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CONCEPTS

Diastereofacial Selection in Ring-Closure Reactions
and Folding-Strain Stereocontrol

Takashi Tokoroyama*

~

Abstract: The potential of diastereofacially selective
ring-closure reactions in organic synthesis is advanced
by the concept of folding-strain stereocontrol, that is, the
use of the energy balance among diastereomeric foldings
of an acyclic chain to determine the selectivity, which
defines the difference from intermolecular reactions. For
generalization of the concept, the diastereofacial selec-
tivity and the factors affecting the folding strain have
been investigated in cyclizations of two types of sub-
strates with substituents at various positions on the
acyclic chains—2-(6'-trimethylsilylhex-4'-enyl)cyclohex-
ene-2-ones and ethyl 7-bromo-2-methylhexanoates. Dia-
stereoselectivity ranged from moderate to excellent,
being subtly affected by the relative positions of a
substituent to the forming bond. The conformational
analysis of diastereomeric transition states is the central
issue in the design of a diastereofacially selective ring-
closure reaction. In addition, the effects on diastereo-
facial selectivity as regard substituent bulkiness, types of
the reaction, and controlling substituents are discussed.

Keywords: conformation analysis - folding-strain ste-
reocontrol - ring closure - stereoselective synthesis -

transition states
\ J

Diastereoselective cyclization reactions are an effective
means for the synthesis of cyclic natural products, since ring
formation and construction of the diastereomeric centers are
achieved at the same time. In fact cycloaddition reactions
represented by the Diels— Alder reaction are often highly
stereoselective and have been extensively utilized in stereo-
selective syntheses.!!! In contrast, simple ring-closure reaction
has attracted far less attention for this purpose, probably
because of the view that marked diastereoselectivity could not
be expected, since the transition state (TS) conformation
could be more flexible than the TS in the cycloaddition
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reactions.”l This is rather surprising, since effective diaster-
eoselection in reactions involving cyclic intermediates or
cyclic TSs are exemplified abundantly in connection with
acyclic stereocontrol.l’!

In ring-closure reactions, two types of diastereoselection
are distinguished, namely simple diastereoselection and
diastereofacial selection,*! as in intermolecular casesl: %
(Scheme 1). The former is concerned with the mutual

Simple diastereoselection (orientation stereocontrol)

A A
.
z iz

trans-product

cis-product

Diastereofacial stereoselection (folding-strain stereocontrol)

t
H +
A B
cis-product trans-product
AGSE); 5= . (SE)* - Y (sE)*
A B

Scheme 1. Two types of diastereoselection in ring-closure reactions.

disposition of two diastereotopic reaction centers, and is
regulated stereoelectronically and sterically. The problems
associated with this type of stereoselection have been recently
studied for aldol-typel> ® or allylmetal reactions. ® The latter
type of diastereoselection represents the diastereodifferentia-
tion of the newly forming bond relative to the stereogenic
center present in the chain and has to do with a relative
asymmetric induction. In the present article, the discussion is
focused on this type of diastereocontrol, which is designated
as folding-strain stereocontrol.’'2l Whereas in the literature
there are many instances of ring-closure reactions of various
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types in which high diastereofacial selectivity is observed, an
attempt to conceptualize diastereofacially selective ring-
closure reactions as a whole appears to be lacking and its
application in the synthesis of complex natural products is still
very limited. The purpose of this article is to explain folding-
strain stereocontrol as a convenient guiding concept and to
exemplify the potential of diastereofacially selective ring-
closure reaction as a stereoselective methodology.

Diastereofacially selective ring-closure reactions: Many ex-
amples occur in the intramolecular Diels—Alder (IDA)
reaction and in radical cyclization. In the IDA reactions,
where one or more substituents are present in the chain
tethering diene and dienophile groups, the diastereofacial
selectivity with respect to these is a concern additional to the
endo/exo problem.l'>¥] This problem has been summarized
by Roush!"¥ for the reactions of conformationally mobile
monosubstituted 1,7,9-decatrienones and 1,6,8-nonatrienones
(only the former case is depicted in Scheme 2). In both of the

A ~co,u A(210°C)

AN OH

H H
5 (69 :31)
X
MeO,C + MeOC .
eO;, y
CO,Me
COyMe CO,Me (98.8: 1.2) 2
8 9a 9b
NS 2”:.,
+
MeO,C T 7 MeO,C MeO,C -
CO,Me
CO,Me CO,;Me (>99 : 1) 2
10 1lla 11b
CO,Me b .
we o5 | LI
Me -
= CO,Me
Me H Me
H
12a 12b

Scheme 2. Examples of diastereofacially selective ring-closure reactions
(part 1).
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reactions in trans-fused (endo) and cis-fused (exo) manner,
the formation of 2 and 4 with any of R!, R2, or R*in equatorial
conformation is preferred; this is rationalized by the consid-
eration of chairlike TSs 1 and 3 with the substituents in more
stable equatorial conformation. As concerns the R* substitu-
ent, its equatorial disposition is usually favored for the trans-
TS 1, while in the cis-TS 3, an axial conformation could be
prefered owing to the A'3 strain'* 'l present in the equatorial
counterpart. Additionally, when the R!is a polar and sterically
less demanding group like an alkoxy group, the stereoelec-
tronic effect may intervene and its axial disposition can be
favored.[®» 4 The degree of the diastereofacial selectivity in
the IDA reactions ranges from fair to excellent. The IDA
reaction of triene ester 5 is, for instance, reported to give a
mixture of trans and cis products, 6 and 7,'”] both of which
have secondary methyl groups in equatorial dispositions in
accordance with the description above. Diastereofacial selec-
tivity in the intramolecular ene reactions (IE) of 1,6- or 1,7-
dienes with methyl groups in the chains was studied by Tietze
in some detail,l'¥l and, under conditions of Lewis acid catalysis,
substrates 8 and 10 were reported to give cyclized products 9
and 11, respectively, the diastereoselectivity being higher for
the latter case, where an A strain is additionally operative in
the TS (12a>>12b). Notably, the selectivity in the former
reaction 8 —9 is still considerably higher than would be
expected from comparison with the comformational free
energies of the methyl group in methylcyclohexane (AG° =
—1.74 kcalmol").'*!l The reaction 8 —9 provided a method
for an efficient preparation of the key intermediate for
enantioselective synthesis of marine terpenoids, pseudopter-
osins.["” With the recent rapid growth of the synthetic utility of
radical reactions,” 2!l the diastereofacial selection in the
intramolecular reactions of substituted hexenyl and heptenyl
radicals was studied extensively and has been generalized on
the basis of the Beckwith—Houk model.??l Although this TS
model is concerned essentially with 5-exo cyclization of
hexenyl radicals to form cyclopentanes, the diastereofacial
selection in the 6-exo cyclization of substituted heptenyl
radicals can be rationalized by similar consideration as in the
Beckwith—Houk model—preference of the chairlike TS (cf.
16a and 16b) with an equatorial substituent. A representative
example is the radical cyclization of 6-alkyl-8-bromo-2-
octenoic acid esters 13—15, which affords a mixture of trans-
and cis-cyclohexane derivatives, 17a and 17b, respectively
(Scheme 3). The former formed preferentially, and the
diastereofacial selectivity was higher for the Z substrate.
Since the steric bulk of the substituents did not substantially
affect the selectivity, its difference as regards double-bond
geometry was explained by the disposition of the unsaturated
ester groups in TSs—namely the preference for TS 16a over
TS 16b (in the case of the Z substrate, Y=H and Z=
CO,R?!), the substituents being locked in equatorial positions
in both TSs. For application to the stereoselective synthesis of
cyclic natural products, Kim investigated the diastereofacially
selective ring-closure reactions based on intramolecular ester
enolate alkylation.?!! In most of the reactions, 3-substituted
ester precursors were used as in reaction 18 —19 (Sche-
me 3),2%] where the A'? strain influences the TS energy. The
reaction 20 —21 involves simple diastereoselection and dia-
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Scheme 3. Examples of diastereofacially selective ring-closure reactions
(part 2).

stereofacial selection. In both cyclizations, the diastereofacial
selection is explained in the same way as above on the grounds
of the preference of the TS for an equatorial disposition of the
substituent. The last example is a highly stereocontrolled
cyclization 22 —23, which was developed by the author’s
group in the course of studies on stereoselective synthesis of
clerodane diterpenoids.?! By alkyl trapping of the intermedi-
ate enolate 23, one-pot stereoselective construction of a cis-
clerodane skeleton like 25, which has four contiguous stereo-
genic centers, was achieved,?! the efficiency of stereocontrol
being remarkably comparable to that of the Diels— Alder
reaction. The stereochemical outcome involved—the simple
diastereoselection and the diastereofacial selection—was
rationalized in terms of orientation stereocontrol and fold-
ing-strain stereocontrol respectively (vide infra). This work
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gave us the incentive to investigate, especially, the latter
subject further. Several examples described in this section
would serve enough to demonstrate the potential of diaster-
eofacially selective ring-closure reactions. References are
given only for some other remarkable instances.?’]

Why folding-strain stereocontrol, and what is it? The issue of
diastereocontrol in the conversion of 22 —23 (Scheme 3) is
discussed further here. The orientation stereocontrol would
result from the preference for TS 26a (with an antiperiplanar
orientation) over TS 26b (with a synclinal orientation) both
for stereoelectronic and steric reasons, provided the TS is
indeed chair-type. For the TS 26a, a diastereomeric TS 26¢ is
conceivable with regard to the conformation of the secondary
methyl group. Of these, 26 ¢ would be energetically unfavor-
able because of the presence of the A'? repulsion'> !¢l and

. SiMe3
SiMe3
Me
Me3Si| . H
H
Me Me
Me (@]
(¢]
26a 26b

thus diastereoselective formation of the cis-dimethyl product
23 may be explained. However, this is not a sufficient
explanation for the observed exclusive formation of 23
irrespective of double-bond geometry in 22, since the allylic
strain in the TS for the E substrate is estimated to be around
0.73 kcalmol ! (~4.73 kcalmol ! for the Z substrate).['*?8] An
additional factor which influences the relative energy balance
between 26a and 26c¢ is the gauche interaction. Since the
secondary methyl groups in 26a and 26c¢ adopt a pseudo-
equatorial and a pseudo-axial conformation respectively, 26 ¢
is subject to two additional gauche interactions that amount to
~ 1.8 kcalmol . The energy difference of ~2.53 kcalmol !
in total would roughly account for the high diastereoselectiv-
ity experienced even for E substrate 22a. Thus, the high
diastereofacial selectivity experienced in cyclization 22 —23
results from a combined effect of 1,3-allylic and gauche strains
as observed in the IDA and the IE reactions of precursors with
substituents attached at the carbon atoms next to dienophile
and enophile groups, respectively.

Generally in the ring-closure reaction of an acyclic pre-
cursor with a stereogenic center on the chain, the diaster-
eofacial selectivity may be rationalized by difference of the
conformational energy (equatorial- versus axial-type disposi-
tion of the substituent) in the TS, while, in the case of the
precursor with a stereogenic center at an allylic position,
consideration should also be directed to stereoelectronic or
torsional effects such as Felkin— Anh-type asymmetric in-
ductionP” or A2 strain, the concept of which has been refined
through investigation of acyclic stereocontrol®® in these last
three decades. In the ring-closure reaction, disposition of the
reacting groups is subject to conformational restriction, while
new strain factors arise owing to the folding of the acyclic
chain. Thus the strain energy difference between the diaster-
eomeric foldings is decisive for the diastereoselectivity: the
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selectivity between diastereomeric TSs (and thus diastereo-
meric products for thermodynamically controlled reactions)
A and B is determined by the difference in the total sum of the
strain energy involved (cf. Scheme 1). This viewpoint, implied
by the term folding-strain stereocontrol, would permit basic
and comprehensive reasoning about diastereofacial selection
in ring-closure reactions, defining the difference from the
intermolecular case.’!! There would exist various strain
factors affecting the energy balance between the diastereo-
meric foldings—torsional strain, nonbonding interaction,
allylic strain, electrostatic repulsion, and so on.® An energy
difference of ~2 -3 kcalmol™! is sufficient to make a reaction
diastereoselective, and folding-strain stereocontrol could be
more effective than generally thought. While the kinds of
atom (coordination number, bonding radius) constituting the
ringB¥ and the bulkiness of the substituent play an important
role for the estimation of the conformational energy in the TS,
the location of the stereogenic center relative to the reacting
atoms should also be significant. The effect of a substituent on
the steric energy could be altered delicately by its distance
from the newly forming bond, which is longer than a normal
bond. The conformational analysis of the cyclic TS (usually 5-
and 6-membered) thus becomes a matter of pivotal concern.
The total strain energy of a complex organic molecule, namely
the steric energy, can be calculated by the molecular force-
field method,®? and recently its application to the TS in
combination with molecular orbital calculations has also been
explored.[ With the development of this field, the prediction
of the stereoselectivity on a quantitative basis will become a
more general approach for synthetic chemists in the near
future, while qualitative estimation of the steric energy
through conformational analysis of diastereomeric cyclic
TSs could be convenient for the design of diastereoselective
cyclization reactions. For this purpose, it is important to
estimate inclusively the strain energy involved.

Folding strain and remote diastereocontrol in ring-closure
reactions: From the viewpoint of the folding-strain control
delineated above, effective asymmetric induction could
reasonably be expected in the ring-closure reaction of an
acyclic substrate with a stereogenic center, even if it is remote
from the bond-forming atom. Accordingly we investigated the
diastereofacial selectivity in the cyclization of (E)-2-(6-
trimethylsilylhex-4'-enyl)cyclohex-2-enones 27 —29 with alkyl
substituents at various positions of the side chain,['”) which is
related to the reaction described above (Scheme 3, 22 —24).
The results are collected in Table 1. The cyclization of 1'-
methyl-substituted substrates 27a and 27b showed low
diastereoselectivity, probably because the energetic prefer-
ence in the TS for an equatorial 1-methyl group is counter-
balanced by the peri interaction. The stereoselectivity was
higher in the cyclization of 2'-methyl-substituted substrates
28a and 28b, being excellent for the latter (with a 4'-methyl
group). In the reaction of 2',3"-anti-dimethyl substrates 29a
and 29b, in which the conformational effects of 2’- and 3'-
methyl groups oppose each other, the diastereomeric prefer-
ence of the products was reversed depending upon the
presence of a 4-methyl group. The result could be explained
by the consideration that, in the cyclization of 29b, the TS

2400 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Table 1. Diastereoselectivity in the ring closure reaction of (E)-2-(6'-
trimethylsilylhex-4"-enyl)cyclohex-2-enones with alkyl groups at various
positions in the side chain.

1.TiCl4/CH,Cly,
78 °C

—_—

2.MeONa/MeOH
rt

R' R* R} R¢ R! R? R3
27a Me H H H 30 oMe H H
27b Me H H Me 31 p-Me H H
28a H Me H H 32 H a-Me H
28b H Me H Me 33 H p-Me H
29a H  anti-Me H 34 H a-Me  a-Me
29b H  anti-Me H 35 H p-Me  f-Me
(a: R*=H; b: R*=Me)
Substrate  Yield Product diastereoselectivity OSEl
[%] Diastereomers  Ratio [kcalmol ]
27a 79 30a/31a 1:1.8 1.13
27ple 75 30b/31b! - 2.43
28a 471l 32a/33a 1:18.7 1.24
28b 45l 32b/33b 1:>500 3.54
29a 84lel 34a/35a 6.9:1 -1.13
29b 83l 34b/35b 1:8.7 3.53

[a] E/Z=7:1. [b] Complex mixture; analysis failed. [c] After treatment
with NaOMe/MeOH. [d] Calculated by MM-2 for diastereomeric product
enols.

with a quasi-axial 2-methyl group would be decidedly
disfavored by the presence of a severe nonbonding interaction
with the 4-methyl group. The differences in steric energy
between the diastereomeric enol products calculated by MM-
2 are listed in the right-hand column. Interestingly, the values
correlate fairly well with the change in selectivity due to the
introduction of a 4-methyl group observed in the cyclization
of 28 and 29. This perhaps means that the reaction might
proceed along the reaction coordinate while keeping a folding
conformation similar to that of the product from a relatively
early stage in the cyclization process.[

In order to investigate the problem further in a simpler
system,’”] we selected the ring-closure reaction based on
intramolecular ester enolate alkylation (cf. 8 —9)!!2 242381 Four
kinds of the 2-methyl containing substrates 36-39 with
additional methyl substituents on various positions of the
chain were prepared, and the diastereoselectivity in the
reaction with LDA examined. As indicated in Table 2, the
stereoselection associated with the folding-strain stereocon-
trol is fairly good except in the case of 5-substituted substrate
38. Incidentally, cis- and trans-1,3-dimethylcyclohexanecar-
boxylates, 41b and 41a, were obtained stereodivergently by
the respective choice of substrates, 37 and 39. For the origin of
the observed diastereoselectivity, we presume that, with
respect to the disposition of the ester enolate grouping, the
H-eclipsed conformation 43a is more energetically favorable
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Table 2. Remote diastereocontrol in the cyclization of ethyl 7-bromo-2-
methylheptanoates with a methyl group at various positions on the chain.

R* R?
B
CO,Et
R3 R'
LDA(3 equiv) / THF N
-78°C to -40°C
cis

Substrate Yield Products  Ratio
R! R? R? R* [%] trans/cis
36 Me H H H 78 40a/40b  96:4
37 H Me H H 83 41a/41b 1:>99
38 H H Me H 66 2a/42b  79:21
39 H H H Me 53 41a/41b  93:7

than the bisected gauche form 43b, as is assumed generally for
an allylic system.['>?8] In support of this premise, a correlation
between diastereofacial selectivity and bulkiness of the
substituents was observed (vide infra).l The diastereoselec-
tion in the cyclization of 36 and 37 can be explained in a
similar way to that described already. Two points remain to be
clarified: 1) the lower selectivity in the cyclization of 38 than
of 37 and 2) the origin of the selectivity for the cyclization of
39. The rationale for the first result is that, in the cyclization of
37, TS 44b (leading to 41b) would be decidedly preferred over
TS 44a (leading to diastereomer 41 a) because of the presence
of a severe 1,3-diaxial methyl repulsion in the latter. However,
the selectivity observed for the cyclization of 38 is lower than
that predicted from the conformational energy of a methyl
group (= 1.8 kcalmol~?!). The decrease in the predominance of

Br, Br,
Lo ® Lio \\/\
rr’l‘\~ g’l\\ ~—Me
EtO % EtO |
Me Me Me
44a 44b
Br, g Me
Lio
ILJ‘L\\ Me Br--. /-\
EtO ) Lio=g” 2 me
Me OEt
45a 45b
Me
Me
-Br‘jl:/Ie |_me Me
L|OI 6 - <
J'"m Br-. 1/ oo Lo
EtO \‘| Liozy” 2 Lo
|
Me OFEt OFEt
46a 46b 46¢

TS 45a over TS 45b might result from smaller additional
gauche strain due to the axial methyl group, since one of the
bonds (C6—C7) gauche to it in the TS 45b might be less
sterically constrained as a result of a loose and longer C2—C7
bond. As for the second point, TS 46b involving 1,3-diaxial
dimethyl repulsion has to be preferred over TS 46a, which, at
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first sight, cannot be acceptable. However, in TS 46 a, a severe
torsional strain would be present between the C6—methyl and
the C7-bromine bonds, which are nearly synperiplanar. A
tentative supposition is that the 1,3-diaxial dimethyl repulsion
in the TS 46b is not as strong as in a normal cyclohexane ring
because the long C2—C7 bond intervenes between the carbon
atoms bearing two methyl groups, the ultimate energy balance
thus favoring TS 46b or the related twist-boat form 46 ¢. From
the viewpoint of folding-strain stereocontrol, a factor increas-
ing the diastereoselectivity is the bulkiness of the substituents
on the acyclic chain. This aspect was investigated in the
cyclization of 5-substituted substrates in which the 5-methyl
representative 38 showed only a moderate diastereoselectiv-
ity. The results are summarized in Table 3 with the relevant

Table 3. Effect of the bulkiness of the substituent on diastereoselectivity in
the cyclization of 5-substituted 7-bromo-2-methylheptanoates.

e
LDA(3 equiv)/THF

Br -
CO,Et 78°C
R
e O,Et
COEt  + Me
R R
trans cis
Substrate Diastereomeric products A value
R Yield [%]  Ratio trans/cis [kcalmol ']
Me 66 79:21 1.8
Et 89 79:21 1.8
iPr 85 86:14 2.1
tBu 77 89:11 >4.5

conformational free energy (A value). Generally, the selec-
tivity increased as the bulkiness of the 5-substituent increased,
as anticipated. However, it is noteworthy that the diastereo-
selectivity for the cyclization of the 5-tert-butyl substrate was
not as high as expected from the ability of the tert-butyl group
to lock the cyclohexane conformation. The result might
indicate the inadequacy of our chair-H-eclipsed model,*!
suggesting the intervention of a gauche TS 47a or a twist-
boat TS 47b.

Br. M
s ; e
ﬁmu L, BU
Me—_ T\,
A EtO —
A 7
EtO OLi Br
47a 47b

Reaction types and folding-strain stereocontrol: Comparison
of the diastereofacial selectivity in the cyclization of different
reaction types is intriguing with regard to the relationship
between folding-strain stereocontrol and TS characteristics.
With this in mind, radical and anionic versions of the highly
diastereoselective cyclization 22 —23 were investigated.[*]
Treatment of (E)-allylic bromide 48 with tri-n-butyltin
hydride gave a mixture of three diastereomeric cyclization
products 49a, 49b, and 49 ¢ in a ratio of 77:21:2 (Scheme 4).141]

0947-6539/98/0412-2401 $ 17.50+.50/0 2401





CONCEPTS T. Tokoroyama

P(O)Ph,
Br
| Ph,P(O)
LDA (1.7 equiv),
HMPA, THF -
—_—
(0]
48
o
1. nBuzSnH, AIBN, -
benzene, reflux gig ﬁ - g 52
2. NaOMe, MeOH -
Scheme 6. An anionic version of the ring-closure reaction 22 —24.
A

N

obtained exclusively from both precursors, a high dual
stereocontrol being comparable to the case of cyclization
o 22 —23. Thus, the folding-strain stereocontrol appears to be
relatively unaffected with respect to the nature of the
reactions concerned and, for the prediction of the diaster-
eoselectivity, qualitative analysis based on the product-like TS
would provide a practical guideline.

49a 49b

(77 : 21 :2)
Alteration of cyclization modes by a controlling group: In the

previous section, the original cyclization mode of substrate 22
to 24 as regards the diastereofacial selection was shown to be

Scheme 4. A radical version of the ring-closure reaction 22 —24.

We interpret this result to indicate the preference of TSs in the reversed by the presence of an additional methyl substituent
order 50a>50b > 50¢. The modes of cyclization in terms of at the 2'-position. If such a group can be removed at a later
the orientation and the folding-strain stereocontrols are stage,[*?l the cyclization might be used stereodivergently. This
normal —normal, reversed —normal, and reversed —reversed, possibility was tested for oxy-substituted substrates.*l Cycli-
respectively, as compared with those experienced in the zation of syn-substrate 53 gave the 8,9-cis-dimethyl product 54
cyclization 22 —23 (Scheme 5). Thus, as far as folding-strain exclusively (Scheme 7) as anticipated on the grounds that
stereocontrol is concerned, the selectivity is as high as 98:2 both 2'-oxy and 3’-methyl groups would exert the conforma-
(50a+50b:50c¢). This fact is notable in view of the early nature tional effect in the TS in the same direction. In contrast, the

cyclization of the anti substrate 55 afforded a mixture of

1. TiCly
2.NaOMe

—_—

Me
N N H
—- O
Me
I
(e}

50b
[r-n]

o}

53 54
sole product

O e
50¢c Mz3Si 1.TiCl, OR
[r-r] . 2.MeONa/
. . . . . o MeOH
Scheme 5. Diastereomeric foldings in TSs of radical cyclization E——
48 —49. The folding modes with respect to orientation and folding- “10R
strain stereocontrols are displayed in square brackets: n =normal, r= o
reversed.
55 R = Ac or TBDMS + +
of the TS in radical reactions™! and indicates that the
major strain factors present in the product might be 56c
considerably developed from a relatively early stage in
. . . L . . stereocontrol 56a 56b 56¢ 56d
the chain folding leading to TS. The anionic cyclization of orientation  normal reversed normal  reversed
. . . folding strain normal reversed reversed normal
(E)- and (Z)-allylic phosphine oxides 51a and 51b was - gA — - a
. . . . =Ac . . —
achieved, regioselectively and stereoselectively, by con- R = TBDMS 4 1 2 2
ducting the reaction at —40°C and with HMPA as Scheme 7. Alteration of cyclization modes in the reactions of syn- and anti-2'-
additive (Scheme 6). A single diastereomer 52 was oxy-substituted substrates.
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diastereomers under the combination of the dual stereo-
controls in normal and reversed modes (Scheme 7). The
reversal of the simple diastereoselection, as in the formation
of 56b and 56d, might result from the loss in predominance of
the antiperiplanar over synclinal alignment with respect to the
disposition of two reacting m systems owing to intervention of
the oxy substituents in coordination with the Lewis acid.
Although the formation of cyclization product 56 ¢ with 8,9-
trans-dimethyl configuration desired for the natural product
synthesis*! was confirmed, the stereoselectivity remained too
low to be synthetically useful. This result indicates that the
steric energy difference between the diastereomeric TSs
caused by the less bulky oxy substituents is not enough to
make the reaction stereoselective. Eventually, alteration of
the cyclization mode in a stereoselective manner was achieved
by the use of 1'-oxy-substituted substrates 57 and 58
(Scheme 8).[%1  Although the results of this work will
not be detailed here, the cyclization reaction provides a
method to obtain three diastereomeric octalone derivatives
59a, 59¢, and 59d out of four stereoselectively. The com-
pounds 59a and 59c¢ could be useful intermediates for the
syntheses of 8,9-cis- and 89-trans-clerodane diterpenoids
respectively.

59a

Lewis acid

(¢] OR

57aA=E; a-OR +
57b A= E; B-OR
58aA =2 a-OR
58b A= Z B-OR
(R = Me, Ac, MOM, TBDMS) o

59¢

Scheme 8. Lewis acid mediated cyclization of 1'-oxy-substituted sub-
strates.

Conclusions

In a ring-closure reaction, the strain energy balance among
the diastereomeric foldings—the folding strain—is determi-
native for the diastereofacial selectivity. Thus, in contrast to an
intermolecular reaction, the diastereofacial selection could be
sufficiently effective even in the cyclization of an acyclic
substrate, the stereogenic center of which is located in a
position remote from the reaction site, and is relatively
unaffected by the type of reaction involved. Conformational
analysis of the diastereomeric TSs is central for the estima-
tion of the diastereofacial selectivity. In this regard, the
interplay with approach by the MO force-field calculation
will be extremely important. The design of diastereoselective
ring-closure reactions based on the folding-strain stereocon-
trol concept is a useful approach in organic synthesis that
deserves further extension to a wider range of reactions and
substrates.
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Abstract: This paper presents a new
approach to linear aminopolyhydroxy-
lated structures, based on the rapid
assembly of a highly functionalized het-
erotricyclic system and its cleavage. The
complex tricyclic structure is obtained
by a sequence of two mild tandem
reactions: the first involves a base-pro-
moted nitroaldol-intramolecular cycli-
zation between an activated primary
nitroalkane and an aldehyde bearing a
leaving group on the a-carbon atom to
give 4-hydroxy-2-isoxazolines-2-oxides.
In the second tandem process, the 4-hy-

of the 2-isoxazoline-2-oxide to afford a
complex tricyclic structure. These two
tandem processes could be condensed
into a single three-component domino
reaction, which starting from the three
acyclic substrates realizes a big jump in
molecular complexity through the selec-
tive formation of five new bonds and
four new chiral centers all concerted as a
dynamic continuum in which every
event depends on all the others. The
second part of this project dealt with the
cleavage of the tricyclic structure to
unmask the target linear compounds.

The richness of functionalities that were
selectively installed on the tricyclic
structures was screened for possible
cleavages. Methods to reduce the exo-
cyclic ester group, hydrogenolyse the
bicyclic nitroso acetal, and hydroxyde-
sylilate the cyclic silyl ether were found.
In addition, during the early attempts of
linearization of the tricyclic compounds,
unexpected clean fragmentations of the
products were observed, some of them
affording synthetically useful new prod-
ucts. An array of interesting linear
aminopolyhydroxylated structures was

droxy group was used as an anchor to
link an olefinic residue (either an allyl
group or a vinylsilane), which then gave
rise to a spontaneous intramolecular
cycloaddition with the nitrone moiety

additions -

Introduction

For several years our group has been involved in the
utilization of nitroalkanes!! in the development of new
methodologies for the preparation of aminopolyhydroxylated
substrates, a biologically relevant class of compounds that
often exhibit potent therapeutical properties. We are trying to
design these syntheses keeping an eye on efficiency: that is,
obtaining the maximum needed molecular complexity in the
smallest number of steps and under the mildest conditions
possible.Pl The procedures are often divided into two distinct
parts: a first part that sets up much of the elements of
molecular complexity needed in the final products through

[*] Prof. G. Rosini, Dr. E. Marotta, Dr. P. Righi
Dipartimento di Chimica Organica A. Mangini, Universita di Bologna
Viale Risorgimento, 4, 1-40136 Bologna (Italy)
Fax: (+39)051 6443654
E-mail: rosini@mes.fci.unibo.it
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obtained by the combination of one or
two cleavage steps from the tricycle,
with overall very good acyclic selectivity,
efficiency, and atom economy.

cyclo-

the assembly of cyclic (or polycyclic) structures; and a second
part that just unfolds these cyclic compounds into linear
structures with no further addition in terms of complexity.
That was the case when we found that the base-promoted
reaction of aldehydes bearing a leaving group on the a carbon
with activated primary nitroalkanes results in the efficient
formation of a 4-hydroxy-2-isoxazoline-2-oxide (1) through a
tandem process™* (Scheme 1). This turned out to be a general

R! o "toz Base
2 + —_—
R \»)LH EWG
X
848 o
Rt "N’ O-N@
=4
F e [ e
OH OH 1

Scheme 1. Tandem preparation of 4-hydroxy-2-isoxazolines (EWG =
electron-withdrawing group).
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process that works with different
Rl ,O—NT3 leaving groups and electrophiles.?!
The well-known stereoselective,

reductive ring cleavage by lithium
Figure 1. Hydroxyl-di- aluminum hydride of 2-isoxazo-
rected 13-dipolar cy-  lines® allowed an effective unfold-
cloaddition of 4-hy-  ing of this heterocycle into linear
droxy-2-isoxazolines-2- aminohydroxylated compounds.t"!
oxides (EWG = electron- More recently we thought that the
withdrawing group). . .

molecular complexity of the 2-iso-

xazolines-2-oxide could be further
increased by exploiting the nitrone moiety present on the
system. Moreover the free hydroxyl of the isoxazoline ring
could be used as an anchor to link an olefinic residue in the
attempt to have a regio- and stereoselective intramolecular
1,3-dipolar cycloaddition (Figure 1).

Results and Discussion

The assembly of a highly functionalized heterotricyclic
system: When we treated 2-isoxazoline-2-oxides 1 with allyl
bromide in the presence of a very mild base, such as KF/Al,O;
at room temperature, a new tandem process took place

Abstract in Italian: Viene presentato un nuovo approccio alla
sintesi di composti aminopoliossidrilati lineari, basato su un
rapido assemblaggio di un sistema eterotriciclico polifunzio-
nalizzato e la sua apertura selettiva. 1l sistema triciclico é stato
ottenuto attraverso una sequenza di due reazioni tandem. La
prima di queste, una reazione nitroaldolica tra un nitroderivato
alifatico ed una aldeide con un gruppo uscente in posizione a, é
seguita da una ciclizzazione intramolecolare e porta alla
formazione di 4-idrossi-2-isoxazoline-2-ossido. Nel secondo
processo tandem, il gruppo ossidrilico in C* é stato utilizzato
per l'ancoraggio di un residuo olefinico, premessa per una
cicloaddizione intramolecolare spontanea con il nitrone del
sistema 2-isoxazolinico-2-ossido. Queste due reazioni tandem
sono state compattate in un unico processo domino a tre
componenti che attua un grande salto in complessita moleco-
lare con la formazione selettiva di cinque nuovi legami e
quattro nuovi centri chirali, il tutto concertato secondo un
continuum dinamico dove ogni evento dipende da tutti gli altri.
La seconda parte di questo progetto riguarda I'apertura del
sistema eterotriciclico per liberare le strutture aminopolioliche
lineari. E stato possibile trovare metodi adeguati per ridurre il
gruppo estereo esociclico, per idrogenolizzare il nitroso acetale
biciclico, e per idrossidesililare il silil etere ciclico. Durante i
primi tentativi di linearizzazione del sistema triciclico, sono
state osservate anche delle interessanti frammentazioni, alcune
delle quali sono state sfruttate sinteticamente ampliando la
versatilita di utilizzazione dei tricicli studiati. Le trasforma-
zioni chimiche effettuate tramite la manipolazione selettiva del
sistema triciclico hanno permesso di ottenere un insieme di
strutture aminopolioliche lineari. L’intero progetto é stato
realizzato con particolare attenzione ai criteri di efficienza,
selettivita ed economia atomica.

2502 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

(Scheme 2, Table 1). After the binding of the allyl group to the
free hydroxyl of the isoxazoline, the intramolecular 1,3-
dipolar cycloaddition occurs spontaneously under the very
mild conditions required for hydroxyl derivatization. The
process gives rise to a previously unknown type of heterotri-
cycle 2, featuring an uncommon nitroso acetal functionality.”!

o@
O-Neo B
RZ"MCOOEt+ X KF, ALO;, CHiCN
—_—
R!
oH 4
o O 1 GOOEt
R, O—N—© RO \N~-0
o COOEt|—> ./ ¥ °
/ o—
O\/ 3 4 2

Scheme 2. Tandem intramolecular 1,3-dipolar cycloaddition of 4-hydroxy-
2-isoxazolines-2-oxides with an allyl residue.

Table 1. Results of the reaction depicted in Scheme 2.

R! R? Product Yield [%]
stereochemistry
a H anti-PhCH(OH) 2-endo 62
b Ph CH; 2-exo 43
cll nC,Hys H 2-ex0:2-endo=2:1 84
d (CH,)s n.a. 64
e CH; CH; n.a. 91

[a] Reaction performed on a mixture of 4,5-trans- and 4,5-cis-2-isoxazoline-
2-oxides in a ratio 2:1. n.a. =not applicable.

After these encouraging results we were attracted by the
possibility to effect a silicon-tethered” 1,3-dipolar cycloaddi-
tion. The temporary silicon connection methodology, deeply
investigated during the last years by the Stork('"”l and Tamaol'!]
groups, achieves the regio- and stereoselective formation of
new bonds by temporarily linking together the two reactants
by means of an eventually removable!'? silicon atom. When
we treated 1 with one equivalent of commercially available
chlorodimethylvinylsilane in the presence of imidazole at
room temperature (Scheme 3, Table 2), we observed, by tlc, a
fast hydroxyl functionalization followed by a smooth con-
version to the corresponding heterotricyclic compound 3.3
Again the intramolecular 1,3-dipolar cycloaddition occurs
spontaneously under the very mild reaction conditions
employed.") It should be noted that in the large majority of
the cases the product is obtained in a rather pure form and
needs no further purification.

o@
O-N® Ol
Rewsl_a + 787X ImH, CHsCN
R{SK?\\COOEt N
OH
=]
6 0 COOEt
rl. ,O—N R 0-\N-g
R2>§/4Lcooa — e R
rRY = o7
0 O-Si
‘Sij 12
VAN 3

Scheme 3. Tandem intramolecular silicon tethered cycloaddition of 4-hy-
droxy-2-isoxazolines-2-oxides.
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Table 2. Results of the

reaction depicted in Scheme 3.

R! R? Product Yield
stereochemistry [%]
a H anti-PhCH(OH)  6-endo 95
b Ph CH; 6-exo 99
el nC,H,s H 6-ex0:6-endo=2:1 79
d (CH,)s n.a. 97
e CH; CH; n.a. 96
f anti-PhCH(OH) H 6-exo 99
g C,H; C,Hs n.a. 95
hiz<l Bu H 6-exo:6-endo=5:1 97

[a] Reaction performed on a mixture of 4,5-trans- and 4,5-cis-2-isoxazoline-
2-oxides. [b] In a ratio 2:1. [c] In a ratio 5:1. n.a. = not applicable.

For the structural assignment of the products, we had to
establish both the regio- and stereochemistry of the cyclo-
addition process. With regard to the regiochemistry of the
cycloaddition there are two possibilities (Scheme 4): the
olefin can react with the CH, binding to the oxygen of the
dipole to give a fused tricyclic system, or it can react the other

@/Oe COOEt
R! O—=N"7 “fused” R, O-\N—g
Mcdoa e
R2 \NH 2
Owé_ Y Re o-sie
|
/H !
]
{R1 O—N’? . COOEt
X Hocdort | bridged” Ry 0{N~0
R T shalnl — = .
Ho~y O—?I\

not observed

Scheme 4. Fused and bridged modes of the intramolecular cycloaddition.

way around, with the CH binding to the oxygen, to give a
bridged tricycle. From proton and carbon NMR spectroscopy
we could easily establish that the cycloaddition proceeds
regiospecifically to give only the fused product. In fact we
always observed a downfield methylene and we never
observed products with a downfield methyne, indicating that
it is the methylene of the olefin that binds to the oxygen of the
dipole and so ruling out the bridged product.

With respect to the stereochemistry of the cycloaddition, an
endo- or an exo-cyclization is possible (Scheme 5), where the

2% NOE
® o COOEt
R, O—NT} 1 Ho\-N~
RMCO}OH ‘endo”  RNAOY O M
o Wi RE 2o

o-s
‘SiJ I~
/ H
o COOEt
1 O—N— _
R GOOEl| “exo” R H.Ox;‘ﬂ
‘I\ H \
R® IH R)%Si
TSI ol H

not observed

Scheme 5. Exo and endo modes of the intramolecular cycloaddition.
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terms endo and exo refer to the position of the silicon with
respect to the forming cycle. An endo cyclization, in which the
silicon atom lies endo to the forming cycle, results in the
formation of a fused tricyclic system with a cis,cis fusion, while
an exo-cyclization leads to the cis,trans isomer. From MM2
calculations!™ we found that the first product is about
16 kcalmol~! lower in energy than the second one. This high
difference in energy can also be easily seen by trying to build
Dreiding models of the two structures. Furthermore we could
also measure a 2% NOE between the two protons at C* and
at C%, Although not definitive proofs, these two observations
allow us to establish that the cycloaddition proceeds stereo-
specifically with the formation of the fused product with the
cis,cis stereochemistry.

Two factors seem to be crucial for the cycloaddition to
occur: the length of the tether and the intramolecularity. In
fact, when the tether was lengthened by one unit treating
compound 1bl'® with allylchlorodimethylsilane under the
same conditions reported above, we observed a clean
protection of the hydroxyl without any detectable tricycliza-
tion product, even after refluxing the resulting silyl ether in
toluene for two days. Moreover, no appreciable amounts of
intermolecular 1,3-dipolar cycloaddition products were ob-
served when compound 4,5-trans-1h['! was allowed to react
with 1,3-divinyl-1,1,3,3-tetramethyldisiloxane for three days
under the same reaction conditions. It is likely that entropic
factors and the required length of the tether to achieve the
appropriate geometries make the intramolecular 1,3-dipolar
cycloaddition possible.

The procedure to form these tricyclic compounds is
composed by two mild tandem processes in which materials
keep adding up onto the starting primary nitroalkane, each
step giving more complex structures. Since both of the tandem
reactions are promoted by a base, we looked into the
possibility to perform a domino multicomponent reaction, in
which all the reagents are put in the reaction flask from the
beginning. We found that even in domino conditions!'”! the
three starting materials spontaneously add up in the desired
way to give the products in more than satisfactory yields,!'"!
especially considering that these are the isolated overall yields
of four different reactions (Scheme 6, Table 3).

R D NO, cl I R OE\-/'\“IGO
Rzﬁ/LLH + k + \SI% m—> )&)
EWG AN g
1

Scheme 6. Domino preparation of tricyclic compounds 3.

Table 3. Results of the domino preparation of 3.

R! R? X EWG Yield [%)] ratio
H 1CpoHas Br COOEt 61 1.0
H 1CpoHas Br SO,Ph 57 1.0
H CH; OTs COOEt 60 1.1
H CH, OTs SO,Ph 76 0.7
Ph CH; Br COOEt 72 0.0
H PhCH,CH, OTs COOEt 89 1.3
H PhCH,CH, OTs SO,Ph 87 0.9
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The process is rather stereoselective as the products are
obtained in a mixture of only two diastereoisomers (6-exo and
6-endo) out of the possible eight (sixteen if the stereogenic
nitrogen is also considered). The formation of the two
diastereoisomers occurs during the very first step of the
process, the nitroaldol step, while all the other chiral centers
are formed during the closure of rings and are obtained in an
absolute specific manner.

