl;, 0°C): =204,
21.1, 25.5, 30.7, 38.2, 38.5, 39.9, 46.2, 54.7, 80.7, 81.4, 88.4, 90.6, 92.4, 98.9,
99.2, 120.7, 126.7, 127.7, 128.1, 132.6, 132.9, 134.3, 141.6, 142.5, 152.1, 160.4,
219.9 (Mn-CO), 230.4 (Mn-CO), 231.1 (br.; Cr-CO), 231.8 (Mn-CO), 235.5
(br.; Cr-CO), 237.0 (br.; Cr-CO).

Determination of the molecular structure of 6a by X-ray diffraction
analysis: Acquisition and processing parameters are displayed in Table 1. A
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total of 3429 reflections having /> 30(I) were collected on a KappaCCD
diffractometer using Mo, graphite-monochromated radiation. The struc-
ture was determined using direct methods and refined against |F|.
Hydrogen atoms were introduced as fixed contributors. The absolute
structure was determined by refining Flack’s x parameter. For all
computations the Nonius OpenMoleN package was used.*’!

Thermally promoted CO displacement reaction of compound 6 with PPh;,
synthesis of fac-(tricarbonyl)(triphenylphosphane)[2-{(7°-phenyl)tricar-
bonylchromium(0)-xC*}pyridine-x N]Jmanganese(®, compound 8: Complex
6 (329 mg, 0.72 mmol) and excess triphenylphosphane (567 mg, 2.16 mmol)
were dissolved in dry degassed heptane (15mL) and the resulting
suspension was refluxed for about 4 h. The solvent was removed in vacuo
from the resulting red solution, and the resulting residue was dissolved in
CH,Cl, and silica gel added. The solvent was evaporated under reduced
pressure and the coated silica gel loaded on the top of a SiO, column
packed in hexane. The orange-red compound 8 was eluted with a 1:1
mixture of CH,Cl, and hexane. After evaporation of the solvents and
recrystallisation, compound 8 (472mg, 0.68 mmol, 94% yield) was
obtained in a monocrystralline form suitable for X-ray diffraction analysis.
Compound 8 : C;sH,;NO4CrMn (% ): caled: C 60.80, H 3.35, N 2.03; found:
C 60.56, H3.20 N 1.94; IR (CH,Cl,): 7 =2014, 1948, 1898, 1873 cm~! (CO);
'H NMR (300 MHz, CDCl,, 20°C): 6 =4.94 (t, 1 H, 3/ (H,H) = 6.1 Hz), 5.34
(t, 1H, 3J(HH)=6.7 Hz), 5.40 (d, 1H, */(H,H)=5.8 Hz), 6.17 (d, 1H,
3J(H,H) =6.1 Hz), 6.80 (t, 1 H, *J(H,H) = 6.6 Hz), 7.13-7.25 (m, 16 H), 7.60
(t, 1H, 3/(H,H)=7.6 Hz), 8.32 (d, 1H, 3J/(H,H) =5.4 Hz); “C {'H]NMR
(125 MHz, CDCl;, 20°C): 6 =86.4, 90.6, 93.9, 107.5, 113.1, 119.2, 123.1,
128.2 (d, 6C, J(P,C) =8.8 Hz), 129.6 (d, 3C, J(P,C) =1.7 Hz), 132.4 (d, 3C,
J(P,C)=349 Hz), 133.1 (d, 6C, J(PC)=9.6 Hz), 136.8, 152.2 (d, 1C,
J(PC)=189 Hz; Cy,crMn), 153.5, 164.4, 216.9 (Mn-CO), 2173 (Mn-
CO), 225.6 (s, 1C, J(P,C) =21.9 Hz, Mn-CO), 235.8 (Cr(CO);); *'P NMR
(CDCl;, 20°C): 6 =549 (s).

Determination of the molecular structure of 8 by X-ray diffraction analysis:
Acquisition and processing parameters are displayed in Table 1. Reflec-
tions were collected on a MACH3 Nonius diffractometer using Mok,
graphite-monochromated radiation. Empirical absorption corrections from
the 1 scans of seven reflections, absorption factors: 0.94/1.00. The structure
was solved by using direct methods and refined against |F|. Hydrogen
atoms were introduced as fixed contributors. The solvent molecule is
disordered over two positions related by an inversion centre. The absolute
structure was determined by refining Flack’s x parameter. For all
computations the Nonius OpenMoleN package was used!).

General procedure for the thermally promoted reaction of compounds 7,9,
5a and 5b with 1,1-diphenyldiazomethane: Compound 7 (9, 5a, 5b) and
N,=CPh, were dissolved in dry, degassed heptane. The mixture was then
refluxed for 1 h. A reddish precipitate appeared. An additionnal amount of
N,=CPh, was added to the medium and the suspension was refluxed for an
additional 30 min period. The reaction mixture was then cooled to room
temperature and the solvent evaporated under reduced pressure to afford a
cotton-like solid. The latter was dissolved in CH,Cl, and SiO, was added.
The solvent was evaporated in vacuo and the coated silica gel loaded on the
top of a SiO, column packed in hexane. The deep orange band containing
complex 10 (11, 12a, 12b) was eluted with a 4:1 mixture of CH,Cl, and
hexane.

2-{1,2",3 ,4',5"-p°[6'(z-phenylbenzylidene)cyclohexadienyl-x C* Jtricarbon-
ylchromium(o)}(pyridine-«V)tricarbonylmanganese (), complex 10: Com-
plex 7 (110 mg, 0.22 mmol) and N,=CPh, (250 mg, 1.3 mmol) in heptane
(10 mL) were allowed to react to give complex 10 (120 mg, 0.20 mmol, 91 %
yield): C3,HgNO¢CrMn (% ): caled: C 60.52, H 3.05, N 2.35; found: C 60.29,
H 3.53 N 2.34; IR (CH,Cl,): # =2010, 1960, 1929, 1891 cm~! (CO); '"H NMR
(500 MHz, CsDy, 20°C): 6 =3.05 (d, 1H; Ha,¢), 3.18 (d, 1 H; Hy ), 3.65 (8,
1H; Hyoor), 529 (t, 1H; Hyoor), 5.32 (d, 1H; H,y), 5.38 (t, 1H; H,,y), 5.91 (t,
1H; Hy,), 6.49 (t, 1H; Hyuaphocndo)s 6-57 (t, TH; Hypepheendo)s 6.69 (t, 1H;
HmclzL Ph—cndo)s 6.88 (t# 1 H; Hpam Ph-('xa)’ 7.08 (d# 1 H; Horlh(x Ph-cndo)# 710 (ts lH’
Hmelm Ph-exo)v 730 (d> 1H, pr)> 8.01 (d, 2H7 Honho, Ph-cx0)> 8.39 (dv 1H’
Hiho, pheenao) s °C {{H} NMR (125 MHz, CDCl;, 20°C): 6 =54.4, 81.1, 83.5,
86.3, 87.6, 89.8, 94.3, 117.6, 122.3, 124.9, 125.7, 1274, 128.7, 128.8, 129.4,
133.3, 134.3, 137.1, 1474, 149.3, 152.3, 160.4, 219.6, (Mn-CO), 230.1 (Mn-
CO), 232.1 (Mn-CO), 235.0 (w br.; Cr(CO)5).

[2-{1',2",3' 4,5 -n°-[6'-(a-phenylbenzylidene)cyclohexadienyl-< C* Jtricar-
bonylchromium(o)},3-methyl(pyridine-«N) Jtricarbonylrhenium(), com-
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plex 11: Complex 9 (150 mg, 0.25 mmol) and N,=CPh, (580 mg, 3 mmol) in
heptane (15mL) were allowed to react to give complex 11 (124 mg,
0.17 mmol, 67 % yield): C;;H,)NO4CrRe: caled: C 50.27, H 2.72, N 1.89;
found: C 50.59, H 3.06 N 2.15; IR (CH,CL,): #=2016, 1968, 1927, 1885 cm !
(CO); 'H NMR (500 MHz, CDCl,, 20°C): 6 =2.00 (s, 3H; Me), 3.91 (d,
1H; Hae), 448 (d, 1H; Hai), 4.87 (d, 1H; Haye), 6.18 (t, 1 H; Harr), 6.53
(dd, 1H), 6.68 (t, 1H), 6.78 (t, 1H), 6.88 (m, 2H), 7.01 (t, 1H), 7.19-7.32 (m,
3H), 7.68 (d, 1H), 7.77 (d, 2H), 8.13 (d, 1H); *C {'H} NMR (125 MHz,
CDCl;, 20°C): 0=20.6, 51.2, 785, 876, 88.4, 89.0, 93.4, 954, 122.9,
124.8, 125.6, 127.8, 128.7, 129.2, 129.9, 131.3, 133.6, 140.2, 1479, 150.2,
1512, 158.0, 194.4 (Re-CO), 1974 (Re-CO), 203.3 (Re-CO), 233.0 (w br.;
Cr(CO);).

Reaction of complex 5a with N,=CPh,, synthesis of (+)-(1S, 55, 6"S)-
tricarbonyl[2,3-{2'-{tricarbonyl[1”,2",3",4",5"-n*-3"-methyl, 6"-(a,-di-
phenylmethylene)cyclohexadienyl-« C*]chromium(0)}-1'-aza-benzo-xN}-6,6-
dimethylbicyclo[3.1.1]heptane]manganese (), 12a: Complex 5a (113 mg,
0.2 mmol) and N,=CPh, (316 mg, 0.8 mmol) in heptane (10 mL) were
allowed to react to give complex 12a (90 mg, 0.13 mmol, 64 %): [a],=
+242+1°dm~'g'mL (CH,Cl,, 20°C, c¢=1.56 mm); C;H3;NO4CrMn
(%): caled: C 64.87, H 4.30, N 1.99; found: C 64.78, H 437 N 1.92; HR
MS (FAB™) for C33H3NOCrMn: calcd: 703.08587; found (% ): 703.08662
(2.2); CD (hexane/CH,Cl,, 25°C, ¢ =0.102 mm): A (Ag) = 460.5 (7.39), 399.5
(—8.16), 324.5 (22.3), 268.0 (—23.6), 2275 (19.1), 215.0 (11.5), 195.3 nm
(—58.6 dm*mol'cm™'); UV/Vis (hexane/CH,CL): A, (€) =459 (2.28 x
10%), 325nm (1.17 x 10 mol~! dm*cm™'); IR (CH,CL,): #=2004, 1953,
1921, 1880 cm~! (CO); 'H NMR (500 MHz, CDCl;, 20°C): 6 =0.32 (s, 3H;
Me), 1.04 (d, 1H, 2J(H,H) = 9.5 Hz), 1.28 (s, 3H; Me), 1.76 (s, 3H; Me), 2.36
(t, 1H), 2.44 (m, 1H), 2.56 (m, 1H), 3.27 (d, 1H, 2J(H,H) =179 Hz), 3.55
(d, 1H, 3J(H,H) =78 Hz; H(,), 3.63 (d, 1H, 2/(H,H) =17.8 Hz), 4.70 (m,
1H; Hay), 580 (d, TH, 3(H,H) = 7.7 Hz; H,y), 632 (m, 2H; Hy, + Harcy),
6.70 (t, 1H; H,perr, phendo)> 6-82 (13 2H, 0 para, ph-endo)s 701 (t, TH: Hiy pievo)s
722 (t, 2H; H,ora, pheero)s 742 (d, 1H; 3J(HH) = 7.8 Hz; H,y0, pheenao)» 7-88 (d,
1H, %(HH)=80Hz; H,u mews)s 795 (d, 2H, 3J(H,H)=8.4 Hz;
Ho /o, phexo) s SC {tH} NMR (125 MHz, CDCl,, 20°C): 6 =20.6, 21.1, 25.5,
31.2,38.3, 38.9, 40.6, 46.4, 56.3, 83.6, 85.8, 87.2, 92.1, 97.5, 98.1, 121.5, 125.0,
125.8,127.7,128.5, 128.9,131.8, 132.2, 133.0, 133.9, 141.9, 148.1, 149.3, 153.8,
160.5, 220.0 (Mn-CO), 231.8 (Mn-CO), 233.5 (Mn-CO), 235.0 (w br.;
Cr(CO);).

Reaction of complex 5b with N,=CPh,, synthesis of (—)-(1S, 5S, 6"R)-
tricarbonyl[2,3-{2'-{tricarbonyl[1”,2",3",4",5"-n5-3"-methyl, 6"-(a,-di-
phenylmethylene)cyclohexadienyl-x C“]chromium(o)}-1'-aza-benzo-«NV}-6,6-
dimethylbicyclo[3.1.1]heptaneJmanganese (), 12b: Complex 5b (100 mg,
0.18 mmol) and N,=CPh, (223 mg, mmol) in heptane (10 mL) were allowed
to react to give complex 12b (90 mg, 0.13 mmol, 72%): [a]p,=—402+
1°dm~'g'mL (CH,Cl,, 20°C, ¢=1.56 mm); C;H3NO4CrMn-CH,CI,
(%): caled: C 59.40, H 4.09, N 1.77; found: C 59.61, H 3.86 N 1.88; HR
MS (FAB™) for C53H3NO(CrMn: calcd: 703.08587; found (% ): 703.08431
(12.0); CD (hexane/CH,Cl,, 25°C, ¢=0.110 mm): 1 (Ae) =463.0 (—7.67),
395.5 (7.64), 326.0 (—23.2), 2675 (17.3), 2270 (—20.4), 215.0 (—175),
198.0 nm (53.3 dm’mol'cm™'); UV/Vis (hexane/CH,CL): A, (¢) =459
(2.16 10%), 326 nm (1.20 x 10* mol~!dm*cm™); IR (CH,Cl,): 7 =2004, 1954,
1920, 1881 cm~! (CO); 'H NMR (300 MHz, C¢Dy, 20°C): 6 =0.41 (s, 3H;
Me), 0.50 (d, 1H, 2/(H,H) = 9.7 Hz), 0.96 (s, 3H; Me), 1.15 (s, 3H; Ar-Me),
1.86 (d, 2H, 3J(H,H) = 5.6 Hz), 1.97 (m, 1H), 3.38 (d, 1H; Hu,c), 347 (d,
1H, %J(H,H)=18.7Hz), 3.59 (d, 1H, %/(H,H)=18.8 Hz), 3.73 (t, 1H;
Hao)s 537 (d, 1H, J(H,H) =7.8 Hz; H,,), 5.44 (d, 1 H, ¥/(H,H) = 5.4 Hz;
Huor), 567 (d, 1H, *J(HH)=75Hz; H,), 6.58 (t, 1H; H,.4 phendo)>
6.68 (m, 2H; H,,1010. ph-endo)s 6-88 (t, 1TH: Hopra phocwo)s 713 (0, 2H; Hr, phcro)s
728 (d, 1H, 3J(HH)=75Hz; Houo phendo)> 813 (d, 2H; Hopno, phecro)s
8.30 (d, 1H, 3/ =8.5Hz; H,u0. prenso); “C {H} NMR (125 MHz, CDCl;,
20°C): 0=21.0, 21.6, 25.7, 30.9, 38.3, 38.9, 40.4, 46.6, 53.5, 55.8, 83.0,
85.4, 874, 92.1, 98.4, 121.4, 124.9, 125.7, 127.5, 128.8, 129.1, 131.4, 132.3,
133.1, 134.0, 142.1, 1483, 149.2, 154.0, 160.1, 220.1 (Mn-CO), 231.7
(Mn-CO), 232.0 (br.; Cr-CO), 233.7 (Mn-CO), 235.2 (br.; Cr-CO), 238.2
(br.; Cr-CO).

(-)-(1S,  55)-2,3-(2'-phenyl,1'-azabenzo)-6,6-dimethylbicyclo[3.1.1]hep-
tane, compound 13: [a],=-122+1°dm~'g'mL (CH,Cl,, 20°C, c¢=
1.99 mm); C;gHoN (%): caled: C 86.70, H 7.68, N 5.61; found: C 86.89,
H 7.60, N 5.53; 'TH NMR (300 MHz, CDCl;, 20°C): 6 =0.68 (s, 3H), 1.31
(d, 1H, 2J(HH)=9.3 Hz), 141 (s, 3H), 2.39 (m, 1H), 2.71 (m, 1H),
2.79 (m, 1H), 3.18 (d, 2H, %/ (H,H) =3.0 Hz), 7.23 (m, 1 H), 7.38 (m, 4H),
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794 (m, 2H); PC {'H} NMR (125 MHz, C4D;, 20°C): 6 =21.3, 26.0, 32.2,
371, 39.5, 40.5, 46.4, 1167, 1270, 1283, 128.5, 128.8, 133.4, 140.2, 154.7,
156.9.

Preparation of (—) tetracarbonyl{(1S, 55)-2,3-[ (2'-phenyl-xC*),1’-azaben-
20-kN]-6,6-dimethylbicyclo[3.1.1]heptane}manganese(), compound 14:
Compound 13 (1 g, 4 mmol) and [Mn(PhCH,)(CO);] (1.72 g, 6 mmol) in
heptane (15 mL) were refluxed for 7 h. Elution of 14 with CH,Cl,/hexane
(4:1). Compound 14 (1.165 g, 2.82 mmol, 70% yield): [a],=—64.7+
0.1° dm~'g'mL (CH,Cl,, 20°C, ¢=3.32 mm); C,H;,NO,Mn (%): calcd:
C 63.93, H 3.90, N 3.38; found: C 63.50, H 4.28, N 3.44; IR (CH,CL,): 7=
2074, 1993, 1976, 1935 cm™! (CO); 'H NMR (300 MHz, CDCl;, 20°C): 0 =
0.66 (s, 3H), 1.29 (d, 1H, 2J(H,H) =9.22 Hz), 1.44 (s, 3H), 2.54 (m, 1H),
2.70 (m, 1H), 2.81 (t, 1H), 3.39 (dd, 1H, 2J(H,H) =170 Hz, 2/(H,H) =
3.0 Hz), 3.45 (dd, 1H, 2J(H,H) =17.0 Hz 2J(H,H) = 3.0 Hz), 719 (m, 1H),
7.28 (t, 1H), 7.33 (d, 1H, *J(H,H) = 8.0 Hz), 7.66 (d, 1 H, *J(H,H) = 8.0 Hz),
772 (d, 1H), 8.03 (d, 1H, *J(H,H) =73 Hz); “C {H} NMR (125 MHz,
CDCl;, 20°C): 6 =21.0, 25.4, 31.0, 38.6, 40.7, 42.6, 46.6, 116.0, 123.6, 123.9,
129.5, 135.4, 141.2, 141.7, 147.3, 160.7, 164.3, 171.4, 214.4 (Mn-CO), 214.5
(Mn-CO), 214.7 (Mn-CO), 221.4 (Mn-CO).

Synthesis of (—) tricarbonyl{(1S, 5S, 1”S, aR)-2,3-[[1",2"-5*-2"-(a-meth-
oxybenzylidene)phenyl-xC*],1’-azabenzo-xN]-6,6-dimethylbicyclo[3.1.1]-