The unfolding of the highly functionalized heterotricyclic
system: Having exploited any chance to increase the molec-
ular complexity on our tricyclic systems we embarked in the
second stage of our project. The tricyclic compounds contain a
chain of five functionalized carbon atoms, four of them
stereogenic. If this chain is completely unfolded it would be
possible to obtain polyhydroxylated amino acid derivatives or
aminopolyols. The silylated tricyclic compounds bearing the
ester group as the electron-withdrawing group appeared to be
particularly attractive in this sense, since in this case the
unfolding might be achieved by cleaving the nitroso acetal and
the silyl ether, and manipulating the ester function
(Scheme 7).

Reduction
Hydrolysis
Decarboxylation

Hydrogenolysis V/\

COOEt
Ri. o\N-g HO H:N CH,OH, COOH, H
— Rt >
RS 3 —=> R/ Y Y oM

O-si OH OH, H, SiRy

vhl -
Hydroxydesilylation

Hydrodesilylation
Si-O bond cleavage

Scheme 7. Possible sites of manipulation of 3.

So it is possible to imagine that a sequence of synthetic
operations on the three functionalities, in an order to be
established, would allow the opening of the tricyclic com-
pounds into linear structures. On the other hand it is also
possible that the three functionalities, which lie so close in
space on the tricyclic compounds, will interfere with one
another making it difficult to treat one selectively with respect
to the others.

We found this latter situation to be the case during our very
first attempt to disassemble the tricycle (Scheme 8). We
performed the hydrogenolysis of the nitroso acetal 3d and we

COOCEt O
0-\N—g  1atm Ha, Raney-Ni, MeOH . O Y
N 80% e
o-si_ o

I 3d 4
(¢}
i. CbzCl, NaOH, THF/H 20 (@] Yy
ii.(MeO),CMey, cat. TsOH .
- <" "NCbz
84% b-#

Scheme 8. The first attempt of unfolding.
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ended up with a product (4) in which none of starting
functionalities went untouched. The nitroso acetal, as ex-
pected, was no longer there, the ester was still there though
under different clothes, the silyl ether was gone, and an
oxygen atom had disappeared. The quick and easy trans-
formation of the product into the corresponding cyclic-
protected derivative 5 allowed us to chemically confirm the
cis stereochemistry between the hydroxyl and the amino
groups.

To explain the formation of lactone 4 we have assumed that
a cascade of five different steps takes place during the
reaction, including, in addition to the two N—O bonds
cleavages, a Peterson type olefination. Performing the reac-
tion at 3 atm of hydrogen afforded the same product, but with
the double bond hydrogenated. Though giving interesting cis-
substituted aminohydroxylated lactones, which are known to
be biologically active,[] this reaction proceeded well only for
a limited number of substrates.

So we decided to perform the hydrogenolysis of the nitroso
acetal later and we started considering hydroxydesilylation as
the first event of the unfolding stage. This reaction appeared
to be particularly suited to our needs, since it consists of the
cleavage of the cyclic silyl ether and replacement of the silicon
atom with a hydroxyl group with retention of configuration.?’]
When we performed the hydroxydesilylation on the tricyclic
systems we found that, under the conditions developed by
Tamao, a smooth fragmentation occurred, although the diol in
most of the cases can be observed by NMR spectroscopy
(Scheme 9, Table 4).

COOEt
R! N KF,30% H,05, KHCOs | o GOOF
w MeOH, THF R --N:>o
e
R2 E—O_S.\‘\ R2 = =

N s OH ZoH

O—-N

"y \

—CH402 R;u A)\COOEt
OH 6

Scheme 9. Hydroxydesilylation-fragmentation of 3.

Table 4. Results of the reaction depicted in Scheme 9.

Starting materiall'®! Yield [%]

3d >95
3e 71
3g 83
6-ex0-3h 64

The net result of this reaction was to remove the two
carbon-atom fragment that was set up during the tricyclization
step and to give back the starting isoxazoline with the N-oxide
function reduced. In principle the fragmentation from either
newly formed hydroxyl is possible, but in the majority of the
cases we observed only the fragmentation depicted in
Scheme 9, in which the primary alcolate serves as the leaving
group. In a few cases, along with this major product, we were
able to isolate also small amounts the product arising from the
fragmentation beginning at the other hydroxyl group.
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To avoid this unwanted fragmentation we thought of two
strategies: a) to remove the possibility to form a product with
conjugated double bonds by reducing the ester before
attempting the oxidation, and b) to trap the intermediate
diol immediately after the oxidation step. The ester reduction
was easily performed in quantitative yields with either LiAlH,
or NaBH, (Scheme 10, Table 5) affording the corresponding
primary alcohols 7 in good yields.

COOE OH

!
R2 2 oS CEA-N
O'?'\ o-si_
3 | =7

Scheme 10. Reduction of the ester function of 3.

Table 5. Results of the reaction depicted in Scheme 10.

Starting materiall'®! Method!? Yield [%]
3b B 96
6-endo-3¢ A 95
6-exo-3¢ A 95

3d A 86

3g A, B 88, 96

[a] A. NaBH,, MeOH, 0°C; B. 1m LiAlH,, Et,0, —20°C

Then we tried the oxidation of such reduced tricyclic
compounds, only to see that a new, faster fragmentation takes
place to give a new type of isoxazoline (8) in very good yields
(Scheme 11, Table 6). This last fragmentation gives rise to a

OH (\OH
1 KF, 30% H20,. KHCO ﬂ
- -

R2 % S
O-si RZ = T
7 OH  OH
O—N
BRI e (g ey
R & oH 8

Scheme 11. Hydroxydesilylation-fragmentation of 7.

Table 6. Results of the reaction depicted in Scheme 11.

Starting materiall'®! Yield [%]

7b 90
6-exo-T¢ 95
7g 88

new isoxazoline with the loss of a one-carbon fragment, but
with the main chain of carbon atoms preserved and with only
one ring left to open. To completely unfold these substrates
(Scheme 12, Table 7) we first performed a protection, which
turned out to give selectively the 5S-membered acetal, and then
a 4-hydroxyl-directed stereoselective LiAlH, reduction of the
2-isoxazolines.[! We obtained the corresponding aminopolyol
that was protected at the nitrogen atom during the basic
workup of the reduction.

Chem. Eur. J. 1998, 4, No. 12
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O—N o0-N
e \
R2|WOH Me2C(OMe)z, cat. TsOH RZ.WO
R H OH I - U 5
OH

Qm
om

8 9
i. LiAIH4, THF, 0°C
ii. CbzCl, 20% NaOH OH NHCbz
_— R2u,
R O

Scheme 12. Linearization of 2-isoxazolines 8.

Table 7. Results of the reaction depicted in Scheme 12.

Starting materiall'®! Yield [%]

8b 74
4.5-trans-8 ¢ 71
8g 72

[a] Overall yield of the protection-reduction steps.

The products so obtained closely resemble the ones found
in the skeleton of a class of antibiotics of the anthracycline
family with a prominent antitu-
moral activity. Indeed the com-
pound depicted in Figure 2 was
employed in a synthetic ap-
proach to CDEF Nogalamycin
analogues.P!]

We also investigated the pos-
sibility to block the second type
of fragmentation shown in
Scheme 11, by protecting the primary hydroxy group as an
acetate. This protection proved not to be useful, since during
the following oxidation the first type of fragmentation again
came into play, giving rise to the loss of the two-carbon-atom
fragment and forming a 2-isoxazoline (12) with no conjugated
double bonds (Scheme 13, Table 8). This last observation
allowed us to establish that the formation of a 2-isoxazoline
with conjugated double bonds is not the driving force of the
fragmentation reported in Scheme 9.

Figure 2. A precursor of No-
galamycin analogues.”?!]

OH OAC
R1
w Ac;0, cat. DMAP, Py, 0°C RSQ%
RZ 2§ -
O-Si_ R b-si
| 7 [
11
KF, 30% H202, KHCO3 O—-N oA
MeOH, THF N C
11b R B Ai)\/
OH
12
Scheme 13. Acetylation of 7.
Table 8. Results of the reaction depicted in Scheme 13.
Starting material/'! Yield [%]
7b 97
6-endo-Tc¢ 98
7d 99
g 92
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To avoid this latter fragmentation, observed during the
hydroxydesilylation of the starting tricyclic compound, we
tried to trap the intermediate diol. Direct acetylation of the
reaction mixture after completion of the oxidation proved
only partially satisfactory, so we performed the oxidation at
—15°C by cooling with an external ice—salt bath. At this
temperature hydrogen peroxide proved ineffective and was
replaced by stronger oxidants such as 3-chloroperbenzoic acid
(MCPBA) or magnesium monoperphthalate (MMPP) in
DMEF. Under these conditions the reaction is complete within
few minutes and the quenching by the addition of acetic
anhydride and triethylamine allowed us to cleanly trap the
diols in more than 90% yield (Scheme 14).21 Tt was also

COOEt i. KF, MCPBA, KHCO3,,

o COOEt
1 DMF, -15°C 1
RN 0AN~G0 i Ac0. EtN R12 o-\N—o
ekitatian S
R2 = = R2 =3 Ta
o‘?'\ 3 OAc  Bac
13

Scheme 14. Hydroxydesilylation of 3.

possible to reduce the reported needed amount of peracid
from 3equiv to 1.1 equiv, thus demonstrating a stronger
migratory aptitude of the secondary carbon with respect to
that of the methyls on the silicon atom, which under these
conditions do not migrate. We found also that the same
conditions are applicable to the products with the ethoxycar-
bonyl group reduced and protected (Scheme 15, Table 9).

i. KF, MCPBA, KHCO3, OAc

OAC
1 DMF, ~15°C
R\ OAN=0O i 00, EtN R1>§(§_&j
_ =
RZ = = Y

R2 H
~ OACc  OAc

11 14
Scheme 15. Hydroxydesilylation of 11.

Table 9. Results of the reaction depicted in Schemes 14 and 15.

Starting materiall'®! Yield [%)]
6-endo-3¢ 98
3d 97
3g 96
6-exo-3h 88
6-endo-3h 92
6-endo-11¢ 98
11g 95

Having secured the hydroxydesilylation, we were ready to
try the hydrogenolysis of the O—N—O moiety. Nitroso acetals
are known, mainly from the work of Seebach®! and Den-
mark,?¥ to undergo Raney-Ni-catalyzed hydrogenolysis. This
time the reaction, performed with the products obtained from
the hydroxydesilylation step (13), proceeded smoothly giving
the hydrogenolized product (15) in less than one hour at room
temperature under an atmospheric pressure of hydrogen
(Scheme 16, Table 10). The products were obtained in the
form of the corresponding lactone. Sometimes acetyl migra-

2506 —
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COCEt HO®

1
R w 1atm Hy, cat. Raney-Ni, MeOH  1R2i., «NH2

_ " oH
R2 : H R = E

OAc  OAc OAc OAc

13
o}
Rzl M. ~0H P
R X B
Oac CAc

15
Scheme 16. Nickel-catalyzed hydrogenolysis of nitroso acetals 13.

Table 10. Results of the reaction depicted in Scheme 16.

Starting materiall'®! Product Yield [%]
13d 16d 86

13g 16¢ 93

2-ex0-13h trans-15h 70

2-endo-13h cis-15h 71

tion occurred during the reduction affording mixtures of
products. In these cases an extra acetylation step gives back
one single characterizable product.

Scheme 17 illustrates very clearly how this two-step un-
folding (silyl ether hydroxydesilylation/nitroso acetal hydro-
genolysis) of the starting tricyclic compounds can be useful in
the selective preparation of hydroxylated amino acid deriv-
atives. For example, the lactones so obtained have the same

cool i. KF, MCPBA, KHCO3,
R EL " OMF. 15°C : . GooH
O-\N-0O i Ac0, EtaN R 0-\N-g
_—
2%
R® B-si
|\

1atm H3, cat. Raney-Ni, MeOH

5 6 B
o OH OH

Anhydromyriocin

Scheme 17. Example of linearization of tricyclic compounds 3.

core structure of myriocin (in the y-lactone form, anhydro-
myriocin), a potent immunosuppressant.?’! The unexpectedly
fast ratel?®l of the Raney-Ni-catalyzed hydrogenolysis of the
nitroso acetal prompted us to attempt the same reaction with
palladium (Scheme 18, Table 11), which is known to be less
effective in this type of reactions.?’l Indeed, in this case the
reaction takes from 12 to 24 hours to complete and gives rise
to the selective cleavage of the less hindered N—O bond.
Moreover, in this case the reaction works equally well for the
starting tricyclic compounds of type 3 and for the hydrox-
ydesilylated compounds of type 13 and 14, affording a new
series of aminopolyhydroxilated structures amenable for
further manipulations exploiting their residual functionalities.
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COOEt COOEt
Ry 0AN~QO  1atmH,, 10% PdC, Et0Ac R\ ol\NH OH
2 = 2 = =
R o-si R o-si_
| 3 17 |
COOEt COOEt
0-\N-o 1atm Hap, 10% Pd/C, EtOAG O-\NH  OH
OAc (:3AC C:)AC E)Ac 18¢g

OAc (E)Ac 14g

Scheme 18. Palladium-catalyzed hydrogenolyses.

Table 11. Results of the reactions depicted in Scheme 18.

Starting materiall'®! Yield [%]

3d 88
3g 85
13g 90
14¢g 92
Conclusions

In this paper a new approach to linear aminopolyhydroxy-
lated substrates has been reported. This approach is divided
into two distinct parts: the folding and the unfolding of a
heterotricyclic system. During this first part of our project a
functionalized heterotricyclic system has been folded up from
easily or commercially available linear starting materials with
only one chiral center. During this synthetic operation all the
elements of complexity needed in the final products (the
central nitrogen, the main carbon-atom chain, the several
adjacent chirality centers, etc.) are set up in a regiospecific and
rather stereoselective fashion through the formation of five
new bonds. Moreover, the process can be run in a single step
under very mild conditions with good yields and with a
minimum of trouble with respect to the workup, separation,
and purification. The substantial increase in structural com-
plexity on going from the reactants to the products (ACy=
+170)281 illustrates very nicely the great synthetic efficiency
of such reaction.

The second part the procedure dealt with the unmasking of
the target compounds preserving all the elements of molec-
ular complexity that were set up during the assembling part.
Different ways to unfold this class of tricyclic compounds have
been found, allowing us to obtain interesting aminopolyhy-
droxylated structures in one or two steps. It is worthwhile to
note that in spite of the many elements of complexity of the
final products, the whole procedure takes only a few steps,
achieving the assembly of many functionalities with a very
good acyclic selectivity and with an overall good efficiency.

The potential usefulness of the target molecules, and the
possibility to prepare them in the gram scale and in an
optically active form['®! gives us good reason to hope that our
procedure may be utilized, as an additional tool, for the
synthesis of linear aminopolyols and hydroxylated amino acids.

Chem. Eur. J. 1998, 4, No. 12
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Experimental Section

General: '"H NMR spectra were recorded at 300.08 MHz at 20°C with
either tetramethylsilane (0 =0.00), chloroform (6 =7.26), CHD,OD (0 =
3.30), [Ds]dimethylsulfoxide (6 = 2.49), or acetone (6 =2.20) as the internal
standard; all coupling constants (J) refer to 3J(H,H). 3C NMR spectra were
recorded at 75.46 MHz at 20°C with either chloroform (6 =77.0), CD;0OD
(0=49.0), [D¢]dimethylsulfoxide (6 =39.0), or acetone (0 =29.8) as the
internal standard; signal multiplicities were established by DEPT experi-
ments. Flash chromatographic separations were performed over Merck
Silica gel 60 (230-400 mesh ASTM). For TLC analyses, Merck precoated
TLC plates (silica gel 60 GF,s5, 0.25 mm) were used throughout this work.
Acetonitrile was freshly distilled before use from potassium carbonate;
unless otherwise stated, all other solvents were reagent grade and used as
received. Melting points are uncorrected. The preparations and physical
data of compounds obtained through the domino procedure were described
elsewhere.[!]

Preparation of tricyclic compounds of type 2: A flask equipped with a
calcium chloride tube was charged with the starting material 1 (1.6 mmol)
and acetonitrile (8 mL). 40 % Potassium fluoride over alumina (10 equiv)
and allyl bromide (10 equiv) were added to the resulting solution. The
mixture was stirred at room temperature and the course of the reaction was
monitored by tlc (diethyl ether/petroleum ether =2:1) until complete (48—
96 h). The slurry was filtered over a Celite pad and the residue was
thoroughly washed with dichloromethane. Evaporation of the solvent
affords the crude material as an oil, which was purified by flash
chromatography.

Compound 2a: white solid; m.p. 167-170°C; 'H NMR (CDCl;): 6 =750 -
720 (m, 5H; aromatic), 497 (d, /=83 Hz, 1H; C*H), 4.89 (dd, 1H;
PhCH), 4.56 (dd, J=8.4, 8.4 Hz, 1H; C’H), 4.43 (brs, 1 H; OH), 4.35 (dd,
J=9.2,93Hz, 1H; C*H, or C'H,), 4.28 (q,/ =72 Hz, 2H; CH,), 4.16 (dd,
J=9.3 Hz, 1H; C*Hg or C°’Hp), 4.08—-4.00 (m, 2H; C°’H, or C*H,), 3.60-
3.70 (m, 1H; C*H), 0.81 (t, /=72 Hz, 3H; CH;); C NMR (CDCl;): d =
169.0 (C), 141.4 (C), 128.5 (CH), 128.3 (CH), 128.2 (CH), 95.77 (C), 88.33
(CH), 81.59 (CH), 76.07 (CH), 71.66 (CH,), 70.05 (CH,), 62.96 (CH,), 53.50
(CH), 13.95 (CH;); MS (70 eV, EI): m/z : 321 [M*], 276, 248; C;;H;;NOy
(321.32): caled C 59.81, H 5.96, N 4.36; found: C 59.98, H 5.91, N 4.46.
Compound 2b: oil; 'H NMR (CDCl,): 6 =758-7.20 (m, 5H; aromatic),
497 (s,1,CH), 4.55 (dd,J=8.2,8.1 Hz, 1H; C'H,),4.38 (dd, /=9.3,8.2 Hz,
1H; C’Hp), 4.14 (dd, J=9.3, 1.2 Hz, 1H; C*H,), 4.03 (dd, /=9.3, 1.2 Hz,
1H; C'Hp), 3.89 (q, /=71Hz, 2H; CH,), 3.49 (dddd, /=93, 81, 4.5,
1.2 Hz, C*H), 1.56 (s, 3H; CH;), 0.81 (t, J=71Hz, CH;); ¥C NMR
(CDCLy): 6=169.5 (C), 143.1 (C), 128.7 (CH), 1279 (CH), 126.3 (CH),
94.62 (C), 86.15 (C), 75.59 (CH), 73.01 (CH,), 71.74 (CH,), 62.72 (CH,),
55.28 (CH), 22.98 (CH3), 14.17 (CH3;); CsHyNOs (305.33): caled C 62.94, H
6.27, N 4.59; found C 62.81, H 6.12, N 4.79.

Compound 2-exo-2¢: oil; 'H NMR (CDCL,): 6 =4.76 (m, 1H; C*H), 4.35
(q,J/=72Hz,2H; CH,), 4.28-4.00 (m, 4H; C*H, and C°H,), 3.85 (m, 1 H;
C’H), 3.60-3.45 (m, 1H; C*H), 1.80-1.15 (m, 25H; (CH,); and CH,),
0.88 (t,/=6.9 Hz, 3H; CHj;); *C NMR (CDCl;): 6 =170.1 (C), 94.85 (C),
93.10 (CH), 84.70 (CH), 73.37 (CH,), 71.05 (CH,), 63.00 (CH,), 53.58 (CH),
32.35 (CH,), 32.35 (CH,), 31.70 (CH,), 30.09 (CH,), 29.92 (CH,), 29.80
(CH,), 25.99 (CH,), 23.14 (CH,), 14.56 (CH,), 8.58 (CH,); IR (film): 7=
2918, 2849, 1739, 1462 cm™!; C,;H3;;NOs (383.5): caled C 65.77, H 9.72, N
3.65; found C 65.82, H 9.62, N 3.48.

Compound 2d: white solid; m.p. 56-59°C; '"H NMR (CDCl;): 6 =4.61 (s,
1H; C*H), 4.48 (dd, J=8.5, 83 Hz, 1H; C’H,), 4.31 (m, 3H; C°’Hy and
CH,), 4.04 (m, 2H; C*H,), 3.51 (dddd, / =8.5, 8.3, 4.3, 2.6 Hz, 1 H; C*H),
1.87-1.15 (m, 10H; (CH,);), 1.32 (t, J=7.1Hz, 3H; CH;); *C NMR
(CDCL): 6 =169.7 (C), 95.48 (C), 91.59 (C), 83.83 (CH), 74.89 (CH,), 71.75
(CH,), 62.65 (CH,), 54.44 (CH), 33.23 (CH,), 29.34 (CH,), 25.68 (CH,),
23.19 (CH,), 21.12 (CH,), 14.29 (CH;); IR (KBr): 7 =2924, 1739, 1450 cm™;
C,4,H,;NOs (283.3): caled C 59.35, H 747, N 4.94; found C 59.48, H 7.59, N
5.0L

Compound 2e: oil; '"H NMR (CDCl;): 6 =4.50 (s, 1 H; C**H), 4.49 (dd, J =
8.2,8.1Hz, 1H; CH,), 4.31 (q, /=73 Hz, CH,), 4.28 (dd, J=8.7, 8.2 Hz,
1H; C°Hp), 4.06 (m, 2H; C*H,), 3.53 (dddd, J=8.7, 8.4, 4.5, 2.4 Hz, 1H;
C*%H), 1.34 (t, J=71Hz, 3H; CH;), 133 (2s, 6H; 2CH;); *C NMR
(CDCl;): 6 =169.4 (C), 95.63 (C), 93.05 (C), 81.84 (CH), 74.97 (CH,), 71.69
(CH,), 62.59 (CH,), 54.27 (CH), 24.48 (CH,), 19.97 (CH,), 14.23 (CH;); IR
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(film): 7 =2980, 1729, 1463 cm™; C;;H;;NOs (243.24): caled C 54.31, H 7.04,
N 5.76; found C 54.48, H 7.02, N 5.75.

Preparation of tricyclic compounds 3: A mixture of the starting material 1
(4 mmol), chlorodimethylvinylsilane (5 mmol; 10 mmol for entries 3a and
3f in Table2), and imidazole (5 mmol; 10 mmol for 3a and 3f), in
acetonitrile (20 cm®) was stirred at room temperature in a round-bottomed
flask with a calcium chloride tube for 6—24 h. The mixture was diluted with
water (50 cm®) and extracted with diethyl ether (3 x 15 cm®). The organic
layer was washed with brine (5cm?), dried over sodium sulfate and
evaporated under vacuum to afford the crude product, which can be used
without further purification. Analytically pure samples were obtained by
flash chromatography (diethyl ether/petroleum ether =1:1).

Compound 3a: white solid; m.p. 94-96°C; '"H NMR (CDCl;): 6 =7.46—
7.22 (m, 5H; arom), 5.03 (d,J=3.4 Hz, 1H; C**H), 4.91 (dd, /=77, 4.8 Hz,
1H; C*H), 4.50 (dd, J=10.0, 8.2 Hz, 1H; C°H,), 4.44 (dd,J=11.2,8.2 Hz,
1H; CHg), 424 (q, J=71Hz, 2H; CH,), 4.04 (dd, /=78, 3.5 Hz, 1H;
C°H),3.19 (bd,J=4.8 Hz, 1H; OH), 2.48 (dd,J=11.2,10.0 Hz, 1 H; C*H),
1.30 (t,J/=7.1 Hz,3H; CH3), 0.40 (s, 3H; CH3), 0.35 (s, 3H; CH;); *CNMR
(CDCL): 6=170.2 (C), 141.7 (C), 128.9 (CH), 128.5 (CH), 126.7 (CH),
95.70 (C), 86.15 (CH), 81.27 (CH), 74.87 (CH,), 71.37 (CH), 63.02 (CH,),
35.89 (CH), 14.51 (CHj;), 0.14 (CH;), —2.66 (CH;); IR (KBr): 7=3481,
2962, 1729, 1453 cm™!; C;Hp3NOgSi (365.5): caled C 55.87, H 6.34, N 3.83, Si
7.69; found C 55.95, H 6.31, N 3.83.

Compound 3b: white solid. m.p. 73-75°C; '"H NMR (CDCl;): 6 =7.49 (m,
2H; arom), 721 (m, 3H; arom), 5.06 (s, 1H; C%H), 4.42 (dd, J=10.0,
8.1 Hz, 1H; C°H,), 4.37 (dd, /=114, 8.1 Hz, 1 H; C’Hy), 3.89 (dd, / =10.7,
7.0 Hz, 1H;CH,), 3.77 (dd, J=10.7, 7.0 Hz, 1H; CHp), 2.30 (dd, J=11.3,
10.0 Hz, 1H; C3H,), 1.38 (s, 3H; CHj;), 0.75 (t,J = 7.1 Hz,3H; CHj), 0.36 (s,
3H; CH;), 0.31 (s, 3H; CH;); C NMR (CDCl;): 6 =170.6 (C), 143.9 (C),
128.3 (CH), 127.2 (CH), 126.0 (CH), 95.58 (C), 91.65 (CH), 85.53 (C), 73.81
(CH,), 62.13 (CH,), 37.57 (CH), 23.55 (CHj), 13.79 (CH,), 0.11 (CH,),
—2.63 (CH;); IR (KBr): #=2974, 1742 cm'; C;H,3NO5Si (349.5): caled C
58.43, H 6.63, N 4.01, Si 8.04; found C 58.31, H 6.61, N 4.01.

Compound 6-exo-3¢: oil; 'H NMR (CDCl;): 6=4.78 (d, J=3.5Hz, 1H;
C%H), 4.44-4.20 (m, 4H; C°H, and CH,), 4.12-4.02 (m, 1H; C°H), 2.55
(dd,J=10.0,10.0 Hz, 1H; *H), 1.90-1.20 (m, 25H; (CH,),; and CHj3), 0.88
(t, J=6.7Hz, 3H; CHj;), 0.38 (s, 3H; CHj3), 0.32 (s, 3H; CH;); BC NMR
(CDCL,): 0=170.8 (C), 93.61 (C), 90.19 (CH), 87.06 (CH), 72.79 (CH,),
62.75 (CH,), 36.90 (CH), 32.32 (CH,), 32.01 (CH,), 30.06 (CH,), 29.88
(CH,), 29.77 (CH,), 25.97 (CH,), 23.11 (CH,), 14.52 (CH,), 14.45 (CHs;),
0.40 (CH,;), —2.02 (CHj;); C,,H,NOsSi (427.6): caled C 61.79, H 9.66, N
3.28, Si 6.57; found C 61.92, H 9.68, N 3.27.

Compound 6-endo-3 ¢: white solid; ,.p. 72-74°C; 'H NMR (CDCl;): 6 =
4.75 (d, J=3.4 Hz, 1H; C*%H), 4.47 (dd, J=10.0, 8.0 Hz, 1H; C’H,), 4.38
(dd, /=11.1, 8.0 Hz, 1H; C*Hp), 427 (q, /=71 Hz, 2H; CH,), 3.86 (dt,
Jy=3.4Hz, J,=6.7Hz, 1H; C°H), 2.43 (dd, J=11.1, 10.0 Hz, 1H; C*H),
1.70-1.58 (m, 2H; CH,), 1.45-1.20 (m, 23H; (CH,),, and CHj3), 0.90 (t,J =
71 Hz, 3H; CH3), 0.37 (s, 3H; CHs3), 0.33 (s, 3H; CH3); *C NMR (CDCl,):
0=170.8 (C), 95.91 (C), 86.36 (CH), 79.05 (CH), 74.53 (CH,), 62.75 (CH,),
35.80 (CH), 32.38 (CH,), 30.10 (CH,), 29.91 (CH,), 29.81 (CH,), 26.75
(CH,), 2631 (CH,), 23.14 (CH,), 14.57 (CH,), 0.22 (CH,), — 2.64 (CH,); IR
(KBr): 7=2915, 1739, 1465 cm™'; C,,H;NOsSi (427.6): caled C 61.79, H
9.66, N 3.28, Si 6.57; found C 61.71, H 9.69, N 3.28.

Compound 3d: white solid; M.p. 68-69°C; 'H NMR (CDCl): 6 =4.69 (s,
1H; C*H), 4.43 (dd,J=10.1,8.1 Hz, 1H; C*H,), 4.38 (dd,/ = 11.82, 8.1 Hz,
1H; C*Hyg), 4.31 (dd,J=7.1,4.7 Hz, 1H; H, of ethyl CH,), 4.25 (dd,J =171,
4.7 Hz, 1H; Hg of ethyl CH,), 2.33 (dd, J=11.2, 10.1 Hz, 1H;*H), 1.93-
1.38 (m, 10H; (CH,)s), 1.31 (t,/ =7.1 Hz, 3H; CH3;), 0.38 (s, 3H; CH3;), 0.35
(s,3H; CH;); ®"CNMR (CDCl;): d =171.4 (C), 95.61 (C), 89.75 (CH), 83.16
(C), 73.48 (CH,), 62.60 (CH,), 37.52 (CH), 33.59 (CH,), 29.99 (CH,), 25.99
(CH,), 23.29 (CH,), 22.84 (CH,), 14.45 (CH3;), 0.44 (CH;), —2.44 (CH;); IR
(KBr): 7=2935, 1715 cm™"; MS (70 eV, EI): m/z: 327 [M*], 282, 254;
C,5sH,sNOsSi (327.4): caled C 55.02, H 7.70, N 4.28, Si 8.58; found C 55.11, H
7.72, N 4.29.

Compound 3 e: white solid; m.p. =62 -64°C; '"HNMR (CDCl;): 6 =4.61 (s,
1H; C%H), 4.49-4.18 (m, 4, C*H, and CH,), 2.35 (dd, J=11.1,9.9 Hz, 1 H;
%H), 1.38 (s, 3H; CH;), 1.32 (t,J =7.1 Hz, 3H; CHj;), 1.21 (s, 3H; CH;), 0.38
(s, 3H; CHs), 0.34 (s, 3H; CH;); ®C NMR (CDCly): 6 =171.5 (C), 95.78
(0), 91.12 (CH), 81.73 (C), 73.72 (CH,), 62.77 (CH,), 3749 (CH), 25.17
(CH;), 20.91 (CHj), 14.61 (CH;), 0.46 (CH;), —2.38 (CH3); IR (KBr): 7=
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2984, 1746 cm~'; C;,H,;NOsSi (287.4): caled C 50.15, H 7.37, N 4.87, Si9.77;
found C 50.27, H 7.39, N 4.85.

Compound 3f: white solid; m.p.=118-120°C; 'H NMR (CDCL): 6=
740-720 (m, 5H; arom), 521 (d, J=1.5Hz, 1H; C®H), 5.03 (dd, 1H;
PhCH), 4.45-4.20 (m, 5H; C°*H, C°H and CH,), 3.10 (bd, 1H; OH), 2.26
(dd,/=10.1,10.0 Hz, 1 H; C*H), 1.32 (t,J = 7.1 Hz, 3H; CH3), 0.30 (2s, 6 H;
2 CH;); 3C NMR (CDCly): 6=170.8 (C), 139.8 (C), 128.9 (CH), 1282
(CH), 126.6 (CH), 94.91 (C), 90.44 (CH), 86.00 (CH), 74.18 (CH), 73.36
(CH,), 62.77 (CHy,), 37.97 (CH), 14.58 (CH3;), 0.32 (CH,), —2.29 (CH;); IR
(KBr): 7=3536, 2881, 1717 cm™!; C;;H;NOsSi (349.5): caled C 58.43, H
6.63, N 4.01, Si 8.04; found C 58.49, H 6.66, N 4.04.

Compound 3g: white solid; m.p. =40-42°C; 'H NMR (CDCl;): 6 =4.61 (s,
1H; C*H), 4.46-4.22 (m, 4H; C*H, and CH,), 2.28 (dd, /=11.3,10.2 Hz,
2H; C*H), 1.85-1.35 (m,4H; 2 CH,), 1.33 (t,/=7.1 Hz, 3H; CHj;), 0.94 (t,
J=6.9 Hz, 3H; CH5), 0.88 (t,/=6.7 Hz, 3H; CH3), 0.38 (s, 3H; CH,), 0.36
(s,3H; CH;); B*CNMR (CDCly): 6 =171.5 (C), 95.54 (C), 89.73 (CH), 86.70
(C), 73.42 (CH,), 62.56 (CH,), 38.00 (CH), 24.92 (CH,), 21.87 (CH,), 14.49
(CH,), 8.52 (CHj;), 7.64 (CHj;), 0.43 (CH;), —2.48 (CH;); IR (KBr): v=
2980, 1723, 1248, 1044, 867 cm™!; C,,H,sNOsSi (315.4): caled C 53.31, H 7.99,
N 4.44, Si 8.90; found C 53.47, H 8.01, N 4.42.

Compound 6-exo-3h: oil; 'TH NMR (CDCly): 6 =4.76 (d, J=3.4 Hz, 1H;
C%H), 4.47 (dd, J=10.0, 8.0 Hz, 1 H; C*H,), 4.38 (dd, /=11.1,8.0 Hz, 1 H;
C*Hy), 4.27 (q, /=71 Hz, 2H; CH,), 3.86 (dt, J;=3.4 Hz, J,= 6.7 Hz, 1 H;
C’H), 2.44 (dd, /=111, 10.0 Hz, 1H; C*H), 1.70-1.55 (m, 2H; CH,),
1.45-1.25 (m, 7H; 2CH,, CHj), 0.90 (t, /=71 Hz, 3H; CH3;), 0.38 (s, 3H;
CH3), 0.32 (s, 3H; CH;); *C NMR (CDCly): 6 =169.9 (C), 95.01 (C), 85.46
(CH), 78.15 (CH), 73.66 (CH,), 61.84 (CH,), 34.96 (CH), 27.59 (CHy,), 25.59
(CH,), 22.32 (CH,), 13.66 (CH3;), 13.49 (CH,;), 0.66 (CH3), —3.54 (CH;);
C,,H,sNOsSi (315.4): caled C 53.31, H 7.99, N 4.44, Si 8.90; found C 53.37, H
793, N 4.47.

Compound 6-endo-3h: oil; 'H NMR (CDCl;): 6 =4.79 (d, J=3.5 Hz, 1H;
CH), 4.40 (dd, J=9.3, 8.4 Hz, 1H; C°H,), 4.32 (dd, /=10.8, 8.4 Hz, 1H;
C3Hy), 4.28 (q, /=71 Hz, 2H; CH,), 4.07 (ddd, J=8.1, 5.6, 3.5 Hz, 1H;
C°H), 2.45 (dd, J=11.0, 9.5 Hz, 1 H; C*H), 1.80-1.20 (m, 9H; 3 CH, and
CH,), 0.90 (t, J=7.1 Hz, 3H; CHj,), 0.38 (s, 3H; CHj;), 0.32 (s, 3H; CH,);
BC NMR (CDCl;): 6 =170.3 (C), 93.08 (C), 89.66 (CH), 86.54 (CH), 72.24
(CH,), 62.24 (CH,), 36.36 (CH), 31.16 (CH,), 27.56 (CH,), 22.32 (CH,),
13.93 (CH,), 13.80 (CHs), 0.09 (CH,), —2.53 (CH,;); C,H,sNOsSi (315.4):
caled C 53.31, H 7.99, N 4.44, Si 8.90; found C 53.39, H 7.96, N 4.42.
(3,4-cis)-3-Amino-3-ethenyl-4-hydroxy-1-oxaspiro[4.5]decan-2-one  (4):
An hydrogenation flask was charged with methanol (50 mL) and a catalytic
amount of a 50 % slurry of W-2 Raney nickel in water. The suspension was
stirred for about 1 min and the methanol was decanted off. The residue was
washed four more times with methanol (50 mL) and finally added to a
solution of the tricyclic compound 3d (1.00 g, 3.06 mmol) in methanol
(50 mL). The flask was connected to a gas burette filled with hydrogen
through a three-way stopcock and purged three times. The mixture was
stirred at room temperature, and the course of the reaction was monitored
by tlc (petroleum ether/diethyl ether =3:7). After 5 h the starting material
was completely consumed and the reaction mixture was filtered over a
Celite pad. The solids were thoroughly washed with methanol (150 mL)
and the solution was concentrated in vacuo. The residue was purified by
flash column chromatography (diethyl ether/methanol =99:1) to obtain
0.520 g (80%) of lactone 4 as a white solid that can be crystallized from
carbon tetrachloride/hexane; m.p.=64-66°C; 'H NMR ([Dg]acetone):
0=6.17 (dd, /=175, 10.6 Hz, 1H; CH), 5.42 (d, J=175Hz, 1H; CH,),
5.34 (d, J=10.5 Hz, 1H; CHp), 4.03 (s, 1H; C*H), 2.92 (brs, 3H; OH and
NH,), 1.79-1.40 (m, 10H; 5CH,); *C NMR ([Dg]acetone): 6 =176.8 (C),
141.1 (CH), 116.5 (CH,), 87.71 (C), 77.00 (CH), 64.17 (CH,), 36.90 (CH,),
32.47 (CH,), 26.11 (CH,), 23.64 (CH,), 23.41 (CH,); MS (70 eV, EI): m/z
(%): 167 (9) [M*+—44], 150 (20), 100 (100), 85 (58), 56 (38); C;;H};NO;
(211.3): caled C 62.54, H 8.11, N 6.63; found C 62.47, H 8.08, N 6.59.
N-Benzyloxycarbonyl-N, O-isopropylidene-(3,4-cis)-3-amino-3-ethenyl-4-
hydroxy-5,5-dimethyldihydrofuran-2(3 H)-one (5): A solution of lactone 4
(0.27 g, 1.27 mmol) in dioxane (10 mL) was cooled to about 0°C with a
water —ice bath. 10 % Na,CO; (10 mL) and benzyl chloroformate (0.23 mL,
1.52 mmol, 1.2 equiv) was added to the solution. The mixture was stirred for
two hours at 0°C until the starting material was completely consumed (tlc:
diethyl ether/petroleum ether = 1:1). The mixture was taken up with water
(20 mL), transferred into a separating funnel, and extracted with ethyl
acetate (4 x 10 mL). The reunited organic phase was washed with brine
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(5 mL), dried over sodium sulfate, and evaporated in vacuo to afford the
crude product as an oil. The crude product was dissolved in 2,2-
dimethoxypropane (5mL) and a few crystals of 4-methylbenzensulfonic
acid were added. The mixture was stirred at room temperature for three
hours until the starting lactam was completely consumed (tlc: diethyl ether/
petroleum ether=1:1). The mixture was taken up with diethyl ether
(15mL) and washed with 10% NaHCO; (2 x 5mL); the aqueous phase
was back extracted with diethyl ether (2 x 5 mL). The organic phase was
washed with brine (5 mL), dried over sodium sulfate, and concentrated in
vacuo to afford the crude product as a solid, that was recrystallized from
hexane (0.42 g, 84%). M.p.=127-130°C; 'H NMR (CDCl;, T=50°C):
0=745-715 (m, 5H; arom), 5.94 (dd, /=175 Hz, 1H; CH), 541 (d, /=
175 Hz, 1H; CH,), 5.38 (d, J=10.5 Hz, 1H; C*Hp), 5.15 (s, 2H; PhCH,),
4.30 (s, 1H; CH), 1.95-1.35 (m, 10H; (CH,)5); *C NMR (CDCl;, T=
50°C): 6=172.4 (C), 152.5 (C), 136.5 (C), 134.8 (CH), 128.7 (CH), 128.4
(CH), 128.2 (C), 120.4 (CH2), 98.20 (C), 85.26 (C), 84.71 (CH), 72.28 (C),
6757 (CH,), 35.38 (CH,), 31.66 (CH,), 27.06 (CHj), 25.63 (CH;), 25.22
(CH,), 22.67 (CH,), 22.52 (CH,); C,,H,;NOjs (385.5): caled C 68.55, H 7.06,
N 3.63; found C 68.67, H 7.04, N 3.64.

Hydroxydesilylation-fragmentation of tricyclic compounds 3: A solution of
the starting material 3 (2 mmol) in methanol/tetrahydrofuran =1:1 (4 mL)
was placed in a flask that was left open throughout the reaction course.
Anhydrous potassium fluoride (2.8 mmol, 1.4 equiv), potassium bicarbon-
ate (2 mmol, 1equiv), and 30% hydrogen peroxide (0.70 mL, 3.3 equiv)
were added to this solution, under stirring. After a while an exotherm was
observed (up to 50°C) and the mixture was stirred until consumption of the
starting material (ca. 2 h; tlc: petroleum ether/ethyl acetate =1:1). The
reaction was quenched by the addition of a 50% solution of Na,S,0;-
5SH,O and stirring was continued until a negative starch—iodide test (ca.
30 min). A white precipitate was formed and the mixture was taken up with
diethyl ether (5 mL) and filtered. The solids were washed with diethyl ether
(20 mL), and the organic phase was washed with brine (5 mL), dried over
sodium sulfate, and concentrated in vacuo. The crude residue was purified
by flash chromatography (petroleum ether/diethyl ether =1:1).
Compound 6d: white solid; m.p.=74-76°C; '"H NMR (CDCl;): 6 =4.85
(d,/=5.0Hz, 1H; C*H), 4.35 (q, /=71 Hz,2H; CH,), 2.95 (d, /] =5.0 Hz,
1H; OH), 1.95-145 (m, 10H; (CH,);), 135 (t, /=7.1Hz, 3H; CH;);
BC NMR (CDCly): 6 =162.0 (C), 152.9 (C), 92.59 (C), 78.40 (CH), 62.67
(CH,), 34.21 (CH,), 28.57 (CH,), 25.40 (CH,), 23.69 (CH,), 23.29 (CH,),
14.58 (CH;); C,;H;;NO, (227.3): caled C 58.14, H 7.54, N 6.16; found C
58.02, H 7.56, N 6.19.