heptane}manganese(t), 15: To a solution of complex 14 (140 mg, 0.33 mmol)
in DME (10 mL) was added a stoichiometric amount of a solution of PhLi
in hexane (0.187 mL, 0.33 mmol) at —50°C and the mixture was stirred at
that temperature for 30 min. The resulting dark brown solution was then
warmed to —30°C and an excess of MeOTf (0.10 mL, 0.92 mmol) was
added. The mixture was allowed to warm slowly to room temperature and
the solvents were evaporated under reduced pressure. The resulting residue
was redissolved in dry Et,O and deactivated silica gel was added. The
mixture was stirred and solvents were then removed under reduced
pressure. The coated silical gel was loaded on the top of a deactivated SiO,
column packed in dry hexane. Compound 15 was the only coloured product
to be eluted with a mixture of Et,O/hexane (3:2). After evaporation of the
solvents under vacuum, compound 15 was recovered as a solid and then
washed three times with cold pentane. The product 15 was recrystallized
from pentane to afford orange-yellow crystals (116 mg, 0.23 mmol, 68 %
yield). Complex 15: [a]p =—299.3+0.6° dm~'g-'mL (CH,Cl,, 20°C, c=
1.73 mm); C,H,NOMn (%): caled: C 68.64, H 5.16, N 2.76; found: C
67.93,H5.13,N 2.73; MS (FAB*) m/z: 5072 [M]*, 476.2 [M — MeO]", 451.1
[M —-2CO]*, 423.1 [M —3COJ*, 368.2 [M — Mn(CO);]*; HR MS (FAB™)
for C,yH,NO,Mn: caled: 507.124230; found (%): 507.126135 (15); CD
(hexane/CH,Cl,, 25°C, ¢ =0.151 mm): 4 (Ae) =500.0 (0.911), 417.5 (— 7.53),
295.0 (—11.2), 258.0 (7.81), 237.0 (—3.76), 216.5 (21.4), 210.5 (20.1),
193.5 nm (—8.03 dm*mol~'ecm'); UV/Vis (hexane/CH,CL,): A,,,, (¢) =426
(2.71 x10%), 351 (6.52x10%), 289nm (1.69 x 10* mol~'dm?*cm'); IR
(CH,CL,): #=1998, 1913, 1897 cm~!' (CO); 'H NMR (500 MHz, CDCl;,
20°C): 6=0.50 (s, 3H), 0.60 (d, 1H, 2/(H,H) =9.5 Hz), 1.30 (s, 3H), 2.23
(m, 1H), 2.38 (m, 1H), 2.42 (t, 1H), 2.63 (dd, 1H, 2J(H.H) =179 Hz 3] =
3.0 Hz), 2.80 (dd, 1H, /(H,H) =179 Hz 3J/(H,H) =2.5 Hz), 3.53 (s, 3H),
6.50 (d, 1H, 3/(H,H) =7.5 Hz), 6.85 (t, 1 H), 6.89 (d, 1 H, 3/(H,H) =7.7 Hz),
739 (m, 1H), 7.61 (d, 1H, 3J(H,H)=8.1 Hz), 7.65 (t, 1H), 7.98 (d, 1H,
3J(H,H) =8.6 Hz); *C {'H} NMR (125 MHz, CDCl;, 20°C): 6 =20.9, 25.5,
30.3, 34.9, 38.6, 39.4, 45.8, 57.8, 96.2, 108.4, 109.5, 118.1, 125.5, 126.7 (br.),
131.1, 131.4 (br.), 132.8, 133.6, 140.4, 141.6, 155.0, 158.2, 220.1 (Mn-CO),
220.9 (Mn-CO), 231.0 (Mn-CO).

Determination of the molecular structure of 15 by X-ray diffraction
analysis: Acquisition and processing parameters are displayed in Table 1.
Reflections were collected on a KappaCCD diffractometer using Moy,
graphite-monochromated radiation. The structure was solved using direct
methods and refined against | F | . Hydrogen atoms were introduced as fixed
contributors. The absolute structure was determined by refining Flack’s x
parameter. For all computations the Nonius OpenMoleN package was
used.#!

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-128866 (6a),
CCDC-128867 (8) and CCDC-128868 (15). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge C2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).
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Homopolyatomic Bismuth Ions, Part 2*

Electronic Excitations in Homopolyatomic Bismuth Cations: Spectroscopic
Measurements in Molten Salts and an ab initio CI-Singles Study

Graeme Day,/?! Rainer Glaser,**] Noriyuki Shimomura,™ Atsushi Takamuku,™ and

Kazuhiko Ichikawa*[!

Abstract: The electronic excitations of
the low-valence bismuth cluster cations
Bis**, Big?*, and Biy>* have been studied
with experimental and theoretical tech-
niques. The UV-visible spectra of the
bismuth ions were measured in acidic
chloroaluminate melts (mixture of
1-methyl-3-benzyl imidazolium chloride
and AICL,). The spectra of the Bis** and
Big>* ions agree fairly well with previous
reports, but also revealed additional

sets that were augmented with one and
two sets of pure d functions. The com-
puted structures agree well with the
results of neutron diffraction analyses
of melts. Electronically excited states of
the three clusters were treated by using
the CI-Singles theory. The results of
these calculations were used to explain
the observed UV-visible spectra. The
observed electronic excitations in the
UV-visible range are all found to result

from transitions involving the molecular
orbitals formed by 6p-atomic-orbital
overlap. This leads to the necessity of
using basis sets that include d-type
functions, which allow for an adequate
description of the bonding that results
from such p-orbital overlap. Spin-orbit
coupling becomes increasingly impor-
tant with increasing atomic number and
its consideration is necessary when de-
scribing the electronic transitions in

low-energy absorptions. Ab initio meth-
ods were employed to assign the exper-
imentally observed electronic transi-
tions of these homopolyatomic bismuth
cations. Structures were optimized at the
RHF, MP2, and B3LYP levels of theory
by using split-valence LANL2DZ basis

bismuth -
calculations -

spectroscopy

Introduction

Besides the common Bi! oxidation state, bismuth is also

found in a number of low oxidation states. In fact, bismuth has
become the classical example of an element forming a series of
homopolyatomic ions. Early investigations were concerned
mainly with dilute solutions of bismuth metal in BiCl;
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clusters of heavy atoms. The calculations
show that singlet—triplet transitions,
which are made accessible by strong

functional . . . .
states - spin-orbit coupling, are responsible for
UV-visible some of the observed absorptions.

melts,' and EMF and spectroscopic studies were consistent
with the presence of Bi*, Bi;*, and Bi,** ions. X-ray crystallo-
graphic studies have shown that the more complex Bi,,Cly
cluster is composed of distinct ions in the form
[(Big**),(BiCl?>7),(Bi,Clg?) |5 €1 these complex ions have
been studied by Raman spectroscopy.” 81 UV-visible spectros-
copy and cyclic voltammetry were used to characterize the
homopolyatomic cations of the low oxidation states of
bismuth, Bis**, Big?" and Biy>*, which were isolated in molten
acidic chloroaluminate melts of the AICl;/NaCl eutectic and
the 2:1 AICLy/N-(n-butyl)pyridinium chloride.-11]

The solid phases, [Bis(AlCl,);] and [Big(AICL),], were
isolated from the pseudo binary system  Bi-
(BiCl;+AlIClL;).>4) A material with composition Bi,Hf;Cl;g
also was prepared,I'” but an X-ray diffraction study of the
system Bi-(2BiCl;+3 HfCl,) showed that the composition of
this compound is [(Bi/’")(Bi")(HfCl&");] and not
[(Bis**),(HfCls?");]. More recently, the full single-crystal
analysis of [Bis(AlCl,);] that included the intramolecular
structure of the Big** ion was reported.'¥! The Bis** ion was
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studied with extended Hiickel theory!® and Ulvenlund
et al.l"”l reported RHF, MP2, and CISD results of ab initio
calculations of the D4,-Bis** structure. We have reported the
results of liquid-state neutron-diffraction measurement of Dy,
Bis** together with highly correlated ab initio computations
that employed effective core potentials and well-polarized
basis sets.['®]

We present herein the results of experimental and theoret-
ical studies of the electronic excitations of the highly
symmetric, low-valence polycations Bis**, Big*, and Biy’*.
The UV-visible spectra of these three cations have been
measured in molten solutions of 1-methyl-3-benzyl imidazo-
lium chloride and aluminum trichloride. The structures of the
ions Bis**, Big?*, and Biy>* were also measured by neutron-
diffraction analysis of the melts.'”) Geometric parameters of
the isolated bismuth clusters were optimized by using
Hartree — Fock theory and included electron correlation by
means of perturbation and density functional theory. The
optimized structures were in excellent agreement with the
neutron diffraction data. The focus of the theoretical work lies
with the assignment and the characterization of the electronic
transitions of the three polybismuth cations by means of an ab
initio single-excitation configuration-interaction approach
(CI-Singles). We have used the results of such calculations
to attribute the observed UV-visible absorption bands to
specific electron density transitions and to assign symmetries
to the electronic transitions, offering an improved treatment
to that speculated by Corbett. In 1968, Corbett discussed the
bonding in [Bis(AlCl,);] and predicted the correct Dy,
structure and assigned electronic transitions based on the
premise that the large 6s—6p and 6p—6d separations in
bismuth! would allow bonding to be treated by using only
the 6p orbitals.'”! In this discussion, Corbett presented, “more
as an interesting observation”, that such a treatment also leads
to a very good correlation between the observed UV-visible
spectrum and the predicted energies of allowed electric dipole
transitions, derived from the calculated energy diagram and
an arbitrary scaling parameter. Comparison between the
excitation energies calculated by the CI-Singles approach and
those predicted from the HOMO - LUMO energy gap in the
cations highlights the deficiency in the free electron molecular
orbital (FE-MO) approach of predicting electronic excita-
tion energies from the eigenvalues of ab initio molecular
orbitals.

Experimental Section

Syntheses: Solid [Bis(AICL);],"? [Big(AICL),],[" and [(Biy),(Bi;Cl4),]?!
were prepared by fusing stoichiometric mixtures of bismuth (99.9999 %),
distilled purified bismuth trichloride and single crystals of aluminum
trichloride. 1-methyl-3-benzyl imidazolium chloride (MeBzImCl) was
synthesized from equimolar amounts of 1-methyl imidazole and benzyl
chloride. The product was recrystallized from acetonitrile:ethyl acetate
(1:1,v/v) and its identity was confirmed by 'H NMR spectroscopy and
elemental analysis. '"H NMR (D,0): 6 =3.92 (N-CH,;), 5.43 (N-CH,), 7.49
(benzene), 7.53 (imidazole), 8.78 (methylene); elemental analysis calcd
(%): C 63.3, H 6.2, N 13.4, C1 17.0; found C 62.3, H 7.1, N 13.1, Cl 16.6.

Room-temperature solution of chloroaluminate: The mixture of Me-
BzImCl and AICI; was transferred into a reactor in a glove box filled with
argon gas. After being sealed in the reactor glassware, the mixture was
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removed from the glove box and fused at 60-80°C to prepare the room-
temperature solution of chloroaluminate.

Spectrochemical measurement: The measurement of electronic absorption
spectra was carried out by using a spectroelectrochemical cell (optical path
length: 1 mm) with tightcap for solutions of [Bis(AIClL,);] (ca. 0.7mm),
[Big(AICL),] (ca. 0.7mMm) and [(Biy),(Bi;Cly,),] (0.2mm) in melt of
MeBzImCl/AICL; (67 mol %) and were recorded against a reference cell
that contained the melt without these polybismuth compounds.

Computational details: In the ground state, the 83 electrons of the Bi atom
are distributed as KLMN 5s(2)5p(6)5d(10)6s(2)6p(3). The large number of
electrons in the cations studied led us to the use of effective core potentials
in place of the electrons in shells K to O (n~1-5). The basis sets used in
this investigation describe the core electrons by the Los Alamos National
Laboratory 2 (LANL2) effective core potential® ! and employed split-
valence (double-§) basis sets to describe the 6s and 6p electrons. The
effective core potentials were generated from Cowan’s relativistic Har-
tree —Fock wave function of the Bi atom which incorporates Darwin and
mass — velocity terms.2l The smallest valence basis set used consists only of
the 21-type 6s and 6p basis functions on each bismuth atom. When used in
conjunction with the LANL2 effective core potential, this basis set is
designated LANL2DZ. We also employed improved basis sets for which
1) the LANL2DZ basis functions had been augmented by a set of five pure
d-type polarization functions on each bismuth atom (LANL2DZ + P) and
2) two sets of pure d-type functions were added (LANL2DZ + PP). The
polarization functions used in the LANL2DZ + P basis set have Gaussian
exponents of 0.185, as suggested by Huzinaga.! Augmentation of the
LANL2DZ basis set by two sets of d-type functions with different Gaussian
exponents effectively results in the optimization of the radial component of
the polarization functions. The LANL2DZ + PP basis set employed two
sets of d functions, one with exponent 0.229 and a second set of more diffuse
d functions with exponent 0.069. Our previous work!'®l has demonstrated
that the Los Alamos basis sets perform very well in describing the structure
and bonding of homopolyatomic bismuth when augmented by polarization
functions. Replacing the inner-shell electrons by an effective core potential
is not expected to cause significant error in the calculation of electronic
excitations in the UV-visible range, because of the large energy gap
between the O-shell (n~5) and the valence atomic orbitals in bismuth.

The structures of the cationic clusters were completely optimized under the
constraints of the stated point group symmetry (Bis** in Dy,, Big?" in Dy,
and Biy’" in Dy,) at the restricted Hartree — Fock (RHF) level of theory.
Higher level optimizations were performed to account for electron
correlation effects by way of second-order Mgller—Plesset perturbation
theory (MP2),1») including all valence electrons in the configuration space
and by use of density functional theory (DFT). The well-tested and widely
accepted B3LYP functional was used. The B3LYP functional combines
Becke’s three-parameter exchange functional (B3)P! with the correlation
functional of Lee, Yang, and Parr (LYP).I?”) The stationary point structures
were characterized by vibrational analysis at the MP2/LANL2DZ + PP
level of theory and the absence of imaginary vibrational modes confirmed
the cations to be minimum structures in their experimentally determined
symmetries.

The singly excited electronic states of the three cations were studied by
using single-excitation configuration interaction theory (CI-Singles).® The
CI-Singles method treats all singly excited states as linear combinations of
singly excited Slater determinants; |¥)=23c!|¥), in which |¥) is the
excited state wavefunction, | ¥/) is a singly excited Slater determinant with
an electron excited from molecular orbital i to molecular orbital j, and ¢/
are the configuration interaction coefficients. This relatively simple
formalism allows for a straightforward analysis of the electron density
transitions accompanying each calculated excitation from the electronic
ground state.

Singlet and triplet excited states were calculated by using the three basis
sets described above (LANL2DZ, LANL2DZ + P, and LANL2DZ + PP)
as well as a smaller basis set, which uses a minimal basis valence description
in conjunction with the LANL2 effective core potential (denoted
LANL2MB). For consistency and reasons explained in the Results and
Discussion section, the geometries optimized at the MP2/LANL2DZ + PP
level were used for all excited state calculations.

Ab initio calculations were performed using the Gaussian 94 program®! on
a Silicon Graphics Power Challenge-L computer. Molecular orbitals and
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electron density transitions were analyzed by using Schaftenaar’s visual-
ization program, MOLDEN.? The graphical depictions of the molecular
orbitals and the electron density distributions presented in Figures 6—9
also can be viewed in Virtual Reality with a web browser equipped with a
VRML 2.0 plugin. This material can be found at URL http://www.missouri.
edu/ ~ chemrg/vitpub/vrml/bismuth vrml.html and or under the Support-
ing Information associated with this article.

Results and Discussion

Structure: The electron-poor homopolyatomic bismuth cat-
ions Bis**, Big*, and Biy>* were successfully prepared in
chloroaluminate melts. Neutron diffraction was used to
resolve the structures of the polycations and their symmetries
were experimentally determined to be Ds,, D,y, and Dy,
respectively, in agreement with previous work.'® 1] The
structures of the three bismuth cations are shown in Figure 1
and experimental and ab initio optimized geometric param-

A+ T4

Big®*y Day

ﬂ-:_r3+: LeETH JJ-;_B‘+_! g

Figure 1. Symmetries of the bismuth polycations Bis**, Big?*, and Biy™".

eters are given in Table 1. These high-symmetry configura-
tions were verified as energetic minima by ab initio vibra-
tional frequency analysis at the MP2/LANL2DZ + PP level of
theory. A consistent trend in the bond lengths indicates that,
within a given theoretical method, basis set augmentation by a
single set of polarization functions on each atom results in a
shortening of the calculated bond lengths. This over-short-
ening of the calculated bond lengths could indicate that the set
of polarization functions suggested by Huzinagal?¥ are too
contracted to describe the bonding in these low-valence
clusters. However, the use of two sets of d-type functions, one
of which is fairly diffuse, allows the polarization of the atomic

Table 1. Experimental and calculated bond lengthsi®! in Bis**, Big*, and Big**.

charge to relax and the bond lengths are corrected to slightly
longer values. In terms of relative error (in comparison with
the experimental bond lengths), the larger clusters are best
described by the MP2/LANL2DZ + PP calculated geome-
tries, while the trigonal bipyramidal trication (Bis**) is best
described by the DFT (B3LYP/LANL2DZ + PP) optimized
structure.

There is very good agreement between the bond lengths
measured in the melt and those calculated in the gas phase,
providing evidence that the structure and bonding in the
polycations are relatively unaffected by the presence of the
AICl,~ counterions. This observation has been noted in earlier
studies, where it was observed that very little change in the
absorption spectrum of the Big?* cation was caused by
changing the solvent from NaAlCl,/NaALCl; (30:70) to
NaAICl,/NaCl (98.4:1.6).> 11 Furthermore, there was little
noticeable change in the spectra of either Bis** or Big>t when
measured in melts or in the solid that contained only AICI, as
a counterion.l"”l The high charges of the polycations cause the
HOMO levels to be highly bonding in all cases and the
bismuth clusters’ electronic structures should therefore only
be affected by the isotropically averaged electrostatic field of
the counterions and not by specific interactions.

Measured spectra: The UV-visible spectra of the homopoly-
atomic ions Bis**, Big", and Bi,>t were obtained in the
chloroaluminate melt and are shown in Figures 2 -4, respec-
tively. The absorption spectrum of Bis** is characterized by
twin peaks between 700 nm and 900 nm and a sharp peak at
approximately 390 nm. This spectrum is in good agreement
with the solution spectrum of Bjerrum et al.,! as well as
Corbett’s diffuse-reflectance and mull spectra of solid
[Bis(AIClL,);]."” The spectrum of Big* displays a strong
730 nm peak and a sharp absorption at 390 nm associated with
a weak shoulder near 450 nm. This spectrum agrees fairly well
with the solution spectrum of Bjerrum et al.,['”] but this early
work did not reveal the low-energy absorption (730 nm) that
is found here. The typical spectrum of Bi,>* shows a strong
peak at 450 nm and a pair of broad, weak, low-energy peaks
centered at 800 nm (magnified as an insert in Figure 4).

The free electron approximation and Koopmans’ theorem:
The HOMO - LUMO energy gap in molecules is often used to

Bi§3+ Bigz+ Bi95+

Method Axial Equatorial All edges Top edge Long edge Bi—Bi,

al®l pibl a pivl ol
experimentall®! 3.01 3.32 3.09-3.11 3.74 3.09-3.10
RHF/LANL2DZ 3.0949 3.4732 3.1802 3.3635 4.1113 3.3215
RHF/LANL2DZ +P 2.9986 3.3093 3.0908 3.2231 3.8204 3.1671
RHF/LANL2DZ + PP 3.0120 3.3406 3.0983 3.2568 3.8482 3.1924
MP2/LANL2DZ 3.2049 3.4666 3.2367 3.4799 4.1341 3.4036
MP2/LANL2DZ + P 3.0561 3.2434 3.1025 3.2426 3.8012 3.1835
MP2/LANL2DZ + PP 3.0598 3.2550 3.1120 3.2659 3.8434 3.2106
B3LYP/LANL2DZ 31211 3.4344 3.1933 3.3797 4.1109 3.3295
B3LYP/LANL2DZ +P 3.0378 3.3053 3.1164 3.2572 3.8668 3.2013
B3LYP/LANL2DZ + PP 3.0487 3.3261 3.1216 3.2819 3.8870 3.2209
[a] All lengths in A. [b] Symbols a, b, and ¢ correspond to those in Figure 1. [c] Experimental data derived by neutron diffraction in the chloroaluminate
melts.
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Figure 2. UV-visible absorption spectrum of Bis** in MeBzImCl/AICl,
(67 mol %) melt. The inset shows a magnification of the long-wavelength
area.
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Figure 3. UV-visible absorption spectrum of BigZ* in MeBzImCl/AICI;
(67 mol %) melt. The inset shows a magnification of the long-wavelength
area.
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Figure 4. UV-visible absorption spectrum of Bis’* in MeBzImCl/AICl,
(67 mol %) melt. The inset shows a magnification of the long-wavelength
area.

approximate UV-visible spectra, assuming that an electron is
excited from the occupied molecular orbital to the virtual
orbital without affecting the orbital energies. This type of
approach can be described as a free-electron molecular-
orbital approximation (FE-MO) to the excitation energy. The
assumptions made in this type of analysis are similar to those
made by Koopmans,?l whose theorem equates a molecule’s
ionization potential and electron affinity with the negative of
the eigenvalue of the occupied MO and the eigenvalue of the
virtual MO, respectively. There are several deficiencies with
this type of analysis that we would like to highlight and
provide as rationale for using the more computationally
intensive CI-Singles approach to calculate the vertical ex-
citation energies.