Compound 6e: oil; '"H NMR (CDCly): 6=4.74 (d, J=5.5Hz, 1H; C*H),
432 (q, J=71Hz, 2H; CH,), 3.5 (d, J=5.5Hz, 1H; OH), 1.42 (s, 3H;
CHs;), 1.32 (t, /=71 Hz, 3H; CH;), 1.28 (s, 3H; CH;); *C NMR (CDCL):
0=161.3 (C), 152.5 (C), 90.58 (C), 79.04 (CH), 62.21 (CH,), 25.04 (CHs,),
18.61 (CHj;), 14.07 (CHs;); CgH3sNO, (187.2): caled C 51.33, H 7.00, N 7.48;
found C 51.44, H 6.97, N 7.43.

Compound 6g: oil; '"H NMR (CDCly): 6=4.90 (d, J=5.2 Hz, 1H; C*H),
437 (q, J=71Hz, 2H; CH,), 3.22 (d, J=52Hz, 1H; OH), 1.85 (m, 2H;
CH,), 1.65 (m, 2H; CH,), 1.40 (t, /=7.1 Hz, 3H; CH;), 1.03 (t,/=6.9 Hz,
3H; CH;), 0.93 (t,J =6.9 Hz, 3H; CH;); C NMR (CDCl,): 6 =161.4 (C),
152.4 (C), 95.52 (C), 77.99 (CH), 62.20 (CH,), 27.29 (CH,), 22.20 (CH,),
14.10 (CH,;) 8.64 (CH;), 7.59 (CH;); C(H;NO, (215.2): caled C 55.80, H
7.96, N 6.51; found C 55.85, H 7.99, N 6.59.

Compound 4,5-trans-6h: oil; '"H NMR (CDCLy): d=5.00 (s, 1H; C*H),
4.60-4.50 (m, 1H; C°H),4.35 (q,J =7.1 Hz,2H; CH,), 3.90 (brs, 1H; OH),
1.70-1.50 (m, 2H; CH,), 1.50-1.30 (m, 7H; (CH,), and CHj), 0.90 (t, /=
6.7 Hz, 3H; CH;); ®*C NMR (CDCl;): 6 =160.0 (C), 152.4 (C), 90.94 (CH),
78.79 (CH), 62.26 (CH,), 31.78 (CH,), 26.99 (CH,), 22.33 (CH,), 14.03
(CHs), 13.82 (CHj;); C,0H,,NO, (215.2): caled C 55.80, H 7.96, N 6.51; found
C55.68, H793, N 6.52.

Reduction of the ester function of tricyclic compounds 3.

Method A: A solution of the starting tricyclic compound 3 (4 mmol) in
methanol (20 mL) was placed in a reaction flask equipped with a calcium
chloride tube and cooled to 0°C. Sodium borohydride (16 mmol) was
added in four portions to the stirred solution. The mixture was stirred at
room temperature until the starting material had completely disappeared
(tlc: diethyl ether). The reaction was quenched by the careful addition of
saturated NH,Cl (25mL), and the mixture was transferred into a
separating funnel and repeatedly washed with diethyl ether (6 x 15 mL).
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The ethereal extracts were washed with brine (10 mL), dried over sodium
sulfate, and concentrated in vacuo.

Method B: A solution of the starting tricyclic compound 3 (7.5 mmol) in
anhydrous THF (25 mL), was placed under a positive pressure of nitrogen
and cooled to —20°C. LiAlH, in Et,0 (1M, 7.5 mL, 7.5 mmol) was added to
this stirred solution by a syringe. The solution was stirred at —20°C until
the disappearance of the starting material was observed (tlc: petroleum
ether/ethyl acetate =3:7). The reaction was quenched by the careful
addition of saturated NH,ClI (25 mL). The aqueous layer was separated and
washed with diethyl ether (5 x 15 mL). The combined organic layers were
washed with brine (10 mL), dried over sodium sulfate, and concentrated in
vacuo. When needed the crude product was purified by flash chromatog-
raphy.

Compound Th: white solid; m.p.=148-160°C; 'H NMR (CDCly): 6 =
7.60-7.40 (m, 5H; arom), 4.85 (s, 1 H; C%H), 4.45 (dd, J=11.4,8.4 Hz, 1H;
C°H,), 4.40 (dd, J=9.9, 8.4 Hz, 1H; C*Hy), 3.35 (brs, 2H; CH,), 1.80 (dd,
J=114,9.9 Hz, 1H; C*H), 1.65 (brs, 1H; OH), 1.45 (s, 3H; CH,), 0.40 (s,
3H; CHj;), 0.30 (s, 3H; CH;); ®*C NMR (CDCl,): 6 =144.3 (C), 128.5 (CH),
127.3 (CH), 125.0 (CH), 95.50 (C), 89.92 (CH), 85.31 (C), 73.68 (CH,), 65.39
(CH,), 35.40 (CH), 23.86 (CH,), 0.57 (CH3), —2.44 (CH;); IR (KBr): 7=
3390, 2940, 1500, 1450, 1260, 1050 cm~'; C;sH,,NO,Si (307.4): caled C 58.60,
H 6.89, N 4.56, Si 9.14; found C 58.67, H 6.85, N 4.59.

Compound 6-exo-Tc: oil; '"H NMR (CDCly): 6=4.39 (d, J=4.6 Hz, 1H;
C%H), 428 (d, /=92 Hz, 2H; C°H,), 4.07 (m, 1H;C*H), 3.75 (d, /=
3.6 Hz, 2H; CH,), 2.80 (brs, 1H; OH), 195 (dd, /=92, 9.1 Hz, 1H;
C*H), 1.70-1.20 (m, 22H; (CH,)y;), 0.90 (t, J=7.1 Hz, 3H; CH3), 0.85 (s,
3H; CHj;), 0.80 (s, 3H; CH;); *C NMR (CDCly): 6 =92.80 (C), 88.45 (CH),
87.64 (CH), 72.38 (CH,), 65.15 (CH,), 34.94 (CH), 32.44 (CH,), 32.39
(CH,), 30.12 (CH,), 30.04 (CH,), 29.94 (CH,), 29.83 (CH,), 26.07 (CH,),
23.16 (CH,), 14.59 (CH,), 0.92 (CH;), —1.59 (CHj;); C,H;NO,Si (385.6):
caled C 62.29, H 10.19, N 3.63, Si 7.28; found C 62.41, H 10.21, N 3.60.
Compound 6-endo-Tc¢: white solid; m.p.=74-76°C; 'H NMR (CDCl;):
0=4.31(d,J=3.7Hz, 1H; C*H), 4.12 (dd, J=9.0, 8.3 Hz, 1 H; C*H,), 4.07
(dd,J=9.2,8.3 Hz, 1H; C°*Hy), 3.86 (m, 1 H; C°H), 3.55 (m, 2H; CH,), 3.18
(brs, 1H; OH), 1.78 (dd, J=9.2, 9.0 Hz, 1H; C*H), 1.50-1.20 (m, 22H;
(CH,)1),0.90 (t,/ =7.1 Hz,3H; CH;), 0.18 (s, 3H; CH3), 0.14 (s, 3H; CH;);
3C NMR (CDCl3): 6=94.99 (C), 83.73 (CH), 78.77 (CH), 73.61 (CH,),
65.10 (CH,), 34.22 (CH), 31.98 (CH,), 29.74 (CH,), 29.70 (CH,), 29.67
(CH,), 29.60 (CH,), 29.51 (CH,), 29.38 (CH,), 26.46 (CH,), 25.93 (CH,),
22.71 (CH,), 14.14 (CHj;), 0.09 (CH;), —3.02 (CH;); IR (KBr): 7#=3318,
2930, 2861, 1259, 1095 cm™1; C,0H3yNO,Si (385.6): caled C 62.29, H10.19, N
3.63, Si 7.28; found C 62.31, H 10.15, N 3.57.

Compound 7d: oil; 'H NMR (CDCls): 6 =4.40 (s, 1 H; C%H), 4.35 (m, 2H;
C°H,), 3.73 (brs, 2H; CH,), 3.29 (brs, 1 H; OH), 1.84 (dd, J=10.8, 10.2 Hz,
1H; C*H), 1.75-1.35 (m, 10H; (CH,)s), 0.35 (s, 3H; CH;), 0.28 (s, 3H;
CHj;); ®*CNMR (CDCLy): 6 =95.50 (C), 88.01 (CH), 82.95 (C), 73.02 (CH,),
66.03 (CH,), 35.23 (CH), 33.99 (CH,), 30.47 (CH,), 25.95 (CH,), 23.30
(CH,), 22.86 (CH,), 0.84 (CH;), —2.26 (CHj;); C,;H,;NO,Si (285.4): caled C
54.71, H 8.12, N 4.91, Si 9.84. C 54.65, H 8.10, N 4.93.

Compound 7g: oil; 'H NMR (CDCLy): 6 =4.36 (m, 3H; C*H and C*H,),
3.81 (d, J=11.6 Hz, 1H; CH,), 3.76 (d, J=11.6 Hz, 1H; CHy), 3.05 (brs,
1H; OH), 1.89 (t, J=10.4 Hz, 1H; C*H), 1.80-1.40 (m, 4H; 2 CH,), 0.91
(t, J=71Hz, 3H; CH,), 0.87 (t, J=7.1 Hz, 3H; CH,), 0.35 (s, 3H; CH,),
0.28 (s, 3H; CH;); *C NMR (CDCl;): 6 =95.04 (C), 87.71 (CH), 86.18 (C),
72.65 (CH,), 65.85 (CH,), 34.87 (CH), 24.87 (CH,), 21.93 (CH,), 8.13 (CH3),
7.37 (CHy), 0.47 (CH;), —2.69 (CH;); C,H;NO,Si (273.4): caled C52.72, H
8.48, N 5.12, Si 10.27; found C 52.81, H 8.51, N 5.11.

Hydroxydesilylation-fragmentation of tricyclic compounds 7 (Scheme 11):
The procedure was the same as reported above for the hydroxydesilylation
of tricyclic compounds 3.

Compound 8b: oil; 'H NMR (CD;0D): 6 =7.50-7.20 (m, SH; arom), 4.95
(s, 1H; C*H), 4.55 (t, 1H; C'H), 3.75 (d, 2H; C*H,), 1.75 (s, 3H; CH,);
BCNMR (CD;0D): 6 =162.4 (C), 145.8 (C), 129.8 (CH), 128.7 (CH), 126.2
(CH), 91.50 (C), 83.53 (CH), 70.06 (CH), 66.10 (CH,), 21.36 (CH);
C;,H;sNO, (237.3): caled C 60.75, H 6.37, N 5.90; found C 60.72, H 6.33, N
5.94.

Compound 4,5-trans-8¢: oil; 'H NMR ([DgJacetone): 6 =5.65 (brs, 1H;
OH), 5.20 (d, 1H; OH), 4.80 (m, 2H; C*H and OH), 4.60 (dt, 1H; C'H),
4.20 (m, 1H; C°H), 3.20 (m, 2H; C*H,), 1.50-1.20 (m, 22H; (CH,);;), 0.90
(t, J=71Hz, 3H; CH;); “C NMR ([Dg]acetone): 6 =161.5 (C), 88.29
(CH), 80.54 (CH), 69.13 (CH), 65.67 (CH,), 32.64 (CH,), 32.21 (CH,), 30.41
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(CH,), 30.31 (CH,), 30.22 (CH,), 30.08 (CH,), 29.97 (CH,), 26.17 (CH,),
23.36 (CH,), 14.59 (CH;); C;;H;;NO, (315.4): caled C 64.73, H 10.54, N
4.44; found C 64.88, H 10.59, N 4.47.

Compound 8g: oil; 'H NMR ([Dg]acetone): 6 =5.10 (d, J=5.8 Hz, 1H;
OH), 4.74 (d,/=5.4 Hz, 1H; C*H), 4.64 (t,J=4.6 Hz, 3H; C"H), 3.78 (m,
2H; C’H,), 3.42 (brs, 2H; 2 OH), 1.73 (m, 2H; CH,), 1.50 (m, 2H; CH,),
0.95 (t, J=71Hz, 3H; CHj;), 0.86 (t, J=7.1Hz, 3H; CH;); “C NMR
([Dglacetone): 6 =161.3 (C), 91.26 (C), 79.25 (CH), 69.37 (CH), 65.56
(CH,), 27.37 (CH,), 22.76 (CH,), 9.14 (CH,), 8.08 (CH3;); CyH;;,NO, (203.2):
caled C 53.19, H 8.43, N 6.89; found calcd C 53.08, H 8.41, N 6.92.

Protection of 2-isoxazolines 8: A solution of 8 (2 mmol) in 2,2-dimethox-
ypropane (10 mL), with a few crystals of 4-methylbenzenesulfonic acid, was
stirred at room temperature overnight. The reaction mixture was taken up
with diethyl ether (15 mL) and washed with saturated sodium hydrogen
carbonate (3 x 10 mL). The combined aqueous phase was back-extracted
with diethyl ether (10 mL). The combined organic phase was washed with
brine (10 mL), dried over sodium sulfate, and concentrated in vacuo. The
residue was purified by silica-gel flash column chromatography (petroleum
ether/diethyl ether=1:1).

Compound 9b: white solid; m.p.=123-124°C; 'H NMR (CDCl,): 6 =745
(m, 5H; arom), 5.00 (d,/=5.0 Hz, 1H; C*H), 4.90 (t,/ = 6.3 Hz, 1 H; CH),
4.28 (dd,J=8.5,5.8 Hz,1H; CH,),4.18 (dd,/ =8.5,6.9 Hz, 1 H; CHy), 3.20
(d, J=5.0Hz, 1H; OH), 1.70 (s, 3H; CHj;), 1.45 (s, 3H; CH,), 1.35 (s, 3H;
CH;); PC NMR (CDCl;): 6 =158.2 (C), 143.8 (C), 129.0 (CH), 128.1 (CH),
124.9 (CH), 110.2 (C), 91.1 (C), 83.4 (CH), 71.9 (CH), 67.8 (CH,), 26.6
(CHs), 25.6 (CH;), 20.9 (CH;); IR (KBr): 7 = 3330, 2995, 1620, 1445, 1370,
1230 em™. C;sH,,NO, (277.3): caled C 64.97, H 6.91, N 5.05; found C 65.07,
H 6.93, N 5.04.

Compound 4,5-trans-9¢: oil; 'TH NMR (CDCl;): 6=5.00 (t, J=6.3 Hz,
C'H), 4.85 (dd, J=4.4, 42 Hz, 1H; C*H), 435 (m, 1H; C°'H), 4.25 (d, /=
6.3 Hz, 1H; C*H,), 3.20 (d, J=4.2Hz, 1H; OH), 1.65-1.20 (m, 22H,;
(CH,);), 1.50 (s, 3H; CH3;), 1.40 (s, 3H; CH;), 0.90 (t,/ = 6.9 Hz, 3H; CH;);
BC NMR (CDCly): 6 =157.4 (C), 110.4 (C), 88.22 (CH), 80.89 (CH), 71.23
(CH), 67.23 (CH,), 32.39 (CH,), 31.94 (CH,), 29.66 (CH,), 29.57 (CH,),
29.47 (CH,), 29.38 (CH;), 26.24 (CHj;), 25.20 (CH,), 25.15 (CH,), 22.71
(CH,), 14.14 (CH,); IR (film): 7 =3346, 2924, 2852, 1619, 1467, 1369 cm™".
CyH3,NO, (355.5): caled C 67.57, H 10.49, N 3.94; found C 67.50, H 10.51, N
3.97.

Compound 9g: white solid; m.p. =69 -70°C; 'HNMR (CDCl;): 6 =4.92 (t,
J=64Hz, 1H; C'H), 4.63 (d, J=6.2 Hz, 1H; C*H), 4.21 (dd, J=38.05,
6.2Hz, 1H; C*H,), 4.16 (dd, J=8.05, 6.5 Hz, 1H; C*Hy), 3.15 (d, /=
6.2 Hz, 1H; OH), 1.75 (m, 2H; CH,), 1.55 (m, 2H; CH,), 1.44 (s, 3H; CH,),
1.36 (s, 3H; CH;), 0.93 (t, J=71Hz, 3H; CH;), 0.84 (t, J=71Hz, 3H;
CH3;); *C NMR (CDClLy): 6 =158.2 (C), 110.6 (C), 92.13 (C), 79.86 (CH),
71.89 (CH), 67.64 (CH,), 2727 (CH,), 26.61 (CHj;), 25.59 (CHj;), 22.48
(CH,), 9.13 (CH,), 8.12 (CH;); IR (KBr): #=3306, 2983, 2879, 1453 cm™.
C;H;NO, (243.3): caled C 59.24, H 8.70, N 5.76; found C 59.29, H 8.73, N
5.72.

Reduction of 2-isoxazolines 9: A two-necked flask was charged with a
solution of the starting material 9 (1 mmol) in anhydrous THF (2 mL). The
solution was stirred under a positive pressure of nitrogen and cooled to
0°C. A solution of LiAlH, in Et,0 (1M, 4 mL, 4 mmol) was added dropwise
to the reaction mixture through a septum by a syringe. The course of the
reaction was monitored by tlc (dichloromethane/methanol =9:1) and after
one hour the disappearance of the starting material was observed. The
reaction was quenched by the careful addition of 20% NaOH (0.22 mL)
and benzyl chloroformate (0.2 mL, ca. 1.4 mmol). The mixture was stirred
for another hour at 0°C, then it was diluted with diethyl (30 mL) and
transferred into a separating funnel partitioning with 20 % NaOH (15 mL).
The aqueous layer was extracted with diethyl ether (3 x 15 mL), and the
combined organic phase was washed with brine (5 mL), dried over sodium
sulfate, and concentrated in vacuo. The residue was purified by silica-gel
flash column chromatography (petroleum ether/diethyl ether/methanol =
7:3:0.1).

Compound 10b: oil; 'TH NMR (CDCly): 6 =745-7.20 (m, 10H; aromatic),
5.36 (d, J=9.4 Hz, 1H; NH, disappears after D,O exchange in about 14
days), 5.10 (d, /=12.2 Hz, 1H; PhCH,), 5.00 (d, / =12.2 Hz, 1 H; PhCHp,),
4.64 (brs, 1H; OH), 4.20-4.06 (m, 2H; CH,), 3.98 (dd, /=8.7,6.3 Hz, 1 H;
CH), 3.70 (m, 2H), 3.26 (d, /=8.8 Hz, 1H; OH), 1.50 (s, 3H; CH3), 1.30 (s,
3H; CH,;), 1.00 (s, 3H; CH;);*C NMR (CDCL): 6 =156.4 (C), 145.6 (C),
136.6 (C), 129.0 (CH), 128.7 (CH), 128.5 (CH), 1274 (CH), 124.9 (CH),
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110.9 (C), 79.13 (CH), 75.93 (C), 73.01 (CH), 68.33 (CH,), 67.50 (CH,),
54.89 (CH), 30.51 (CHj), 26.25 (CHj;), 25.86 (CH;); Cpi3H,NOg (415.5):
calcd C 66.49, H 7.04, N 3.37; found C 66.38, H 7.00, N 3.40.

Compound 10¢: white solid; m.p.=61-63°C; 'H NMR (CDCl): 6 =7.35
(m, 5H; arom), 5.65 (bd, 1H; NH), 5.10 (brs, 2H; PhCH,), 4.25 (m, 1H;
CH), 4.10-3.85 (m, 3H), 3.68 (m, 2H), 3.38 (m, 2H), 1.65-1.15 (m, 22H;
(CH,),), 145 (s, 3H; CH,), 1.35 (s, 3H: CH,), 0.90 (t,J = 7.1 Hz, 3H; CH,);
13C NMR (CDCL): 6 =156.8 (C), 136.7 (C), 129.0 (CH), 128.7 (CH), 128.6
(CH), 110.6 (C), 76.21 (CH), 74.13 (CH), 73.23 (CH), 68.19 (CH,), 67.55
(CH,), 54.66 (CH), 33.62 (CH,), 32.40 (CH,), 30.16 (CH,), 29.84 (CH,),
26.71 (CHs), 26.10 (CH,), 26.46 (CH,), 23.18 (CH,), 14.63 (CH,): IR (KBr):
7=3354, 2918, 2850, 1691, 1670, 1266 cm~'. C,sH,;NO, (493.7): caled C
68.12, H 9.60, N 2.84; found 68.20, H 9.64, N 2.81.

Compound 10g: white solid; m.p.=103-104°C; 'H NMR (10%
[D¢]DMSO in [DgJacetone): 6 =745-720 (m, SH; arom), 6.65 (bd, /=
9.4 Hz, 1H; NH), 5.10 (m, 2H; PhCH,), 4.56 (m, 1H), 4.10 (m, 1H), 3.96
(m, 2H), 3.58 (m, 3H), 1.55—1.45 (m, 4H), 1.30 (s, 3H; CH,), 1.25 (s, 3H;
CHs), 0.84 (t,J =7.1 Hz, 3H; CHj;), 0.81 (t, /=71 Hz, 3H; CH;); *C NMR
(10% [D¢]DMSO in [Dglacetone): 6 =156.9 (C), 138.2 (C), 128.9 (CH),
128.4 (CH), 128.4 (CH), 110.4 (C), 76.07 (CH), 75.97 (C), 75.56 (CH), 66.50
(CH,), 66.29 (CH,), 53.93 (CH), 27.97 (CH,), 26.98 (CH,), 26.52 (CH),
25.83 (CH3), 8.14 (CH3), 7.98 (CH3); IR (KBr): #=3371, 2977, 1686, 1543,
1385, 1275 em™. C,yH3;;NOg (381.5): caled C 62.97, H 8.19, N 3.67; found C
63.08, H 8.21, N 3.67.

Acetylation of tricyclic compounds 7: A solution of the starting material 7
(1.4 mmol) in pyridine (3 mL) was placed in a flask fitted with a calcium
chloride tube. The stirred solution was cooled to 0°C, and acetic anhydride
(0.13mL, 1.4 mmol) and a catalytic amount of 4-dimethylaminopyridine
were added. The mixture was stirred at room temperature until the starting
material was completely consumed (tlc: petroleum ether/ethyl acetate =
7:3). The mixture was diluted with diethyl ether (10 mL) and carefully
transferred into a separating funnel containing an ice-cold 10 % solution of
HCI (25 mL). The aqueous layer was back-extracted with diethyl ether
(3x10mL) and the combined organic phase was washed with NaOH
(2.5M, 10 mL) and brine (10 mL). After drying over sodium sulfate and
concentrating in vacuo, the residue was purified by silica-gel flash column
chromatography only when needed.

Compound 11b: oil; "H NMR (CDCl;): 6 =7.59-723 (m, 5H; arom), 4.90
(s, 1H; C*%H), 4.51 (dd, J=11.5, 8.3 Hz, 1H; CH,), 4.46 (dd, J=9.9,
83Hz, 1H; CHp), 3.94 (d, /=11.6 Hz, 1H; CH,OAc), 3.84 (d, /=
11.6 Hz, 1H; CHzOAc), 1.75 (dd, J=11.5, 9.9 Hz, 1H; C*H), 1.63 (s,
3H; CHa;), 1.44 (s,3H; CH;), 0.43 (s, 3H; CH;), 0.34 (s, 3H; CH;); ®'C NMR
(CDCL): 0=170.7 (C), 144.5 (C), 128.4 (CH), 1272 (CH), 125.9 (CH),
93.32 (C), 90.03 (CH), 85.18 (C), 73.28 (CH,), 65.75 (CH,), 36.24 (CH),
23.97 (CH3;), 20.54 (CH3), 0.558 (CH3), —2.43 (CHj;); C;;Hp;3NOsSi (349.5):
caled C 58.43, H 6.63, N 4.01, Si 8.04; found C 58.35, H 6.60, N 4.02.
Compound 6-endo-11c¢: oil; 'H NMR (CDCLy): 6 =4.47 (d,J=3.5Hz, 1H;
CH,), 440 (d, /J=104Hz, 1H; C®Hg), 426 (d, /J=114Hz, 1H,
CH,OAc), 4.15 (d, J=11.4 Hz, 1H; CH3OAc), 3.75 (dt, J,=3.4Hz, J, =
6.7 Hz, 1H; C°H), 2.10 (s, 3H; CHs;), 1.77 (t, /=10.5 Hz, 1H; C*H), 1.63
(m, 2H), 1.30 (m, 20H), 0.90 (t, J=6.7 Hz, 3H; CHj;), 0.38 (s, 3H; CH,),
0.30 (s, 3H; CH;); C NMR (CDCl;): 6 =170.4 (C), 92.49 (C), 84.08 (CH),
78.17 (CH), 73.60 (CH,), 65.91 (CH,), 35.06 (CH), 31.92 (CH,), 29.67
(CH,), 29.56 (CH,), 29.47 (CH,), 29.35 (CH,), 26.36 (CH,), 25.88 (CH,),
22.69 (CH,), 20.76 (CH;), 14.12 (CH;), —0.013 (CH;), —3.01 (CH,);
C,,H,NOsSi (427.7): caled C 61.79, H 9.66, N 3.28, Si 6.57; found C 61.91, H
9.69, N 3.25.

Compound 11d: white solid; m.p. =88-89°C; 'H NMR (CDCl;): 6 =4.38
(dd, =113, 83 Hz, 1H; CH,), 432 (s, 1H; C*®H), 4.29 (dd, J=9.9,
8.3 Hz, 1H; CHg), 4.19 (d, J=115Hz, 1H; CH,OAc), 414 (d, /=
11.5 Hz, 1H; CHzOAc), 2.05 (s, 3H; CH3;), 1.72 (dd, J=11.3,9.9 Hz, 1H;
C%H), 1.87-1.28 (m, 10H), 0.29 (s, 3H; CH;), 0.25 (s, 3H; CH,); *'C NMR
(CDCl,): 6 =170.9 (C), 93.07 (C), 88.04 (CH), 82.80 (C), 73.05 (CH,), 67.09
(CH,), 36.22 (CH), 33.77 (CH,), 30.32 (CH,), 25.92 (CH,), 23.26 (CH,),
22.86 (CH,), 21.22 (CH,), 0.76 (CH;), —2.27 (CHj;); C;sH,sNOsSi (327.4):
calcd C 55.02, H 7.70, N 4.28, Si 8.58; found C 55.12, H 7.72, N 4.31.
Compound 11g: oil; 'H NMR (CDCly): 6 =4.41 (dd, J=13.7, 8.2 Hz, 1 H;
CH,), 4.37 (dd, J=12.5, 8.2 Hz, 1H; CHy), 4.32 (s, 1 H; C*H), 4.29 (d,
J=115Hz, 1H; CH,OACc), 4.19 (d, /=115 Hz, 1H; C°*HzOAc), 2.1 (s,
3H; CH;), 1.90-1.70 (m, 3H), 1.65-1.45 (m, 2H), 0.93 (t, /=71 Hz, 3H;
CH;), 0.87 (t, /=7.1 Hz, 3H; CH,), 0.36 (s, 3H; CHj;), 0.30 (s, 3H; CH;);
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13C NMR (CDCLy): 6 =170.4 (C), 92.48 (C), 87.64 (CH), 85.78 (C), 72.40
(CH,), 66.64 (CH,), 35.71 (CH), 24.35 (CH,), 21.50 (CH,), 20.58 (CH,), 7.82
(CHS,), 708 (CH,), 0.12 (CH,), —2.93 (CH,); C,,H,sNO.Si (315.4): caled C
5331, H 7.99, N 4.4, Si 8.90; found C 53.39, H 8.02, N 4.41.

Hydroxydesilylation-fragmentation of 11b: The procedure was the same as
reported above for the hydroxydesilylation of tricyclic compounds of type 3
and 7.
(4,5-trans)-3-Acetoxymethyl-4-hydroxy-5-methyl-5-phenyl-2-isoxazoline
(12): M.p.=73-75°C; 'H NMR (CDCl;): 6 =734 (m, 5H; arom), 4.97 (d,
J=13.7Hz, 1H; CH,OAc), 4.87 (d, J=76Hz, 1H; C*H), 4.85 (d, J=
13.7 Hz, 1H; CHzOAc), 3.90 (d, /=7.6 Hz, 1H; OH), 2.05 (s, 3H; CHs),
1.70 (s, 3H; CH;); 3C NMR (CDCL,): 6 =171.8 (C), 156.2 (C), 143.8 (C),
129.0 (CH), 128.0 (CH), 125.0 (CH), 91.04 (C), 83.39 (CH), 58.05 (CH,),
21.02 (CH,), 20.98 (CH;); C;3HsNO, (249.3): caled C 62.64, H 6.07, N 5.62;
found C 62.72, H 6.10, N 5.62.

Hydroxydesilylation trapping of tricyclic compounds 3 and 11: A solution
of the starting material 3 or 11 (2.5 mmol) in DMF (5 mL) was cooled to
—15°C with an ice —salt bath (3:1). Anhydrous potassium fluoride (0.16 g,
2.75 mmol) and potassium hydrogen carbonate (0.276 g, 2.75 mmol) were
added to the stirred solution. m-Chloroperbenzoic acid (50%, 0.95 g,
2.75 mmol) was added to the reaction mixture in portions so as to keep the
internal temperature below —10°C. After another 30 min of stirring at
—15°C the disappearance of the starting material was observed (tlc:
petroleum ether/ethyl acetate =3:1). The reaction was quenched by the
sequential addition of triethylamine (2.78 mL, 20 mmol, 4 equiv), 4-dime-
thylaminopyridine (0.12 g, 1 mmol, 0.4 equiv), and acetic anhydride
(1.88 mL, 20 mmol, 4 equiv). The mixture was stirred at —15°C for 2 h
and then overnight at room temperature. After that it was taken up with
diethyl ether (20 mL), transferred into a separating funnel, and was washed
with 20% Na,S,0; (20 mL). The aqueous layer was back extracted with
diethyl ether (2x20mL) and the combined organic phases were sub-
sequently washed with saturated ice-cold 5% HCI (10 mL), sodium
carbonate (2 x 15 mL), and brine (10 mL). The organic solution was dried
over magnesium sulfate, and concentrated in vacuo to afford the crude
product containing only small amounts silylated impurities, which could be
removed by a filtration over a silica-gel pad (petroleum ether/ethyl
acetate =3 :2).

Compound 2-endo-13¢: oil; 'H NMR (CDCl,): 6 =6.12 (d, / =4.6 Hz, 1 H;
C*H),5.92 (t,J =74 Hz, 1H; C*H), 432 (m, 5H; C*": C°H,, and CH,), 2.14
(s, 3H; CHjy), 2.05 (s, 3H; CH;), 1.75 (m, 1H), 1.60 (m, 1H), 1.34 (t, J=
71 Hz, 3H; CH;), 1.25 (m, 20H; (CH,),), 0.88 (t, J=6.7 Hz, 3H; CHs);
3C NMR (CDCL): 6 =169.9 (2C), 167.1 (C), 83.96 (C), 82.15 (CH), 75.87
(CH), 75.45 (CH), 72.06 (CH,), 63.06 (CH,), 31.92 (CH,), 29.65 (CH,),
29.51 (CH,), 29.40 (CH,), 29.35 (CH,), 2749 (CH,), 26.01 (CH,), 20.79
(CHj;), 20.43 (CH3;), 14.12 (CH;), 13.91 (CHj;); CpH, NOg (471.6): caled C
61.13, H 8.76, N 2.97; found C 61.01, H 8.74, N 2.99.

Compound 13d: oil; '"H NMR (CDClLy): 6 =6.18 (dd, /=74, 4.5 Hz, 1H;
C*H), 5.89 (s, 1H C°H), 5.54 (dd, J=8.6, 7.5 Hz, 1H; C°H,), 4.34 (dd, / =
8.5, 4.6 Hz, 1H; CHy), 430 (q, J=7.1Hz, 2H; CH,), 2.11 (s, 3H; CH,),
2.10 (s, 3H; CH;), 2.00-1.40 (m, 10H), 1.33 (t, /=71Hz, 3H; CHy);
BC NMR (CDCL): 6=170.3 (C), 170.2 (C), 167.6 (C), 86.40 (C), 85.85 (C),
81.81 (CH), 75.52 (CH), 75.20 (CH,), 63.44 (CH,), 36.23 (CH,), 31.06 (CH,),
25.47 (CH,),23.09 (2CH,), 21.33 (CHs), 21.04 (CH,), 14.30 (CH;); C;H,sNOq
(371.4): caled C 54.98, H 6.79, N 3.77; found C 55.08, H 6.82, N 3.73.
Compound 13g: oil; '"H NMR (CDCL): d=6.16 (dd, J=175, 4.7 Hz, 1H;
C*H), 597 (s, 1H; C*°H), 4.50 (dd, J=8.5, 7.8 Hz, 1H; C°H,), 431 (q, /=
71Hz, 2H; CH,), 4.30 (dd, J=8.5, 49 Hz, 1H; C°Hy), 2.10 (s, 3H; CHj),
2.08 (s, 3H; CHs3), 1.90 (m, 2H), 1.70 (m, 2H), 1.35 (t, /=71 Hz, 3H; CH,),
0.92 (t, J=71Hz, 3H; CH;), 0.89 (t, J=71Hz, 3H; CH,); *C NMR
(CDCly): 6 =169.8 (C), 169.7 (C), 167.2 (C), 90.14 (C), 85.48 (C), 80.48 (CH),
75.23 (CH), 74.33 (CH,), 63.03 (CH,), 27.90 (CH,), 23.08 (CHy,), 20.87 (CHj,),
20.65 (CH3;), 13.88 (CH3), 8.161 (CHs3), 7.775 (CH;); C6H,sNOg (359.4): caled
C 53.47, H 701, N 3.90; found C 53.54, H 7.02, N 3.91.

Compound 2-exo-13h: oil; '"H NMR (CDCly): 6 =6.21 (dd, J=6.3, 4.0 Hz,
1H; C*H), 5.73 (d, J=6.7 Hz, 1H; C*H), 4.57 (dt, J,=6.7 Hz, J,= 6.7 Hz,
1H; C*H), 4.36 (dd, J=9.1, 6.2 Hz, 1H; C'H,), 4.31 (q, /=71 Hz, 2H;
CH,), 4.24 (dd, J=9.1, 4.0 Hz, 1H; CHjp), 2.11 (s, 3H; CHj), 2.07 (s, 3H;
CH,), 1.75 (m, 2H), 1.50-1.25 (m, 4H), 1.35 (t, /=7.1 Hz, 3H; CH;), 0.91
(t,J=71Hz,3H; CH;); ®*C NMR (CDCl,;): 6 =170.1 (2C), 167.2 (C), 84.87
(CH), 83.72 (C), 79.68 (CH), 75.46 (CH), 73.53 (CH,), 63.43 (CH,), 32.29
(CH,), 28.11 (CH,), 22.87 (CH,), 21.23 (CHj;), 20.94 (CHj;), 14.25 (2CH,);
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IR (film): #=2950, 1752, 1363, 1232 cm~". MS (70 eV, EI): m/z : 359 [M*]
(0.91), 299 (7.2), 197 (32.5), 169 (11.0), 167 (7.0), 151 (6.8), 141 (6.7), 43
(100); C;sHsNOg (359.3): caled C 53.47, H 7.01, N 3.90; found C 53.40, H
7.04, N 3.93.

Compound 2-endo-13h: oil; 'H NMR (CDCly): 6 =6.13 (d,/=4.6 Hz, 1 H;
C*H), 5.93 (t,J =74 Hz, 1H; C*H), 4.45-4.15 (m, 5H; C*': C°%: and CH,),
2.10 (s, 3H; CHj;), 2.00 (s, 3H; CH3;), 1.80—1.10 (m, 6 H), 1.35 (t,/ =71 Hz,
3H; CHj;), 0.82 (t,/ =7.1 Hz,3H; CH;); *C NMR (CDCl,;): 6 =170.2 (2C),
167.6 (C), 84.37 (C), 82.54 (CH), 76.28 (CH), 75.85 (CH), 72.49 (CH.,), 63.47
(CH,), 28.52 (CH,), 27.55 (CH,), 22.96 (CH,), 21.18 (CHj;), 20.84 (CHs),
14.27 (2CH;); C,H,sNOy (359.3): caled C 53.47, H 7.01, N 3.90; found C
53.44, H 7.03, N 3.93.

Compound 2-endo-14¢: oil; 'H NMR (CDCl;): 6 =5.65 (d,/=4.9 Hz, 1 H;
C*H), 5.55 (d,J=4.5Hz, 1H; C*H), 4.35-4.15 (m, 5H), 2.09 (s, 3H; CHj),
2.04 (s,3H; CHj3), 2.02 (s, 3H; CH;), 1.80-1.10 (m, 22H), 0.85 (t,/ =71 Hz,
3H; CH;); B*CNMR (CDCly): 6 =170.5(C), 170.2 (C), 170.1 (C), 81.41 (CH),
81.09 (C), 75.66 (CH), 74.65 (CH), 72.16 (CH,), 63.98 (CH,), 32.36 (CH,),
30.07 (CH,), 29.96 (CH,), 29.81 (CH,), 29.77 (CH,), 28.27 (CH,), 26.49
(CH,), 23.12 (CH,), 21.21 (2 CHj), 21.09 (CH,;), 14.56 (CH;); C,,HyNOg
(471.6): caled C 61.13, H 8.76, N 2.97; found C 60.98, H 8.72, N 3.01.
Compound 14¢g: oil; '"H NMR (CDCLy): 6 =5.64 (dd, J=7.7, 49 Hz, 1H;
C*H), 5.59 (s, 1H; C°H), 4.44 (dd, J=8.6, 7.7 Hz, 1| H; C°H,), 4.29 (dd, J =
8.6, 5.0 Hz, 1H; C°Hp), 4.18 (d, J=11.9 Hz, 1H; CH,OAc), 4.08 (d, J=
11.9 Hz, 1H; CH0Ac), 2.10 (s, 3H; CH;), 2.06 (s, 3H; CH;), 2.04 (s, 3H;
CH,),2.0-1.4 (m,4H), 0.95 (t,/ =71 Hz,3H; CH,), 0.85 (t,/ =7.1 Hz, 3H;
CH,); BC NMR (CDCl): 6 =170.6 (C), 170.4 (C), 169.8 (C), 87.46 (C),
81.92 (C), 79.90 (CH), 74.74 (CH,), 63.66 (CH,), 29.37 (CH,), 23.29 (CH,),
21.57 (CH;), 21.07 (2 CHj;), 8.55 (CH;), 8.05 (CH;); C,(H,sNOy (359.4):
caled C 53.47, H 7.01, N 3.90; found C 53.55, H 7.01, N 3.92.

Raney-nickel catalyzed hydrogenolysis of compounds 13: A catalytic
amount of Raney nickel (50% slurry in water, active catalyst) was
suspended in methanol (25 mL). The suspension was stirred for 1 min and
then the solids were decanted and the methanol was removed. This
operation was repeated four more times. After that the methanol was
replaced with a solution of the starting material 13 (4 mmol) in methanol
(25 mL) and the reaction flask was connected by three-way stopcock to gas
burette filled with hydrogen. Hydrogen was flushed into the flask in four
portions (50 mL each). The reaction mixture was then kept under an
hydrogen atmosphere at room temperature until disappearance of the
starting material was observed (tlc petroleum ether/ethyl acetate =1:1).
The mixture was carefully filtered over a Celite pad and the solids were
thoroughly washed with methanol. The filtered solution was concentrated
in vacuo to afford the crude material that needed no further purification.
When NMR analysis showed that acetyl migration occurred during the
reaction, the crude product was dissolved in pyridine (10 mL) and
4-dimethylaminopyridine (0.8 mmol) and acetic anhydride (12 mmol) were
added. The mixture was stirred overnight at room temperature and after
the standard workup, described above for the acetylation of compounds 7, a
single characterizable product was obtained.

Compound 16d: white solid; m.p. 174-176°C; '"H NMR (CDCl;): 6 = 6.65
(s, LH; NH), 5.25 (dd, /= 6.6, 2.6 Hz, 1H; C'"H), 4.95 (s, 1 H; C*H), 4.50
(dd,J=12.8,2.6 Hz, 1H; C*H,), 4.25 (dd,J =12.8, 6.6 Hz, 1 H; C*Hy), 2.05
(s, 3H; CH;), 1.97 (s, 3H; CH;), 1.95 (s, 6H; 2 CH;), 1.75-1.10 (m, 10H);
BCNMR (CDCly): 6 =171.4 (C), 170.9 (C), 170.4 (C), 169.9 (C), 169.7 (C),
86.30 (C), 74.94 (CH), 72.20 (CH), 64.53 (C), 63.07 (CH,), 38.26 (CH,),
30.85 (CH,), 25.20 (CH,), 22.63 (CH,), 22.53 (CH; and CH,), 21.07 (2 CH;),
20.93 (CHs;); C;yH,;NOy (413.4): caled C 55.20, H 6.58, N 3.39; found C
55.33, H 6.62, N 3.39.