The well-known errors in Koopmans’ treatment are the
ignorance of both orbital relaxation and the change in
correlation energy upon removal or addition of an electron.
The CI-Singles formalism allows for both of these effects. The
reorganization of the electrons upon excitation is allowed for
by treating the excited wavefunction as a linear combination
of singly excited states and, although Brillouin’s theorem tells
us that singly excited determinants will not interact directly
with the reference ground state, CI-Singles calculations do not
completely exclude electron correlation.”s! Furthermore, if
the electronic excitation energy is taken as the difference in
the eigenvalues of the occupied and virtual molecular orbitals,
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we are assuming, by Koopmans’ theorem, that the excitation
energy is equal to the difference between the ionization
potential (IP) and the electron affinity (EA). Koopmans
identifies the ionization potential with the energy of the
occupied orbital, but the electron affinity that is required is in
fact the electron affinity of the species with an electron
removed from a specific ground state orbital. For a molecule
A, we would, therefore, need the electron affinity, EA(A™"), of
the cation A that results from ionization from a particular
molecular orbital. By approximating EA(A™) by the eigen-
value of the Hartree—Fock virtual orbital of the neutral
molecule, Coulomb and exchange integrals are ignored and
large errors are introduced that are not due to the Koopmans
approximation. While still commonly used, the approximation
of electronic excitation energies by HOMO-LUMO gaps
goes back to the Hiickel theory where electron-electron
repulsion is entirely neglected. It is time that the severe
deficiencies of this approach are generally recognized and
that more modern methods are employed. This is not only
essential to obtain more quantitative treatments, but it is
absolutely essential to foster a better conceptional under-
standing of the energetics of absorption processes.

To illustrate the unsatisfactory excitation energies resulting
from the FE-MO approach, we calculated the HOMO -LU-
MO energy gaps and determined the respective wavelengths
of light that matches the resonance condition (Table 2). These
HOMO —LUMO excitations should correspond to the lon-
gest wavelength absorption bands in the UV-visible spectra,
but all calculated wavelengths are in the far UV! The
considerable errors from the observed spectra highlight the
need to use a more rigorous calculation to examine electronic
excitations.

Table 2. HOMO-LUMO energy differences and corresponding wave-
lengths.

Cation Energyll Wavelength
[kcal mol~'] [nm]

Big** 167.4 171

Big** 163.4 175

Bi,* 1487 192

[a] Calculated at the MP2/LANL2DZ + PP level of theory.

Configuration interaction over all singly excited states (CI-
Singles) offers an ab initio method to calculate the excited
states of molecules and to facilitate the assignment of the
observed absorption bands to specific electronic transitions.
CI-Singles theory was used to analyze the electronic spectra of
the three cations. As mentioned when discussing the agree-
ment between ab initio and experimental structures, there is
experimental evidence that the electronic structure and
spectra of these bismuth polycations are unaffected by the
presence of the AICl,~ anion. % This experimental observa-
tion is encouraging for the use of gas-phase ab initio
calculations in investigations that concern the electronic
transitions observed in the UV-visible energy range of such
homopolyatomic clusters.

The job of assigning specific transitions to the observed
absorptions was divided into two tasks. First, it was necessary

1082

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

to assign symmetries to the electronic transitions observed.
CI-Singles theory provides a relatively straightforward man-
ner of determining how the orbitals transform with respect to
the ground state and, hence, the molecular symmetry of the
excited state. The electron density that is excited from a
totally symmetric molecular orbital in the ground state results
in non-zero configuration interaction coefficients in the CI-
Singles output. The symmetry of the virtual orbital to which
this electron density is excited reveals the electronic and,
therefore, molecular symmetry of the resulting excited state.
The reader should note that the corresponding density
excitation from the totally symmetric orbitals of the ground
state may be very small and represents only a minor part of
the overall density transition involved in the excitation, but,
nevertheless, it does dictate the symmetry of the excited state.
This procedure is best clarified by example.

Big?* spectral assignments: The calculated molecular orbital
energy diagram for Big’*, up to the tenth virtual orbital, is
shown in Figure 5. The electric dipole transition allowed

~
- —_E,
Ten Lowest -5 B2
Ground State < —— Ey
Virtual Orbitals —4 B
E3
N
s
E;
Ten Hi —T— B2
en Highest
Ground State < — Ep
Occupied Orbitals _ — Ej

-

Figure 5. Orbital energy diagram of the ten highest ground state occupied
orbitals and the ten lowest virtual orbitals of Big*. The thin arrow
represents the symmetry-determining orbital transition of the e, —e; (B,),
while the bold arrows represent the orbital transitions that dominate the
electron density transition upon excitation. (Energies are not to scale.)

excitation of calculated wavelength A~ 406 nm is closest in
energy to the observed peak at 390 nm. The CI-Singles
calculation for this excitation results in a non-zero CI
coefficient (c3 ~0.096) that corresponds to the singly excited
Slater determinant with an electron excited from the 10th
(valence) molecular orbital (of A; symmetry) to the 27th
valence molecular orbital (of B, symmetry). This excitation is
shown by the thin arrow in Figure 5 and the orbitals involved
are displayed in Figure 6. Visualization of the orbitals
involved makes the symmetry transformation involved with
this electronic excitation clear and allows the symmetry of the
excited state to be assigned. However, the excitation of the
majority of electrons that are excited from the ground state
does not happen as a result of the A; —B, orbital excitation.
In fact, this observed absorption band results mainly from
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Figure 6. The A; —B, orbital transition used to characterize the symmetry
of the e, —e; (406 nm at the CIS/LANL2DZ+PP level) electronic
transition in Big**.

electronic excitation between the degenerate E; HOMOs
(valence orbitals 18 and 19) and the degenerate E; LUMOs
(valence orbitals 25 and 26); ¢% ~0.320, ¢33 ~0.353, ¢~
0.353, and c3§~—0.320. These molecular orbital transitions
are represented by the bold arrows in Figure 5.

The above example illustrates how the symmetry of the
excitations is determined and the procedure will not be
outlined for each transition discussed. By noting the dominant
CI coefficients resulting from the CI-Singles calculation, the
nature of the transition can be assigned, as in the above
example, where the transition is found to be e; —e; (HOMO
—LUMO). The actual transition should best be described by
using all of the calculated CI-Singles coefficients; these are
then used to generate figures which display the electron-
density transitions that correspond to the calculated excita-
tion energies. This procedure completes the characterization
of the observed absorption bands and was used to assign the
observed peaks in the three spectra.

As discussed above, the CI-Singles calculation for Big**
results in a singlet electric dipole allowed transition at 406 nm
(at the CI-Singless)LANL2DZ +PP level); this has been
characterized as e; —e; ('B,). A slightly lower energy electric
dipole transition (418 nm at the CI-Singless/LANL2DZ + PP
level) is also calculated. This higher wavelength transition is
characterized as e, —e, ('E,). These calculated energies led us
to assign them to the 390 nm peak and the 450 nm shoulder.
As further evidence in assigning these absorptions, the
oscillator strengths of these transitions were calculated as
0.0065 ('B,) and 0.0024 ('E,), respectively. Taking into
account the degeneracy of the 'E, transition, the calculated
oscillator strengths predict an absorbance ratio of 1.35:1 for
the 'B, and 'E, bands. This is in exceptional agreement with
the observed ratio of approximately 1.44:1. With good agree-
ment of the excitation energies as well as the relative strengths
of the absorptions, we are confident in making these assign-
ments.

However, the low-energy band near 730 nm is not yet
explained. No singlet electric-dipole-allowed transitions have
calculated energies that are this low. CI-Singles calculations
are not restricted to singlet excitations, nor should we expect
the spectrum of bismuth clusters to be absent of bands that
result from intersystem crossing. Because of the high atomic
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number of bismuth (Z ~ 83), we should expect that spin-orbit
coupling has significant effects on orbital energies and
allowed transitions.

The effect of strong spin-orbit coupling is to make singlet-
triplet excitations accessible. Both A, and E; triplet states are
made accessible through spin-orbit coupling in D, point
group symmetry, transforming as rotations about the z axis
and the x and y axes, respectively. The lowest energy triplet
e, —e, (°E;) transition was calculated at 558 nm and assigned
to the peak observed at 730 nm. The calculated and observed
excitation energies do not agree as well as those of the singlet
transitions, but the effects of spin-orbit coupling on the
energies of the ground and excited states are ignored in the
CI-Singles treatment, so such errors are not unexpected. The
energies of magnetic dipole allowed transitions were calcu-
lated, but the agreement with the observed transition energy
was found to be worse. Moreover, magnetic allowed tran-
sitions would normally result in much weaker absorptions.
Therefore, the singlet —triplet transition seems likely to
correspond to this absorption band. The electron-density
transitions corresponding to the three excitations found for
the Big’* cation are displayed in Figure 7.

I".=:||

Figure 7. Calculated electron-density transitions in the UV-visible spec-
trum of Big*. The electron density indicated on the left represents that
which is lost upon excitation and that on the right corresponds to the
resulting electron-density enhancement in the excited state. The wave-
lengths are those calculated at the CIS/LANL2DZ + PP level.

In Figure 7, the electron density depicted on the left
corresponds to the electron density that is excited during
the transition, while the electron density depicted on the right
corresponds to the region to where the electron density is
excited. A bonding skeleton of the Big>* polycation is given
for clarity. All three of the observed absorptions correspond
to the loss of electron density in the same region, which
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contributes to strong w bonding around all the edges of the
cation. The 390 nm transition corresponds to excitation into
non-bonding p orbitals directed radially out from the center of
the cation, and we describe the e; —e; (B,) density transition
as T —Prgia- Lhe shoulder observed at slightly higher wave-
length was found to result from a similar electronic transition,
but where the electron density is excited to non-bonding p
orbitals oriented in the direction of the major (S) axis of the
cluster. Thus, we describe the e, —e, (E,) density transition as
T —Pauia- Lhe triplet transition is more difficult to describe,
but Figure 7 shows that it, as with the higher energy
excitations, results in electron density excited out of the -
bonding region into localized, non-bonding regions that
surround each bismuth atom. We, therefore, describe this
density transition as 7 —pyg.