Compound 16g: oil; 'H NMR (CDCl;): 6 =6.52 (s, 1H; NH), 5.28 (dd, J =
8.0, 4.0 Hz, 1H), 5.15 (s, 1H), 4.54 (dd, J=12.6, 3.9 Hz, 1H), 4.24 (dd, J =
12.6, 8.8 Hz, 1H), 2.12 (s, 3H; CH,), 2.05 (s, 3H; CH3), 2.03 (s, 3H; CHj),
2.00 (s, 3H; CH3;), 2.00-1.50 (m, 4H), 0.91 (t,/ =7.1 Hz, 3H; CH3), 0.89 (t,
J=71Hz, 3H; CH;); BC NMR (CDCL): 6=171.3 (C), 170.6 (C), 170.3
(C), 169.9 (C), 169.6 (C), 89.80 (C), 73.72 (CH), 72.05 (CH), 64.79 (C), 63.04
(CH,), 30.17 (CH,), 23.58 (CH,), 22.56 (CHj;), 21.25 (2 CH,), 20.95 (CHs;),
8.08 (CHj;), 7.69 (CHs;); C,sH,;NO, (401.4): caled C 53.86, H 6.78, N 3.49;
found C 54.00, H 6.81, N 3.44.

Compound 4,5-trans-15h: oil; "H NMR (CDCL,): 6 =4.80 (brs, 2H), 4.50 -
4.00 (m, 5H), 3.10 (brs, 1H), 2.10 (s, 3H; CHj;), 2.05 (s, 3H; CHj;), 1.90-
1.60 (m, 2H), 1.55-1.30 (m, 4H), 0.95 (t, /=7.1 Hz, 3H; CH;); “C NMR
(CDCl;): 0 =174.4 (C), 173.5 (C), 172.3 (C), 85.99 (CH), 73.41 (CH), 71.18
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(CH), 65.48 (CH,), 65.07 (CH,), 33.44 (CH,), 27.84 (CH,), 22.86 (CH,),
22.81 (CH;), 21.29 (CH,), 14.31 (CH;); C,H;3NO, (317.3): caled C 52.99, H
7.31, N 4.41; found caled C 52.90, H 7.29, N 4.42.

Compound 4,5-cis-15h: oil; '"H NMR (CD;0D): 6 =4.80-4.60 (m, 5H),
4.40 (m, 1H), 4.15-4.00 (m, 2H), 3.85 (m, 2H), 2.05 (s, 3H; CH;), 2.03 (s,
3H; CH;), 1.80 (m, 2H), 1.45 (m, 4H), 1.15 (t, J=7.1 Hz, 3H; CHs);
BC NMR (CD;OD): 6 =176.5 (C), 175.7 (C), 173.1 (C), 84.78 (CH), 74.64
(CH), 71.55 (CH), 70.46 (C), 66.60 (CH,), 29.82 (CH,), 29.00 (CH,), 24.02
(CH,), 22.86 (CHj;), 21.29 (CH;), 14.78 (CH;); C,H;NO, (317.3): caled C
52.99, H 7.31, N 4.41; found calcd C 52.88, H 7.28, N 4.45.

Palladium-catalyzed hydrogenolysis: A solution of the starting nitroso
acetal (2 mmol) in ethyl acetate (15 mL) was added with a catalytic amount
of palladium (10 % over carbon). The stirred solution was connected by a
three-way stopcock to a gas burette filled with hydrogen. Hydrogen was
flushed into the flask in four portions (50 mL each). The reaction mixture
was then kept under an hydrogen atmosphere at room temperature until
disappearance of the starting material was observed (tlc). The mixture was
carefully filtered over a Celite pad and the solids were thoroughly washed
with methanol. The filtered solution was concentrated in vacuo to afford
the crude material that needed no further purification.

Compound 17d: oil; '"H NMR (CDCl): d =6.50 (brs, 1H; NH), 4.48 (s,
1H), 420 (q, /=71 Hz,2H; CH,), 3.89 (dd, /=117, 8.9 Hz, 1 H), 3.71 (dd,
J=11.7,4.0 Hz, 1H), 3.20 (s, 1H; OH), 1.93 (dd, J=8.9,4.0 Hz, 1H), 1.65—
1.15 (m ,10H), 1.23 (t,/ =71 Hz, 3H; CH,), 0.26 (s, 6H; 2 CH;); 3*C NMR
(CDClL): 6 =174.5 (C), 92.99 (CH), 87.39 (C), 78.27 (C), 62.33 (CH,), 59.47
(CH,), 37.63 (CH), 30.83 (CH,), 29.78 (CH,), 25.52 (CH,), 22.99 (CH,),
22.64 (CH,), 14.08 (CH3;), —0.08 (CHj;), — 1.16 (CH3); C;sH,;NOsSi (329.5):
caled C 54.68, H 8.26, N 4.25, Si 8.52; found C 54.68, H 8.26, N 4.25.
Compound 17g: oil; '"HNMR (CDCl;): 6 = 6.4 (brs, 1H; NH), 4.52 (s, 1H),
4.28 (q,/J=71Hz, 1H; CH,), 4.26 (q, /=71 Hz, 1H; CHg), 3.96 (dd, J =
11.6, 8.4 Hz, 1H; CH,OH), 3.78 (dd, /=11.6, 3.9 Hz, 1H; CH3zOH), 3.54
(brs,1H; OH), 1.98 (dd, J=8.4,3.9 Hz, 1H; CHSi), 1.62 (q,/ =73 Hz, 2H;
CH,), 1.39 (q, /=73 Hz, 2H; CH,), 1.32 (t, /=7.1 Hz, 3H; CHj;), 0.90 (m,
6H), 0.36 (s,3H; CH;), 0.34 (s, 3H; CH;); ®*C NMR (CDCl;): d =174.6 (C),
92.98 (CH), 91.30 (C), 78.50 (C), 63.33 (CH,), 59.47 (CH,), 37.94 (CH),
22.31 (CH,), 21.83 (CH,), 14.10 (CH;), 8.74 (CH,), 725 (CH,), —0.03
(CHs;), —1.08 (CHj;); C,H,;NOsSi (317.5): caled C 52.97, H 8.57, N 4.41, Si
8.85; found C 52.97, H 8.57, N 4.41.

Compound 18g: oil; 'H NMR (CDCly): 6 =6.35 (brs, 1H; NH), 5.61 (s,
1H), 5.35 (dd, J=4.7,4.5 Hz, 1H; CH,), 4.40-4.20 (m, 2H), 3.79 (dd, /=
12.3, 42 Hz, 1H; CH,OH), 3.70 (dd, /=12.3, 4.9 Hz, 1 H; CHzOH), 3.30
(brs, 1H; OH), 2.16 (s, 3H; CH3;), 2.10 (s, 3H; CH;), 1.80-1.30 (m, 4H),
1.30 (t, J=71 Hz, 3H; CHj;), 0.90 (m, 6H); *C NMR (CDCI3): 6 =170.3
(C),170.2 (C), 168.4 (C), 89.56 (C), 82.98 (CH), 74.54 (C), 72.27 (CH), 63.27
(CH,), 62.52 (CH,), 25.62 (CH,), 21.99 (CH,), 21.16 (CH,), 20.57 (CHs;),
13.88 (CH,), 7.79 (CH3), 7.44 (CH;); C,sH,;;NOg (361.4): caled C 53.18, H
753, N 3.88; found C 53.31, H 7.57, N 3.80.

Compound 19g: oil; '"H NMR (CDCL): 6 =5.34 (s, 1H), 5.11 (dd, /=48,
3.7Hz, 1H), 4.36 (d, /=12.0 Hz, 1H; CH,OAc), 4.12 (d, /=12.0 Hz, 1H;
CHOAC), 3.86 (dd, J=12.7, 3.4 Hz, 1H; CH,OH), 3.80 (dd, /=127,
4.9 Hz, 1H; CHzOH), 2.16 (s, 3H; CH;), 2.12 (s, 3H; CHj), 2.05 (s, 3H;
CH,), 1.85-1.40 (m, 4H), 1.0-0.80 (m, 6H); *C NMR (CDCl;): 6 =170.5
(©),170.0 (C), 169.6 (C), 89.70 (C), 82.25 (CH), 72.10 (CH), 70.26 (C), 64.15
(CH,), 61.90 (CH,), 26.45 (CH,), 21.10 (CH3), 21.00 (CH,), 20.77 (CH,),
20.73 (CH3;), 8.12 (CH3), 6.89 (CHj3); C,(Hy;NOg (361.4): caled C 53.18, H
7.53, N 3.88; found C 53.02, H 7.60, N 3.86.
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Memory Effects in Pd-Catalysed Allylic Alkylation:

Stereochemical Labelling through Isotopic Desymmetrization

Guy C. Lloyd-Jones* and Susanna C. Stephen

Abstract: 2H-Labelled and '8O-labelled
cyclopentenyl esters (+)-4 and (+)-5
are used as probes for memory effects in
Pd-catalysed allylic alkylation. *H-La-
belled alkylation product 6 arising from
stereospecific Pd-catalysed reaction of
(+)-4 was analysed by a novel *C NMR
method involving *H-isotope shifts and
paramagnetic  diastereotopic  shifts.

ular ligand (R,R)-3 were employed,
variable memory effects were observed
with the slower reacting chirality mis-
matched (R)-4 substrate-catalyst pair-
ing. The memory effect is dependent on

Keywords: allyl complexes - asym-
metric catalysis - isotopic labeling -

nucleofuge steric bulk and not pK,.
Attack by [LiCH(CO,CH,),] occurs
with reversed site selectivity but (R)-4
remains the mismatched substrate. Mis-
matched ionisation leading to a Pd-n-
allyl in which (R,R)-3 acts as a mono-
phosphine ligand may explain the mem-
ory effect.

When catalysts bearing the Trost mod-

Introduction

In 1981 Fiaud and Malleron!" reported that an achiral Pd
catalyst gave an optically active allylic alkylation? product on
reaction of enantiomerically enriched 2-cyclohexenyl acetate
with [NaCH(CO,CHs;),]. Differential Sy2 and S\2'anti rates in
either formation or reaction of a o-allyl-Pd intermediate
(rather than meso-m-allyl-Pd) were suggested. These conclu-
sions were later disputed by Trost and Schmufff3! who reported
that Pd(PPh;),-catalysed reaction of an enantiomerically
enriched allylic lactone with [NaCH(CO,CH;),] gave a
racemic product via a fully meso-m-allyl-Pd intermediate.
More recently, Trost and Bunt! reported on the Pd-catalysed
addition of [NaCH(CO,CHys;),] to (+)-1a which gives (§5)-2 in
34% ee (Figure 1).

When enantiomerically enriched (S)-1a (55 % ee) was used,
ligand (R,R)-3 gave about 47 % ee (S)-2 whereas ligand (S,S)-
3) gave about 33% ee (R)-2.0! This ran contrary to the
assumed mechanism in which equal but opposite ee should be
obtained from enantiomeric meso-m-allyl-Pd intermediates.
This is not the case and the reaction therefore has some
memory of the chirality of 1a. It was suggested that reaction
proceeds via an initial asymmetric intimate ion-pair {[(3)-Pd-
(17%-c-CsH;) |"[OAc] 7} in which the AcO~ is closer to the a-
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School of Chemistry, University of Bristol
Cantock’s Close Bristol BS8 1TS (UK)
Fax: (+44)117-929-8611
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P ligands - palladium

[NaCH(COZCH3)2]
a
A gy —

cat. "Pd((R,R)-3)"

g

CO,Me
(S)-2 ca. 34 % ee

(¥)-1a

Ph,P N PPh,

(RR)-3

Figure 1. Pd-catalysed reaction of (+)-la with [NaCH(CO,CHj;),] em-
ploying ligand (R,R)-3.14

allylic terminus (Figure 2). Coulombic attraction between the
Nat ion of the malonate and the [OAc]  nucleofuge then
guides the malonate to the a-carbon atom (see inset in
Figure 2).

Thus, with racemic (+)-1a and ligand (R,R)-3, a matched
and mismatched manifold results in increased and decreased
ee values relative to a solvent-separated meso ion-pair [(3)-
Pd-(%-c-CsH;)]* || [OAc]-. The mechanism indicates a
propensity for racemic substrates to give racemic products
regardless of the ligand because of the nature of the initial ion-
pair.¥l Herein we report a novel stereochemical labelling
method and demonstrate its use in an investigation into
whether the memory effect is caused by asymmetric ion-
pairing.
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Figure 2. The asymmetric intimate ion-pairing proposed to account for the
memory effect. Inset: schematic representation of mechanism for prefer-
ential a-attack resulting in increased and decreased ee values in the matched
and mismatched manifolds, respectively.l*]

Results and Discussion

Substrate synthesis: To study the memory effect in the
reaction of 1 to give 2, we prepared regiospecifically (a) 2H-
labelled cyclopentenyl substrates (+)-4a—d (>99.5% 2H, a/y
>99/1)67 and also alkyl-'*O-labelled cyclopentenyl sub-
strates (£)-5a and (£)-5b (ca. 95% !0 ). Their synthesis is
outlined in Scheme 1.

To test the general effect of the 2H-label, we treated (+)-
4a-d with [NaCH(CO,CHj;),] to give 6 by using pro-catalysts
[PA(L,)(1*-C5Hs) ] [O5SCF;]~ (L, =7-10). These rapid reac-
tions afforded analytically pure (+)-6 (91-99 % yield) whose
aly ratio was measured by 2H NMR spectroscopy.

There was no memory effect: irrespective of all reaction
variables, the a/y ratio of 6 was consistently 1.10 (£0.02).
When a regiochemically scrambled sample (a/y =0.9) of (+)-
4a was employed® identical results were obtained. This
secondary kinetic isotope effect (SKIE; ky/kp =0.91 £0.01),
arises from an increase in p character® at the alkylated carbon
atom and a decrease in p character at the alkenyl carbon on
attack of Pd-m-allyl by malonate.”)» A much smaller ky/kp =
0.98 (£0.01) was observed for W-catalysed alkylation!'* 'l of
(£)-4¢ a reaction for which early, allyl cation-like, transition
states have been postulated.!'! This suggests a medium or late
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Scheme 1. Synthesis of ?H-labelled (+)-4a-d and *O-labelled (+)-5a
and (£ )-5b substrates.

H 180J'LR

1H 180H
(95 % 180)

5a R= CH3,
5b R= Ph,

transition state for Pd-catalysed reaction, >4 however,
ligand dependence is likely, for example, a more Syl-like
transition state is suggested for Pd catalysts bearing PN-
phosphite ligands.[!

2 CO,Me CO,Me
2H
CO,Me CO,Me
(#)-a-6 (£)-y-6
PPh,  PPh, PPh,  PPh,
L@
8
7
Ph,P PPh, PhyR PPh,

A': The matched manifold with racemic ligand (£)-3

aly Ratios: We first studied the memory effect with pro-
catalyst [Pd(1*-C;H;s)((£)-3)][Cl] generated by addition of
(£)-3 to [Pd(3-C3H;5) |CL, ((£)-3/Pd = 1.5).I'1 After complete
consumption of substrate ((4)-4a-d), alkylation product
(£)-6 was isolated and the a/y ratio measured by ZH-NMR
spectroscopy (Table 1). With each nucleofuge (entries 1-4)
we observed a different a/y ratio in (4)-6. Acetate (+)-4a
gave the largest a/y ratio (3.8—4.0). In contrast to reactions
with (R,R)-3 in which (S)-4 must proceed through the
matched manifold and (R)-4 through the mismatched mani-
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fold, use of racemic (+ )-3 allows both enantiomers of (+)-4 a
‘choice’ of manifold. The a/y ratios of (£+)-6 in Table 1 are
thus composite values from matched and mismatched mani-
folds. It will be shown later that selectivity for the matched
over the mismatched manifold is >10:1 for acetate (+)-4a
and thus, by using racemic ligand (+)-(3) and racemic acetate
(+)-4a we were able to selectively study the matched
manifold.

Table 1. Reactions of cyclopentenyl esters (+)-4a-d (a/y >99, 0.12m)
with [NaCH(CO,CHj;),] catalysed by 5 mol % Pd((+)-3) generated in situ
in THF at 25°C.

Entry Substrate pK,/[* Pro-catalyst
counter-ion  Nu

Equiv a/y Ratio Yield (+)-6
()60 [%]¢

1 (£)-4a 475 Cl9 45 80120 84
2 (£)-4b 419 Cl 45 6832 98
3 (+)-4c -6 ql 45 6832 99
4 (£)-4d 503 Cl 45 7123 80
5 (£)-4a 475 -1 25 80120 73

[a] pK, (H,O) of nucleofuge conjugate acid. [b] a/y Ratio by ZH NMR
(CHCl;, 61 MHz). [c] Yield of analytically pure material after chromatog-
raphy on silica gel. [d] Catalyst generated by addition of (+)-3 to [Pd(s*-
C;H,)]Cl),. [e] pK, in aqueous media unkown due to decarboxylation. [f]
Catalyst generated from (+)-3 and Pd,(dba); - dba (dba = dibenzylidenea-
cetone).

Intimate ion-pairing: According to an asymmetric ion-pair
model,™ 1) the memory effect should be dependent upon
nucleophile concentration (the rate of relaxation of the
asymmetric Pd-allyl-nucleofuge ion-pair is unimolecular
whilst nucleophilic attack is bimolecular); 2) there should
be, to some degree, internal return of nucleofuge within the
intimate ion-pair manifold; 3) palladophilic anions such a
chloride ion may disrupt ion-pairing and 4) the increase in
enantioselectivity relative to the solvent separated ion-pair
would be nucleofuge dependent (the pKa and steric bulk of
the nucleofuge would affect the degree of intimacy and
localisation of the ion-pair). Using (+)-4a and (+)-3 we
tested the first three predictions.

1) Nucleophile concentration: 2H NMR analysis of reactions
of (£)-4a with one equivalent of [NaCH(CO,CHj;),], in
which [Pd(73-C;H;)(+)-3)][Cl] was used as pro-catalyst and
4,4'-[>’H,]-biphenyl as internal integration standard, demon-
strated that the a/y ratio of (+)-6 is essentially constant
throughout the reaction!'”! (Figure 3).

As the reactions proceed, the concentration of nucleophile
decreases linearly as the inverse of conversion of (+)-4a; four
runs with 0.5 and 5 mol % catalyst loading gave the same
linear relationship between [a-6] and the total concentration
of product [a-6+ y-6] (gradient=0.8; that is a/y =80/20)
(Figure 4). Thus the a/y ratio and memory effect are
independent of [NaCH(CO,CHj;),] concentration in the
matched manifold.

2) Return of nucleofuge: Internal return is characteristic of
intimate ion-pairs.'¥! The 2H and 'O labels were completely
scrambled in (+)-4a and (£ )-5a, b recovered from reactions
with substoichiometric amount of [NaCH(CO,CHj;),].[" The
aly ratio of (+£)-6 was (79 / 21) from (+)-4a and thus there

Chem. Eur. J. 1998, 4, No. 12
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Figure 3. Graph: Time-course of reaction of equimolar (+)-4a with
[NaCH(CO,CHs),] catalysed by 0.5 mol % [Pd(#>-C;H;)((£)-3)][Cl] pro-
catalyst in THF at 25°C with 4,4-[>H,]-biphenyl as internal standard.
Spectra: representative 2H NMR spectra of worked-up reaction samples at
22 and 64 % conversion.

[a—6] / mM
60 1 ® = 50mol % Pd/ (+)-3
o = 0.5mol % Pd/(+)-3
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Figure 4. Relationship [a-6]=0.8 [a+ y-6] —0.05 (mMm); R2=0.99 ob-
served in four separate reactions of equimolar (+)-4a and [NaCH-
(CO,CH;),] with 5 and 0.5 mol % pro-catalyst [Pd(1*-C;Hs)((£)-3)][C]].

was no reversibility of the reaction. The *C NMR spectral'”) of
the a-allylic carbon atom of (+)-5b before (I) and after (II)
reaction are shown in Figure 5.

Very different results were obtained when (£ )-4a and (+)-
5a, b were recovered, during catalyst turnover, from reactions
with excess [NaCH(CO,CH,),]. There was <1% scrambling
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Figure 5. “C{'H} NMR (CDCl;, 100 MHz) sub-spectrum of (C(1")) of (& )-
5b (95% %0, before (I) and after (II) recovery from Pd(+)-(3) catalysed
reaction with 0.85 equiv [NaCH(CO,CHs),].

of (+)-4a (58 % conversion) and about 5% scrambling of
(£)-5a and (4)-5b (42 and 61 % conversion respectively).
Thus there is some evidence for localised (&) nucleofuge
return.

3) Chloride ion: The effect of small, coordinating ions on Pd-
catalysed allylic alkylations has been the subject of much
recent attention. For example, iodide ion can improve
regioselectivity® whilst fluoride can cause large increases in
ee values in reactions catalysed by chiral Pd('PN’) com-
plexes.?- 22l However, reaction of (4)-4a in the presence or
absence of Cl- (Table 1, entries 1 and 5) gave 6 with identical
aly ratio and therefore chloride ion is not responsible for the
memory effect in the matched manifold.

B: Matched and mismatched manifolds—memory effects with
(R,R)-3

Development of a 3C analytical method: With (+)-3 the
regiochemical outcome of the reaction was studied (Section
A). To study the memory effect with (R,R)-3, the stereo-
chemical outcome of both the matched and mismatched
manifolds must be determined independently. Ideally one
would use 100 % ee substrates to study memory effects but
often this is not practical. Trost and Bunt employed (S)-1a and
(5)-1b (44, 55 and 64 % ee) and normalised the data by a
weighted average involving results obtained with (& )-1a, b.[*l
This approach may be biased by kinetic resolution® unless
100 % substrate conversion is attained. We have developed an
alternative and practical approach based on the double
inversion of stereochemistry®! in Pd-catalysed allylic alkyla-
tion with stabilised carbon nucleophiles? (Figure 6).

A combination of (+)-Eu(hfc); (hfc = [3-(heptafluoropro-
pylhydroxymethylene)-(+)-camphorate] ) and *C-?H isotope
shifts (B or y) gave base-line resolution of the regioisotopo-
meric enantiomers of 6 in the *C NMR sub-spectrum of
C(4)H,®! (Figure 7).

Once calibrated,” a conventional *C{'H} NMR experi-
ment on a 400 MHz (*H) instrument allowed simultaneous
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Figure 6. The stereochemical course of Pd-catalysed allylic alkylation of
(S)-4 and (R)-4 leading to 6.
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Figure 7. BC{'H} NMR (C;Dy) sub-spectrum of C(4') in (& )-a/y-6 (0.28 M)
with [(+)-Eu(hfc)s] (0.154m).

but individual measurement of the ee value of 6 arising from
(5)-4 and (R)-4 in racemic (+)-4.

Nucleofuge dependence: Despite a mechanism involving
nucleofuge ion-pairing, it was earlier reported that the
memory effect was the same with 1a and 1c (acetate and
methyl carbonate nucleofuges).l With pro-catalyst [Pd(»*-
C;H;5)(R,R)-3][C]] and (+)4a-d (Table 2, entries 1-4) this
was indeed found to be the case—but only in the matched
manifold: (S)-4a—d gave (§5)-6 of enantiomer ratio: 37 /13 to
38/12(S)/(R) (i. €. 50 £2 % ee). The mismatched manifold is
nucleofuge dependent: (R)-4a gave 28% ee (5)-6, (R)-4b, ¢
both gave racemic (+)-6 and enantioselectivity was reversed
with (R)-4d which gave 8% ee (R)-6 (Figure 8 I, II, III). The
propensity of (R)-4 to give (R)-6 (i. e. a attack) increases with
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Table 2. Reactions of cyclopentenyl esters (£ )-4a—d (a/y >99, 0.12M) with 4.5 equivalents of [NaCH(CO,CH,),] with 5 mol % pro-catalyst '[Pd(L)(#-

C;H;)C1]'# in THF at 25°C.

Entry  (4+)4 Ligand (L) aly Ratio 6/ erlsl (§/R)-6 from: eeldl 6 Yield 6 Rate ratiol!l
L (=)L) (S)-4 (aly) (R)-4(y/a) (%] (%] (S)-4/(R)-4

1 4a (RR)-3 55145 (80/20) 38/12 32118 40(8) 88 >10

2 4b (RR)-3 62/38 (68/32) 3713 25025 24(S) 82 3

3 4c (RR)-3 62138 (68/32) 38/12 25025 29(S) 79 2

4 4d (RR)-3 64136 (77/23) 3713 23027 20(5) 70 >10

5 4ale (RR)-3 44/56 (24/76) 1535 21129 28(R) 93 >10

6 4d (R,R)-31 76124 (=)l 3713 517 17(S) 500l i

7 4a (RR)-11 52148 (=)l - - - 82 i

8 4a (R.R)-12 52/48 (=) - - - 82 — il

9 4a (5)-13 52148 (52/48) 28/22 26/24 7(S) 88 1.0

10 4a (R)-13 52148 (52/48) 25125 22028 7(R) 93 1.0

11 4a (R)-14 52148 (55/45) 35/15 33117 32(5) 81 14

12 4d (R)-14 52148 (55/45) 36/14 32118 38(S) ) 11

13 4a 16 - 54/46 - - - 18kl -

14 4a 17 - 52/48 - - - 88 -

[a] Pro catalyst generated by addition of ligand to [Pd(#°-C;H;)]Cl],. [b] a/y Ratio by 2H NMR spectroscopy (CHCl;, 61 MHz). [c] Enantiomer ratios (er
values) ($/R)-6 by integration of *C{'H,?H} or *C{!H} NMR spectra of C(4'), C(5'). [d] The ee of (S$/R)-6 by integration of *C{'H,’H} or *C{'H} NMR
spectra of both diastereotopic CHj;. [e] Yield of analytically pure material after chromatography on silica gel. [f] Calculated from result with racemic versus
enantiomerically pure ligand. [g] With [Li(CH(CO,CH,;),] prepared in situ from BuLi and CH,(CO,CH,),. [h] Catalyst generated by addition of (R,R)-3 to
[Pd(17°-C5Hs) |(MeCN),]* [O;SCF;]~. [i] Not determined. [j] Work-up after 5 days. [k] Extensive catalyst decomposition under reaction conditions.

O 6 from matched (S)-4
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Figure 8. BC{'H} NMR spectrum (C¢Dg, 0.154 M (+)-Eu(hfc);) of C(4’) of 6
(0.28 ™) from ('Pd((R,R)-3)’) catalysed reaction of (+)-4a (I), (+)-4¢ (II)
and (+)-4d (III) matched manifold products are the ouside pair.

increasing steric bulk of nucleofuge. This trend does not
correlate with the pK, of the nucleofuge.

Relative rates: It is expected that substrates of type (£ )-1, and
thus (4 )-4, might undergo kinetic resolution®”! with catalysts
of type Pd((R,R)-3). Rather than measure the ee of 4 against
conversion, we note that the a/y ratios of 6 are a combination
of a constant a/y value (matched manifold) and a nucleofuge
dependent ratio (mismatched manifold). Thus the a/y ratios
of 6 obtained with (4 )-3 allow an estimation of the selectivity
the racemic catalyst has for one manifold over the other
(Table 2, entries 1-4, far right-hand column). By this process,
(£)-4a-d are all predicted to display matched manifold
selectivity which translates to kinetic resolution when enan-
tiomerically pure ligand is employed.’

Chem. Eur. J. 1998, 4, No. 12
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Nucleophile counter-cation: Trost et al. have reported that
[LiCH(CO,CH;),] gives the opposite enantioselectivity to
[NaCH(CO,CHj,;),] on Pd(R,R)-(3)-catalysed conversion of
(+)-1 to 22 —but not on whether there is still a memory
effect. Since the intimate asymmetric ion-pairing model
involves a coulombic attraction between the malonate
counter-ion (Na®™) and the nucleofuge then (S)-4a, the
matched enantiomer with [NaCH(CO,CH,),] (external a
attack) would become the mismatched enantiomer with
[LiCH(CO,CHs;),] (external y attack) and vice versa. This is
not observed (Table 2, entry 5). There is still a memory effect
but (S)-4a remains the matched enantiomer—reacting faster
and giving higher ee (Figure 9).

Chloride ion: By using [Pd(R,R)-3)(3-CsH;)]*[O;SCF;]~
generated in situ as pro-catalyst, pivaloate (+ )-4d was treated
with [NaCH(CO,CH,),] under chloride-free conditions (Ta-
ble 2, entry 6). As expected, reaction of matched (S)-4d was
Cl" independent (see Table 2, entry 4). However, (R)-4d gave
a larger memory effect (5/17=11/39, (S5)-y-6/(R)-a-6)) and
thus chloride ion Cl- (entry 4) reduces the memory effect in
the mismatched manifold.?’

C: Comparison with other ligands

In order to gain some insight into the possibility of unusual
coordination modes of 3 being involved in the memory effect
in the mismatched manifold, we studied a range of other
ligands (Table 2, entries 7—14).

Bidentate 'PP’ and 'PN’ ligands: a/y Ratios with chiral 'PP’
ligands 11 and 12 (Table 2, entries 7 and 8) were no different
to those with achiral 'PP’ ligands 7 to 10. With chiral 'PN’
ligand 13 (Table 2, entries 9 and 10) the small and inconclusive
differences may be the result of a SKIE. With 'PN’ ligand 14
(Table 2, entries 11 and 12) there was again a small difference
in stereochemical outcome and the matched manifold is
slightly faster with 4a (ca. 1.4). With bulkier (+)-4d a very

0947-6539/98/0412-2543 $ 17.50+.50/0 2543





FULL PAPER

G. C. Lloyd-Jones and S. C. Stephen

cat. "Pd(R,R)-3"
Qg OAc [MCH(CO2Me),}
Y —_—
2 THF

6
H L
(+)-4a Nu”y 2H

O 6 from matched (S)-4a
@ 6 from mismatched (R)-4a

M =Na M=Li
S R
o RO
s ®
)
R
° s
®
s
R o]
o

.

A

T i T I
34 813C/ppm 33 34 8130/ppm 33

Figure 9. C NMR analysis (as Figure 8) of C(4')-6 from reaction of (+)-
4a with [MCH(CO,CH,),], M = Na, Li.

slight increase in the memory effect was accompanied by a
small decrease in kinetic selectivity for the matched manifold
(1.1 versus 1.4).
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Monodentate MeO-MOP ligand 15: Very recently, Hayashi
et al.B have reported near-perfect retention of regiochemis-
try in allylic alkylation catalysed by Pd complexes bearing the
very bulky ligand 15 ('(R)-MeO-MOP’). Detailed NMR
studies revealed monodentate coordination of a single ligand
15 to a Pd (mt-cyclohexenyl) fragment, the fourth coordination
site is occupied by a chloro ligand—even with excess 15
present. A chloro ligand is essential for memory effects with
the 'P’ ligand 15 but not with ligand 3.

Monophosphane ligands 16 and 17: With pro-anionic ligand
16 (Table 2, entry 13), slow turnover, accompanied by Pd
black precipitation, gave (+)-6 with a/y ratio of 1.16 that may
be the result of a small memory effect. With neutral ligand 17,
(Table 2, entry 14) there was no memory effect. Despite a
ratio of 17/Pd of 1/1, there was no trace of Pd black (unlike
with PPh;)B%l and this suggests that 17 can function as a
chelating ‘PO’ ligand, when necessary in the catalytic cycle
and therefore intimates that 3 may also do so if required.B!

D: Mechanistic aspects of the memory effect

The matched manifold: Selectivity for (§)-2 from Pd-cata-
lysed reaction of (+)-1ain the presence of (R, R)-3) increases
in the order Li* (63 % ee R) , Na* (38% ee S), K* (51% ee S),
Cs* (76 % ee S).2® Tt has been suggested that this may reflect
increasing relaxation of asymmetric intimate ion-pairs before
nucleophilic attack.*!7&321 The results we have obtained
suggest otherwise. It is thus instructive to compare the trend
(Lit — Cs™) reported for (R,R)-3 with trends observed with
other asymmetric ligands. With 1,3-diarylpropenyl substrates,
PN’ ligands of type 13 give the highest ee values®! with low
concentrations of [KCH(CO,CH;),|—lower ee values are
obtained with [NaCH(CO,CH;),].”Y Similarly, with the
‘Quinap’ ligand 14, the use of a crown ether to complex Na*
gave best results.['?! Late transition states have been suggest-
ed for these reactions!'? since stereocontrol is by developing
ligand — alkene interactions.?’!

The ee values obtained with chiral PO ligand 185% %] follow
the opposite order Li* > Na' >K*. In contrast to the tight
chiral pocket of 3, ligand 18 was designed to create a relatively
open chiral pocket so as to control the
rotamer population of the slim cyclic
anti-anti allyl system. Thus enantiose-

lectivity is induced by 18(Pd)-[#*-allyl] PPh,
interactions rather than developing COzH
18(Pd)-[7*-alkene] interactions?s! and 18

an earlier transition state will give
greater kinetic differential (AAG +)
and thus ee. The trends for 13, 14 and 18 suggest that large,
soft, less coordinating counter-ions, which cause greater
charge delocalisation in the malonate anion, favour late
transition states!—perhaps through attenuated charge
acceleration and increased frontier orbital control.*!
Accordingly, with ligand (R,R)-(3) and (S)-1 (and thus (S)-
4) the smooth transition from y-selective attackl*! (pro-R) to
a-selective attack (pro-S) as (Lit —Cs™) suggests an inversion
of AAG =+ from early ligand-allyl interactions to late ligand —
alkene interactions. These early () versus late (a) selectiv-
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ities are consistent with the reverse reaction (substrate
ionisation) in which ligand — alkene interactions, in a presum-
ably early transition state, favour a-ionisation ((S)-4a) over -
ionisation ((R)-4a).

Memory effects in the mismatched manifold: It is in the
mismatched manifold that the stereochemical dependence on

nucleofuge occurs. Comparison of
(S)- and (R)-1 with bulkier meso-
/6\ 19 is instructive.

RCO; 02CR Coordination of (R,R)-(3)
19 through both P donor centres
may cause perturbations in Pd-r-
allyl electron distribution through distortion induced by steric
interactions.*”! This distortion is a key feature in enantiose-
lective nucleophilic attack on Pd-m-allyl systems with other
‘PP’ and 'NN’ ligands,*!! and will also be important in the
reverse reaction: ionisation.!'?®! Despite the tight chiral pocket
induced by the wide ligand bite-angle,”®! Pd(R,R)-(3) and
related catalysts can both accommodate and enantioselec-
tively ionise 19 which has a nucleofuge at both adjacent
enantiotopic allylic positionsi*l—one matched the other
mismatched. This occurs formally by internal kinetic reso-
lution®] ——ionisation occurs selectively at the matched
carbon. lonisation at the mismatched carbon of 19 must
therefore be highly disfavoured by steric clash arising in the
rotational displacement of the Pd-s-[5?-alkene] unit to form a
Pd-st-[3-allyl] unit.B

In contrast to 19, mismatched (R)-1 does not bear a
matched nucleofuge and can only ionise with disfavoured
torquo-selectivity.? The resulting steric strain may be
alleviated by breaking open the 'P,P’ chelate to give an ‘open
pocket’ before or during ionisation. This process would give
rise to a (PL)-Pd-(m-allyl) complex (L =unspecified non-
phosphane ligand or vacant site) and it is therefore instructive
to consider (P,N)-Pd-(st-allyl) complexes. Crystal structures(*!
of these complexes indicate that the C—Pd bond to the allylic
terminus trans to P is longer than that trans to N. Arguments
have been put forward that the carbon trans to P should be
attacked more rapidly by nucleophiles!'>*! and, by reverse
arguments, that ionisation should occur with the nucleofuge
trans to P22l Mismatched ionisation of (R)-1 by a non-chelate
complex of type 'Pd(R,R)-3’ should thus occur to give a (PL)-
Pd-[n3-allyl] complex with a-C trans to P and nucleophilic
attack should also be a-C and trans to P. A memory effect with
a-C selectivity would then be observed provided endo-exo
rotamer equilibration or re-coordination of the second phos-
phine (13-membered chelate formation) is slow (Figure 10).

Ligand 3 as a 'PP’ versus 'P’, ‘PO’ or 'PL’ ligand: Mono-
phosphane derivatives of (R,R)-3 (one Ph,P replaced by Ph,C
or H) generate Pd catalysts that induce lower and reversed
enantioselectivity in the allylic alkylation of (4 )-1 and 19.14!
However, memory effects may attenuate or reverse enantio-
selectivity and there is no direct evidence for the formation of
[Pd(3)m-allyl] type complexes in which both P donors
coordinate the Pd. Nonetheless, an NMR investigationl*! of
the reaction of 3 with [Pd,dba;- CHCl;] in which a 3/pp
coupling of 14.5 Hz, typical of cis phosphane ligand coordi-
nation is observed has been suggested as evidence that (R, R)-
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Figure 10. A mechanistic scheme for the memory effect. P is one of the two
triaryl phosphane donors in (R,R)-3; L is a vacant site or an unspecified
ligand for example amide C=0, chloride, nucleofuge etc.

3 acts as a 'PP’ bidentate ligand toward Pd. An X-ray crystal
structure*’! of complex [Pd(20)sw-allyl]*[ClO,]~ in which both
ligand P donor centres coordinate to a Pd allyl fragment has
also been reported.

Ligand 20 affords the
opposite sense of asym-
metric induction to li-
gand 21 in Pd-catalysed
reactions of 19 and die-

ster based ligands, for Ph,P 0, ,Iéo PPh,
example 22, gave lower NH HN
enantioselectivities

than diamide based li- 20

gands (e.g. (RR)-3).
This suggests an impor-
tant role of the carbon-
yl oxygens in these re-
actions.B!l By simple
resonance arguments,

esters are expected to i/\_/),h
N “NH

be less metal-coordi- H
nating at carbonyl oxy-

gen than amides. The 00
quasi-meso  ester—a-

mide hybrid ligand 23 PPhy PhaP
actually induces greater
enantioselectivity than 21
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Ph,P o 0 PPh,
o o)
RO,C CO,R
22
Ph,P X 0 PPh,
e} >—< o
RO,C CO,R
23 X =NH
24X=0

22 and thus does not behave like diester 24 which, being meso,
would not induce enantioselectivity at all.?®!

Conclusions

We have developed an effective and practical C NMR
method to study the stereochemical outcome from the Pd-
catalysed addition of [MCH(CO,CHj,),] to racemic (+)-4a—
d. Racemic ?H-labelled substrates are readily synthesised and
this technique should be applicable to the study of other
allylic alkylation reactions. Only one enantiomer of chiral
ligand is required and use of substoichiometric nucleophile
can give information on kinetic resolution. Using (+)-4a-d,
(+)-5a and (+)-5b, we have studied the memory effects that
occur when ligand (£)-3 and (R,R)-3 are employed in this
reaction. Key results are: i) There is evidence for intimate ion-
pairing in both the matched and mismatched manifolds, but
this does not seem to be the cause of the memory effect. ii) In
the matched manifold, the mechanism is likely to be normal
that is involving a meso-m-allyl intermediate. iii) In the
mismatched manifold, bulky nucleofuges give greater memory
effects. iv) The matched manifold is kinetically favoured over
the mismatched.” v) With both [NaCH(CO,CHjs),] and
[LiCH(CO,CHys;),], the same substrate —catalyst combination
forms the matched pair—despite opposite regiochemical
outcome on nucleophilic attack. vi) Chloride ion reduces
the memory effect in the mismatched manifold.

Since no significant memory effects were observed with PO
or PN ligands and, as discussed earlier, powerful memory
effects have been reported for the very bulky monodentate P’
ligand 15,5% one interpretation of the results obtained with 3
is that due to unfavourable torquo-selectivity during the
mismatched ionisation event, ligand 3 may act, at least in part
of the catalytic cycle, as a very bulky P’ ligand which thus
produces non-meso intermediates. Consistent with this is the
observation that the presence of catalytic quantities of
chloride ion substantially accelerate the reaction of the
mismatched substrate.”’l However, the true and possibly
variable coordination nature of 3 to Pd throughout the various
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stages of the overall matched and mismatched catalytic cycles
are as yet undetermined.

Experimental Section

General: All manipulations were performed on a vacuum line (argon or
nitrogen) using standard Schlenk techniques. THF, Et,0, DMF and CH,Cl,
were anhydrous (Fluka) and, when appropriate, were degassed (freeze-
thaw cycles) and then argon- or nitrogen-saturated prior to use. NMR:
Bruker 600, Jeol GX400, Jeol Lambda 300, Jeol GX270. MS (EI):
Micromass Autospec. Optical rotation: Perkin Elmer 141 polarimeter.
Flash column chromatography: Merck silica gel 60 (0.04—0.063 mm). TLC:
0.25 mm, Merck silica gel 60 F254 visualising at 254 nm or with dilute acidic
aqueous KMnO, solution. Elemental analyses were performed by the
analytical service in the School of Chemistry, University of Bristol.