Bi** spectral assignments: The electronic spectra of the
smaller Bis** and the larger Biy>* polycations were analyzed
and characterized in a similar fashion as for the Big* cation.
The 395 nm and 700 nm peaks in the Bis** spectrum are found
to correspond to the singlet ¢’ —¢’ (E’) and the triplet ¢’ —e’
(PAV) transitions, respectively. The calculated wavelengths (at
the CI-Singles/LANL2DZ + PP level) are slightly higher than
those observed experimentally and are given in Figure 8
below, along with the corresponding density transitions. Both
of these electronic transitions result in excitation out of a
delocalized equatorial bonding region. The 'E’' transition
results in the excited electron density occupying localized
equatorial bonds and non-bonding density on the axial atoms,
while the triplet (*A’) transition at lower energy results in non-
bonding electron density around each atom (see Figure 8).

o

A
-
¥ nm
aquinnial
Boraing DO R g |E
L) —nft
-
A58 mm
dmincalized calizad

acqualonial bonding eouaborial bonding

Figure 8. Calculated electron-density transitions in the UV-visible spec-
trum of Big**. The electron density indicated on the left represents that
which is lost upon excitation and that on the right corresponds to the
resulting electron-density enhancement in the excited state. The wave-
lengths are those calculated at the CIS/LANL2DZ + PP level.
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Figure 8 also shows a transition calculated at 317 nm (CI-
Singless/LANL2DZ + PP), below the region measured in
these studies. At these low wavelengths, the absorption of
the melt is too strong to identify absorption bands that
correspond to electronic transitions in the bismuth trication.
However, mull spectra of [Bis(AlCl,);] crystals do reveal an
absorption at 305 nm,™? in good agreement with this calcu-
lated transition. This excitation corresponds to an a; —¢’ (‘E’)
transition, where electron density is excited from a bonding
region in which the bonding overlap is in the center of the
cluster and results from radial p orbitals on the equatorial
atoms and axial p orbitals on the axial atoms. Upon excitation,
this electron density is excited to non-bonding p orbitals on all
of the atoms. This transition is also shown in Figure 8.

We note that our assignments do not agree with those made
by Corbett,[' who employed a free electron molecular orbital
(FE-MOQO) analysis to describe the electronic spectrum of
crystalline [Bis(AICl,);] and fitted the allowed electric dipole
transitions with an arbitrary scaling parameter. The agree-
ment between experiment and theory is fortuitously better for
Corbett’s FE-MO analysis than for our CI-Singles analysis.
However, the CI-Singles method does not require an empiri-
cal parameter, it allows for relaxation of the electron density
and is based on a more physically sound model than the FE-
MO method.

Bi,** spectral assignments: Two singlet dipole allowed tran-
sitions were calculated in the UV-visible range for the Biy**
cation. At the CI-Singles’/LANL2DZ + PP level, the calcu-
lated wavelengths are 375 nm for an ¢’ —e¢” (*A}) transition
and 466 nm for a degenerate pair of a, —e” (*E’) transitions.
Although the two excitations have calculated oscillator
strengths that are almost equal (f~0.0145 and 0.0137,
respectively), the lower wavelength transition is not exper-
imentally observed, because the absorbance of the melt masks
any peaks at wavelengths below about 390 nm. However, the
calculated transition at 466 nm corresponds quite well with
the observed strong absorption at 450 nm. As for the smaller
polybismuth cations, only singlet—triplet transitions, which
are expected for clusters of heavy nuclei, have energies low
enough to account for absorptions at wavelengths from 700 to
900 nm. The singlet—triplet excitation with the highest
calculated wavelength corresponds to an a; —e” (°E;) tran-
sition. The wavelength is calculated to be 656 nm (CI-Singles/
LANL2DZ + PP level), which is close to the observed peak at
approximately 700 nm. There are no calculated transitions
near the observed 900 nm absorption band, so this cannot be
characterized at the moment. A more advanced calculation,
taking into account the effects of spin-orbit coupling on
orbital energies, is probably needed to account for this
absorption. The transition densities corresponding to the
three calculated excitations are displayed in Figure 9. The
unobserved e —e” ('A}) transition corresponds to loss of
radial p-orbital overlap from the capping atoms and excitation
of this density to non-bonding p orbitals on the six prism
atoms. The two observed transitions for which calculated
excitations were found both correspond to the loss of electron
density from an extended m system that bonds the capping
atoms to the prism. The a; —e” (E’) transition excites this
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Figure 9. Calculated electron density transitions in the UV-visible spec-
trum of Big*. The electron density indicated on the left represents that
which is lost upon excitation and that on the right corresponds to the
resulting electron-density enhancement in the excited state. The wave-
lengths are those calculated at the CIS/LANL2DZ + PP level.

electron density to non-bonding p orbitals on the prism atoms,
while the triplet a; —e” (°E’) transition excites this electron
density to non-bonding p orbitals on the capping atoms and -
bonding along the top and bottom edges of the prism (see
Figure 9).

Basis-set dependence of excitation energies: All of the above
transition energies have been quoted at the CI-Singles/
LANL2DZ + PP level of theory. This is the largest basis set
used in this study, but the transition energies were also
calculated using smaller basis sets with one or no polarization
functions. It is interesting to note how the calculated
transition energies change with the basis set and the
calculated energies are given in Table 3 for each transition
discussed above.

Table 3 shows the importance of the choice of basis set
when describing the excitation energies in such clusters. The
most significant observation is the improvement of the
calculated wavelengths upon augmentation of the LANL2DZ
basis set by polarization functions, while the differences in
calculated energies using the singly and doubly polarized basis
sets is very small. The most dramatic effect is shown by the
calculated excitation energies for the Big* polycation. All
three calculated transitions are improved significantly by
increasing the basis set from the LANL2DZ to LANL2DZ +
P. Although the effect is most prominent for the largest cation
(Big**), the effect is more important in the characterization of
the transitions of the two smaller cations. The energies of the
two singlet transitions observed in Big?" actually reverse order

Chem. Eur. J. 2000, 6, No. 6
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Table 3. Variation of calculated transition wavelengths? with basis set.

Bis* a) —e’ e —e e —e
(E) (E) CA)
LANL2MB 366.2 488.8 740.2
LANL2DZ 348.0 484.9 758.0
LANL2DZ +P 318.6 460.4 736.7
LANL2DZ + PP 317.0 458.1 737.3
Observed (305)1%21 395 700
Big+ e, —e; e, —e, e, —¢,
('By) ('Ey) CEs)
LANL2MB 404.0 393.1 528.1
LANL2DZ 436.4 409.2 558.5
LANL2DZ +P 400.6 415.2 550.3
LANL2DZ + PP 406.2 418.3 557.5
Observed 390 450 730
Biy>* e —e” a; —e” a; —e”
(A (E) CE)
LANL2MB 421.8 540.2 796.0
LANL2DZ 416.2 534.6 793.3
LANL2DZ +P 378.5 469.6 663.7
LANL2DZ + PP 375.4 465.8 655.7
Observed not observed 450 700

[a] All wavelengths in nm.

upon augmentation of the double-{ basis set with polarization
functions. Should the LANL2DZ energies be used in charac-
terizing the transitions, one could have mistakenly assigned
the e, —e; (!B,) transition to the observed 450 nm and the
e, —e, (IE,) transition to the 390 nm observed absorption.
The oscillator strengths do aid in making the assignments, but
the calculated energies from the LANL2DZ basis set would
have made unambiguous assignments impossible. The calcu-
lated energies of the electronic transitions in the Bis** cluster
do not change order, but the results of calculations employing
either unpolarized basis set make the a,;" —e’ ('E’) transition
seem closer in energy to the observed 395 nm absorption band
than to the e’ —¢’ ('E’) transition.

The importance of including d-type polarization functions
in the basis set is evident after viewing the corresponding
electron density transitions. All of the observed transitions are
dominated by transitions between m bonds and p orbitals,
which can only be adequately described by allowing for
polarization of the 6p orbitals.

Conclusion

Three homopolyatomic bismuth clusters Bis**, Big*, and Biy>*
were prepared in chloroaluminate melts, their UV-visible
spectra were measured, and their geometries were studied by
neutron diffraction in the melts. Ab initio techniques were
employed to assign these electronic transitions based on their
transition energies and intensities, and to characterize the
nature of the electronic reorganizations associated with these
excitations.

The calculated geometries agree fairly well with the
experimentally determined structures when a doubly polar-
ized basis set is used; the symmetries of the cations were
confirmed by vibrational frequency analysis at the MP2/
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LANL2DZ + PP level of theory. We have shown that the CI-
Singles formalism allows for facile interpretation of the
electronic spectra. The configuration interaction approach
allows for the interpretation to be made in terms of electron-
density transitions, as opposed to a Koopmans’ analysis, such
as that suggested by Corbett,['?l which does not allow for
density relaxation upon excitation of the electron. Besides a
few exceptions, the excitation energies calculated with the
LANL2DZ + PP basis set give good agreement with the
observed UV-visible spectra. The spectra of all three cations
involve singlet—triplet crossings, which is not surprising for
atoms of high atomic number, when strong spin-orbit coupling
allows intersystem crossings. All of the observed transitions
involve either p orbitals or & bonds, which make the use of
d-type polarization functions necessary for calculating accu-
rate excitation energies.
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Direct Observation of Single-Molecule Generation

at a Solid - Liquid Interface

Peng Zhang and Weihong Tan*!?!

Abstract: Direct observation of single-
molecule generation from a chemical
reaction was achieved at a solid —liquid
interface. The reaction between fluo-
rescamine and immobilized N'-(3-trime-
thoxysilylpropyl)diethylenetriamine

to follow the chemical reaction to its
completion. The reactions were restrict-
ed to the approximately 1 nm thick layer
nearest to the interface. Analysis of the
photoelectron intensity of the fluores-
cent product of the reaction and its

distribution shows that the reaction
kinetics goes through a transition from
zeroth-order to first-order as the reac-
tion proceeds. This approach offered a
novel means to study single-molecule
reactions at the solid - liquid interface. It

(DETA) was studied at the single-mol-
ecule level. Time-lapse fluorescence im-
ages of single-molecule products, excit-
ed by the evanescent field generated at a
quartz-liquid interface, were recorded

Introduction

Single-molecule studies have drawn considerable interest
recently.l" 2] A variety of single molecule detection (SMD)
techniques have been developed by several groups.'! The
stochastic nature of molecular behavior and reactions in
solution has been revealed by a number of studies using these
techniques. Single enzyme molecule activities and their
heterogeneity have also been observed.!! Although single-
molecule manipulation has been attempted,”! chemical reac-
tions at a single-molecule level have yet to be observed
directly. The challenge for SMD in solution is to extract signal
from high background due to light scattering and fluorescent
impurities.'l There are a number of ways to increase the
signal-to-noise ratio. One approach is to improve the detec-
tion capability of SMD systems by using avalanche photo-
diode (APD),!'lintensified charge coupled device (ICCD) or
a refinement of the arrangement of the optics.’) Another
approach is to work with a very small probe volume (less than
10-2L) to reduce background signal. The observation or
excitation volume can be confined optically by the use of a
confocal microscope or evanescent wave excitation.>7)
Evanescent wave field is usually generated by total internal
reflection at an interface. Its intensity decays exponentially
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also enabled the investigation of reac-
tion kinetics and chemical mapping of
surface heterogeneity at the single-mol-
ecule level.

evanescent

from the interface, resulting in a penetration depth of less than
half of the wavelength of the incident beam.P! The scheme of
exciting single fluorophores in the evanescent field has been
employed by a few research groups.’! Funatsu et al. used a
refined total internal reflection fluorescence microscopy to
visualize single fluorophores in solution and observed ATP
turnover reaction. Dickson et al. reported evanescent wave
excitation at the boundary of a cover slip and a polyacryla-
mide gel for the detection of fluorophores diffusing in and out
of the gel. With an ICCD, Xu and Yeung measured the
diffusion and photodecomposition of single molecules in
solution, and studied the electrostatic trapping of protein
molecules at a solid-liquid interface. In all the methods
mentioned above, an optical prism based system has been
used effectively as the waveguide for the generation of
evanescent field.

Since it was first introduced in 1972, fluorescamine has
been used extensively as an effective reagent for the
fluorometric quantitation of primary amines. This non-
fluorescent compound reacts with primary amines to form
pyrrolinones, which upon excitation at 355 nm emit strong
fluorescence from 475 to 490 nm. The reaction with fluoresc-
amine proceeds efficiently in aqueous solutions and allows the
assay of submicromolar concentrations of amines, notably
those of biological importance. Since this reaction has two
non-fluorescent reactants and a fluorescent product, it
becomes an excellent tool for optically monitoring reaction
at a single-molecular level.

Similar to the single-molecule detection, an extremely small
reaction vessel will have to be developed, in which the
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chemical reaction proceeds, in
order to observe single-mole-
cule reactions between two re-
actants efficiently. By immobi-
lizing the amine molecules, N'-
(3-trimethoxysilylpropyl)die-
thylenetriamine (DETA), onto
a silica surface, which restricts
the reaction volume for the
reaction between DETA and
fluorescamine to be sub-atto-
liter (< 107 L), one can greatly
increase the probability of ob-
serving interactions between
these two different molecules
at a single-molecule level. We
then monitor the progress of
the reaction by detecting the
fluorescence of the product at
the interface. This was achieved by the well developed
evanescent wave configuration.

Using the reaction between fluorescamine and DETA,
direct observation of single-molecule generation from a
chemical reaction was achieved at a solid-liquid interface.
The reactions were restricted to the approximately 1 nm thick
layer next to the interface. The fluorescent signals generated
by the newly formed complex fluorophores are detected by an
ICCD based microscope system. This approach offers a novel
means to study single-molecule reactions at the solid - liquid
interface and also enables the investigation of reaction
kinetics at the single-molecule level.

a)Solvent

the cutoff threshold selection.

Results and Discussion

Single-molecule generation at a liquid —solid interface by a
chemical reaction: Figure 1 shows a series of fluorescence
images taken (30 ms integration time each) at different times
after the reaction of the 1 x 10~>M fluorescamine solution and
DETA-immobilized cover slip started. Figure la was taken
under the same conditions with only the solvent (DMF).
Figures 1b—1j were acquired at different times of the
reaction. A photoelectron count distribution can be obtained
from Figure la. A cutoff threshold (in this case 21 photo-
electron counts) was chosen at a value of three times the
standard deviation (30) above the mean value of photo-
electron counts for this image of blank solvent.[’) This cutoff
threshold was then applied to other images. Bright spots in the
images indicate the photoelectron counts in those spots are
higher than the cutoff threshold, and correspond to signal
generated by single fluorescent product molecules by the
reaction.

As shown in Figure 1, there were few bright spots in
Figure 1a, which is expected. Assuming the background noise
has a normal distribution, the threshold count (mean value
plus 3¢ photoelectron) should cut off 99.7% of the noise.[']
There are a few bright spots in Figure 1b, each corresponding
to the fluorescent signal generated by one reaction product
molecule. The number of bright spots increased with time and

1088

byar2s"

146" 2187

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

c)6'a7" d)o's1m

h)25'16" 307"

)38'57"

Figure 1. Subframe images (50 x 50 pixels) of fluorescence from the a)solvent and b)-j) reaction product.
Concentration of fluorescamine solution was 1 x 10~>m. Images were acquired with a 30 ms exposure time. Time
zero corresponds to the moment the DETA-coated cover slip touched the fluorescamine solution. See text about

approached a constant value as the reaction proceeded.
Fluorescence images in Figures 1b—1j represent the progress
of the reaction from single molecular level towards comple-
tion.

Single-molecule criterion: There are a few reasons to support
the conclusion that single fluorophore molecules were indeed
imaged at the beginning of the reaction. The detection volume
and the concentration only enabled at most one molecule at
each pixel, with the vast majority of the pixels without any
molecules. Each pixel in the ICCD images represents a square
with 0.4 um edges, as calibrated by a standard sample through
the same microscope objective. The distance between the
primary amine group of the immobilized DETA molecule and
the silica surface is approximately 1 nm, which means that
only fluorescamine molecules that come within this distance
would be able to react with the immobilized DETA mole-
cules. The reaction volume for each pixel can then be
estimated to be 0.16 aLL (0.16 x 10~!8 L). With a fluorescamine
concentration of 1 x 10->M, an expected number of fluoresc-
amine molecules per pixel is 0.96. Thus, at a fluorescamine
concentration of 1 x 10°M or lower, the molecules will be
isolated from each other within the images taken when the
reaction started. One important point worth noticing is that
single-molecule detection for a chemical reaction is very
different from single-molecule detection of a fluorophore.
The existence of one reactant molecule (fluorescamine in this
case) in the reaction volume does not guarantee one
fluorescent product molecule. There is equilibrium between
the reactant molecules and the product molecules,'!] that is,
not every fluorescamine molecule would react to produce one
fluorescent product molecule. Thus, statistically, even with
one fluorescamine molecule per pixel, the fluorophore
generated by the reaction will be much less than one per
pixel. In addition, due to the low optical detection efficiency
of about 5 % ! the number of fluorophore molecules per pixel
that can be detected is much smaller than the total number of
generated fluorophores, that is, the probability of detecting
one fluorophore in one pixel is less than 5%. Usually, the
small detection volume and the fluorophore concentration are
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used to claim single-molecule detection in solution,B >
which is mainly a statistical argument with a high confidence
of the conclusion.

There is other evidence that single molecules are indeed
generated and imaged in monitoring the progress of the
chemical reaction. Similar experiments with a 1x10=°m
fluorescamine solution were also performed in the study.
Notably, even though much fewer bright spots were observed
at the same time intervals with the 1 x 107°M solution than
that for the 1 x 1073 fluorescamine solution, the intensity of
the bright spots are in the same photoelectric signal level.
Figure 2, left, is taken at 4'55” after the immobilized DETA

Figure 2. Subframe images (50 x 50 pixels) of fluorescence from the
reaction product. Left: fluorescamine concentration of 1 x 10~°m at 4'55",
and right: fluorescamine concentration of 1x10-5m at 430”. Other
experimental conditions and cutoff threshold selections remain the same
as in Figure 1.

touched the 1 x 10~%M fluorescamine solution, while Figure 2,
right, is taken at 4'30” after the immobilized DETA touched
the 1 x 10—>M fluorescamine solution, both with 30 ms ex-
posure time. We choose to show the results obtained with 1 x
105M fluorescamine solution because there were too few
bright spots to perform reliable reaction kinetics analysis for
the reaction with the 1 x 107°um fluorescamine solution.

A controlled experiment was done to confirm the above
estimation. In the solution phase, different concentrations
(1x10°m and 1x107"m) of fluorescamine solution and
DETA solution were first mixed and placed on a clean cover
slip sitting on the microscope stage. The DETA-coated cover
slip in the previous experimental setup was then replaced by a
clean cover slip in the same position, while all other
experimental conditions remained the same as those for the
solid-phase experiments. The results are shown in Figure 3.
The threshold was determined the same way as previously
described. Figure 3, left, showed that a solution with a
fluorescamine concentration of 1 x 10M led to many bright
spots, in great contrast to those shown in Figure 1. Only when

Figure 3. Subframe images (50 x 50 pixels) of fluorescence from the
mixtures of fluorescamine and DETA by using a clean silica glass in place
of the DETA-coated silica glass. Left: fluorescamine concentration of 1 x
10m, and right: fluorescamine concentration of 1x 1077m. Other
experimental conditions and cutoff threshold selections remain the same
as in Figure 1.

Chem. Eur. J. 2000, 6, No. 6
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the fluorescamine concentration was decreased to about 1 x
10-7M, were the bright spots corresponding to single fluoro-
phore molecules in the image able to be resolved (Figure 3,
right).

In this controlled experiment, the reaction was already
completed before the fluorophore molecules were being
observed. It is in essence a single-molecule detection experi-
ment. The detection zone in this case is defined by the total
internal reflection of the laser beam, which excites fluorescent
product molecules within the depth of evanescent field
generated at the liquid-solid interface. The estimated
150 nm depth (calculated based on the incident angle of the
laser and the reflection indexes of the glass and the solution)
of the evanescent field,’! thus defines a detection zone of
25 alL (25 x 1078 L) per pixelP! (compared with the reaction
volume of 0.16 al. per pixel in the immobilized DETA
experiment). Following the similar estimation as before, the
number of fluorophore molecules per pixel for both 1 x 10> M
and 1x107"M fluorescamine solution will be 150 and 1.5,
respectively. In this case, the bright spots in Figure 3, left,
should not be taken as signals from single fluorophore
molecules even after taking into account the 5% detection
efficiency, while those in Figure 3, right, are likely from single
fluorophores.

Note that the intensity of photoelectron counts for the
bright spots in Figures 1 and 2 is approximately the same. This
further supports the conclusion that these signals from the
bright spots in the images were due to single fluorophore
molecules. Since all these signals are relatively weak, much
lower than the saturation level for the ICCD detector, it is
impossible that the above observation is an artifact caused by
the threshold settings. The intensity level of these signals is
comparable to those SMD studies adopting a similar config-
uration, taking into consideration that the integration time for
the ICCD detector was only 30 ms in our case versus 100—
200 ms as reported in those studies.” The shorter integration
time was chosen for this experiment in order to capture the
dynamics of the reaction and to reduce photobleaching of the
product molecules.