Materials: Ligand 13 was prepared according to a literature procedure.*]
Quinap ligand 14 was a gift from Dr. John M. Brown FRS, Oxford.
Cyclopent-2-en-1-one, cyclopent-2-en-1-one diethylene ketal, 1-(3-dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI), ligands 7-
12 and ((+)-Eu(hfc);) were purchased from Aldrich and used as received.
(£)- and (1R, 2R)-trans-1,2-diaminocyclohexane and 4-N,N-dimethylami-
nopyridine (DMAP) were purchased from Fluka and used as received.
H,[**O] (97% 'O, containing 25% *H,"0), [°’H,]O (>99.5% ?H) and
LiAl[’H,] (>99.9% *H) were purchased from Cambridge Isotope Labo-
ratories. [Pd(17>-C;Hs)]Cl], was purchased from Strem and recrystallised
(CH,Cl,/hexane). [NaCH(CO,CHj;),]*) was recrystallised from MeOH
and dried in vacuo. [Pd(L,)(1°-CsH;s)]*[OsSCF;]~ were prepared in
analytically pure form by addition of one equivalent of L, to
[Pd(MeCN),(173-C5H;) [ *[O5SCF5] % in CH,Cl,, evaporation, then recrys-
tallisation from CH,CL,/Et,O.

Preparation of isotopically labelled compounds
(+)-1-[H,]-cyclopent-2-en-1-0l and ¥O-cyclopent-2-en-1-ol: Cyclopente-
none (12.89 mL, 154 mmol) in Et,0 (125 mL) was added dropwise to a
suspension of LiAl[’H,] (2.21g, 52.6 mmol) in Et,O (50 mL). After
complete addition, water (12 mL) was added dropwise (CAUTION!)
followed by MgSO, (ca. 10 g). The resulting suspension was stirred
overnight and then filtered through Celite, the filtrate concentrated in
vacuo (> 250 mmHg, 40°C) to about 15 mL and distilled. (£)-1-[*H]-
cyclopent-2-en-1-ol was collected (ca. 20 mmHg, 59°C) as a colourless
liquid (10.5 g, 83 %). '"HNMR (CDCl; 400 MHz, 21 °C, TMS): 6 = 6.0 (ddd,
3] (HH)=5.5,2.4,2.4Hz, 1H; C(3)H), 5.8 (ddd, 3J(H,H) =5.5, */(H,H) =
2.0, 2.0 Hz, 1H; C(2)H), 2.5 (m, 1H; C(4)Hsyn), 2.2 (m, 2H; C(4)H,,.,
C(5)H,,,), 1.78 (m, 1H; C(5)Hsyn); BC{'H} NMR (CDCl;, 75 MHz, 21°C,
TMS): 6 =135.1 (C(3)), 133.3 (C(3)), 77.1 (t, 'J(H,’H) =21 Hz, C(1)), 33.2
(C(4)), 31.0 (C(5)); *H NMR (CHCl; 61 MHz, 21°C, CDCl;): 6 =4.78 (br.
s, C(1)*H).P80-cyclopent-2-en-1-0l was prepared by identical procedure
(with LiAl['H,]) using ®O-cyclopentenone prepared by reaction of ice-
cold cyclopentenone diethyleneketal (5.97 g, 47.3 mmol) with H,[**O]
(0.97 mL, 47.3 mmol) and oxalic acid (8 mg, 8.4 umol). Analytical data:
180-cyclopent-2-en-1-ol: BC{!H} NMR (C¢Dg, 100 MHz, 21°C): 6 =134.4
(C(3)), 134.1 (C(2)), 773 (C(1)-'50OH), 33.5 (C(4)), 31.3 (C(5)); MS (EI): m/
z2(%): 85 (100) [M — H"].

Acetates (+)-4a and (£)-5a: To a stirred solution of (+)-1-[2H,]-cyclo-
pent-2-en-1-ol (2.5 g, 29.4 mmol) in CH,Cl, (125 mL) was added Et;N
(4.4 mL, 31.5 mmol), DMAP (6 mg, 0.05 mmol) and finally Ac,O (3.91 mL,
41.4 mmol). After 24h, TLC (12/1 hexane/EtOAc) showed complete
consumption of the cyclopent-2-en-1-ol (R;=0.1) and the reaction mixture
was poured into water (100 mL), extracted with CH,Cl, (150 mL), dried
(MgSO,) and concentrated in vacuo to afford a colourless oil. Purification
by silica-gel chromatography (4.5 x 21 cm) followed by fractional distil-
lation afforded (+)-4a (2.1 g, 57 %; b.p 48-55°C, about 20 mmHg) as a
colourless oil. 'H NMR (CDCl;, 270 MHz, 21°C, TMS): 6 =6.11 (m, 1H;
C(3)H), 5.82 (m, 1H; C(2)H), 2.51 (m, 1H; C(4)H,,), 2.30 (m, 2H;
C(4)H,,.;y C(5)H,.0), 2.03 (s, 3H; Me), 1.80 (m, 1H; C(5)Hsyn); *H NMR
(CHCI;, 46 MHz, 21°C, CDClLy): d=5.7 (br. s, C(1)’H); “C{'H} NMR
(75 MHz, CDCl;, 21 °C, TMS): 6 =171.1 (C=0), 137.7 (C(3)), 129.2 (C(2)),
80.2 (t, V(HH)= 24 Hz, C(1)), 31.1 (C(4)), 29.7 (C(5)), 21.4 (CH,).
Compound (+)-5a was prepared by an identical procedure with '*O-
cyclopent-2-en-1-ol. Analytical data for (+)-5a: “C{'H} NMR (C¢Dj,
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100 MHz, 21°C): d =171 (C=0), 37.1 (C(3)), 130.1 (C(2)), 80.40 (ca. 6%,
(C(1)-°0), 80.37 (ca. 94%, C(1)-1#0), 31.2 (C(4)), 30.1 (C(5)), 20.9 (CHS).

Benzoates (+)-4b and (+)-5b: Compound (+)-4b was prepared in an
identical manner to (+)-4a but with PhCOCI. Kugelrohr distillation (oven
T=190°C, ca. 20 mmHg) gave (+)-4b (1.82g, 80%) as a colourless oil,
TLC, 19/1 hexane/EtOAc, R;=0.3. '"H NMR (CDCl;, 300 MHz, 21°C,
TMS): 6 =8.03 (dd, 3J(H,H) =7,°J(H,H) = 0.5 Hz, 2H; C(2')H), 7.54 (ddd,
3J(HH) =9, 7, S/(HH) =05 Hz, 2H; C(3)H), 742 (tt, *J(H,H) =9 Hz,
4J(HH)=1Hz, 1H; C(4)H), 6.18 (m, 1H; C(3)H ), 5.94 (m, 1H; C(2)H),
2.54 (m, 1H; C(4)H,,,), 2.39 (m, 2H; C(4)H,, C(5)H,), 1.94 (m, 1H;
C(5)H,,,); "HNMR (CHCI; 61 MHz,21°C, CDCl,): 6 =6.0 (br. s, C(1)*H);
BC{'H} NMR (75 MHz, CDCl;, 21°C, TMS): 6=166.6 (C=0), 137.8
(C(3)), 132.7 (CH, 4rom)> 130.7 (Ciarom)» 129.6 (CH,, 4r0m), 129.3 (C(2)), 128.3
(CH,,.arom)> 80.8 (t, J(H,*H) =24 Hz, C(1)), 31.2 (C(4)), 29.8 (C(5)). (+)-
5b, from 80O-cyclopent-2-en-1-ol: BC{'H} NMR (75 MHz, CiDy, 21°C):
0=1374 (C(3)), 132.8 (C(2)), 130.0 (CH,.arom, CH, srom)> 129.9 (Cisrom)-
128.5 (CH,.arom)» 81.195 (ca. 95%) (s; C(1)-'*0), 81.230 (ca. 5%) (s; C(1)-
160), 31.3 (C(4)), 30.2 (C(5)); MS (EI): m/z (%): 190 (4) [M*] 149 (5), 105
(30), 88 (10), 86 (64), 84 (100), 77 (21).

Methyl carbonate (+)-4c: MeOCOCI (1.43 mL, 18.4 mmol) was added
dropwise over 2 min. to a vigorously stirred solution of (+)-1-[?H,]-
cyclopent-2-en-1-ol (1.0 g, 11.7 mmol) in pyridine (10 mL) and CH,Cl,
(30 mL) at 0°C. After 1 h (TLC, 12/1 hexane/EtOAc) showed complete
conversion and the reaction mixture was poured into aqueous NH,Cl
(50 mL) and extracted with diethyl ether (150 mL). The organic extract was
washed with portions of 2mM HCI (20 mL) until the washings were acidic,
then washed with water (50 mL), brine (50 mL) and dried over MgSO,.
Concentration in vacuo followed by fractional distillation afforded (+)-4¢
(1.25 g, 75%) as a colourless oil, b.p (76-80°C, ca. 20 mmHg). '"H NMR
(CDCl;, 270 MHz, 21°C, TMS): 6 =6.15 (m, 1H; C(3)H), 5.88 (m, 1H;
C(2)H), 3.77 (s, 3H; Me), 2.55 (m, 1H; C(4)H,,), 2.32 (m, 2H; C(4)H,,,;»
C(5)H,,;), 1.92 (m, 1H; C(5)H,,,); *H NMR (CHCl;, 61 MHz, 21°C,
CDCl): 6=5.58 (br s, C(1)’H); “C{'H} NMR (75 MHz, CDCl;, 21°C,
TMS): d =155.6 (C=0), 138.6 (C(3)), 128.6 (C(2)), 83.9 (t, 'V (H’H)=
24 Hz, C(1)), 54.5 (CHj), 31.1 (C(4)), 29.6 (C(5)). Note: Chromatography
on silica-gel causes scrambling of the >H label (in our case: about 17 % (+)-
y-4¢)—presumably by an ionic mechanism.

Pivaloate (+)-4d: Prepared in an identical manner to (+)-4a but with
Me;COCI. Kugelrohr distillation (oven 7=150°C, ca. 20 mmHg) gave
(£)-4d (1.82 2,92 %) as a colourless oil, TLC, 12/1 hexane/EtOAc, R; =0.5.
H NMR (CDCl,, 270 MHz, 21°C, TMS): 6 =6.1 (m, 1H; C(3)H), 5.8 (m,
1H; C(2)H), 2.5 (m, 1H; C(4)H,),), 2.3 (m, 2H; C(4)H,,,,, C(5)H,,,), 1.75
(m, 1H; C(5)H,,,), 1.2 (s, 1H; C(CHs);); °H NMR (CHCl, 46 MHz, 21°C,
CDCly): 6=5.6 (br. s, C(1)’H); *C{'H} NMR (75 MHz, CDCl;, 21°C,
TMS): 6 =178.6 (C=0), 1372 (C(3)), 129.4 (C(2)), 89.9 (t, 'J (H.H)=
24 Hz, C(1)), 38.6 (C(CH,),), 31.1 (C(4)), 29.7 (C(5)), 272 (C(CHa),).

4,4'-[*H,]-biphenyl: This was prepared from 4-[?H,]-chlorobenzene (90.4 %
?H) by homocoupling® and purified by vacuum sublimation (65°C,
0.1 mmHg), m. p. 69-72°C, '"H NMR (CDCl; , 400 MHz, 21 °C, TMS): 6 =
767 (d, 3J(HH)=76 Hz, 4H; C(2,2)H), 7.50 (d, 3/(H,H)=7.7 Hz, 4H;
C(3,3")H); *C NMR (CDCl;, 100 MHz, 21°C, TMS): 6 =141.0 (C(1,1')),
1284 (C(3,3)), 1270 (C(2,2') arom.), 126.8 (t, 'J (H,H)=24Hz,
C(4,4)[*H]); *H NMR (CHCI;, 61 MHz, 21°C, CDCl;): d =7.50 (br. s,
C(4,4')Y’H).

Preparation of ligands

2-(Diphenylphosphino)benzoic acid 16: This was prepared according to a
procedure in Inorganic Syntheses. In our hands this method gave 16 with
one equivalent MeOH of crystallisation which must be removed [100°C,
0.1 mmHg, 12 h] before preparation of 3. Selected analytical data for 16:
CyoH;50,P (306.30): caled: C 74.51, H 4.94; found C 74.67, H 4.95. 3'P NMR
(CDCl;, 122 MHz, 24°C): 0 = —4.1 (s).

Ligand 3 (R,R)-3 and (£)-3: These were prepared by a modification of the
literature procedure.’ Thus, a solution of (1R, 2R)-trans-1,2-diaminocy-
clohexane (400 mg, 3.5 mmol) in CH,Cl, (5 mL) was added to a solution of
16 (2.25 g, 7.35 mmol) and DMAP (4.9 mg, 0.04 mmol) in CH,Cl, (40 mL).
After addition of EDCI (1.57 g, 8.21 mmol) the slightly cloudy yellow
solution was stirred at 25°C for 2 h45 min and then partitioned between
Et,0 (200 mL) and 1M HCI (ca. 50 mL). The organic phase was separated,
washed sequentially with a further two portions of 1M HCI (ca. 50 mL),
water (50 mL), three portions of 1M NaHCO; (ca. 50 mL), water (50 mL)
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and saturated brine (50 mL). After the mixture had been dried (MgSO,),
the solvent was removed in vacuo and the residue crystallised from MeCN
and dried in vacuo (50°C, 0.1 mmHg). Ligand (R,R)-3 (2.8 g, 55%) was
obtained as a white crystalline mass. [a], =61 (¢ =2.3, CH,Cl,, 21°C; ref.
[54] [a]lp =55, ¢ =2.85, CH,Cl,); CyyHy,N,O,P, (690.76): caled: C 76.51, H
5.84, N 4.06; found C 76.49, H 5.95, N 4.17. 3'P NMR (CDCl;, 122 MHz,
24°C): 0=—9 (s). MS (EI): m/z (%): 691 (12) [M*] 612 (4), 535 (3), 387
(12), 304 (100), 288 (30), 226 (36), 183 (28), 84 (55). The minor (S,S)-
enantiomer of 3 could not be detected by chiral HPLC. (£ )-3 was prepared
in an identical manner.

PO-ligand 17: This was prepared from 16 (0.35 g, 1.14 mmol) in an identical
manner to 3 but using fert-butylamine (0.110 mg, 1.5 mmol) and recrystal-
lisation from hexane/CH,Cl, to afford 17 as white needles (150 mg, 36 % ).
M.p. 157-159°C. C»3H,,NOP (361.42): caled: C, 76.43, H, 6.69, N, 3.88
found C 76.46, H 6.37, N 3.75; 3P NMR (CDCl;, 122 MHz, 21°C): d =
—10.7 (s); '"H NMR (CDCl;, 400 MHz, 21 °C, TMS): 6 =7.62 (br. m, 1H),
7.41-731 (br. m, 7H), 7.34-7.24 (br. m, 5H), 6.87 (br. m, 1H), 5.72 (br. s,
NH), 1.19 (s, 9H; (CHj;);); BC NMR (CDCl;, 75 MHz, 21°C, TMS) 168.3
(C=0), 142.9 (d, 2J(C,P) =26 Hz, C(2)), 136.7 (C,,, PPh,), 136.5 (C(1)),
133.9(d, J(C,P) =20 Hz; C,,, PPh,), 133.8 (C(6)), 129.0 (C,,,, PPh,), 128.9
(C(4)), 128.6 (d, “J(C,P) =7 Hz; C,,,, PPh,), 128.1 (C(3)), 51.9 (C(CHa),),
28.3 (C(CH;);); MS (EI): m/z (%): 362 (0.5) [MH"] 304 (100) [M — tBuH"],
227 (35), 183 (20), 152 (6), 84 (10), 77 (14). IR (KBr) #=1635, 1538 cm™!
(C=0).

Palladium-Catalysed allylic alkylations: The following procedure for
reaction of (£)-4 with [NaCH(CO,CHj,),] catalysed by Pd(R,R)-(3) is
typical: A mixture of [Pd(7*-C;Hs)]Cl], (7 mg, 0.019 mmol) and (IR, 2R)-3
(40.4 mg, 0.058 mmol) were dissolved, under N,, in THF (0.7 mL) and
stirred at 25 °C for 20 min to afford a yellow solution. In a separate Schlenk
tube, (£ )-4a (100 pL, 0.78 mmol) was added by microsyringe to a solution
of [NaCH(CO,CHj;),] (270.3 mg, 1.75 mmol) in THF (6 mL) followed
immediately by the solution of [Pd(#*-C;Hs)(IR, 2R)-3 |7[Cl] resulting in
rapid formation of a slightly viscous yellow solution. TLC (12:1 hexane/
EtOAC) after 5 min indicated the presence of 6 (R;=0.34) and absence of
(+)-4a (R;=0.50). The reaction mixture was immediately quenched by
addition of aqueous NH,CI (10 mL, 2.65Mm) and extracted with CH,Cl, (4 x
25 mL). The combined extracts were dried (MgSO,) and evaporated to
afford a pale brown oil and solid. This was applied to a pre-solvated silica
gel column (2.5 x 25 cm) and eluted with 12:1 hexane/EtOAc, collecting
14 mL fractions (gravity column). Fractions 21 to 28 (containing material of
R;=0.34) were evaporated to afford a mixture of (1')[?H,]- and (3')[*H;]-
dimethyl (2'-cyclopentenyl)methanedicarboxylate a-6 and y-6 as a colour-
less oil (136.0 mg, 88 % ). 'H NMR (CDCl;, 300 MHz, 21 °C, TMS) (2): 6 =
5.84 (dddd, 3J(HH)=5.7, 2.2, 22 “J(HH)=2.2Hz, 1H; C(3')H), 5.65
(dddd, 3J(HH) =5.7,2.2, *J(HH) =2.2, 2.2 Hz, 1 H; C(2')H), 3.37 (ddddd,
3J(HH) =81, 6.0, 5.7, 2.2 */(HH) =22 Hz, 1 H; C(1')H), 3.74 (s, 6 H; 2 x
CHs), 3.28 (d, *J(H,H) =5.7 Hz, 1H; C(1)H), 2.35 (m, 2H; C(4)H,), 2.13
(dddd, %J(H,H) =12.7,%J(H,H) =8.1,8.1,5.7 Hz, 1H; C(5')H,,), 1.59 (dddd,
2J(H,H)=12.7, 3J(H,H) =8.6, 6.0, 6.0 Hz, 1H; C(5)H,,,); “C{'H} NMR
(CDCl;, 75MHz, 21°C, TMS) (a-6): 0=1689, 168.8 (2C=0), 132.8
(C(3)), 131.05 (C(2")), 56.3 (C(1)), 52.1, 52.0 (2CH,), (44.8 (t, J(H*H) =
21 Hz, C(1")), 31.5 (C(4)), 27.5 (C(5')); (y-6): 0=168.9, 168.8 (2C=0);
132.5 (t, Y(H*H)=25Hz, C(3)), 131.0 (C(2')), 56.4 (C(1)), 52.1, 52.0
(2CHs;), 44.2 (C(1")), 31.4 (C(4)), 274 (C(5)); ((£)-2): 6=168.9, 168.8
(2C=0), 132.7 (C(3)), 131.11 (C(2')), 56.4 (C(1)), 52.1, 52.0 (2CH,), (45.2
(C(1")), 31.5 (C(4)), 27.4 (C(5)); 2H NMR (CHCl,, 46 MHz, 21 °C, CDCL,):
0=>5.85 (br. s, C(3')*H; y-6), 3.34 (br. s, C(1')*H; a-6) ratio a/y =0.55/0.45.

Analysis of regioisotopomeric enantiomers of 6 by *C NMR spectroscopy:
aly-6 (40 mg, 0.20 mmol) was dissolved in C,Dys (0.70 mL) and then
(+)Eu(hfc); (132.0 mg, 0.11 mmol) added to give a clear bright yellow
solution. The enantiomer ratios of the isotopomers were estimated by
integration of the “C{'H, 2H} NMR (150 MHz, C¢Ds, 25°C) spectrum
acquired with a five second delay (d1) between [pulse-FID]. A 3.2 ps pulse
was applied with a 0.999 second accumulation time and a total of 512
transients acquired. A shifted sine-bell squared weighting was applied
before Fourier transform and integration was by cut and weigh. The {'H,
’H} decoupling coils were switched off during d1 and on during
accumulation time. A correction factor for each carbon signal was
estimated by use of a 1.02/1.00 sample of racemic a-6/y-6 and then applied
to the integral values of the reaction samples of interest. The following
relative integrals (%) were obtained: (S)-a/y-6 (70%) 54.06, 53.57
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((CO,CH,),); (R)-aly-6 (30%) 53.86, 53.72 ((CO,CHa),); (S)-a-6 (38%)
33.63 (C(4)), 30.79 (C(5)); (R)-a-6 (32%) 33.33 (C(4')), 30.37 (C(5)), (S)-
y-6 (12%) 33.51 (C(4)), 30.91 (C(5")), (R)-y-6 (18 %) 33.21 (C(4)), 30.49
(C(5)). Analysis by BC{'H} NMR (100 MHz, C,Dg, 21°C) gave similar
results (£ 1%).

Time-course studies: The following procedure is typical: A mixture of
[Pd(7*-C;H;)]Cl], (3.6 mg, 9.8 umol) and (+)-3 (20.4 mg, 29.5 umol) were
dissolved, under N,, in THF (3 mL) and stirred at 25°C for 20 min. In a
100 mL Schlenk tube, (+)-4a (500 pL, 3.94 mmol) was added by micro-
syringe to a solution of [NaCH(CO,CHj;),] (607 mg, 3.94 mmol) and 4,4'-
[2H,]-biphenyl (353 mg, 2.26 mmol) in THF (36 mL). The solution of
[Pd(*-C;H;5)(+)-3 |*[Cl]~ was then rapidly transferred (with the aid of a
further 1 mL THF) to the reaction mixture and then the first sample
(5.6 mL) removed by syringe (within 5 s from addition of catalyst solution).
The sample was immediately quenched into 10 % aqueous NH,Cl (50 mL).
After extraction with three portions of CH,Cl, (10 mL), the combined
extracts were dried (MgSO,) and concentrated in vacuo (35°C, 20 mmHg,
2 h to remove (= )-4a (checked by TLC), the residue (essentially a mixture
of (£)-6, 4,4'-[*H,]-biphenyl and CH,(CO,CH,),) was dissolved in CHCl,
(containing 1% CDCI, and freshly filtered through alumina) and analysed
by 2H NMR (61 MHz). This indicated 2.8% conversion by integration of
the ?H signals arising from 4,4'-[?H,]-biphenyl, a-6 and y-6. A further six
samples were taken at 8, 23, 36, 52, 82 and 237 minutes, worked up and
analysed in an identical manner.

Recovery of (+)-4 and (£ )-5 under turnover and non-turnover conditions:
Reactions performed as detailed above were monitored by TLC until about
50% conversion then rapidly worked up and substrate/product isolated by
silica gel chromatography. Thus from (& )-4a was obtained: (+)-4a (67 mg,
42 %) *H NMR (CHCl;, 61 MHz, 21 °C, CDCly):  =6.11 (< 2%, C(1)*H),
5.7 (br. ,>98% C(1)*H) and (+)-6 (136 mg, 55%), 2H NMR (CHCI;,
61 MHz, 21°C, CDCL;): 6 =5.85 (br. s, 19%, C(3')*H; y-6); 0 =3.34 (br. s,
81%, C(1')’H; a-6). From (£)-5b (16% recovery): “C{'H} NMR
(100 MHz, C¢Dy, 21°C): 6 =81.230 (10%) (s, C(1)-°O) 81.195 (90%) (s,
C(1)-*0) and (£)-2 (61% yield). From (+)-5a (20% recovery): BC{'H}
NMR (100 MHz, C¢Dy, 21°C): 6 =80.40 (11 %), (s, C(1)-1°O), 80.37 (89 %)
(s, C(1)-'%0) and (+)-2 (42 % yield). For non-turnover conditions, reactions
were performed with a 0.85/1.0 mole ratio of [NaCH(CO,CHs;),| to (+)-4
or (+)-5. Thus from (+)-4a: (9% recovery) H NMR (CHCl;, 61 MHz,
21°C, CDCl;) 6.11 (ca. 50 %, C(3)*H), 5.7 (br. s, ca. 50 % C(1)*H)) and (£ )-
6 (20% yield) *H NMR (CHCl;, 61 MHz, 21°C, CDCl;): 6 =5.85 (br. s,
21%, C(3')*H; y-6); 3.34 (br. s, 79%, C(1')*H; a-6). With (£)-5b: (28 %
recovery) PC{'H} NMR (100 MHz, C¢Dg, 21°C): 6 =81.195 (ca. 48%) (s,
C(1)-*0), 81.230 (ca. 52%) (s, C(1)-'°0O) and (£)-2 (58 % yield).
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Tripod — Tripod Coupling of Triazides with Triphosphanes.
The Synthesis, Characterization, and Stability in Solution of New Cage

Compounds: Chiral Macrobicyclic Triphosphazides

Mateo Alajarin,* Antonia Lopez-Lazaro, Angel Vidal, and José Berna

Dedicated to the memory of Derek H. R. Barton

Abstract: Several examples of a new
type of cage compound, chiral macro-
bicyclic triphosphazides 15, have been
prepared by tripod —tripod coupling of
tris(2-azidobenzyl)amines with 1,1,1-
tris[ (diphenylphosphino)methyl]ethane
(triphos). The structure determination
of C; or pseudo-C;-symmetric com-
pounds 15 revealed their propellerlike
topology, which accounted for their

the three phosphazide units, and a new
conformation of the triphos fragment.
Compounds 15 decomposed in solution
with a phosphane arm-off mechanism, to
give rise to complex mixtures instead of
the expected tri-A3-phosphazenes. The

Keywords: azides - cage compounds
- chirality - macrocycles - phospha-
zides

stability of 15 in solution was enhanced
by the quaternization of the bridgehead
nitrogen atom in the form of an N-oxide.
Substituents either in the ortho position
to the N termini of the phosphazide
units or on the benzylic carbon atoms
contributed to a decrease in the stability
of macrobicycles 15, and in some cases
even prevented their preparation.

chirality, the rare Z configuration of

Introduction

Control of self-organization at the molecular level is a field of
major interest in molecular design and engineering. Molec-
ular self-assembly, defined as the evolution towards spatial
confinement through spontaneous connection of a few compo-
nents, resulting in the formation of discrete entities at the
molecular, covalent level 'l is in fact a special type of synthetic
procedure in which several reactions between several re-
agents occur in one experimental operation to yield the final
covalent structure. Molecular self-assembly requires firstly
complementary components containing two or more inter-
action sites capable of establishing multiple connections, and
secondly the reversibility of the connecting events in order to
allow the full exploration of the energy hypersurface of the
system.]

Several synthetic strategies may be devised for the con-
struction of macrobicyclic systems. The more direct one is
tripod —tripod coupling, a molecular self-assembly process
that requires the formation of three bonds in a single step.®! A

[*] Dr. M. Alajarin, A. Lopez-Lazaro, Dr. A. Vidal, J. Berna
Departamento de Quimica Organica
Facultad de Quimica, Campus de Espinardo
Universidad de Murcia, E-30071 Murcia (Spain)
Fax: (+34)968-364149
E-mail: alajarin@fcu.um.es

2558

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

major drawback of tripod —tripod coupling is the occurrence
of extensive side reactions which minimize the yield of the
expected bicyclic product. Only in limited cases™ have such
processes been carried out in synthetically useful yields,
provided that a fine tuning of reagents, reactions, and
conditions could be achieved.

The imination reaction of tervalent phosphorus derivatives
with organic azides is known as the Staudinger reaction. In
its classical form, the Staudinger reaction is a two-step process
involving the initial electrophilic addition of an azide to a P™
center followed by dinitrogen elimination from the inter-
mediate phosphazide (R!);PN;R? giving the A°-phosphazene
(R");P=NR2. The primary imination products, phosphazides,
have only been isolated in a few instances.’®! The X-ray
structural data of seven phosphazidesl revealed the essen-
tially zwitterionic character of the PN; framework
(P*—N=N-N~) and the almost exclusive E configuration of
the central N=N bond.

In a previous communication!” we reported the preparation
of the first two examples of chiral Cs;-symmetric, macro-
bicyclic triphosphazides by a coupling reaction between two
tripodal subunits by means of triple P— N bond formation in a
Staudinger reaction, and without recourse to high-dilution
conditions. Such an unprecedented type of cage compound®
was shown to possess very rare, intracyclic PN; units of Z
configuration, propellerlike topology, and a new conforma-
tion of the tripodal phosphane fragment.
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Scheme 1. Synthesis of Cs-symmetric triazides 6 and 7. Reagents and conditions: i) NaNO,, dil. H,SO,, 0°C, 30 min, then NaNj, 25°C, 16 h; ii) SOCl,,
CH,Cl,, 0°C, 3 h; iii) lig. NHj3, sealed tube, 25°C, 48 h; iv) mCPBA, CHCl;, 25°C, 4 h; v) Nal, acetone, 25°C, 12 h; vi) 3, dioxane, reflux, 4 h, then Et;N,

25°C,2h.

Here we report on the preparation and spectroscopic
characterization of a variety of C; and pseudo-C;-symmetric
macrobicyclic triphosphazides, along with the discussion of
the structural facts that determine their availability and
stability in solution. Attempts to explore the dynamic control
of the topological asymmetry of these species by the absolute
configuration of a stereogenic carbon atom in one of the arms
of the bicyclic skeleton are also reported.

Results and Discussion

C;-Symmetric triazides 6 were prepared by standard proce-
dures, as outlined in Scheme 1, starting from the commercially
available 2-aminobenzyl alcohols 1a-d, which were convert-
ed into the 2-azidobenzyl chlorides 3 and iodides 3’ by well-
known methods. The alkylation of ammonia by the chlorides 3
gave rise to mixtures of primary, secondary, and tertiary
2-azidobenzyl amines 4, 5, and 6, respectively, in variable
yields, from which the pure components could be easily
separated by column chromatography. Although the desired

Abstract in Spanish: En este trabajo se describe la preparacion
de varios ejemplos de trifosfazidas macrobiciclicas quirales 15
por acoplamiento de especies de estructura tipo tripode: tris(2-
azidobencil)aminas y la trifosfina 1,1,1-[tris(difenilfosfino)me-
tilJetano. La determinacion estructural de estos compuestos
pone de manifiesto su topologia helicoidal, responsable de su
quiralidad, su simetria local C; o pseudo-Cs, la configuracion
Z de sus tres unidades fosfazida y un nuevo tipo de
conformacion del fragmento trifosfina. Se discuten algunos
factores estructurales que determinan su estabilidad en
disolucion.
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tertiary amines 6 were not obtained in high yields (Table 1),
the simplicity of the method allowed their preparation in
multigram amounts (with the exception of 6¢), and the major

Table 1. Synthesis of tris(2-azidobenzyl)amines 6 and their N-oxides 7.

Compound Routel? Yield [% ]!
6a A 37
B 59
6b A 40
6¢ A 0
B 27
6d A 21
7a 68
7b 87
Te 63
7d 80

[a] For an explanation of routes A and B see Scheme 1. [b] Yield of the last
step in the reaction sequence.

components of the reaction mixtures, secondary amines 5,
could be either efficiently converted into 6 by reaction with
iodides 3’ or used for the preparation of other triazides (e.g. 8,
Scheme 2). Subsequent oxidation of 6 with mCPBA yielded
N-oxides 7 in good yields.

Cs-Symmetric triazides 8 and 11, and their respective N-
oxides 9 and 12, were obtained following similar method-
ologies (Scheme 2). Thus, alkylation of 5b with iodide 3'a
yielded 8 (77 % yield), which was then oxidized to 9. The
amine 4bP! was monoalkylated with 2-azidobenzyl bromide['”]
to give 10 (also used in the synthesis of 13, vide infra), which
reacted with 3'a to give 11 and then 12 by subsequent
oxidation.

Asymmetric triazides 13 and 14 were prepared similarly
starting from the secondary amine 10 (Scheme 3).
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Scheme 2. Synthesis of Cg-symmetric triazides 8 , 9, 11, and 12. Reagents
and conditions: i) 3’a, dioxane, reflux, 4h, then Et;N, 25°C, 2h;
ii) mCPBA, CHCl;, 25°C, 4 h; iii) 2-azidobenzyl bromide, dioxane, reflux,
3 h, then Et;N, 25°C, 2 h.
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Scheme 3. Synthesis of asymmetric triazides 13 and 14. Reagents and
conditions: i) dioxane, reflux, 4 h, then Et;N, 25°C, 2 h; ii) mCPBA,
CHCl;, 25°C, 4 h.

The self-assembly of triazides 6-9 and 11-14 with 1,1,1-
tris[ (diphenylphosphino)methyl]ethane (triphos) was carried
out in diethyl ether solution at room temperature. The
resulting macrobicyclic triphosphazides 15 (Scheme 4) pre-
cipitated from the reaction medium as yellow solids and
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Scheme 4. Synthesis of macrobicyclic triphosphazides 15.

were prepared in good yields, with the exception of 15g which
could not be obtained (Table 2). In this case, the material
isolated from the reaction corresponding to entry 7 of Table 2
seemed to be oligomeric, as indicated by its 'H, ¥*C, and
3P{'H} NMR spectra.

The structure determination of compounds 15 was accom-
plished by means of their analytical and spectral data. Full
characterization of 15a and 15b was discussed in our previous
communication,”! and the X-ray structure analysis of 15b was
described; it is shown here for convenience (Figure 1).

Selected physical data of the new triphosphazides 15¢, 15e,
15i, 15k, and 15m/15m’, as well as the triphosphazide N-
oxides 15d, 15f, 15h, 15j, 151, and 15n/15n’ were essentially
coincident with those of the previously reported 15a and 15b,
respectively (Table 3). For this reason, tridimensional ar-
rangements of the new compounds 15 prepared here were
assumed to be similar to that of 15b, which has been
unequivocally determined by X-ray analysis: a propellerlike
shape, with the X, oxygen, or lone pair (/p), and CH; groups
on the bridgehead atoms directed away from the bicyclic
cavity, and with three zwitterionic phosphazide units P+—
N=N-N" of Z configuration around the central N=N bond,
which is s-cis in the P=N—N=N canonical form.

The simplicity of the NMR data of C;-symmetric 15a—-fand
15h indicates high symmetry. The ¥P{'"H} NMR spectra of
these compounds show only one singlet at = —2.56 to 1.34,
shifted 25-30 ppm downfield relative to that of the phos-
phane triphos 8 = —273,'1 in accordance with previous
reports on acyclic phosphazides.'l In the 'H and “C NMR
spectra only one set of signals is observed for the three
equivalent arms of the bicyclic structure. The methylene
protons of the CH,N and CH,P groups are magnetically
inequivalent in the 'H NMR spectra, as a consequence of their
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Table 2. Synthesis of macrobicyclic triphosphazides 15.

Entry Triazide R! R? R3 R* R’ R® X Product Yield [%]
1 6a H H H H H H Ip 15a 66
2 7a H H H H H H o 15b 85
3 6b CH; H CH; H CH, H Ip 15¢ 98
4 7b CH; H CH; H CH, H o 15d 95
5 6c Cl H Cl H Cl H ip 15¢ 42
6 Tc Cl H Cl H Cl H o 15¢ 73
7 6d H CH, H CH; H CH; ip 15¢ 0
8 7d H CH,; H CH; H CH; (0] 15h 27
9 8 CH; H CH; H H H Ip 15i 41
10 9 CH; H CH; H H H o 15j 88
11 11 CH; H H H H H ip 15k 57
12 12 CH;, H H H H H o 151 75
13 13 Cl H CH; H H H Ip 15m/15m’ 60
14 14 Cl H CH; H H H o 15n/15n’ 93
Table 3. Selected NMR data of compounds 15.
Com- 'H NMR 3C NMR SP{'H} NMR
pound CH,C CH,N CH,P CH;C CH;C CH,N CH,P P
15a —0.13 3.66 3.92 26.36 40.64 55.61 36.51 1.34
388 424
15b —0.03 418 3.85 25.66 4033 66.74 3710 —1.41
496 4.10
15¢ —0.13 3.66 3.92 2643 40.70 55.62 36.60 —0.01
3.86 423
15d —0.06 4.14  3.80 25.79 4039 66.69 3740 —1.44
489 4.07
15e —0.15 3359 3.92 26.41 40.69 54.75 36.90 0.44
382 414
15¢ —0.06 485 3.75 25.81 4038 65.13 3750 —-1.22
4.16-3.96
15h —026 393 4258 2621 39.80 64.94 3715 —2.56
5.12
15i —0.12 4.25-3.65 26.38 40.64 55.46 36.56 0.011
55.54 0.39
55.77
15j —0.04 4.93-3.76 25.73 4034 66.58 3728  —1.460
66.70 -1.36
b) 66.78
15k —-0.12 4.32-3.59 2644 40.72 55.50 36.60 0.03
55.721l 0.36
151 —0.03 4.95-3.79 25.67 4031 66.62 3711 —1.49
66.68 —1.400
66.80
15m/15m’ —0.13 4.25-3.50 2643 40.69 54.98 36.62 —027
© 55.17 -021
55.19 0.141
55.35lal 0.90
55.66 1.04
150/15n" —0.05 5.00-3.60 25.77 4037 67.00-66.00 3740 —1.73
—1.63
—1.50
-1.37
—0.93
—0.91

Figure 1. a) Molecular structure of compound 15b; b) a perspec-
tive view as projected along the threefold axis.

diastereotopic nature, and accounting for the chirality of these

propeller-shaped compounds (see Figure 1b).

In the '"H NMR spectra of compounds 15 described here,
the protons of the pivotal CH; group appear as a broad singlet

Chem. Eur. J. 1998, 4, No. 12

[a] Signals of double intensity.

at 6 = —0.26 to — 0.03, notably shifted upfield relative to those
in the phosphane (6 =0.95[11), contrary to the diastereotopic
CH,P protons appearing at 6 =3.50-4.25, which are shifted

downfield from those in the phosphane (6 = 2.48['1). This data

differs from that of most known triphos—transition metal
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complexes, where these protons appear in the ranges 6 =
1.12-2.09 (CH,) and 6 =2.06—2.78 (CH,P).['¥l The explan-
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ation for the peculiar chemical shifts of the protons belonging
to the triphos fragment of compounds 15 stems from the
unusual conformation of this subunit in the macrobicyclic
triphosphazides, which resembles a normal umbrella instead
of the characteristic inverted umbrella conformation found in
all the known triphos complexes in which the ligand is
coordinated in a n3-fashion.

Ph
%, P
75~
»
) — P IE | CHs
7, > = P
PR N \J PP A
Ph CHs CHj Ph
CHgz-out CHgz-out CHs-in

"normal umbrella” "inverted umbrella”

To the best of our knowledge, this normal umbrella
conformation has no precedents and thus accounts for the
shielding of the CHj; protons by the three pseudoapical (vide
infra) PhP groups (C17-C22, Figure 1a) and the deshielding
of the CH,P protons by the remaining three pseudoequatorial
PHhP rings (C23 - C28). In this context, the CH; carbon atom of
15 is also shielded in the *C NMR spectra (6 =25.66-26.44,
0=29.5 and 36-40 in the phosphane and its complexes,
respectively).l'> 13l Those relevant NMR shifts may be of
diagnostic value for this new type of conformation of the
triphos fragment.

Neither bicyclic compounds incorporating a triphos frag-
ment nor 7>-monometallic triphos complexes showing a CH;-
in conformation have been reported to date. An open-chain
trimetallic complex incorporating a CH;-in triphos unit has
recently been characterized.!'¥

With respect to the conformation of the triphos fragment,
the inspection of the X-ray crystallographic data of 15bl"!
reveals short atomic contacts H—C(sp?) (2.95 and 3.01 A)
between the pivotal methyl hydrogen atoms and the n-face of
the pseudoapical phenyl groups. These values are in the range
of interatomic distances that give rise to stabilizing [CH --- ]
interactions,'*! which probably play a role in the preorganiza-
tion of triphos in the self-assembly process leading to 15, as
well as in the stability of the resulting products.

In the '"H NMR spectra of triphosphazide N-oxides 15 (X =
O) the aromatic protons in the ortho position to the CH,N
sidechain appear with considerable downfield shifts (6 ~9.0),
as a result of the through-space deshielding effect of the
oxygen atom. Similar effects have been reported before, as is
the case of the half-cage alcohol and the corresponding
alkoxidel'l represented in Scheme 5.

In the BC NMR spectra of compounds 15, the two phenyl
rings linked to each phosphorus atom are magnetically
inequivalent, and show notable differences in the 'J(C,P)
coupling constants for their two ipso carbons (see Experi-
mental Section). This fact is a consequence of the environ-
ment of the phosphorus atoms,”] which causes the differ-
entiation of the two PhP rings: one pseudoapical (C17-C22,
Figure 1a) and the other pseudoequatorial (C23 - C28).

As expected, the NMR data of triphosphazides 15i—mn,
which lack the C; symmetry axis, are more complex than those
of the C;-symmetric 15a—f and 15h. Compounds 15i-1, with
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Ha  HeOH Ha HbO™
3 Hy 0.88 ppm 0 Hy 0.60 ppm
Hp 3.55 ppm Hp 5.28 ppm
R? R?
He He
0 ?,
R2 Ny R2 Ny

5 Hg < 7.50 ppm 6 Hg 8.85-9.13 ppm

Scheme 5. Downfield shifts of protons resulting from through-space
deshielding effects of oxygen atoms in 'H NMR spectroscopy.

only two chemically identical arms, exhibit two singlets in a
2:1 intensity ratio in their ¥P{'"H} NMR spectra. The 'H and
BC spectra of these bicyclic compounds disclose the diaster-
eotopicity of the two chemically equivalent arms, and there
are separate signals for some of their atoms (see Table 3 and
Experimental Section).

Entries 13 and 14 of Table 2 merit special consideration.
The triphosphazides derived from the constitutionally chiral,
racemic amine 13 and N-oxide 14, like the rest of the chiral 15
prepared in this work, have been obtained in racemic form
but, in these two last cases, as an approximately equimolecular
mixture of two diastereoisomers in each case, 15m/15m’ and
15n/151’, respectively. The two diastereoisomers were not
separated from their mixtures but analyzed as such, and the
diastereomeric composition of the product mixtures (1:1) was
deduced by NMR spectroscopy. Their 3P{H} NMR spectra
show six singlets of equal intensity which correspond to the
three inequivalent phosphorus atoms of each diastereoisomer.
The equimolecular diastereomeric composition of the mix-
tures could also be inferred from some regions of their 'H and
3C NMR spectra, such as the CH,N signals in the "C
spectrum of 15m/15m’ and in the range 6 =8.7-9.2 in the 'H
spectrum of 15n/15n’.

From a dynamic stereochemical point of view, the trans-
formations 13 —15m/15m’ and 14 —15n/15n’ took place
without any diastereoselectivity. This was not unexpected, as
one could hardly imagine how the chirality of the benzyl
amines 13 and 14, which results from the different substituents
Cl, CH;, and H at the 5,5, and 5" positions (far away from the
cavity of the macrocyclic products), would influence the
helicity of the self-assembled products.

The conformational rigidity and stability in solution of
compounds 15a and 15b were discussed in the communica-
tion preceding this paper.’l The new compounds 15 prepared
here have similar properties: i) they do not experience
significant, dynamic processes in CDCl; solution at room
temperature, as their 'H NMR spectra did not change
on cooling to 203 K; ii) triphosphazides 15 (X=Ip) are
instable in CDCI; solutions at room temperature; they
totally decompose in less than 24 h (as monitored by NMR)
to give intractable mixtures, and iii) triphosphazides 15
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o- 0=~ 1.0, close to the one of pure 15a,

"arm off" Q\/g ., @ ,{l’f' which we attributed to the non-
dissociated phosphazide functions.
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Scheme 6. Mechanistic proposal for the decomposition of compounds 15 (X =

and for the preparation of tri-A>-phosphazene 16.

(X=0) are notably more stable; they remain unchanged
in CDCl; solution at room temperature after several
weeks; high-temperature 'H NMR experiments (CDCls,
from 298 to 330 K) showed no changes in their normal
spectra.

From this data, as well as from the spectral characteristics of
15, two consequences could be concluded. Firstly, the
propellerlike shape of the chiral macrobicycles is retained in
solution in the range of temperatures studied, and enantio-
merization processes via labile conformations with local C,
symmetry could be discarded. Secondly, the lability of 15
(X=Ip) in solution could be favored by the pyramidal
inversion of the bridgehead nitrogen atom, given that its
quaternization in the form of the N-oxides 15 (X=O0)
resulted in greater stability.

We reasoned that the lability of 15 (X = /p) in solution could
result from the initial dissociation of one phosphazide
function into phosphane and azide, promoted by the simulta-
neous inversion of the pivotal nitrogen atom (Scheme 6). This
step is slightly reminiscent of the phosphane arm-off mech-
anism operative in some #’-triphos—metal complexes by
which one phosphane arm temporarily detaches from the
metal.l'’l Moreover, some phosphazides have been reported
to equilibrate in solution with their phosphane and azide
counterparts.'l. We have obtained some experimental evi-
dence that support, although not conclusively, the proposed
mechanism.

FT-IR experiments on aliquots of a CDCl; solution of 15a
at room temperature after one hour displayed absorptions
near ¥ =2100 cm~!, which may be attributed to the N5 group
of the split PN; unit. Similarly, ¥P{'H} NMR spectra
contained one singlet at 6 = —27.1, which is in the range of
the phosphane P atoms, along with some others signals at

Chem. Eur. J. 1998, 4, No. 12
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After 10h both regions of the
spectrum contained plenty of sig-
CHs nals.

The addition of 3 equivalents of
triphenylphosphane to a solution of
triphosphazide 15a in CDCI; under
gentle refluxing led to the quantita-
tive formation of tri-A3-phospha-
zene 16, which was identical to a
sample prepared by reaction of
triazide 6a and PPh;, along with
an equivalent amount of triphos
(Scheme 6).

This result accounted for the
6a dissociation, in solution, of the
phosphazide functions of 15a, thus
allowing the Staudinger reactiont!
of the so-formed azido groups with
the externally added phosphane
PPh;, and the extrusion of dinitro-
gen from the new phosphazide units
to complete the formation of 16. To
our knowledge, such interchange of
phosphane fragments in phosphazides has no precedent in the
chemical literature.

With regard to the factors that govern the stability of 15 in
solution, the unsuccessful attempt to prepare triphosphazide
15g was illustrative. We rationalized this failure to be a
consequence, presumably, of the instability of the expected
product 15g, and taking account of the low stability of its N-
oxide analogue 15h. Unlike the rest of the triphosphazide
N-oxides 15 (X = O) in Table 2, which were stable in solution,
compound 15h decomposed in CDCI; solution at room
temperature in less than 6 h. These particular properties of
15g and 15h when compared with the other compounds 15
(X=Ip) and 15 (X=0), respectively, may be due to the
presence of three CHj; groups in the 3, 3, and 3" positions of
the tribenzylamine fragment, which flank the azido groups.
This might cause a twisting of the trisubstituted aromatic rings
out of the phosphazide planes, in order to avoid the steric
interference of the methyl hydrogens with the lone pair on the
central nitrogen of the PNj; units, thus preventing the effective
conjugation of both m-systems and so enhancing the instability
of 15g and 15h. The effect of substituents R of increasing
bulkiness (H<CH;<I) at the 6-position in the upfield
shifting of the methyl protons in the 'H NMR spectra of
2-methyl-6-R-substituted azobenzenes!" has been rational-
ized in similar terms (N-aryl twisting), as summarized in
Scheme 7.

In this context, the observed chemical shift of the 3,3 3"-
(CHj;); protons in the 'H NMR spectrum of 15h, 6 = 1.71, may
be indicative of the N-aryl twisting proposed above to explain
its instability in solution.

With the aim of obtaining more information on the effect
that substituents in the ortho position to the -N;P groups have
on the stability of triphosphazides 15, we synthesized triazides

3 PPh3 CsHe,

80%

Ip) in CDCl; solution,
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Scheme 7. N-Aryl twisting in triphosphazides 15g, 15h, and azobenzenes
caused by the steric interference of ortho substituents.

18 and 19 by standard methods, starting from the azidobenzyl
chloride 3d (Scheme 8). Both triazides, possessing only one
methyl group in the ortho position to the azido groups,
coupled efficiently with triphos to yield the new macrobi-
cycles 20 and 21.

The stability in solution of these two triphosphazides was
studied by 'H and *'P{'H} NMR spectroscopy in CDCl; at
room temperature. The stability of compound 20 is similar to
all the previously described 15 (X = Ip); it totally decomposed

i)
HaC cl _—

N3 N3 o

3d 17 Phth= i;@

o}

QN&U@

-2
Z

X=Ip, 51%

21 X=0, 52%

Scheme 8. Synthesis of triphosphazides 20 and 21. Reagents and conditions: i) Potassium phthalimide
(KNPhth), DMF, 80°C, 12 h; ii) N,H,-H,O, EtOH, reflux, 3 h; iii) 3'a, dioxane, reflux, 4 h, then Et;N,

25°C, 2 h;iv) mCPBA, CHCL;, 25°C, 4 h; v) triphos, Et,0, 25°C, 2 h.
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in less than 24 h. In contrast, 21 is approximately as stable as
the other 15 (X =0) compounds discussed above, with the
exception of 15h. These qualitative results indicate the
negligible effect of one methyl group ortho to the -N;P
functions on the stability in solution of the macrobicyclic
tris(phosphazide)s.

On the other hand, Canary et al. recently reported the
preparation of coordination complexes with propellerlike
chirality and C;-symmetrical arrangements, derived from the
tripodal ligand tris(2-pyridylmethyl)amine (TPA).% Surpris-
ingly, they found that the presence of an alkyl substituent on
the sp® carbon atom of one arm of the ligand, in for example
amine a-MeTPA, gave rise to coordination complexes in
which the sense of twist (/A or 4) of their helical asymmetry
was dictated by the configuration of the chiral carbon atom (R
or S, respectively). A similar effect has been observed in the
preparation of a helical Rh! complex of the new tripodal
ligand 1,3-bis(diphenylphosphino)-2-[ (diphenylphosphino)-
methyl]-1-phenylpropane (heliphos).!

N Ph
AN / PhoP PPh,
. I N“"“N \
R \’Q PPh,
TPA (R=H) heliphos
a-MeTPA (R =CHjy)

With these results in mind, we prepared racemic triazide 23,
which bears a methyl substituent on a benzylic carbon, by
dialkylation of the known amine 22P(Scheme 9).

We hoped that the methyl group of triazide 23 would
control the topological asymmetry of the triphosphazide,
which would result from its self-assembly with triphos, to give
rise to predominantly one of the two possible diastereoiso-

meric macrobicycles. Unfortunate-
ly, 23 did not couple efficiently with
/QVNHZ triphos either under standard con-

HsC o .

ditions (room temperature, diethyl

No ether) or at lower temperatures;
4d these reactions always yielded un-
characterized oligomers. This fail-

il ure, obviously associated with the

presence of the methyl substituent,
may be caused either by the ther-
modynamic instability of the puta-
tive triphosphazide, due to the
methyl group placed in the steri-
cally congested interior of the cav-
ity, or by the lower population of
the optimally reactive conformer of
23 for the self-assembly reaction
when compared with the unsubsti-
tuted tribenzylamine 6a./??

In contrast to all phosphazides
reported hitherto, the macrobicyclic
triphosphazides 15, 20, and 21 did
not extrude dinitrogen to give

18 X=1Ip
iv) Q
19 X=0
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Scheme 9. Synthesis of triazide 23. Reagents and conditions: i) 3'a,
dioxane, reflux, 4 h, then Et;N, 25°C, 2 h.

the corresponding tri-A3-phosphazenes upon heating in sol-
ution.P! Instead, such attempts gave only intractable mixtures
in which the corresponding tri-1>-phosphazenes could neither
be isolated nor spectroscopically detected, under a variety of
experimental conditions (solvent, temperature). In some way
not yet fully understood, the conformational constraints
imposed on these triphosphazides by their bicyclic skeletons
render difficult either the collapsing of the phosphazide units
to four-membered A’-triazaphosphetine rings or the Berry
pseudorotation®! at the bipyramidal phosphorus atoms of
these phosphacycles, mechanistically mandatory to translate
the N, atom from equatorial to apical position, a prerequisite
to the fragmentation of the P—N, bond that would achieve the
extrusion of dinitrogen (Scheme 10).

— - X
f — - X
N }
y N
_N
B l}l’ _ = Y
a Ns -~ B N/N\ s
C AR
Ph, I N A >pp| T
CHs a Ph CHs
- -3
- -3
AS-triazaphosphetine
pseudorotation lo
t
a f
Q\/ N —NENB N
y - Yy
Ns -
P e NS\"iP<Ph|C
7 ! T
2 |CHg o ph |CHs
3 3

Scheme 10. Mechanistic pathway for the conversion of macrobicyclic
triphosphazides into tri-A>-phosphazenes.

The inspection of molecular models of the species repre-
sented in Scheme 10 showed severe steric constraints in the
structure of the A’-triazaphosphetine initially formed, partic-
ularly that caused by the apical Ph groups and the methyl
hydrogen atoms, as well that caused by the proximity of both
methylene groups in each arm of the macrobicyclic skeleton.
The less constrained pseudorotation process at the phospho-
rus appeared to be that which involves the equatorial P-CH,
bond as a pivot, so that the resulting structure seemed more

Chem. Eur. J. 1998, 4, No. 12
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sterically congested than the former, with severe interactions
between the above-mentioned methylene groups (as a result
of the shortening of the P-N, bond), and also of the new
apical Ph groups with several atoms of the arm in their
vicinity. In the model of the final A>-phosphazene, only the
zone between the methylene carbons remained sterically
congested.

We are currently investigating which of the above con-
straints determine the inability of compounds 15 to yield tri-
A>-phosphazenes by the study of new macrobicyclic triphos-
phazides less sterically congested than 15.

Conclusions

A wide range of examples of a new type of cage compound,
chiral macrobicyclic triphosphazides, has been prepared. The
relevant structural characteristics common to these com-
pounds are:

e their propellerlike topology;

e the rare s-cis configuration of their PN; units (Z config-

uration of the P*—N=N-N~ canonical form),

o and the unusual conformation of their triphos fragments.

The stability in solution of these species has been qual-
itatively evaluated and found to be related to the following
structural factors:

e the quaternization of the pivotal nitrogen atom, in the form
of an N-oxide, increased their stability;

e the presence of substituents flanking the N termini of the
phosphazide functions decreased their stability.

The reported method is not suitable for the synthesis of
macrobicyclic tri-phosphazides substituted at the benzylic
carbon atoms. These macrobicycles did not collapse to the
corresponding tri-A3-phosphazenes in the usual way following
the Staudinger reaction; instead they decompose in solution,
through an arm-off mechanism, to give complex mixtures.

Experimental Section

All melting points were determined on a Kofler hot-plate melting point
apparatus and are uncorrected. IR spectra were obtained as Nujol
emulsions or films on a Nicolet Impact 400 spectrophotometer. NMR
spectra were recorded on a Bruker AC200 or a Varian Unity 300. Chemical
shifts are given relative to tetramethylsilane (TMS) in the case of 'H and
BC spectra and to 85% aqueous phosphoric acid in the case of 'P.
Abbreviations of coupling patterns are as follows: s, singlet; d, doublet; t,
triplet; q, quadruplet. Mass spectra were recorded on a Hewlett-Pack-
ard 5993C spectrometer (EI) or on a VG-Autospec spectrometer (FAB + ).
Microanalyses were performed on a Carlo Erba EA-1108 instrument.

Materials: Compounds 2-azidobenzyl alcohol (2a),?* 2-azido-5-methyl-
benzyl alcohol (2b),! 2-azido-3-methylbenzyl alcohol (2d),! 2-azido-
benzyl chloride (3a),*l 2-azido-5-methylbenzyl chloride (3b),”) and
2-azido-a-methylbenzylamine (23)P) were prepared following previously
reported procedures.

Preparation of 2-azido-5-chlorobenzyl alcohol (2¢): A solution of sodium
nitrite (3.30 g, 48 mmol) in H,O (30 mL) was added dropwise to an ice-
cooled solution of 2-amino-5-chlorobenzyl alcohol (5.20 g, 33 mmol) in
H,0 (40 mL) and concentrated sulfuric acid (7.3 mL). The mixture was
stirred at that temperature for 30 min. A solution of sodium azide (4.42 g,
68 mmol) in H,O (25 mL) was then added dropwise. After stirring for 16 h
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at room temperature, the precipitated solid was isolated by filtration,
washed with H,O (100 mL), air dried, and recrystallized from abs. EtOH to
give 2¢. Yield: 80 %, colorless prisms. M.p. 61-62°C; 'H NMR (200 MHz,
CDCly): 6=2.61 (brs, 1H; OH), 4.55 (s, 2H; CH,), 704 (d, J(HH)=
84Hz, 1H; H3), 725 (dd, J(HH)=84, 24Hz, 1H; H4), 735 (d,
J(HH)=24Hz, 1H; H6); "C NMR (503 MHz, CDCL): 6=060.66
(CH,), 119.16, 128.65, 128.72, 130.31 (s), 133.57 (s), 136.03 (s); IR (Nujol):
7=3211 (OH), 2123 (N;) cm~'; MS (70 eV, EI): m/z (%) =185 (7) [M*+2],
183 (22) [M*], 129 (31), 127 (100); C;HCIN;O (183.60): caled C 45.79, H
3.29, N 22.89; found C 45.41, H 3.65, N 23.09.

General procedure for the preparation of the 2-azidobenzyl chlorides (3):
Thionyl chloride (4.16 g, 35 mmol) was added dropwise to an ice-cooled
solution of the corresponding 2-azidobenzyl alcohol 2 (30 mmol) in dry
CH,CI, (40 mL) and the reaction mixture was stirred at 0°C for 3 h. The
solvent was removed under reduced pressure and the residue was purified
by column chromatography (silica gel; diethyl ether/n-hexane 1:1), to give
compounds 3 as yellow oils.

2-Azido-5-chlorobenzyl chloride (3¢): Yield: 91%; 'H NMR (200 MHz,
CDCl;): 6 =4.45 (s, 2H; CH,), 7.00 (d, J(H,H) =8.5 Hz, 1H; H3), 7.26 (dd,
J(H,H) =8.5,2.5 Hz, 1 H; H4), 733 (d, J(H,H) = 2.5 Hz, 1 H; H6); ®*C NMR
(50.3 MHz, CDCl,): 6 =40.55 (CH,), 119.44, 129.73, 129.94 (s), 130.02 (s),
130.60, 136.89 (s); IR (film): 7 =2128 (N;) cm~'; MS (70 eV, EI): m/z (%) =
206 (5) [M*+4], 204 (9) [M™+2], 202 (18) [M'], 88 (100); C;H;CLN;
(202.04): caled C 41.61, H 2.49, N 20.80; found C 41.29, H 2.22, N 21.04.
2-Azido-3-methylbenzyl chloride (3d): Yield: 78 %; 'H NMR (200 MHz,
CDCly): 6=2.42 (s, 3H; CH,), 4.63 (s, 2H; CH,), 7.00-7.24 (m, 3H);
3C NMR (50.3 MHz, CDCly): 6 =17.92 (CHj;), 42.82 (CH,), 126.16, 128.53,
131.25 (s), 132.02, 133.21 (s), 136.98 (s); IR (film): #=2130 (N;) cm~'; MS
(70 eV, El): m/z (%)=183 (61) [M*+2], 181 (15) [M*], 153 (100);
CgHCIN; (181.62): caled C 52.90, H 4.44, N 23.14; found C 53.13, H 4.81, N
22.81.

General procedure for the preparation of the 2-azidobenzyl iodides (3'):
Sodium iodide (2.85 g, 19 mmol) was added in one go to a solution of the
corresponding 2-azidobenzyl chloride 3 (13 mmol) in dry acetone (25 mL).
The reaction mixture was stirred at room temperature for 12 h. The
precipitated solid was separated by filtration. From the filtrate, the solvent
was removed under reduced pressure and the resulting material was
chromatographed (silica gel; diethyl ether/n-hexane 1:1).

2-Azidobenzyl iodide (3'a): Yield: 83 %; m.p. 85-87°C (colorless prisms
from n-hexane); '"H NMR (200 MHz, CDCl;): d =4.39 (s, 2H; CH,), 7.06
(m, 2H), 729 (m, 2H); 3C NMR (50.3 MHz, CDCl;):  =0.33 (CH,),
118.68, 125.07, 129.52, 130.28, 130.64 (s), 138.16 (s); IR (Nujol): 7#=2120
(N3) em™!; MS (70 eV, EI): m/z (%) =259 (3) [M*], 132 (100); C,H(IN;
(259.05): caled C 32.45, H 2.33, N 16.22; found C 32.31, H 2.24, N 16.37.
2-Azido-5-chlorobenzyl iodide (3'c): Yield: 86 %; m.p. 45-46°C (yellow
prisms from diethyl ether); '"H NMR (200 MHz, CDCl;): 6 =4.32 (s, 2H;
CH,), 7.04 (d, J(HH)=8.4 Hz, 1H; H3), 725 (dd, J(H,H)=8.4, 2.4 Hz,
1H; H4),7.32 (d, J(H,H) =2.4 Hz, 1 H; H6); *C NMR (50.3 MHz, CDCl,):
0 =—1.44 (CH,), 119.93,129.48, 130.12 (s), 130.45,131.96 (s), 136.82 (s); IR
(Nujol): 7=2125 (N3) cm™!; MS (70 eV, EI): m/z (%) =166 (18) [M*—1],
102 (100); C;H5CIIN; (293.49): caled C 28.65, H 1.72, N 14.32; found C
28.86, H 2.05, N 14.57.

General procedure for the preparation of tris(2-azidobenzyl)amines (6):

Route A: A mixture of the corresponding 2-azidobenzyl chloride 3
(40 mmol) and liquid ammonia (50 mL) was kept 48 h at room temperature
in a sealed tube. The excess ammonia was removed by evaporation,
followed by the addition of H,O (100 mL) and NaOH (20 mL, 2N). The
mixture was extracted with CH,Cl, (3 x 40 mL), and the organic extracts
were combined and dried over anhydrous MgSO,. The solvent was
removed under reduced pressure, and the residue, a mixture of amines 4, 5,
and 6, was separated by chromatography [silica gel; 1) ethyl acetate/n-
hexane 1:1, 2) ethanol].

2-Azidobenzylamine (4a):*" Yield: 25%.

Bis(2-azidobenzyl)amine (5a):1" Yield: 37 %.

Tris(2-azidobenzyl)amine (6a): Yield: 37%; m.p. 64—66°C (colorless
prisms from diethyl ether); '"H NMR (200 MHz, CDCl;): 6 =3.55 (s, 6 H;
CH,), 7.09 (m, 6H), 7.23 (t, J(H,H) = 7.6 Hz, 3H), 7.57 (d, J(H,H) = 7.7 Hz,
3H); BCNMR (50.3 MHz, CDCl,): 6 =52.94 (CH,), 118.04, 124.74, 128.14,
130.40, 130.86 (s), 138.40 (s); IR (Nujol): #=2128 (N;) cm~'; MS (70 eV,
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EI): m/z (%) =410 (4) [M*], 77 (100); C,,H,gN,, (410.44): caled C 61.45, H
4.42, N 34.12; found C 61.30, H 4.51, N 34.02.
2-Azido-5-methylbenzylamine (4b):) Yield: 20 %.
Bis(2-azido-5-methylbenzyl)amine (5b): Yield: 35%; '"H NMR (200 MHz,
CDCl;): 6=1.95 (brs, 1H; NH), 2.29 (s, 6H; CHj3), 3.65 (s, 4H; CH,), 6.96 -
721 (m, 6H); 3C NMR (50.3 MHz, CDCL,): 6 =20.67 (CHs), 48.85 (CH,),
11778, 128.77, 130.91, 130.95 (s), 134.24 (s), 135.19 (s); IR (film): 7= 23343
(NH), 2121 (N,) em~'; MS (70 eV, EL): m/z (%) =307 (5) [M*], 133 (100);
C,¢H 7N, (307.36): caled C 62.52, H 5.57, N 31.90; found C 62.38, H 5.45, N
32.00.

Tris(2-azido-5-methylbenzyl)amine (6b): Yield 40%; m.p. 113-115°C
(colorless prisms from diethyl ether); 'H NMR (200 MHz, CDCl;): 6 =2.31
(s, 9H; CH,), 350 (s, 6H; CH,), 6.97 (d, J(H,H)=8.1 Hz, 3H), 703 (d,
J(H,H) =8.1 Hz, 3H), 733 (s, 3H); *C NMR (50.3 MHz, CDCL): 6 = 20.95
(CH,), 53.04 (CH.), 117.80, 128.63, 130.44 (s), 131.51, 134.07 (s), 135.55 (s);
IR (Nujol): #=2122 (N5) em~!; MS (70 eV, El): m/z (%) =452 (6) [M*], 91
(100); CyHyyNy (452.52): caled C 63.70, H 5.34, N 30.95; found C 63.51, H
5.23, N 30.90.

2-Azido-5-chlorobenzylamine (4c¢): Yield: 14%; 'H NMR (200 MHz,
CDCL,): =171 (brs, 2H; NH,), 3.74 (s, 2H; CH,), 704 (d, J(H,H) =
8.4 Hz, 1 H; H3), 724 (dd, J(H,H) = 8.4, 2.4 Hz, 1 H; H4), 729 (d, J(H,H) =
2.4 Hz, 1H; H6); *C (NMR (50.4 MHz, CDCL,): 6 =42.17 (CH,), 119.24,
127.94, 128.93, 130.09 (s), 136.04 (s), 136.30 (s); IR (film): #=3375 (NH,),
3278 (NH,), 2121 (N;) cm™'; MS (70 eV, EI): m/z (%) =184 (2) [M*+2],
182 (6) [M*], 153 (100); C;H,CIN, (182.61): calcd C 46.04, H 3.86, N 30.68;
found C 45.89, H 3.59, N 30.83.

Bis(2-azido-5-chlorobenzyl)amine (5¢): Yield: 73 %; 'H NMR (200 MHz,
CDCly): 0 =3.68 (s, 4H; CH,), 7.06 (d, J(H,H) = 8.4 Hz, 2H; H3), 7.27 (dd,
J(H,H) =84, 2.3 Hz, 2H; H4), 7.35 (d, J(H,H) =2.3 Hz, 2H; H6), the NH
proton was not observed; C NMR (50.3 MHz, CDCl,): 6 =48.47 (CH,),
119.34, 128.40, 130.19, 132.94 (s), 136.83 (s), a (s) carbon was not observed;
IR (film): #=3290 (NH), 2133 (N3) cm~!; MS (70 eV, EI): m/z (%) =348
(26) [M*], 140 (100); C,,H,,CL,N; (348.19): caled C 48.29, H 3.18, N 28.16;
found: 48.45, H 3.23, N 28.31.

Tris(2-azido-5-chlorobenzyl)amine (6¢): Yield: 0%.
2-Azido-3-methylbenzylamine (4d): Yield: 12%; 'H NMR (200 MHz,
CDCly): 6=1.74 (brs, 2H; NH,), 2.30 (s, 3H; CHjs), 3.70 (s, 2H; CH,),
6.90-7.10 (m, 3H); *C NMR (50.3 MHz, CDCLy): 6 =24.86 (CHj), 42.99
(CH,), 126.01, 126.67, 130.34, 132.64 (s), 136.08 (s), 149.72 (s); IR (film): v =
3375 (NH,), 3286 (NH,), 2130 (N5) cm™!; MS (70 eV, EI): m/z (%) =162
(21) [M]; CgH (N, (162.19): caled C 59.24, H 6.21, N 34.54; found C 59.46,
H 6.02, N 34.31.

Bis(2-azido-3-methylbenzyl)amine (5d): Yield: 51 %; '"H NMR (300 MHz,
CDCl3): 6 =2.40 (s, 6H; CH3;), 3.85 (s, 4H; CH,), 7.05-7.07 (m, 4H), 7.18 -
720 (m, 2H), the NH proton was not observed; *C NMR (75.4 MHz,
CDCly): 6=18.11 (CH;), 49.85 (CH,), 125.82, 128.00, 130.38, 132.64 (s),
133.81 (s), 136.76 (s); IR (film): # =3150 (NH), 2116 (N5) cm~'; MS (70 eV,
EI): m/z (%) =307 (10) [M*], 133 (100); C;(H;N; (307.36): calcd C 62.52,
H 5.57, N 31.90; found C 62.26, H 5.60, N 31.73.
Tris(2-azido-3-methylbenzyl)amine (6d): Yield: 21 %; '"H NMR (200 MHz,
CDCly): 0 =237 (s, 9H; CHj), 3.67 (s, 6H; CH,), 7.05 (m, 6H), 7.41 (dd,
J(H,H) =72, 2.1 Hz, 3H); C NMR (50.3 MHz, CDCl;):  =17.98 (CHj;),
54.40 (CH,), 125.68, 128.22, 130.00, 132.50 (s), 132.91 (s), 136.99 (s); IR
(film): #=2114 (N5) em~'; MS (70 eV, El): m/z (%) =452 (8) [M*], 132
(100); CyyHyuNy (452.52): caled C 63.70, H 5.34, N 30.95; found C 63.49, H
5.20, N 31.13.

Preparation of (2-azidobenzyl)(2-azido-5-methylbenzyl)amine (10): 2-Azi-
dobenzyl bromidel' (0.57 g, 3 mmol) was added to a solution of 2-azido-5-
methylbenzylamine (4b, 0.65 g, 4 mmol) in dry dioxane (20 mL). The
mixture was heated at reflux temperature for 3 h. After cooling to room
temperature, triethylamine (0.40 g, 4 mmol) was added, and the mixture
then stirred for 2 h. The triethylammonium bromide was separated by
filtration, and the solvent removed under reduced pressure. The resulting
material was chromatographed (silica gel; ethyl acetate/n-hexane 2:3), to
give 10 as a pale oil.

(2-Azidobenzyl)(2-azido-5-methylbenzyl)amine ~ (10):  Yield: 39%;
'"H NMR (200 MHz, CDCl;): 6 =126 (s, 1H; NH), 2.31 (s, 3H; CHj;),
3.68 (s,2H; CH,), 3.72 (s,2H; CH,), 7.00-7.15 (m, 4H), 7.27-7.34 (m, 3H);
3C NMR (50.3 MHz, CDCl,): 6 =20.86 (CHj3), 48.97 (CH,), 49.03 (CH,),
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118.01, 118.13, 124.75, 128.46, 128.99, 130.44, 131.04 (s), 131.10, 131.39 (s),
134.49 (s), 135.40 (s), 138.26 (s); IR (film): #=2131 (N;) cm~'; MS (70 eV,
EI): m/z (%) =293 (5) [M*], 133 (100); C;sH;sN; (293.33): calcd C 61.42, H
5.15, N 33.42; found C 61.27, H 4.98, N 33.58.

General procedure for the preparation of tris(2-azidobenzyl)amines:

Route B: The appropriate 2-azidobenzyl iodide (1 mmol) was added to a
solution of the corresponding bis(2-azidobenzyl)amine (1 mmol) in dry
dioxane (20 mL), and the mixture was stirred at reflux temperature for 8 h.
After cooling to room temperature, triethylamine (0.15 g, 1.3 mmol) was
added, and the mixture was stirred for 3 h. The triethylammonium iodide
was separated by filtration. From the filtrate, the dioxane was evaporated
to dryness and the residue was purified by column chromatography (silica
gel; ethyl acetate/n-hexane 3:7).

Tris(2-azido-5-chlorobenzyl)amine (6¢): Yield: 27 %; '"H NMR (300 MHz,
CDCl,): 6 =3.50 (s, 6H; CH,), 7.00 (d, J(H,H) =8.5 Hz, 3H; H3), 7.21 (dd,
J(H,H)=8.5,2.4 Hz, 3H; H4), 7.48 (d,J(H,H) = 2.4 Hz, 3H; H6); ®*C NMR
(75.4 MHz, CDCly): 0 =53.34 (CH,), 119.22, 128.38, 130.09 (s), 130.80,
131.76 (s), 137.04 (s); IR (film): #=2131 (N;) cm~!; MS (70 eV, EI): m/z
(%) =513 (13) [M*], 102 (100); CyH;sCLN;, (513.78): caled C 49.09, H
2.94, N 27.26; found C 48.87, H 2.81, N 27.19.
Bis(2-azido-5-methylbenzyl)(2-azidobenzyl)amine (8): Yield: 77 %; m.p.
82-84°C (colorless prisms from diethyl ether); '"H NMR (200 MHz,
CDCl,): 6=2.31 (s, 6H; CH3), 3.50 (s, 4H; CH,), 3.54 (s, 2H; CH,), 6.94 -
7.55 (m, 10H); *C NMR (50.3 MHz, CDCl;): 6 =21.05 (CH3;), 53.08 (CH,),
117.89, 118.01, 124.62, 128.08, 128.74, 130.46 (s), 130.66, 130.97 (s), 131.42,
134.20 (s), 135.64 (s), 138.40 (s); IR (Nujol): #=2126 (N;) cm~'; MS (70 eV,
EI): m/z (%) =438 (6) [M*], 91 (100); CsH», N, (438.50): caled C 63.00, H
5.06, N 31.94; found C 62.86, H 4.97, N 31.99.

Bis(2-azidobenzyl) (2-azido-5-methylbenzyl)amine (11): Yield: 76 %;
'H NMR (200 MHz, CDCl;): 6 =2.31 (s, 3H; CHj;), 3.51 (s, 2H; CH,),
3.54 (s, 4H; CH,), 6.95-729 (m, 8H), 7.36 (s, 1H), 7.54-7.59 (m, 2H);
3C NMR (50.3 MHz, CDCl,): 6 =21.10 (CHj;), 52.91 (CH,), 52.98 (CH,),
117.88, 117.99, 124.66, 128.08, 128.74, 130.46, 130.81 (s), 130.86 (s), 131.14,
134.27 (s), 135.60 (s), 138.35 (s); IR (film): #=2136 cm~!; MS (70 eV, EI):
mlz (%) =424 (6) [M*],77 (100); C,H N, (424.47): caled C 62.25, H 4.75,
N 33.00; found C 62.03, H 4.61, N 33.09.

(2-Azidobenzyl) (2-azido-5-chlorobenzyl) (2-azido-5-methylbenzyl)amine
(13): Yield: 58 %; '"H NMR (200 MHz, CDCl;): 6 =2.31 (s, 3H; CH;), 3.49
(s,2H; CH,), 3.51 (s,2H; CH,), 3.54 (s, 2H, CH,), 6.96-7.27 (m, 8 H), 7.49
(dd, J(H,H) =8.4, 1.8 Hz, 1H), 7.64 (d, J(H,H) =2.4 Hz, 1H); 3C NMR
(50.3 MHz, CDCl,): 6 =19.2 (CH,), 52.65 (CH,), 53.28 (CH,), 53.34 (CH,),
117.97, 118.08, 119.04, 124.69, 127.88, 128.33, 129.00 (s), 130.15 (s), 130.46,
130.75, 131.54, 132.82 (s), 134.32 (s), 135.76 (s), 136.71 (s), 138.52 (s), one
arom CH carbon and one arom (s) carbon were not observed; IR (film):
7=2129 (N;) cm~'; MS (70 eV, El): m/z (%) =458 (21) [M*], 104 (100);
C,,H,4CIN| (458.92): caled C 57.58, H 4.17, N 30.52; found C 57.63, H 4.26,
N 30.41.

General procedure for the preparation of tris(2-azidobenzyl)amine N-
oxides: A solution of mCPBA (0.26 g, 1.5 mmol) in CHCl; (20 mL) was
added over a period of 1h to a solution of the corresponding tris(2-
azidobenzyl)amine (1.5 mmol) in CHCl; (25 mL) at 0°C. The mixture was
allowed to warm to room temperature in about 4 h with stirring. The
solvent was then removed under reduced pressure and the residue purified
by column chromatography (neutral alumina; CHCI;).
Tris(2-azidobenzyl)amine N-oxide (7a): Yield: 68%; m.p. 113-115°C
(colorless prisms from CHCL/Et,0); '"H NMR (300 MHz, CDCl;): 6 =4.25
(s, 6H; CH,), 711-7.20 (m, 6H), 742 (td, J(H,H) =77, 1.6 Hz, 3H), 7.82
(dd, J(H,H) =77, 1.3 Hz, 3H); ¥C NMR (75.4 MHz, CDCl;): 6 =64.23
(CH,), 11750, 122.17 (s), 124.67, 130.64, 136.15, 139.85 (s); IR (Nujol): =
2125 (N;)em™!; MS (70 eV, EI): m/z (%)=426 (10) [M*], 77 (100);
C, H 4N, ,O (426.44): caled C 59.15, H 4.25, N 32.84; found C 58.98, H 4.12,
N 32.97.

Tris(2-azido-5-methylbenzyl)amine N-oxide (7b): Yield: 87 %; m.p. 134—
136°C (colorless prisms from CHCL,/Et,0); '"H NMR (300 MHz, CDCl;):
0=2.32(s,9H; CH;),4.19 (s, 6H; CH,), 7.06 (d, J(H,H) = 8.1 Hz, 3H; H3),
7.20 (dd, J(H,H) =8.1, 1.9 Hz, 3H; H4), 7.68 (d, J(H,H) = 1.9 Hz, 3H; H6);
3C NMR (75.4 MHz, CDCl;): 6 =20.82 (CH;), 64.47 (CH,), 117.29, 122.41
(s) 131.18, 134.34 (s), 136.50, 136.99 (s); IR (Nujol): 7 =2131 (N;) cm~'; MS
(70 eV, EI): m/z (%) =468 (11) [M*], 91 (100); C,,H,,N;,O (468.52): calcd
C 61.53, H 5.16, N 29.89; found C 61.65, H 5.01, N 29.78.
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Tris(2-azido-5-chlorobenzyl)amine N-oxide (7¢): Yield: 63%; m.p. 121 -
122°C (colorless prisms from CHCIy/Et,0); 'H NMR (300 MHz, CDCl,):
0=417 (s, 6H; CH,), 711 (d, J(H,H)=8.6 Hz, 3H; H3), 739 (dd,
J(HH)=8.6, 2.5Hz, 3H; H4), 790 (d, J(HH)=2.5Hz, 3H; H6);
BC NMR (75.4 MHz, CDCly): 6 =64.11 (CH,), 118.68, 123.57 (s), 130.25
(s), 130.91, 135.82, 138.43 (s); IR (Nujol): #=2135 (N;) cm~'; MS (70 eV,
EI): m/z (%) =254 (6), 102 (100); C,;H,;5CI3N;,0 (529.78): caled C 47.61, H
2.85, N 26.44; found C 47.49, H 2.99, N 26.52.

Tris(2-azido-3-methylbenzyl)amine N-oxide (7d): Yield: 80%; m.p. 90—
91°C (colorless prisms from CHCly/Et,0); '"H NMR (300 MHz, CDCl;):
0=247 (s, 9H; CH,), 4.40 (s, 6H; CH,), 7.08-723 (m, 6H), 7.71 (dd,
J(H,H) =73, 1.4 Hz, 3H); 3C NMR (75.4 MHz, CDCL,): 6 = 18.25 (CH,),
65.37 (CH,), 124.51 (s), 125.84, 132.45 (s), 132.74, 133.17, 138.54 (s); IR
(Nujol): #=2126 (N;) cm™; MS (70 eV, EI): m/z (%) =468 (23) [M*], 235
(100) ; Co4H,4N ;0O (468.48): caled C 61.53, H 5.16, N 29.89; found C 61.48, H
5.28, N 29.76.

Bis(2-azido-5-methylbenzyl)(2-azidobenzyl)amine N-oxide (9): Yield:
38%; m.p. 118-120°C (colorless prisms from CHCIy/Et,0); 'H NMR
(300 MHz, CDCl;): d =2.31 (s, 6H; CH;), 421 (s, 4H; CH,), 4.24 (s, 2H;
CH,), 7.04-7.86 (m, 10H); *C NMR (75.4 MHz, CDCl;): 6 =20.76 (CH3),
64.29 (CH,), 64.45 (CH,), 117.31, 117.44, 122.18 (s), 122.57 (s), 124.63,
130.48, 131.25, 134.39 (s), 136.17, 136.48, 137.02 (s), 139.79 (s); IR (Nujol):
7=2131 (N;) cm™'; MS (70 eV, EI): m/z (%) =454 (14) [M*], 118 (100);
Cy3HN O (454.50): caled C 60.78, H 4.88, N 30.82; found C 60.59, H 4.99,
N 30.77.

Bis(2-azidobenzyl) (2-azido-5-methylbenzyl)amine N-oxide (12): Yield:
26 %; m.p. 117-119°C (colorless prisms from CHCIy/Et,0); 'H NMR
(300 MHz, CDCl;): 6 =2.31 (s, 3H; CH;), 4.21 (s, 2H; CH,), 4.24 (s, 4H;
CH,), 7.05-746 (m, 8H), 7.64 (s, 1H), 7.85 (d, J(H.H)=70Hz, 2H);
BC NMR (75.4 MHz, CDCl,): 6 =20.74 (CHj3), 64.27 (CH,), 64.46 (CH,),
117.34, 11747, 122.02 (s), 122.43 (s), 124.65, 130.54, 131.30, 134.41 (s),
136.16, 136.49, 137.03 (s), 139.82 (s); IR (Nujol): #=2131 (N3) cm~!; MS
(70 eV, EI): m/z (%) =440 (12) [M], 77 (100); C,HyN,,O (440.47): calcd
C59.99, H 4.57, N 31.80; found C 60.11, H 4.48, N 31.67.

(2-Azidobenzyl) (2-azido-5-chlorobenzyl) (2-azido-5-methylbenzyl)amine
N-oxide (14): Yield: 58 %; m.p. 83—-84°C (colorless prisms from CHCl,/
Et,0); '"H NMR (300 MHz, CDCl;): 6 =2.31 (s, 3H; CH;), 4.21 (s, 2H;
CH,), 4.23 (s, 2H; CH,), 4.25 (s, 2H; CH,), 7.00-7.24 (m, 5H), 7.36 (dd,
J(H,H)=8.5,2.4Hz, 1H), 742 (t, J(HH) =79 Hz, 1H), 7.63 (d, J(H,H) =
1.5 Hz, 1H), 7.84 (dd, J(H,H) =738, 1.5 Hz, 1H), 7.93 (d, J(H,H) =2.5 Hz,
1H); C NMR (75.4 MHz, CDCl;): 6 =20.83 (CH;), 63.61 (CH,), 64.55
(CH,), 64.64 (CH,), 117.43, 117.57, 118.62, 121.73 (s), 122.12 (s), 124.06 (s),
124.82, 130.07 (s), 130.60, 130.78, 131.51, 134.62 (s), 135.74, 136.24, 136.55,
137.08 (s), 138.42 (s), 139.88 (s); IR (Nujol): 7 =2129 (N3) cm~'; MS (70 eV,
EI): m/z (%) =474 (41) [M*], 234 (100); C,,H;yCIN;,O (474.91): caled C
55.64, H 4.03, N 29.49; found C 55.47, H 4.19, N 29.40.