Single molecule reaction kinetics: Using the single-molecule
images obtained in this experiment, we are able to study the
reaction kinetics at a single-molecule level. Fluorescence
images in Figures 1b—1j represent the progress of the reaction
from single molecular events towards completion. This can be
further elaborated by the histograms for these images, as
shown in Figure 4. The distribution of the photoelectron
counts of the images shift overall towards higher intensity as
the reaction proceeds, which is as expected. However, the
shape of the distribution also changes as the reaction
proceeds. There is a peak at the value of 23 photoelectron
counts being formed starting at the histogram corresponding
to Figure le. The peak formation indicated that the histogram
was likely the sum of two photoelectron distributions, one for
single molecules and the other for two molecules.’! Only
when there are a significant number of two molecule events
would there be a peak for two molecules appearing in the
histogram.
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reaction. Similarly, in Figure 5,
bottom, the last five points have
a good linear fit, suggesting a
first-order reaction with regard
to amines. This indicates that
the reaction may progress
through two types of reaction
kinetic behavior. We suggest
that the reaction is diffusion-
limited at the early stage, and
thus zeroth-order. As more and
more fluorescamine molecules
effectively diffuse to the inter-
face, which results in pre-con-
centration of fluorescamine on

the surface, the reaction con-

No. of photoelectron counts

Figure 4. Histogram of photoelectron counts for images shown in Figure 1. Note that a peak started to form at 23

for the photoelectron counts after image e).

The reaction between fluorescamine and amines is believed
to be rapid and reversible, proceeding through an intermedi-
ate that subsequently rearranges relatively slowly in a multi-
step sequence to the final fluorophore form.® In the solution
reaction with fluorescamine in excess, the reaction kinetics
was thought to be first-order with respect to amine.[’! This
would lead to a linear relationship between In(f;,., — f;) and
time ¢, where f,,, is the maximal fluorescence and f; is the
fluorescence at any given time ¢.

In our experiments, the situation could be somewhat
different since the reaction takes place at the solid-liquid
interface. Consider the reaction: F+A —P, where F and A
stand for fluorescamine and DETA, P for product. The total
fluorescamine molecules in the solution, trapped between the
two silica cover slip, are in excess relative to the DETA
molecules immobilized in the area that has contact with the
solution. Thus, we can assume the concentration of fluoresc-
amine, [F], remains constant throughout the reaction. The
integrated rate equation describing the amount of product P
formed by time ¢ after the start of the reaction is: [P]=
[A](1 — e~™), where [A] is the surface density of immobilized
DETA and k is the rate constant. This indicates a linear
relationship between In([A] — [P]) and ¢

If a photoelectron count cutoff value of 21 was chosen for
the histograms in Figure 4, which was 30 above the mean
value of the photoelectron counts for the background image
(Figure 1a) as described earlier, the total number of bright
spots, N, with intensity above the cutoff can be obtained for
each image. We take the maximal number of bright spots
when the reaction completes as M in place of [A] N in place
of [P], and plot In(M — N) versus ¢, as shown in Figure 5,
bottom. For comparison, N versus ¢ is plotted in Figure 5, top.
The correlation coefficients for the linear fits in Figure 6a and
Figure 6b are 0.995 and 0.996, respectively.

It appears that data points in Figure 5, top, can be separated
into two categories. The first four points exhibit a linear
relationship versus reaction time, suggesting a zeroth-order
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forms to first-order as suggest-
ed in ref. [8].

The existence of the two-
molecule events and the tran-
sition from zeroth- to first-or-
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Figure 5. Plots of N vs. ¢ (top) and In(M — N) vs. ¢ (bottom). Data were
obtained from the histograms, Figure 4, with a photoelectron count cutoff
of 21.

der reaction may not be coincidental. When the reaction is
diffusion-limited, the density of the fluorophores at the
interface is so low that the probability of having two
molecules in the same area of one pixel is extremely small.
Because of the stochastic nature of single-molecule behavior,
reaction kinetics from the single-molecule domain reveals
interesting information of the transition of the chemical
reaction.
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a) b)

Figure 6. Subframe images (50 x 50 pixels) of fluorescence from the
mixtures of fluorescamine and DETA. The integration times for the ICCD
are a) 15ms, b) 30 ms and c) 100 ms, respectively. Other experimental
conditions were the same as in Figure 3.

Similar results were obtained with acetonitrile and DMSO
as solvents for fluorescamine reaction. Overall, the reaction
we observed at the interface was much slower (roughly 1000
times slower) than that in a solution.®®! This is probably due to
a) different physical environments for the reaction, b) differ-
ent reactivity since amine is covalently bound to a silica
surface, and c) the solvents. Different solvents have great
influence on the reaction rate of this reaction. The reaction
rate was reduced several orders of magnitude when fluoresc-
amine was dissolved in methanol.®l Only organic solvents
were used in our experiments, as compared with the aqueous/
organic solvents mixtures described in the literature.®l We
found that the reaction proceeded much slower in DMSO
than in DMF and acetonitrile. This is consistent with our
observation of diffusion-limited reaction kinetics since fluo-
rescamine diffusion in DMSO is slower than that in DMF.

Similar to the single-molecule detection of dye mole-
cules,l'””l the widening of pixel size due to the diffusion of
fluorophores can be observed in some images, especially for
those with longer exposure time. Such effect can be seen
clearly from Figure 6, where three images were taken from
the same solution with exposure times of 15 ms, 30 ms and
100 ms. Other experimental conditions were the same as those
in Figure 3, right. While adjacent bright spots are barely seen
in Figure 6a, bright spots occupying more than one pixel are
common in Figure 6¢. For the first few images in Figure 1,

Fibzr 2

"

there was little widening of the bright spot since the product
fluorophores were supposed to be fixed on the surface. The
number of molecules in all images in Figure 6 increased with
integration times. This is due to the fact that longer
integration time results in lower detection limit. Therefore,
more molecules were detected when a 100 ms integration time
was used than that for the 15 ms.

Attempts have been made to follow the trajectory of the
single fluorophores. We observed that some bright spots
stayed in two consecutive frames. However, the majority of
the bright spots disappeared from one image to another
shown in Figure 1. Note that the images in Figure 1 are well
separated in time sequence. There are two possible reasons
for the above observation. First, it is likely that the fluoro-
phore being in equilibrium with other forms of the reaction
product. It was reported that only one form of the product is
fluorescent.”®! This adds complexity to the continuous mon-
itoring of the product fluorophores. Second, there was
photobleaching of the product molecules. Even with 30 ms
exposure time for imaging, a portion of the surface-bound
fluorophores were probably photobleached or photodecom-
posed before the next frame was taken. Bulk solution
experiments have shown photobleaching does occur under
our experimental conditions.

The imaging of single-molecule reactions at the solid—li-
quid interface opens the possibility of studying surface
heterogeneity in chemical reactivity and activity. As shown
in Figure 1, there were certain areas of the surface, such as the
one on the top right corner of the image, where no fluorescent
product was observed. This indicates that there were no amine
functional groups in these areas. On a microscopic level, we
also observed certain areas where there have many amine
groups, resulting in highly fluorescent product molecules
formed on the surface. Together with kinetics studies, it would
be feasible to map the reactivities of a variety of surface-
immobilized molecules on a single molecular basis.

Conclusion

In conclusion, we have devel-
oped a novel method for the
study of chemical reaction ki-
netics at the single-molecule
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level. For the first time, we have
directly observed single-mole-
cule generation from a reaction
between fluorescamine and im-
mobilized DETA at a solid - 1i-
quid interface. The results sug-
gest that there might be some
unique properties that can only
be studied by single molecule
reaction kinetics. Our method
could be extended to study
biochemical reactions of inter-
esting biological processes on a
microscopic scale, and to map
surface activities and interac-
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tions on a single-molecule basis. Furthermore, if reactant(s)
and product are both fluorescent, albeit at different emission
wavelengths, trajectories of both species could be monitored,
which should yield important insights into the stochastic
nature of biochemical interactions and reactions at a single
molecular level.

Experimental Section

The primary amine group (DETA) was immobilized onto a clean silica
glass cover slip, following procedures developed in this lab.l"¥! In brief, the
cover slip was first activated with concentrated sulfuric acid. A layer of
DETA (United Chemical Technologies Inc., PA) was immobilized onto the
silica surface by immersing the pre-activated glass in DETA solution
overnight. The silica substrate was then dried and fixed at 100°C in an oven
for 5min before being used. Fluorescamine (Acros, NJ) was used as
purchased to prepare solutions with different concentrations. Because of
the hydrolysis of fluorescamine in water,®l non-aqueous solvents were used
for this study. The results shown here were obtained with anhydrous DMF
used as solvent.

Figure 7 shows the scheme of the experimental setup. The amine-
immobilized silica glass cover slip was attached to a trapezoid-shape
quartz prism (Harrick Scientific, NY) through an index matching oil. A
homemade module that allows adjusting the position of the optical fiber
and the prism with the amine-coated cover slip simultaneously was placed
onto the microscope stage. An inverted microscope (Olympus, IX 70) was
used for the optical measurements. The UV laser beam (4 =340-370 nm)
from an Innova 307 Ar* laser (Coherent Laser, Santa Clara, CA) was
coupled to an optical fiber through an optical fiber coupler (Newport Corp,
Irvine, CA), and entered from one side of the prism at an angle that allows
total internal reflection (TIR) to take place in the bottom surface of the
prism, which was used as the illumination source for fluorescent imaging.
The laser power was 30—50 mW. The first spot of TIR with a diameter of
approximately 400 pm was imaged by a microscope through a 60 x
objective (NA =0.7). Fluorescence was detected by a cooled, 512 x 512
pixel ICCD (Princeton Instruments, NJ). A combination of filters (long-
pass 400 nm and band-pass 455 nm, Oriel Corp.) was used to collect the
desired signal. All measurements were carried out in dark room.

The reaction between DETA and fluorescamine started when the module
was lowered such that the amine-coated cover slip was in touch with a drop
of fluorescamine solution, held by a clear cover slip sitting on the
microscope stage. Fluorescent images were collected at different times in
respect to the moment when two reactants first got into contact. The laser
beam was blocked when not collecting images in order to minimize the
photobleaching of the fluorophore molecules (product). This setup has
been successfully applied to achieve single-molecule imaging and detec-
tion, where single dye molecules (rhodamine 6G and fluorescein) and dye
labeled biomolecules were imaged and investigated.!'!
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