General procedure for the preparation of the triphosphazides (15): Two
solutions of the corresponding tris(2-azidobenzyl)amine (1.5 mmol) in
diethyl ether or CH,Cl, (10 mL) and triphos (1.5 mmol) in diethyl ether
(10 mL) were simultaneously added to a round-bottom flask containing
diethyl ether (15 mL) under nitrogen at room temperature over a period of
30 min with stirring. The resulting mixture was then stirred for 2 h. The
precipitated pale yellow solid was filtered, washed with diethyl ether (3 x
10 mL), and dried under vacuum.

Triphosphazide 15a: Yield: 66 %; m.p. 254-256°C; '"H NMR (300 MHz,
CDCLy): 6=-0.13 (s, 3H; C-CH,), 3.66 (d, J(HH)=129Hz, 3H;
CH,HgN), 3.88 (d, J(HH)=129Hz, 3H; CH,HgN), 3.92 (m, 3H;
CHHgP), 4.24 (pseudot, J(H,H), (H,P) =14.1 Hz, 3H; CH,HP), 6.90-
740 (m, 30H), 7.59 (d, J(H,H) = 7.5 Hz, 3H), 7.90 (d, J(H,H) = 8.1 Hz, 3H),
8.05-8.12 (m, 6H); C NMR (75.4 MHz, CDCL): 6 =26.36 (brs; CHj),
36.51 (m; CH,P), 40.64 (q, 2J(P,C) =4.7 Hz; C-CHj), 55.61 (CH,N), 116.71,
126.27, 127.30, 128.35 (d, 'J(P,C) =104.5 Hz; iC-PhP), 128.62 (d, J(P,C) =
83.2 Hz; iC-PhP), 128.64 (d, 3J/(P,C)=11.2Hz; mC-PhP), 128.74 (d,
3J(P,C) =11.8 Hz; mC-PhP), 130.13 (d, 2/(P,C) =9.0 Hz; oC-PhP), 130.39,
131.30 (d, ¥/(P,C) =2.9 Hz; pC-PhP), 131.86 (d, */(P,C) =2.3 Hz; pC-PhP),
13245 (d, 2J(P,C)=78 Hz; oC-PhP), 132.88 (Cl), 147.78 (C2); 3P
(121.4 MHz, CDCLy): 6 =1.34; IR (Nujol): #=1437 (C-P), 1112 (N-
P) cm~!'; MS (FAB +): m/z =1036 [MH"]; C,,Hs;N;(P; (1035.13): caled C
71.94, H 5.55, N 13.53; found C 71.62, H 5.66, N 12.74.
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Triphosphazide 15b: Yield: 85%; m.p. 270-272°C (pale yellow prisms
from CHCIy/Et,0); 'H NMR (300 MHz, CDCl;): 6 =—0.03 (brs, 3H,
CH,), 3.85 (pseudot, J(H,H), (H,P) = 14.0 Hz, 3H; CH,HgP), 4.10 (m, 3H;
CH,HP), 4.18 (d, J(HH)=13.1 Hz, 3H; CH,H;N), 4.96 (d, J(HH) =
13.1 Hz, 3H; CH,HgN), 6.90-743 (m, 30H), 8.05 (d, J(H,H)=8.4 Hz,
3H), 8.06-8.15 (m, 6H), 9.00 (d, J(H,H)=7.8 Hz, 3H; H6); “C NMR
(75.4 MHz, CDCl;): 6=25.66 (brs, CH;), 3710 (m, CH,P), 40.33 (q,
2J(P,C) =3.5 Hz, C-CHj;), 66.74 (CH,N), 116.05, 126.22, 126.44 (C,), 127.67
(d, J(P,C)=281.6 Hz; iC-PhP), 127.70 (d, 'J(P,C)=109.3 Hz; iC-PhP),
128.89 (d, ¥(P,C)=11.1Hz; mC-PhP), 129.01, 129.03 (d, 3/(PC)=
10.6 Hz; mC-PhP), 129.98 (d, 2J(P,C)=9.5Hz; oC-PhP), 131.77 (d,
4J(P,C)=3.0 Hz; pC-PhP), 132.15 (d, /(P,C)=7.6 Hz; oC-PhP), 132.21
(d, 4J(P,C)=2.3 Hz; pC-PhP), 132.48, 147.87 (C2); 3'P NMR (121.4 MHz,
CDCly): 6=—-1.41; IR (Nujol): 7=1444 (C-P), 1108 (N-P) cm™'; MS
(FAB +): m/z=1052 [MH"]; C;,H5;N,,OP; (1051.13): caled C 70.84, H
5.46, N 13.32; found C 69.84, H 5.57, N 12.72.

Triphosphazide 15¢: Yield: 98 %; m.p. 287-289°C; 'H NMR (300 MHz,
CDCl,): 6 =—0.13 (s, 3H; C-CHs;), 2.34 (s, 9H; ArCHs), 3.66 (d, J(H,H) =
12.8 Hz, 3H; CH,H;gN), 3.86 (d, J(H,H) =12.8 Hz, 3H; CH,HN), 3.92
(m, 3H; CH,HgP), 423 (pseudot, J(HH), (H,P)=143Hz, 3H;
CH,HP), 6.96 (td, J(HH)=76, 3.1 Hz, 6H), 7.05 (dd, J(HH)=284,
1.9 Hz,3H), 7.16 (td, J(H,H) = 7.8, 1.6 Hz, 3H), 7.25 - 7.44 (m, 18 H), 7.80 (d,
J(H,H)=8.1 Hz, 3H), 8.00-8.20 (m, 6H); *C NMR (75.4 MHz, CDCl,):
0=21.20 (ArCHs,), 26.43 (C-CHj,), 36.60 (m, CH,P), 40.70 (q, 2J(P,C)=
3.5 Hz;C-CH3), 55.62 (CH,N), 116.57, 128.00, 128.67 (d, *J(P,C) =11.6 Hz;
mC-PhP), 128.68 (d, 'J(P,C)=107.8 Hz; iC-PhP), 128.79 (d, *J(PC)=
11.6 Hz; mC-PhP), 128.92 (d, J(P,C)=80.6 Hz; iC-PhP), 130.30 (d,
2J(P,C)=9.1 Hz; oC-PhP), 130.55, 131.30 (d, */(P,C)=3.0 Hz; pC-PhP),
131.84 (d, “J(P,C) =2.0 Hz; pC-PhP), 132.43 (d, 2J(P,C) =7.5 Hz; oC-PhP),
132.82 (C5 or C1), 135.90 (C1 or C5), 145.73 (C2); 3'P NMR (121.4 MHz,
CDClLy): 6=—0.01; IR (Nujol): #=1442 (C-P), 1109 (N-P) cm~'; MS
(FAB +): m/z =1078 [MH"]; C4sHgN,oP5 (1077.21): caled C 72.48, H 5.89,
N 13.00; found C 72.01, H 5.69, N 12.63.

Triphosphazide 15d: Yield: 95 %; m.p. 272-274°C; '"H NMR (300 MHz,
CDCl;): 6=-0.06 (s, 3H; C-CH,), 2.32 (s, 9H; ArCHs;), 3.80 (pseudot,
J(H,H), (H,P) =14.3 Hz, 3H; CH,HP), 4.07 (m, 3H; CH,HP), 4.14 (d,
J(H,H)=13.1Hz, 3H; CH,HgN), 489 (d, J(HH)=13.1Hz, 3H;
CH,H;N), 6.96 (td, J(H.H)="77, 3.1 Hz, 6H), 7.10-7.42 (m, 21 H), 793
(d, J(H,H) =8.4 Hz, 3H), 8.05-8.13 (m, 6H), 8.85 (s, 3H; H6); *C NMR
(75.4 MHz, CDCly): 6 =21.34 (ArCH,), 25.79 (C-CHj;), 3740 (m, CH,P),
40.39 (q, 2J(P,C)=3.5Hz; C-CH,), 66.69 (CH,N), 116.02, 126.58 (C5 or
C1), 128.14 (d, 'J(P,C)=109.2 Hz; iC-PhP), 128.16 (d, 'J(P,C) =81.0 Hz;
iC-PhP), 128.92 (d, 3J(P,C)=11.6 Hz; mC-PhP), 129.10 (d, */(PC)=
12.1 Hz; mC-PhP), 129.99, 130.10 (d, 2J(P,C)=9.1 Hz; oC-PhP), 131.78
(d, ¥(P,C) =3.0 Hz; pC-PhP), 132.16 (d, */(P,C) =2.5 Hz; pC-PhP), 132.27
(d, 2J(P,C) =7.6 Hz; oC-PhP), 132.67, 136.07 (C1 or C5), 14591 (C2); *'P
NMR (121.4 MHz, CDCl;): 6 = —1.44; IR (Nujol): #=1470 (C-P), 1108
(N-P)cm™!; MS (FAB +): m/z=1094 [MH*]; CesHgN,,OP; (1093.21):
caled C 71.41, H 5.81, N 12.81; found C 70.80, H 5.67, N 12.55.
Triphosphazide 15e: Yield: 42 %; m.p. 220-221°C; 'H NMR (300 MHz,
CDCLy): 6=-0.15 (s, 3H; CH;), 359 (d, J(HH)=12.8Hz, 3H;
CH,CHgN), 3.82 (d, J(HH)=12.8 Hz, 3H; CH,CH;N), 3.92 (m, 3H;
CH ,CHgP), 4.14 (pseudot, J(H,H), (H,P) = 14.3 Hz, 3H; CH,CH;P), 7.03
(td, JHH)=175, 3.1Hz, 6H), 7.18-742 (m, 21H), 7.55 (d, JHH)=
2.2 Hz, 3H), 7.81 (d, J(H,H) =8.7 Hz, 3H), 8.00-8.10 (m, 6H); C NMR
(754 MHz, CDCly): 6=26.41 (C-CHj), 3690 (m, CH,P), 40.69 (q,
2J(P,C)= 3.5 Hz; C-CHj;), 54.75 (CH,N), 118.11 (C4 or C6), 127.61 (C6
or C4), 12792 (d, 'J(P,C) =108.3 Hz; iC-PhP), 128.18 (d, 'J(P,C) =81.1 Hz;
iC-PhP), 128.90 (d, *J(PC)=11.1 Hz; mC-PhP), 12898 (d, *J(P,C)=
11.5 Hz; mC-PhP), 129.69 (C3), 130.21 (d, %/(P,C)=9.1 Hz; oC-PhP),
131.83 (d, “/(P,C)=3.0 Hz; pC-PhP), 131.97 (C1), 132.24 (d, Y(P,C)=
2.8 Hz; pC-PhP), 13238 (d, */(P,C)=76Hz; oC-PhP), 134.01 (C5),
146.35 (d, “J(P,C) =1.0 Hz; C2); 3'P NMR (121.4 MHz, CDCl;): 6 =0.44;
IR (Nujol): #=1465 (C-P), 1112 (N-P) cm~!; MS (FAB +): m/z =1138
[MH*]; C,Hs,CI3N,0P; (1138.47): caled C 65.41, H 4.78, N 12.30; found C
65.40, H 4.61, N 10.97.

Triphosphazide 15 f: Yield: 73 %; m.p. 237-238°C; 'H NMR (300 MHz,
CDCl;): 6=-0.06 (s, 3H, CH,), 3.75 (pseudot, J(H,H), (H,P) =14.0 Hz,
3H; CH,HgP), 3.96-4.16 (m, 6H; CH,HP+ CH,HgN), 4.85 (d,
J(HH)=12.8 Hz, 3H; CH,HN), 703 (td, J(HH)=78, 3.1 Hz, 6H),
7.25-744 (m, 21H), 7.96 (d, J(H,H) =9.0 Hz, 3H), 8.00-8.11 (m, 6 H), 9.01
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(d, J(HH) =2.2 Hz, 3H; H6); *C NMR (75.4 MHz, CDCl;): 6 =25.81 (C-
CH3), 37.50 (m; CH,P), 40.38 (q, 2/(P,C) =3.5 Hz; C-CH,), 65.13 (CH,N),
11741, 12736 (C1), 12741 (d, 'J(P,C)=81.1 Hz; iC-PhP), 12742 (d,
J(P,C)=108.7Hz; iC-PhP), 129.11 (d, 3J/(PC)=11.1Hz; mC-PhP),
129.26 (d, 3J(P,C) =12.1 Hz; mC-PhP), 129.66, 129.94 (d, 2J(P,C) =9.1 Hz;
oC-PhP), 131.93 (C5), 132.15, 132.25 (d, */(P,C) =3.0 Hz; pC-PhP), 132.26
(d, ¥(P,C)=9.1 Hz; oC-PhP), 132.52 (d, 2/(P,C) = 2.5 Hz; pC-PhP), 146.61
(C2); 3P NMR (121.4 MHz, CDCl;): 6 = —1.22; IR (Nujol): 7=1438 (C-
P), 1113 (N-P); MS (FAB+): m/z=1154 [MH*]; CqH,,Cl,N,,OP;
(1154.47): C 64.51, H 4.71, N 12.14; found C 64.61, H 5.09, N 11.20.
Triphosphazide 15h: Yield: 27 %; m.p. 290-291°C; 'H NMR (300 MHz,
CDCl;): 0 =—0.26 (s, 3H; CH,), 1.71 (s, 9H; Ar-3-CH3), 3.93 (d, J(H.H) =
11.8 Hz, 3H; CH,HN), 4.25 (brd, J(H,H)=13.4Hz, 6H; CH,HzP+
CHLH,P), 5.12 (d, J(H,H) =11.8 Hz, 3H; CH,H,N), 701 (t, J(H,H) =
75 Hz, 6H), 6.98-747 (m, 24H), 759 (d, J(H,H) =78 Hz, 3H), 8.03-
8.10 (m, 6H); °C (75.4 MHz, CDClL): 6=19.09 (Ar-3-CH,), 26.21 (C-
CH3), 37.15 (m; CH,P), 39.80 (q, 2/(P,C) =3.5 Hz;C-CH,), 64.94 (CH,N),
123.37 (s), 124.24,127.56 (d, 'J(P,C) = 80.1 Hz; iC-PhP), 127.80 (d, '/(P,C) =
108.3 Hz; iC-PhP), 128.80 (d, *J(P,C)=11.6 Hz; mC-PhP), 128.87 (d,
3J(P,C) =11.6 Hz; mC-PhP), 130.28 (s), 130.88 (d, 2/(P,C) =9.6 Hz; oC-
PhP), 132.13 (d, */(P,C) =3.0 Hz; pC-PhP), 132.32 (d, 2/(P,C) = 8.1 Hz; oC-
PhP), 132.38, 132.39 (d, “J(P,C) =2.5 Hz; pC-PhP), 133.71, 150.96 (C2); 3'P
(121.4 MHz, CDCL): 6 =—2.56; IR (Nujol): 7=1440 (C-P), 1110 (N-
P) cm™'; MS (FAB + ): m/z =1095 [MH"]; C4sHN,OP; (1093.21): caled C
71.41, H 5.81, N 12.81; found C 70.87, H 5.26, N 11.24.

Triphosphazide 15i: Yield: 41 %; m.p. 282-284°C; 'H NMR (300 MHz,
CDCl,): 6 =—0.12 (s, 3H; C-CH3;), 2.32 (s, 6H; ArCHj;), 3.65 (d,J (H,H) =
12.5 Hz, 2H; CH,H,N), 3.71 (d, J(H,H) = 12.8 Hz, 1 H; CH,H,N), 3.82 -
4.02 (m, 6H), 425 (m, 3H), 6.88-7.43 (m, 30H), 7.63 (d, J(H,H) =7.5 Hz,
1H), 782 (d, J(H,H) = 8.4 Hz, 2H), 7.90 (d, J(H,H) = 7.8 Hz, 1H), 8.10 (m,
6H); ¥C NMR (75.4 MHz, CDCL): 6=21.16 (ArCH,), 26.38 (C-CH,),
36.56 (m; CH,P), 40.64 (q, 2J(P,C) =3.5 Hz; C-CH,), 55.46 (CH,N), 55.54
(CH,N), 55.77 (CH,N), 116.48, 116.72, 126.14, 127.03, 127.7-133.2 , 135.87
(s), 145.63 (s), 145.68 (s), 147.85 (s); *'P NMR (121.4 MHz, CDCL): 6 =
0.01, 0.39; IR (Nujol): #=1438 (C-P), 1112 (N-P) cm~!; MS (FAB + ): m/
z=1064 [MH']; CeHgNoP; (1063.19): caled C 72.30, H 5.78, N 13.17;
found C 72.01, H 5.58, N 12.88.

Triphosphazide 15j: Yield: 88 %; m.p. 269-270°C; '"H NMR (300 MHz,
CDCly): 6=-0.04 (s, 3H; C-CHj;), 2.36 (s, 6H; ArCH;), 3.76-3.98 (m,
3H),4.05-4.25 (m, 6H), 4.92 (d, J(H,H) = 12.8 Hz, 2H; CH,HN), 4.93 (d,
J(H,H)=12.8 Hz, 1H; CH,H3N), 6.86-7.45 (m, 27H), 7.94 (d, J(H.H) =
8.4 Hz, 2H), 8.05-8.13 (m, 8H), 8.82 (s, 2H), 9.05 (d, J(H,H) =78 Hz,
1H); BC NMR (75.4 MHz, CDCL): 6=21.27 (ArCH,), 25.73 (C-CH,),
3728 (m, CH,P), 40.34 (q, 2J(P,C) =3.5 Hz; C-CH,), 66.58 (CH,N), 66.70
(CH,N), 66.78 (CH,N), 115.97, 116.06, 126.1 -132.6, 136.05 (s), 145.74 (s),
145.86 (s), 148.00 (s); 3'P NMR (121.4 MHz, CDCL,): 6 = —1.36, — 1.46; IR
(Nujol): 7=1440 (C-P), 1112 (N-P)cm™'; MS (FAB+): m/z=1080
[MH*]; CeHgN,,OP; (1079.19): caled C 71.23, H 5.70, N 12.98; found C
70.55; H 5.55, N 12.43.

Triphosphazide 15k: Yield: 57 %; m.p. 280-282°C; '"H NMR (300 MHz,
CDCly): 6=-0.12 (s, 3H; C-CH;), 2.32 (s, 3H; ArCH,), 3.59-3.74 (m,
3H), 3.82-4.02 (m, 6H), 4.16-4.32 (m, 3H), 6.85-7.50 (m, 32H), 7.61 (t,
J(H,H)=8.1Hz, 2H), 781 (d, J(H,H)=8.4Hz, 1H), 790 (d, J(HH)=
8.1 Hz, 2H), 8.04-8.20 (m, 4H); C NMR (75.4 MHz, CDCl;): 6 =21.22
(ArCH,), 26.44 (C-CHj;), 36.60 (m; CH,P), 40.72 (q, 2J(P,C)=3.5Hz; C-
CHs;), 55.50 (CH,N), 55.72 (CH,N), 116.52, 116.74, 126.23, 127.11, 128.0-
134.0, 135.96 (s), 145.70 (s), 147.85 (s), 14791 (s); *'P NMR (121.4 MHz,
CDCl;): 6 =0.03, 0.36; IR (Nujol): #=1438 (C-P), 1112 (N-P) cm~!; MS
(FAB +): m/z =1050 [MH"]; Cs;HsoN,,P5 (1049.16): caled C 72.12, H 5.67,
N 13.35; found C 71.33, H 5.47, N 13.00.

Triphosphazide 151: Yield: 75%; m.p. 278-280°C; 'H NMR (300 MHz,
CDCly): 6=-0.03 (s, 3H; C-CHj;), 2.36 (s, 3H;ArCHj;), 3.79-3.90 (m,
3H), 4.00-4.20 (m, 6H), 4.95 (brd, J(H,H) =13.0 Hz, 3H), 6.91-7.42 (m,
30H), 7.96 (d, J(H,H) = 8.4 Hz, 1 H), 8.00-8.15 (m, 7H), 8.80 (s, 1H), 9.03
(brd, J(H,H)=72Hz, 2H); *C NMR (754 MHz, CDCl;): 6=21.24
(ArCH;), 25.67 (C-CH,;), 37.11 (m; CH,P), 40.31 (q, 2/(P,C)=3.3 Hz; C-
CHs;), 66.62 (CH,N), 66.68 (CH,N), 66.80 (CH,N), 116.03, 116.05, 126.0—
133.0, 136.05 (s), 145.73 (s), 147.87 (s), 14798 (s); *'P NMR (121.4 MHz,
CDCl;): 6 =—1.49, —1.40; IR (Nujol); 7=1438 (C-P), 1109 (N-P) cm;
MS (FAB +): m/z =1066 [MH"]; Cs;HsoN,,OP; (1065.16): caled C 71.04, H
5.58, N 13.15; found C 71.55, H 5.37, N 12.87.
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Tris(phosphazide)s

2558-2570

Triphosphazide 15m/15m’": Yield: 60 %; '"H NMR (300 MHz, CDCl;): 0 =
—0.13 (s, 3H; CH,), 2.33 (s, 3H; Ar-5-CH3), 3.50-4.02 (m, 9H; CH,N +
CH, H,P), 4.15-4.25 (m, 3H; CHLH,P), 6.94-730 (m, 29H), 7.58—7.61
(m, 2H), 780 (d, J(HLH)=8.6 Hz, 2H), 7.89 (d, J(H,H)=8.1 Hz, 1H),
8.03-8.12 (m, 6H); C NMR (75.4 MHz, CDCL): 6 =21.22 (Ar-5-CHy),
26.43 (C-CHs;), 36.62 (m; CH,P), 40.69 (q, 2/(P,C) =3.5 Hz; C-CHj;), 54.98
(CHLN), 55.17 (CH,N), 55.19 (CH,N), 55.35 (CH,N), 55.66 (CH,N), 116.44,
116.59,116.65,116.85,118.07, 118.15, 126.34, 126.37, 133.1 - 137.0, 134.61 (s),
134.76 (s), 136.11 (s), 136.14 (s), 145.64 (s), 146.38 (s), 146.39 (s), 146.43 (s),
146.44 (s), 147.79 (s), 14781 (s), 147.84 (s) , 147.86 (s); *'P NMR (121.4 MHz,
CDCL): 0 =—027, —021, 0.14, 0.90, 1.04; IR (Nujol): 7=1438 (C—P),
1111 (N-P)em™'; MS (FAB+): m/z=1085 [MH*]; CgiHsCINP;
(1083.60): caled C 69.83, H 5.39, N 12.93; found C 66.11, H 4.51, N 11.36.

Triphosphazide 15n/15n": Yield: 93%; 'H NMR (300 MHz, CDCL): 6 =
—0.05 (s, 6H; CH,), 2.36 (s, 3H; Ar-5-CHy), 2.37 (s, 3H; Ar-5-CHy), 3.60 -
3.90 (m, 6H; CH,HyP), 4.00-4.21 (m, 12H; CH,H,4P + CH,H,N), 4.83 -
5.00 (m, 6 H; CH,H,N), 6.93-7.43 (m, 56 H), 7.90 - 8.14 (m, 18 H), 8.71 (s,
1H; H6 of Ar-5-CHy), 8.75 (s, 1H; H6 of Ar-5-CH,), 8.94 (d, J(H,H) =
78 Hz, 1H; H6 of Ar-5-H), 8.99 (d, J(H,H) =7.8 Hz, 1 H; H6 of Ar-5-H),
9.13 (brs, 2H; H6 of Ar-5-Cl); *C NMR (75.4 MHz, CDCl;): 6 =21.30 (Ar-
S-CHa), 25.77 (C-CHy), 3740 (m; CH,P), 40.37 (q, 2(P.C)=3.0 Hz; C-
CHS,), 66.0-67.0 (CH,N), 116.03, 116.12, 117.34, 125.0-133.2, 136.21 (s),
136.27 (s), 145.81 (s), 146.57 (s), 146.67 (s), 147.94 (s), 148.08 (s); 3'P NMR
(121.4 MHz, CDCLy): 6 =—1.73, —1.63, —1.50, —1.37, —0.93, —0.91; IR
(Nujol): 7=1438 (C-P), 1120 (N-P)cm!; MS (FAB+): m/z=1100
[MH*]; C;;HssCIN,,OP; (1099.60): caled C 68.82, H 5.31, N 12.73; found C
68.23, H 5.54, N 11.42.

Reaction of triphosphazide 15a with triphenylphosphane: A solution of
triphosphazide 15a (0.20 g, 0.2 mmol) and triphenylphosphane (0.15 g,
0.6 mmol) in CDCl; (10 mL) was heated at reflux temperature for 5 h and
then cooled to room temperature. The solvent was removed under reduced
pressure, the resulting material was treated with diethyl ether (3 mL), and
the resulting solid then isolated by filtration and recrystallized from CHCl;.

Compound 16 was also prepared by reaction of tris(2-azidobenzyl)amine
6a and triphenylphosphane (3 equiv) in benzene at reflux temperature for
3h.

Tris[2-(triphenylphosphoranylideneamino)benzyl Jamine (16): Yield: 71 %;
m.p. 343-345°C (colorless prisms from CHCL); 'H NMR (300 MHz,
CDCLy): 6=4.23 (s, 6H; CH,), 6.37 (d, J(H.H) =78 Hz, 3H), 6.63 (t,
J(H,H)=72Hz, 3H), 6.70 (td, J(H,H) =75, 1.5 Hz, 3H), 7.21-727 (m,
18H), 7.31-737 (m, 9H), 7.75-7.78 (m, 18H), 7.86 (d, J(H,H) =72 Hz,
3H); BC NMR (75.4 MHz, CDCl;): 6 =55.56 (CH,), 117.59, 120.46 (d,
3J(P,C)=9.9 Hz), 125.16 , 128.32 (d, *J(P,C) =12.1 Hz; mC-PhP), 128.33,
131.10 (d, “J(P,C) =2.0 Hz; pC-PhP), 132.05 (d, 'J(P,C) = 98.6 Hz; iC-PhP),
132.54 (d, 2J(P,C) =9.5 Hz; oC-PhP), 135.47 (d, */(P,C) =20.5 Hz), 148.81
(s);*'P NMR (121.4 MHz, CDCl;): 6 = — 1.74; IR (Nujol): #=1438 (C-P),
1109 (N-P) cm™'; MS (FAB + ): m/z =1114 [MH"]; C;sHg;N,P5 (1113.29):
caled C 80.91, H 5.70, N 5.03; found C 81.03, H 5.54, N 4.75.

Preparation of 2-azido-3-methylbenzylamine (4d): A mixture of 2-azido-3-
methylbenzyl chloride (4.54 g, 25 mmol) and potassium phtalimide (5.56 g,
30 mmol) in dry DMF (30 mL) was stirred at 80 °C for 12 h. After cooling to
room temperature, the mixture was poured on ice/H,O (500 mL) and the
precipitated solid was isolated by filtration, washed with H,O (2 x 100 mL),
and air-dried under vacuum. The solid was then recrystallized from CHCl,/
Et,0 to give N-(2-azido-3-methylbenzyl)-phthalimide 17 (55%) as color-
less prisms. M.p. 114-115°C; '"H NMR (300 MHz, CDCl,): 6 =2.42 (s, 3H;
CH,), 4.93 (s, 2H; CH,), 7.04-7.10 (m, 3H), 7.69-772 (m, 2H), 7.82-7.87
(m, 2H); ®C NMR (75.4 MHz, CDCl;): 6 =18.00 (CH;), 37.97 (CH,),
123.47, 126.17, 126.83, 129.82 (s), 130.99, 131.74 (s), 132.13 (s), 133.10 (s),
134.12, 168.05 (s); IR (Nujol): 7#=2120 (N;), 1709 (C=0O) cm~!; MS (70 eV,
El): m/z (%) =292 (5) [M*], 104 (100); C,sH,,N,O, (292.30): calcd C 65.75,
H 4.14, N 19.17; found C 65.84, H 4.39, N 18.95.

N,H,-H,0 (5mL) was added to a solution of N-(2-azido-3-methylben-
zyl)phthalimide (17, 5.26 g, 18 mmol) in EtOH (75 mL) in one go. The
mixture was stirred at reflux temperature for 3 h. After cooling to room
temperature, NaOH 10% (50 mL) was added and the resulting solution
was extracted with CH,Cl, (3 x 50 mL). The combined organic extracts
were washed with brine (100 mL) and dried over anhydrous MgSO,. The
solvent was removed under reduced pressure and the resulting oil was
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chromatographed (silica gel; ethyl acetate/methanol 1:1) to give 2-azido-3-
methylbenzylamine (4d). Yield: 82%.

Preparation of tris(2-azidobenzyl)amines 18 and 23: 2-Azidobenzyl iodide
(1.03 g, 4 mmol) was added to a solution of the corresponding benzylamine
(2 mmol) in dioxane (30 mL), and the mixture heated at reflux temperature
for 4h with stirring. After cooling to room temperature, an excess of
triethylamine (0.45 g, 4.5 mmol) was added in one go, and the mixture was
stirred for 2 h. The precipitated triethylammonium iodide was separated by
filtration, the dioxane removed under reduced pressure and the residue was
chromatographed (silica gel; ethyl acetate/n-hexane 1:4).
Bis(2-azidobenzyl)(2-azido-3-methylbenzyl)amine (18): Yield: 42%;
'H NMR (300 MHz, CDCl,): 6 =2.37 (s, 3H; CH;), 3.56 (s, 4H; CH,),
3.66 (s, 2H; CH,), 7.04-7.13 (m, 6 H), 7.24 (dt, J(H,H) =6.9, 2.4 Hz, 2H),
740 (m, 1H), 7.56 (dd, J(H,H) =738, 0.9 Hz, 2H); *C NMR (75.4 MHz,
CDCly): 6 =18.07 (CH,), 52.92 (CH,), 54.71 (CH,), 118.01, 124.66, 125.80,
128.16, 128.19, 130.04, 130.58, 130.70 (s), 132.65 (s), 133.32 (s), 137.15 (s),
138.42 (s); IR (film): #=2133 (N3) cm™}; MS (70 eV, El): m/z (%) =424
(13) [M], 159 (100); CyHyNy, (424.47): caled C 62.25, H 4.75, N 33.00;
found C 62.51, H 4.42, N 33.17.

Bis(2-azidobenzyl) (2-azido-a-methylbenzyl)amine  (23): Yield: 67 %;
'H NMR (300 MHz, CDCl,):  =1.36 (d, J(H,H)=6.9 Hz, 3H), 3.49 (d,
J(H,H) =14.2 Hz, 2H), 3.59 (d, J(H,H) = 14.2 Hz, 2H), 4.20 (q, J(H,H) =
6.9 Hz, 1H), 7.01-7.32 (m, 10H), 748 (d, J(H,H) =7.3 Hz, 2H); 3C NMR
(75.4 MHz, CDCl;): 6=16.55 (CH,), 49.41 (CH,), 53.76 (CH), 117.75,
118.34, 124.41, 124.47, 127.80, 128.13, 128.46, 130.54, 131.80 (s), 134.65 (s),
137.98 (s), 138.33 (s); IR (film): #=2131 (N;) cm~'; MS (70 eV, EI): m/z
(%) =424 (12) [M*], 77 (100); C,,H,)N,, (424.47): caled C 62.25, H 4.75, N
33.00; found: C 62.01, H 4.89, N 32.79.

Preparation of bis(2-azidobenzyl) (2-azido-3-methylbenzyl)amine N-oxide
(19): The N-oxide 19 was prepared following the procedure described
above for the preparation of the N-oxides 7, 9, 13, and 15.
Bis(2-azidobenzyl) (2-azido-3-methylbenzyl)amine N-oxide (19): Yield:
83%; 'H NMR (300 MHz, CDCl,): 6 =2.47 (s, 3H; CH;), 427 (s, 4H;
CH,), 4.36 (s, 2H; CH,), 7.05-7.30 (m, 6 H), 743 (td, J(H,H) = 8.6, 1.5 Hz,
2H), 7.66 (dd, J(H,H)="175, 1.4 Hz, 1H), 7.85 (dd, J(H,H) =75, 1.4 Hz,
2H); C NMR (75.4 MHz, CDCL;): 6 =18.28 (CH;), 64.30 (CH,), 65.36
(CH,), 11758, 122.22 (s), 124.60 (s), 124.77, 125.81, 130.73, 132.45 (s),
132.72, 133.32, 136.17, 138.60 (s), 139.90 (s); IR (film): #=2119 cm~'; MS
(70 eV, EI): m/z (%) =440 (52) [M*], 160 (100); C,,H,N,,O (440.47): calcd
C59.99, H 4.58, N 31.80; found C 60.16, H 4.47, N 31.77.

Preparation of triphosphazides 20 and 21: These compounds were prepared
following the procedure described above for the preparation of the
phosphazides 185.

Triphosphazide 20: Yield: 51%; m.p. 234-235°C; '"H NMR (300 MHz,
CDCl;): 6 =—0.20 (s,3H; CH;), 2.55 (s, 3H; Ar-3-CH,), 3.58 -4.01 (m, 9H;
CH\HgN + CH HgP), 4.04-4.41 (m, 3H; CH,HP), 7.03-7.90 (m, 33H),
7.97-8.12 (m, 8H); C NMR (75.4 MHz, CDCl;) 6 =20.64 (Ar-3-CHj),
26.78 (C-CH,), 36.64 (m; CH,P), 40.80 (q, 2/(P,C) =3.5 Hz; C-CHj), 53.75
(CH,N), 54.05 (CH,N), 58.58 (CH,N), 116.24 (C6 of Ar-3-H), 116.31 (C6 of
Ar-3-H), 11797 (C6 of Ar-3-CH,), 125.2-130.3, 134.12 (s), 147.46 (d,
4J(P,C) =1.5 Hz; C2 of Ar-3-H), 148.02 (d, “/(P,C) = 1.5 Hz; C2 of Ar-3-H),
148.08 (C2 of Ar-3-CH;); *'P NMR (121.4 MHz, CDCl;): 6 = —1.33, —0.39;
IR (Nujol): #=1438 (C-P), 1112 (N-P) cm™~'; MS (FAB +): m/z =1050
[MH*]; CgHsoNjgP3 (1049.16): caled C 72.12, H 5.67, N 13.35; found C
71.68, H 6.05, N 11.61.

Triphosphazide 21: Yield: 52%; m.p. 240-241°C; 'H NMR (300 MHz,
CDCly): 6 =-0.01 (s, 3H; CHj;), 2.44 (brs, 3H; Ar-3-CH3;), 3.80-4.75 (m,
12H; CH,N + CH,P), 6.90-7.45 (m, 30H), 7.76 (brs, 3H), 8.08—-8.15 (m,
6H), 8.65 (brs, 2H); *C NMR (75.4 MHz, CDCL;): 6 =23.02 (Ar-3-CHj),
25.81 (C-CHs), 36.20-38.70 (m; CH,P), 40.30 (q, 2/(P,C) =3.0 Hz; C-CHj),
66.01 (CH,N), 66.77 (CH,N), 117.20, 11750, 125.01, 125.7 - 133.0, 148.80 (s);
3P NMR (121.4 MHz, CDClLy): 6 =—2.12, —1.74, — 1.67; IR (Nujol): 7=
1438 (C-P), 1109 (N-P)cm™'; MS (FAB+): m/z=1066 [MH*];
Cy3HsoNgOP; (1065.16): caled C 71.04, H 5.58, N 13.15; found C 69.52, H
5.98, N 11.52.
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CONCEPTS

When Is a Proton Not a Proton ?**

Barry M. Trost*

@ 0

Abstract: The importance of transition metal catalyzed
reactions stems from their ability to control subtle
differences in reaction pathways, which can thus in turn
be tuned for chemo-, regio-, diastereo-, and enantiose-
lectivity. In addition, subtle differences in catalysts can
have vast implications for reactivity and thereby change
the nature of the reaction itself. The development of new
pathways for the generation of reactive transition metal
organometallic intermediates in catalytic reactions by
simple additions provides a good strategy for developing
atom-economic reactions. One of the simplest processes
is protonation, wherein use of a low-valent metal trans-
forms the proton into a metal hydride and therefore gives
access to organometallic complexes by hydrometallation.
Here I exemplify the concept with palladium as the
transition metal and weak acids as the proton donors
(carboxylic acids, activated methylene compounds, etc.),
from which several new reactions have evolved and new
strategies for the synthesis of complex organic molecules
have been developed.

Keywords: catalysis - cyclizations - palladium - proto-

\nations - transition metals /

Introduction

Acid-base concepts constitute an integral part of the
foundation of chemistry. The original notions focused around
the donation or acceptance of a proton. While we recognize
certain structures as bases, like amines, alkoxides, thiolates
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Abbreviations used in this article are: dba = dibenzylideneacetone;
PMB = p-methoxybenzyl; DMAP = 4-dimethylaminopyridine;
PMHS = polymethylhydrosiloxane; DMF = dimethylformamide;
TBDMS = tert-butyldimethylsilyl; dppb = 1,4-bis(diphenylphosphi-
no)butane; TBDPS = fert-butyldiphenylsilyl; dppf = 1,1"-bis(diphe-
nylphosphano)ferrocene ; TIPS = triisopropylsilyl; dppp = 1,3-bis(di-
phenylphosphano)propane; TMS = trimethylsilyl.
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and so on, the broad definition of bases includes any atom that
has an unshared pair of electrons. Low-valent transition
metals form an unusual class of bases!!l since protonation
generates a metal-hydrogen bond that can function very
differently from a typical conjugate acid—that is, the species
containing the metal—hydrogen bond may be considered to be
a hydridometal species rather than a protonated metal, as
depicted in Equation (1).! The formation of such a metal—
hydrogen bond raises the prospects of a simple, atom-

' T

M: + H M-H -—— M H (1)

economical approach for formation of organometallic inter-
mediates in a catalytic cycle by addition to & unsaturation.
Thus, the resultant carbon—metal bond can subsequently
potentially participate in numerous reactions typical of that
metal including but not limited to carbametalations of alkenes
and alkynes, cross-coupling, carbonylation, and so forth.

Protonation of transition metals dates back over forty years
to the reported reaction of dicyclopentadienylrhenium hy-
dride with hydrochloric acid, in which the basicity of the initial
rhenium complex was likened to that of ammonia.B! In the
intervening years, protonation with relatively strong Bronsted
acids of low-valent complexes of virtually every transition
element has been reported.! However, although the esti-
mated basicities in many cases suggest that carboxylic acids
should also function, only the use of the strongest carboxylic
acids, such as trifluoroacetic acid, has been explored. Switch-
ing from protonation to oxidative addition with weaker acids
may also become an issue, but, for the purposes of this
presentation, the net effect is considered functionally equiv-
alent and therefore no differentiation between the two
processes is made.

In spite of the large number of protonated complexes, their
use in catalytic cycles has been little explored. While the use
of cationic metal hydrides as catalysts for hydrogenation is
well documented, the catalytic cycle normally generates this
species by processes other than protonation.’! An early
example of a catalytic cycle involving a protonated transition
metal complex is the synthesis of 1,4-hexadiene from 1,3-
butadiene and ethylene employing a catalyst derived from a
nickel(o) complex and sulfuric acid as shown in Scheme 1.
The reaction takes advantage of the ability of the nickel
hydride to hydrometallate 1,3-butadiene, thereby generating a
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Scheme 1. A Ni-catalyzed addition of ethylene and 1,3-butadiene.

m-allylnickel complex. The presence of the positive charge
also provides a kinetic advantage in coordinating with
electron-rich ligands like alkenes. The validity of the initial
hydrometalation step is supported by the stoichiometric
formation of m-allylplatinum!(” and palladium!® complexes
by reaction of platinum and palladium(o) complexes proto-
nated with strong acids. Telomerization of dienes like 1,3-
butadiene in the presence of palladium catalysts and acids also
invokes a similar sequence.’l Hydrocarbonylations of alkenes
are presumed to involve initiation by hydrometalation with a
palladium(o) complex protonated by a strong acid. For
example, the formation of acid chlorides according to
Equation (2)! and of ketones according to Equation (3)[']
has been proposed to proceed by hydropalladation via a

o
PdL
RX + HCl + cO . R/\/U\CI @
0
PdL /\)J\/\
R + co + Hp ———— g R ®)

CF4CO,H

protonated palladium(o) complex as the initiation step. Thus,
an opportunity to devise catalytic processes invoking the
protonation of a low-valent
metal as an initiation step
appears to hold promise for
the development of addi-
tion reactions under very
mild conditions if the pro-
tonation could occur with
weak acids. The acidity re-
quired obviously depends
upon the basicity of the

\\‘\C\/\OTBDMS
metal, and the basicity of

PMBO
the metal can be tuned by

=
the nature of the ligands— < —
o
2

-

more electron-rich ligands  PMB OTBDMS
would increase the basicity,

80%

81%

donor ability) by replacing a neutral ligand with an anionically
charged one [Eq. (4)] represents a second strategy to adjust

HY *
L,Pd LnPdH
X X
)
L L
- +
X
-

Ln_1Pd/X Ln-1Pd\H

the metal basicity. The development of addition reactions that
can be initiated under such mild conditions is very attractive,
since synthetic efficiency would be increased by reactions that
can be simultaneously selective as well as atom-economical.

Discussion

Cycloisomerization and cycloreduction: The possibility of
formation of a metal-hydrogen bond by simple protonation
leads us to consider transition metal catalyzed additions to
alkynes. The excellent coordinating properties of the alkyne
to a transition metal suggests that an equilibrium as shown in
Equation (5) may provide a very mild approach for the

+

TJ( = Pd—| -

_ =/ X (5)

formation of vinylpalladium intermediates. Indeed, such an
equilibrium was originally conjectured as one of the possible
pathways to explain the cycloisomerization of 1,6- and 1,7-
enynes catalyzed by palladium acetate, as shown in Equa-
tion (6).'"'¥] Thus, either enyne 1131 or enyne 204 cyclo-
isomerizes with a ligated palladium acetate to the same 1,3-
diene 3, which proved to be a pivotal intermediate to the
isolactarane cytotoxic antibiotics merulidial and stereopolide.
While one mechanistic consideration focused upon a pallada-
cycle intermediate,'] an alternative catalytic cycle summar-
ized in Scheme 2 considered an equilibrium depicted in
Equation (5) wherein acetic acid and palladium(o) are formed

e o

PhH, 80°C

steps

fo) H'\_o H
Stereopolide

(6)

steps

allowing even weaker acids
to be employed. Enhancing
basicity (increasing ligand
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Scheme 2. Cycloisomerization of 1,6- and 1,7-enynes in a cycle involving HPd*.

in situ from palladium acetate as a precatalyst. The cyclo-
isomerization cycle is terminated by a -hydrogen elimination
to form the final product and reform the active catalyst. Since
the B-hydrogen elimination could involve either H, or H,, in
principle, two regioisomeric products are possible—a 1,3- or a
1,4-diene. Whereas, in the case of substrate 2, only the 1,3-
diene can be formed, substrate 1 could have produced either
product, although only the conjugated isomer is observed in
this case.

In accord with the feasibility
of the mechanism in Scheme 2,
use of Pd® and acetic acid does
indeed catalyze the cycloisome-
rization.l' One example is
shown in Equation (7) in which

Pd-H

regioselectivity of the fS-hydrogen elimina-
tion of H, over Hy, to give the triene 5 is also
quite noteworthy. This remarkable regiose-
lectivity complements what is normally ob-
served in analogous thermal reactions
whereby H, rather than H, migrates. The
stereoelectronic requirement for a cis—syn
relationship of the palladium and hydrogen
in the B-hydrogen elimination and the con-
formational restrictions imposed by the
organopalladium intermediate may account
for this regioselectivity. This triene serves as
a pivotal intermediate to a number of
members of the chokol family of antifungal
agents. Whereas 1,4-dienes can arise through
a thermal Alder ene process, the palladium-
catalyzed version clearly provides exquisite
control of regioselectivity that simply is not
possible thermally whereby both 1,3- as well as 1,4-dienes are
accessed regioselectively, as illustrated in Equations (6) and
).

Tethering the acid to the phosphorus ligand may have a
beneficial effect with particularly sluggish substrates. In a
synthesis of the picrotoxanes, GABA antagonists, the cyclo-
isomerization of enyne 6 was examined [Eq. (8)].I'"! While the
reaction failed under the standard conditions, use of 2-diphe-

C\/\R

_|+

a 1,4-diene, involving net migra-
tion of H,, rather than a 1,3-
diene, involving net migration of
H,, is formed.'? Since hydro- 6

: :PPhg
CO,H

. . Pd(OAc), 8

metalation of the alkyne ini-

tiates the cyclization, the proton o] Cl, 60°C

from the acetic acid is delivered

. . Corianin

p to the carbonyl group in this

example—a type of reactivity

more in accord with the metal hydride descriptor as suggested nylphosphinobenzoic acid instead of acetic acid effected

by the resonance form depicted in Equation (1). In short, an cyclizations, albeit in only 20-37 % yield, depending upon

umpolung of the hydrogen occurs by transferring it from ligand. On the other hand, decreasing the steric bulk of the

acetate anion as base to the low-valent metal as base. The auxiliary ligand as in 7 in conjunction with the use of
2-diphenylphosphinoben-
zoic acid saw the yield of 8
increase to 70 %. This in-

steps

(dba),Pd,*CHCI,

Hj
< P, HOAc
3

_——

PhH, 80°C
63%

N
0 TtMms

5 ste

Chem. Eur. J. 1998, 4, No. 12 © WILEY-VCH Verlag GmbH, D-69451 Weinheim,

P

termediate serves as a pre-
cursor to a number of
picrotoxanes including
picrotoxinin and corianin.
A bridged bicyclic inter-
mediate towards the anti-

viral and cytotoxic agent
OH aphidicolin was easily
Chokolic acid B avai.labl.e by this cycloiso-

merization [Eq. (9)].1")

X =0H Chokol C
X =H Chokol K

COpH

ps
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as in Eq. (7} (\O
o “ew . ©
S~ 76%
\/\
OH

Support for the mechanistic rationale depicted in Scheme 2
is derived from interception of the proposed o-palladium
intermediate. If S-hydrogen elimination is precluded and

OH

tion of enynes to 1,3-dienes [Eq. (8)]. First, regiochemical
ambiguities are eliminated. Second, the stereoelectronic
requirement for the intramolecular carbametalation of an
alkene may limit the cyclization of an enyne substrate as it did
for enyne 9. The cylindrical symmetry of an alkyne acceptor
for the carbametalation removes any such stereoelectronic
barriers. Indeed, the cycloreduction of the diyne 10 [Eq. (15)]
proceeded smoothly and rapidly even though the product is

ists, further carbametalations
creating more rings may occur.
Depending upon the juxtaposi-
tion of the wunsaturation, a

_(dba)PdyeCHCI,

PhaP HOAc, PhH
50°C, 76-77%

additional m unsaturation ex-
—| +
( — >: { (10)
TS Vs
OR OR (o]

number of polycyclic skeletons n=12

can be created, including fused,

bridged, spiro, and propeller. OGCH; o}

For example, [4.3.3] and [3.3.3]  PhSO; (dba)3Pd*CHCly 0, w
propellanes are readily ac- PhST, PhSSb, HOAC CHsOH  CH30 o M
cessed as in Equation (10) and PhH, 60°C (CzHs)aN

77% 67%

a spiro ring system containing
up to seven rings as in Equa-
tion (11) is created in one step.’’! Ligand

. A CH30, OAc
tuning as a function of substrate may be (dba)sPdpCHCl4 —
required; thus, in the latter case involving a <
disubstituted alkyne initiator, the more D}P HOA
weakly donating triphenylstibane rather th 07 /57 TR | TBOMSO
y donating triphenylstibane rather than CO,CH,

PhH, 60°C CHZ0,C

a phosphane ligand is preferred. Enediynes
also undergo polycyclization in which the
initial product derived from [-hydrogen
elimination undergoes disrotatory cycliza-
tion to provide a tricycle with excellent
remote diastereoselectivity [Eq. (12)].2!
This example is noteworthy because of the
compatibility of the allyl acetate, a function-
ality that can react with a Pd° catalyst. Thus,
protonation of the Pd’ complex
and hydropalladation is kineti-
cally faster than ionization of the
allyl ester.

An alternative

(12)

(13)

interception

mode for the proposed o-palla- Il (:DZ;\CP’dP'\é:iI
dium intermediate in Scheme 2 oo ,@cho - 3" 0 s
. . . 2CHj3 ™/

is by hydride to give a net (/= e &1t

reductive cyclization [Eq. (13)].
In this case, the acid must also be
employed stoichiometrically. A
facile synthesis of the antitumor
agent phyllanthocin employs the
cycloreduction as a key step
[Eq. (14)] wherein polymethyl-
hydrosiloxane (PMHS) was
used as the silane source.?!
Application of this cyclore-
duction to diynes produces the
very useful 1,3-dienes, building
blocks for further cycloaddi-
tions. Such a cycloreduction
approach may have several
benefits over cycloisomeriza-

82%

Phyllanthocin

HCO,H, (C,Hs)sSiH
(dba)sPhsCHCly

79%
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extremely hindered in this case.?*! The effectiveness of the
cycloreduction permitted a 13-15step synthesis of the
clinically important antifungal agent siccanin.

The timing of the hydride delivery by the silane can be
tuned by varying the silane. When triethylsilane is used, the
enediyne 11 undergoes tricyclization with none of the
partially cyclized products detetcted [Eq. (16)].1)

In the absence of additional unsaturation, the initial alkyne
hydrometalated species, the vinylpalladium complex, would
be expected to be intercepted, thereby creating a convenient
and selective semihydrogenation of alkynes to cis-alkenes
[Eq. (17)].291 The fact that hydrometalation of a simple
alkene does not occur under these conditions prevents over-
reduction. The chemoselective reduction of the polyunsatu-
rated substrate 12 [Eq. (18)] illustrates the utility of this
protocol.l?”)

~ (dba);Pd,*CHCI,
HCO,H; (CoHs)sSiH
OTBDMS 2H3 (G Hs)g
PhgAs, PhCH3, 85°C
T A 3
86%
1
.
N
/SIH
. +  Pdo) Ho pal % H
= + —_ _—
7 Q [(CH3),SH];0
== = HOAc
CH,O (dba),Pd,*CHCI,
12

(S s
3

67%

Isomerization of alkynes to 1,3-dienes: The ability to hydro-
metalate alkynes (but not alkenes) under these conditions
raised the question of whether a S-hydrogen elimination to
form an allene would occur (Scheme 3). The allene would be
expected to participate equally well, if not better, in a
hydrometalation to form a m-allyl species, which completes
the cycle by p-hydrogen elimination to
form the thermodynamically more stable
1,3-diene and regenerate the catalyst.
Because vinylpalladium species are gen-
erally reasonably kinetically stable to-
wards elimination to allenes, substrates
that might be activated towards this elim-
ination, alkynes conjugated with electron-
withdrawing groups, were examined.
Treating the alkynone 13 with either
palladium acetate/dppb (in situ generation
of Pd’ and acetic acid) or with a Pd°
complex and acetic acid, as shown in
Equation (19), provides the conjugated
dienone in excellent yields.”®! The ketone

_—

73%
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Scheme 3. Pd-catalyzed isomerization of alkynes to dienes.

is not required for the initial isomerization
[Eq. (20)].21 The initial allene, which is an
enol in this case, is intercepted by tautomeri-
zation, thereby giving the «,f-unsaturated
ketone. Lack of regioselectivity limits the
range of alkynes that can serve as substrates
in synthetically useful fashion.

(16)

Alkynes as precursors to m-allylmetal com-
plexes: Scheme 3 suggests that m-allylpalladi-
um intermediates may be formed by simple
treatment of an alkyne with acetic acid and a
Pd° source. Conversion of an alkyne to a 7-
allylrhodium complex stoichiometrically sup-
ports this interpretation.”” The ability to
intercept the m-allylpalladium intermediate
suggests a novel alkylation sequence as out-
lined in Scheme 4. In essence, the sequence
effects an internal oxidation-reduction in
which the propargylic position is oxidized
and the alkyne reduced. In its simplest ver-
sion, the conjugate base of the acid employed would be the
ultimate nucleophile. Use of a separate acid requires a
pronucleophile from which the nucleophile can be generated
under the acidic conditions.

The feasibility of the concept was established by the use of
carboxylic acids as both acid and nucleophile. As illustrated in

(18)

(dba)sPd,*CHCl,

(19)
dppb, HOAc

PhCHg, 100°C

(dba);Pd,*CHCI4
PhsP, HOAC
PhCHg, 110°C

(0]

\/\/\)K/\/OC"%
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Scheme 4. Nucleophilic addition to alkynes via m-alkylpalladium inter-
mediates.

Equation (21), a highly chemoselective addition occurs.P] An
intramolecular version has led to an effective macrocycliza-
tion [Eq. (22)]. One of the uses of this methodology is the
recognition that the gem dicarboxylate functionality can
constitute enantiotopic leaving groups and lead to asymmetric
substitutions as shown in Equa-
tion (23).52  Support of the
mechanism outlined in
Scheme 4 derives from studies
of the addition of carboxylic
acids to allenes as outlined later
(vide infra).

(o} TBDPS

Additions of pronucleophiles to
1,3-dienes: An alternative and
attractive process invokes the
direct addition of pronucleo-
philes to 1,3-dienes via m-allyl-
palladium intermediates as de-
picted in Scheme 5. When a
strongly donating bidentate li-
gand, 1,2-bis (dialkylphosphi-
no)ethane, was used, additions
of 1,3-diketones and f-ketoest-
ers to 1,3-butadiene could occur
whereby simple alkylation rath-
er than butadiene oligomeriza-
tion dominated.’® An alterna-
tive strategy using a charged
ligand to enhance basicity had
led to a useful addition, shown
in Equation (24).5+31 A com-
plication arises with unsymmet-
rically substituted 1,3-dienes
such as myrcene, which furnish
two addition products 14 and 15
[Eq. (25)]. Depending upon the
regioselectivity of the hydro-
metalation, both regioisomeric
n-allylpalladium complexes 16
and 17 may be formed. Since

OCH,

\\ OAc

Tn SO,Ph

SO,Ph

2410 ———

asin Eq. (21)

—_—

87%

o)
)\/\)k/ . Aco,
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+
N HPaL, |
—] +
PdL,

Scheme 5. Addition of pronucleophiles to 1,3-dienes.

attack at either terminus of each m-allylpalladium complex is
feasible, a total of four regioisomeric products could result,
but only two products did actually form—a fact that indicated
that good regioselectivity characterizes the nucleophilic
addition step; it may be possible to tune the ligands to further
improve the regioselectivity of the hydropalladation step.
The adduct 14 is an important commercial intermediate
in the synthesis of vitamins A and E as well as other
products.[3%

(dba)3Pdy*CHCly O  OTBDPS
st s

PhyP, PhCHg, 110°C
74%

HO OAc

(dba)sPd,*CHCl,
PhgP, PhH

-

CH30

reflux
90%

PhSO,Na
OCH, THF, rt.

X

[n3-C3HsPdClL,

% Q o
NH HN
C?Pﬁu PP

W SOsPh
ﬁ S0,Ph

OAc

OAc

1% [13-C3HsPdCl],
3% dppp
3% NaOCH;
THF, 100°C

n=1 95%

n=2 92%

)\/\)\/\/L )\/\J\jﬁ;ﬁm
AN
o +

x
14 CO,CH, 15 0
60% 22%

+
A S

17

CH, asin
Ea.(24)
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Additions of pronucleophiles to 1,2-diemes: A potential
solution to the regioselectivity issue switches the substrate
to a 1,2-diene (an allene) since hydrometalation of either
double bond generates the same m-allylpalladium species
(Scheme 6). With unsymmetrical allenes, the regioselectivity

PdL, Nu—H

Nu -
P Nu

.
- HPdLn—I

+
,/’l\—l % —.=
PdL,

Scheme 6. Addition of pronucleophiles to 1,2-dienes.

SO,Ph
C

sized and large rings required a modified catalyst system that
more effectively promotes proton shuttling. Following the
protocol for the synthesis of 19 from an appropriate
iodoallene, the cyanosulfone 21 is easily accessed. Catalytic
DMAP proves efficacious in serving as the proton shunt and
effecting cyclization to the sixteen-membered carbocycle 22
possessing exclusively the E alkene even at 0.0lM concen-
tration of substrate [Eq.(27)]!®® Cyclization of allene 23
proves most instructive since either a seven- (i.e., 26) or nine-
(i.e., 27) membered ring may form [Eq.(28)]. Bias for
formation of the seven-membered ring arises not only from
thermodynamic considerations favoring the smaller ring but
also because the intermediate syn m-allylpalladium complex
24, which should strongly favor the seven-membered ring to
avoid the strain of placing a trans double bond in a nine-

SO,Ph
CN

3% [%C3HsPdCI],
7.5% dppp, 15% DMAP

either the allene or the iodide can
be chosen to function as such
independently by simple modifica-
tion of the reaction conditions.
The cycloisomerization of sub-
strates like 19 to form medium-

Chem. Eur. J. 1998, 4, No. 12
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(27
would be determined solely in the nucleophilic — THF, 100°C
addition step, which has normally shown good 21 3% 22
selectivity. Equation (26) illustrates the efficacy of
membered ring, should be more stable than the
anti complex 25, the required precursor of 27
>€;§; o oTEDPS Nevertheless, the nine-membered macrocycle 27,
TBDPS 0 o possessing only the Z alkene, is the exclusive
¢.%\j\/\| %— = I product. Ten-membered rings are produced as
(™~ C3HsPdCll, © Y mixtures of E and Z alkenes as shown in Equa-
dppf, EHF 18 tion (29)P*! wherein a macrolactam that can lead to
DMF | NaCH(SO,Ph), 782%0 (26) an endopeptidase inhibitor®®” is produced.
Carboxylic acids have also been reported to
OTBDPS asabove  TBOPS undergq additions tq allenes Fhat cannot isc?merize
PR SOPh — $0,7h j[o 1,3-dienes. Equathn (30) 111usFrates an 1ntr1.gu-
Z $0,Ph 75% ing example employing an amino acid deriva-
\ 80,Ph tive.[*]
19
20
— SO,Ph ] PhSO,
the approach as well as its novel -0 Pd* o]
chemoselectivity, whereby addition o \I P 4
to the allene occurs exclusively in NN
the presence of the palladium cat- $02Ph 3% [n®C4H5PdCI] 24 / 26 08
alyst to give the adduct 18 but only ~© Il 7.5% dppp ﬂ (28)
normal iodide displacement to 19 o\/\)l 15% DMAP, 15% HOAc PhSO,
occurs when one equivalent of base THF, 100°C SO,Ph o
is used in the absence of the 23 65% - Oﬁ) BN N o )
palladium complex.B% 37 The latter OV\B_[Pd]
can now participate in an intra- 27
molecular addition of the pro- — 25 —
nucleophile to the allene catalyzed
by palladium(o) to give the six- e
membered ring 20 exclusively. ‘\0/j<00202H5 as inEq.(28) “3 C0,C4Hs 29)
Thus, the starting allenyl iodide (\N CO,CHs 86% N” “CO,C,Hs
serves as a bis-electrophile in which CH30,C CH30,C

dba)sPdCHCl;  CH3O
. HO}H\NHBoc {dba)sPdzrCHCls \©\N (30)
° dppf, THF A O NHBoc

80°C
74%

o)
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Conclusion

Transfer of a proton to a transition metal imparts chemical
behavior that can range from electrophilic to nucleophilic.
The resultant conjugate acid is also described as a metal
hydride reflecting the diversity of properties that may be
anticipated. A major aspect is the ability to effect hydro-
metalation of carbon-carbon unsaturation and thereby
provide a convenient and atom-economical approach to
organometallic intermediates in a catalytic cycle. As illus-
trated with palladium, a diverse range of reactions may be
quasi-rationally developed. The use of carboxylic acids such
as acetic acid is particularly noteworthy since, in contrast to
stronger acids like hydrochloric acid or even trifluoroacetic
acid where the protonated metal species can be isolated,
direct observation of the palladium hydride species has
failed—a fact that implies the basicity of the low-valent
palladium must be several pK, units less than that of
carboxylate. Nevertheless, such a species undoubtedly is
formed to some extent, albeit in an unfavorable equilibrium.
When a slightly stronger carboxylic acid than acetic acid, like
formic acid, is employed, the desirable aspect of maintaining a
mild acid to maximize chemoselectivity is retained, but the
reaction rate is increased by the shift in the acid—base
equilibrium to the right. Use of excess acetic acid also may do
the same thing qualitatively by mass action. While our work
has so far focused on a limited range of palladium-catalyzed
reactions, great opportunities exist to use this concept to
generate a broad array of transition metal complexes that can
be reactive intermediates for new catalytic processes. When is
a proton not a proton? The simple answer derived from this
discussion is when it is attached to a transition metal. It is
probably more proper to say that its behavior is much more
varied when the base is a transition metal. Some may argue
that such a description is too simplistic; nevertheless, it has
proven to be a very useful model to develop new chemistry.
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Abstract: Novel single-component do-
nor —acceptor species 7 and 8 have been
synthesised from substituted 10-(1,3-di-
thiol-2-ylidene)anthracen-9(10H)one 6

by reaction with Lehnert’s reagent and
with  N,N'-bis(trimethylsilyl)carbodii-
mide, respectively. The steady-state
UV/visible spectra of these systems
contain a solvatochromic band arising
from intramolecular charge transfer be-
tween the donor and acceptor groups.
Ultrafast time-resolved spectroscopy
shows that the excited state formed on

dation and reduction form cation radi-
cals and anion radicals, respectively. The
X-ray crystal structures of compounds
6a, 7b and 11a reveal that all three
molecules are severely distorted from
planarity, with the central ring of the
anthracenediylidene moiety adopting a
boat conformation. The molecular struc-
tures of 6, 7, and 11 have been inves-
tigated theoretically at the ab initio 6 -
31G* level. Calculated geometries are in
good agreement with the X-ray data and
clearly show the decrease in steric hin-

drance along the series 11>7>8> 6.
The calculations support the intramo-
lecular charge-transfer nature of the
lowest energy absorption band observed
for 6, 7 and 8, and explain the origin of
the redox properties for these com-
pounds. The optimised geometries of
the cation radical, anion radical and
dianion of compound 7 illustrate the
structural changes induced by the charg-
ing process. For the dianion, the steric
interactions are alleviated by rotation of
the acceptor dicyanomethylene unit, but

photolysis has a lifetime of 170-400 ps,
which depends strongly on solvent po-
larity. Cyclic voltammetric data indicate
the presence of two active redox centres
in the molecules: electrochemical oxi-

Introduction

The synthesis of organic molecules with delocalised & electron
systems bearing both electron-donor and electron-acceptor
moieties within the same molecule has received much
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the presence of the donor dithiole group
hinders the achievement of a fully ar-
omatic planar structure for the central
anthracene skeleton.

attention, due to the interesting unconventional optoelec-
tronic properties they exhibit. These systems are currently
being explored within the wide fields of nonlinear optics,!
molecular electronics,? artificial photosynthetic modelsP! and
solvatochromic effects.* They are also of great interest in the
field of physical organic chemistry.l Recently, we reported
the synthesis of donor-m-acceptor compounds based on the
acceptor  7,7,8,8-tetracyano-p-quinodimethane  (TCNQ),
which exhibit photoinduced charge-transfer properties.l®! We
have also studied the effect of varying the conjugated spacer
unit within the TCNQ and the tetrathiafulvalene (TTF)®!
frameworks.

Organic compounds of the push-pull type containing a
quinonoid ring connecting both donor and acceptor moieties
are particularly interesting, since the push-pull stabilisation is
promoted by the aromatisation of the benzoquinonoid ring.
Thus, the benzoquinonoid compound 1 and its benzo-fused
derivatives were reported by Gompper et al. thirty years ago
as highly coloured chromophores, showing a strong absorp-
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Abstract in Spanish: Los nuevos compuestos dador—aceptor 7
y 8 se han sintetizado a partir de 10-(1,3-ditiol-2-iliden)-
antracen-9(10H)-onas 6 diferentemente sustituidas utilizando
el reactivo de Lehnert y N,N'-bis(trimetilsilil)carbodiimida,
respectivamente. Los espectros UV/visible de estado estacio-
nario de estos sistemas muestran una banda solvatocromica
que implica un proceso de transferencia de carga intramole-
cular desde el fragmento dador al aceptor. La espectroscopia
ultrardpida a tiempo resuelto revela que el estado excitado
obtenido por fotdlisis de estos compuestos tiene un tiempo de
vida media de 170-400 ps; el cual presenta una acusada
dependencia respecto a la polaridad del disolvente. Los datos
de voltamperometria ciclica confirman la existencia de dos
centros redox activos en este tipo de moléculas: la oxidacion y
la reduccion electroquimica forman los respectivos cation
radical y anion radical. Las estructuras cristalinas de rayos-X
de los compuestos 6a, 7b y 11 a revelan que dichas moléculas
estan fuertemente distorsionadas de la planaridad con el anillo
central de antracenodiilideno en una conformacion de bote. La
estructura molecular de los compuestos 6, 7 y 11 también ha
sido investigada mediante cdlculos teoricos a nivel ab initio
6-31G*. Las geometrias calculadas coinciden bastante bien
con las obtenidas mediente difraccion de rayos-X e indican
claramente una disminucion de la repulsion estérica de acuerdo
con la siguiente serie: 11>7>8>6. Los calculos teoricos
confirman la naturaleza de la transferencia de carga intramo-
lecular de la banda de baja energia observada en los espectros
UV)visible de los compuestos 6, 7 y 8 y explican los valores de
los potenciales redox determinados mediante voltamperome-
tria ciclica. Las geometrias optimizadas para el cation radical,
anion radical y dianion del compuesto 7 ilustran los cambios
estructurales provocados por el proceso de adquisicion de
carga. En el caso del dianion, las interacciones estéricas
disminuyen notablemente como consecuencia de la rotacion de
la subunidad aceptora de dicianovinileno, aunque la presencia
del fragmento dador impide la formacion de una estructura
aromdtica completamente plana del esqueleto central de
antraceno.

Chem. Eur. J. 1998, 4, No. 12
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tion band in the visible region.!”! The push-pull diphenoqui-
nonoid compounds 2, bearing a benzo-1,3-dithiol-2-ylidine
unit as a strong donor group and a dicyanomethylene unit as a
strong acceptor moiety, have been recently synthesised and
show a strong absorption band in the near infrared region.!']
The observed large negative solvatochromism with increasing
solvent polarity indicates that zwitterionic forms contribute
greatly to the push-pull quinonoid system in compound 2.

The hexacyanotriquinarenemethane dianion 3 bearing the
dicyanomethylene unit covalently attached to the quinonoid
ring has been recently reported as a stable, highly tetrapolar
substance, which behaves as a donor—acceptor system.[!!]

In this paper, we report the synthesis, steady-state and
ultrafast time-resolved UV/visible spectroscopy, solution
electrochemistry and molecular structure (determined by
X-ray structural analyses and/or by ab initio calculations) of
donor - m-acceptor systems which are based upon the 9,10-
anthracenediylidene core.l'”) The donor units are 1,3-dithiole
rings and the acceptor units are ketone, dicyanomethylene
and N-cyanoimine groups. The donor ability can be finely
tuned by the attachment of different substituents to the 1,3-
dithiole rings.

Results and Discussion

Synthesis: The ketones 6 required for the synthesis of
systems 7 and 8 were readily prepared by reaction of the
corresponding 1,3-dithiolium cation salt4a—d (Scheme 1)
with anthrone 5. This was carried out in the presence of
sodium ethoxide in the case of 4a, or pyridine/acetic acid for
4b-d, following literature precedents.'*l Compounds 7a—-d
were subsequently prepared in good to excellent yields (54—
84%) by the reaction of 6a-d with Lehnert’s reagent
(malononitrile, pyridine and titanium tetrachloride)l™ in
refluxing chloroform. Similarly, the reaction of 6a—d with
N,N-bis(trimethylsilyl)carbodiimide (BTC) and titanium tet-
rachloride, following the conditions developed by Aumiiller
and Hiinig for the synthesis of N,N'-dicyanoquinone diimine
acceptors,[”! resulted in the formation of the N-cyanoimine
donor —m-acceptor systems 8a—d (23-85% yields). These
cyanoimination reactions required notably longer reaction
times (typically 2—-3 days) than the corresponding dicyano-
methylations (1 day) and the addition of further BTC during
the reaction was found to improve the yield of products 8. The
'H NMR spectra of 8 at room temperature exhibited very
broad peaks in the aromatic region. By performing variable-
temperature NMR studies, we were able to produce signifi-
cantly better resolved spectra (temperatures below —30°C
produced sharp peaks; Figure 1). This broadness at > —30°C
is attributed to the cyanoimine group flipping on the NMR
timescale, causing the peri hydrogen signals to broaden,
thereby affecting the rest of the aromatic region of the
spectra. Similarly, the *C NMR spectra also showed broad
peaks around 6 =126, due to the two peri carbon atoms.

We have also synthesised the new 9,10-bis(1,3-dithiol-2-
ylidene)-9,10-dihydroanthracene derivative 11a (Scheme 2)
for a comparison of the X-ray structure with compounds 6a
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R._s* 20°C, or 7d R=H
T XD LD —
R S (b) Pyridine / HOAc (3:1),
X 0 reflux o
4a R =SMe, X=BF 5 RHR
a = e, X= 4 —
4b R=Me, X =1 g: g=hSAMe d %
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8¢ RR = SCH,CH,S
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Scheme 1. Synthesis of compounds 6a—d, 7a—d and 8a—d.

Steady-state UV/visible absorption and emission spectrosco-
py: The electronic absorption and emission spectra of com-

20°C
pounds 7, 8 and 11b! in solution have been recorded for
several different solvents, as illustrated in Figure 2 for 7b and
0°C in Figure 3 for 11b. The absorption profiles of the donor—
-10°c

20°C

A
L

s

z
. ‘g
g
3 9.0 8.8 8.6 8.4 82 8.0 7.8 7.6 7.4 :g:
Figure 1. Variable temperature '"H NMR spectra of compound 8a. g
2
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R R
8._.S

Absorbance

9 |
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T X 9408
R S H I c

o
@& 1) .-78°Co20°C

9a R=SMe ° 10 8_7
9b R =Me R) (R
11a R=SMe
11b R=Me d
Scheme 2. Synthesis of compounds 11a,b. 360 + 4(')0 5(')0 . 6(')0 . 7(')0
. . ) Wavelength / nm
and 7l,)' Twofold reaction of anthraquinone 10[ ](:Vlth the. Figure 2. Normalised UV/visible absorption (solid line) and emission
carbanion generated from phosphonate reagent 9al'*! (nBuLi (dashed line) spectra of 7b in a) cyclohexane, b) chloroform, c) acetonitrile
at —78°C in THF) afforded compound 11a in 38 % yield. and d) aqueous solution.
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Figure 3. Normalised UV/visible absorption (solid line) and emission
(dashed line) spectra of 11b in a) cyclohexane and b) acetonitrile solution.

acceptor compounds 7 and 8 are similar, comprising a set of
peaks in the UV region at wavelengths <450 nm and a broad,
low-energy band in the visible region at 550-600 nm. This
visible wavelength band may be assigned to an intramolecular
charge-transfer transition from the donor 1,3-dithiole moiety
to the acceptor group, similar to those observed in other single
component donor - m-acceptor systems.’! The charge-transfer
bands of compounds 8 are shifted hypsochromically from
those of compounds 7 (Table 1), this shift being attributable to
the electron-accepting ability of the N—CN group being less
than that of the C(CN), group.l'”] The precursor ketones 6
show charge-transfer bands shifted to shorter wavelengths
(460-480 nm), owing to the poorer acceptor ability of the
ketone group. The charge-transfer band position is also
sensitive to variation of the subtituents on the 1,3-dithiole
ring (Table 1), with that of 7b being shifted bathochromically

Table 1. Electronic absorption maximal® and redox potentials®! of compounds 6-8.

from those of 7a, 7¢ and 7d, due to the increased electron-
donating ability of the dimethyl 1,3-dithiol group of 7b. The
absorption spectrum of the symmetric bis(1,3-dithiole) deriv-
ative 11b (Figure 3) is clearly different from those of com-
pounds 7 and 8; it comprises only UV bands and no low-
energy band in the visible region. The absence of a charge-
transfer band for 11b is expected due to the lack of an
acceptor group within this molecule.

Compound 7b was found to exhibit solvatochromism, as
illustrated in Figure 2 and detailed in Table 2. The UV
absorption bands of 7b show little dependence on solvent,

Table 2. UV/visible charge-transfer absorption band maxima (4,,) and
widths?! (Al,,), and emission band maxima (A.,), intensities,” widths
(AAen) and Stokes shifts (Adges) for 7b in solution, along with solvent
dielectric constants (&) at 30°C.

Solvent € Aabs Aabs Alem Alem Algiokes
[nm] [nm] [nm] [nm] [nm]
cyclohexane 2.02 542 81 590 (w) 61 48

chloroform 4.80 571 102 658 (vw) 66 87
acetonitrile 37.5 553 111 - - -
water 77.0 592 128 - - -

[a] Full width at half maximum; [b] w =weak, vw =very weak, - =unob-
served.

whereas the charge-transfer band exhibits a bathochromic
shift and an increase in bandwidth with increasing solvent
polarity, although the peak positions for chloroform and
acetonitrile are reversed from this general trend. The emission
from 7b was also found to be dependent on solvent, being
weak in cyclohexane, very weak in chloroform and unob-
served in acetonitrile or aqueous solutions. The emission band
exhibits both a bathochromic shift and a larger
Stokes shift from the absorption band on increas-
ing the solvent polarity (from cyclohexane to

chloroform), although the bandwidths are similar.

Compound Amax [nm] Ei [V] Ela [V]
In contrast, both the absorption and the very weak
ROR emission of 11b were found to be insensitive to
= 6a: R =SMe 455 0.98 —145 : :
d % bt R—Me 451 0.87 _1s2 changes of solvent (Figure 3), as .e?<pected in the
I 6¢: R = (SCH,), 460 0.95 147 absence of a charge-transfer transition.
O O 6d: R=H 467 0.96 —1.52
° Ultrafast time-resolved UV/visible spectroscopy:
R R The photophysics of 7b has been studied by
= 7a: R = SMe 545 0.98 ~1.00 ultrafast time-resolved UV/visible spectroscopy.
RN 7b: R =Me 572 0.95 —0.96 The time-resolved difference spectra, obtained 4 —
| 7¢: R=(SCH,), 550 0.99 —-097 5 ps after photolysis, are illustrated in Figure 4 for
O‘e 7d:R=H 42 105 — 104 7b in acetonitrile and in chloroform on UV
(303 nm) or visible (606 nm) excitation. These
NCT TeN time-resolved difference spectra have similar pro-
R R files, comprising photoinduced absorption at 400 —
s>:<s 8a: R — SMe san 0.97 104 ;28 nm ar%ill a 11(1.6:gat.1V6 feature at ap.proxm.lately
8b: R = Me 566 0.85 —1.08 nm. e kinetics of the transient signals
! 8c: R=(SCH,), 558 0.97 —-1.01 obtained on UV photolysis of 7b in acetonitrile
O‘O 8d:R=H 543 0.89 —1.00 (shown in Figure 5 for probe wavelengths of 500
Nooy and 800 nm) were found to fit well to a single-

exponential decay corresponding to a lifetime

[a] In CH,CI, solution, 20°C [b] Potentials vs. SCE; Bu,N*ClO; 0.1M as supporting
electrolyte; GCE as working electrode; CH,Cl, as solvent; scan rate: 200 mVs~!; 20°C.
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(Tops = 1/kgys) Of 170 +20 ps. Similar kinetics were
obtained on visible-wavelength photolysis. The

0947-6539/98/0412-2583 $ 17.50+.50/0 2583





FULL PAPER

M. R. Bryce, R. E. Hester, N. Martin, J. N. Moore, E. Ort{ et al.

T T T
a
0.1 1
3
]
el
g
=]
<
<
0.0 v‘v
) I )
t t t
b
0.1 1
5
E]
o
3
K
<
Tor 'A\\»\
1 1 L

400 500 600 700 800
Wavelength / nm
Figure 4. Time-resolved UV/visible difference spectra of 7b in acetonitrile
at 4 ps (top) and in chloroform at 5 ps (bottom), after photolysis at 606 nm
(@) or 303 nm (0).
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Figure 5. Transient kinetic signals at a) 500 nm and b) 800 nm (expanded
by x 2), obtained on 303 nm photolysis of 7b in acetonitrile. The data (e)
are fitted (solid line) by a single-exponential decay function corresponding
to a lifetime of 170 ps.

excited state lifetime was found to be extended considerably
for 7b in chloroform, preliminary experiments giving 7, ~
400 ps.

The similar transient spectra and kinetics obtained on
either UV or visible excitation indicate that internal con-
version occurs rapidly from the higher excited states formed
initially on UV photolysis. The same excited state is observed
here on either UV or visible excitation. The strong positive
feature at approximately 500 nm in the transient difference
spectra is attributable to absorption of the excited state. The
absence of a negative feature at 500 — 650 nm, which would be
expected from bleaching of the ground state absorption band,
indicates that the excited state also absorbs in this region and
that the profile is the result of contributions from both ground
and excited states. The negative feature observed at wave-
lengths > 650 nm for 7b in chloroform, and at >720 nm for 7b
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in acetonitrile, may be attributed to excited state emission
which is stimulated by the probe pulse; spontaneous (non-
stimulated) emission would be observed in these experiments
as an increase in probe beam intensity which is independent of
delay time. It is notable that the stimulated emission band of
7b in chloroform (Figure 4 bottom) does not match the
steady-state emission band (Figure 2b), which peaks at
658 nm and shows essentially no emission around 800 nm.
The stimulated emission of 7b in acetonitrile appears to be
shifted to longer wavelength than that in chloroform,
consistent with the expected dependence on solvent polarity.
No steady-state emission was observed for 7b in acetonitrile
to enable comparison.

The observation of emission bands at different wavelengths
in steady-state and time-resolved experiments suggests two
possibilities. First, that the same emission bands are observed
in each experiment, but that the emission profile observed in
the time-resolved experiments is distorted by the presence of
a strong, overlying transient absorption band from the excited
state. Second, that at least two excited states form on
excitation of 7b in solution, and that the steady-state and
time-resolved experiments probe the emission from different
states. The considerable difference in the emission bands
observed in these two sets of experiments suggests that the
second possibility is the more likely. Moreover, the phenom-
enon of dual emission has been observed in a number of cases
involving charge-transfer excita-
tion within organic donor-ac- s,
ceptor systems,['’l arising from
the general photophysical mech- K St
anism given in Scheme 3. The
ground state (S,) is promoted to
an excited state (S;), which may
decay back to the ground state

bvl ki &,

nr

Ktoik,
radiatively (k!) or nonradiative-
ly (kl,), or it may relax (k') to a
more stable form (S'), which s

may also decay by radiative
(k{) or nonradiative (k{,) path-
ways; the ground state ultimate-
ly is reformed. The ST state is
formed in higher yield in solvents of high polarity and it
exhibits emission that is at lower energy than that of the first
formed S, state. The nature of the S' species has generally
been described as a twisted intramolecular charge-transfer
(TICT) state,'7 ") although this interpretation has been
disputed and ST has been described alternatively as a solute/
solvent exciplex.?l The observations reported here for 7b are
in accord with the general mechanism given in Scheme 3,
whatever the precise nature of the St state.

The emission observed from 7b in steady-state experiments
mirrors the charge-transfer absorption band and may be
attributed to the S, state. The emission band position shifts to
longer wavelengths and there is a larger Stokes shift with
increasing solvent polarity, because more polar solvents
enable the first formed charge-transfer state to be stabilised
more effectively. According to this scheme, increased solvent
polarity will increase k!, increase the yield of St and hence
decrease the yield of emission from S;; this trend of weaker

Scheme 3. General photo-
physical mechanism for 7b.
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emission with increasing solvent polarity is observed for 7b.
The stimulated emission, observed at longer wavelength in the
time-resolved experiments, may be attributed to the ST state;
the risetime of this signal at 800 nm is very short (<5 ps) in
acetonitrile, corresponding to the timescale of the S§; —ST
reaction and/or solvent stabilisation of the S* state. Whether
this reaction is complete, or whether equilibrium is estab-
lished between the S; and ST excited states, is unclear from the
present data and may depend on the solvent environment,
which determines the relative energies of these states. Thus,
the observed transient spectra may contain contributions
from both of these states; the observed lifetimes correspond
to the overall timescale for excited state decay and ground
state recovery.

In summary, these preliminary ultrafast spectroscopic
studies indicate that at least two excited states may contribute
to the photophysics of 7b and that the excited state lifetime
depends strongly on solvent polarity. The observations are
consistent with the general schemes reported for related
donor —acceptor excited states. More extensive studies of the
excited-state structure and dynamics will be required to
establish more detailed aspects of the photophysical mecha-
nism.

Solution electrochemistry: The solution electrochemistry of
compounds 6-8 has been studied by cyclic voltammetry.
Systems 6 -8 exhibit a reversible oxidation wave that can be
attributed to the formation of the radical cation of the 1,3-
dithiole donor moiety. The half-wave potentials recorded for
these systems (Table 1) reveal that they are poor donors
compared to the parent TTF (E., =0.35V, under the same
conditions). Their donor ability is, however, better than that
of perylene (EL, =1.03V versus SCE)?! and many other
organic donor systems, such as dioxins (El,=1.0-12V
versus SCE).2 Derivatives 6b, 7b and 8b show lower
oxidation potentials, owing to the electron-donating effect
of the two attached methyl groups. This effect is consistent
with the longer wavelengths observed for the charge-transfer
bands of the methyl-substituted compounds (see Table 1).
The voltammograms of compounds 6-8 (exemplified in
Figure 6 for 6d and 7d) also show a reduction wave on
forming the corresponding radical anion, for which the
negative charge is presumably located on the acceptor group,
as has been proved for TCNQ derivatives.’! A second, poorly

1500 1000 500 0 -500 -1000 -1500 -2000
E/mV

Figure 6. Cyclic voltammograms of compounds 6d and 7d at 200 mVs~! in
dichloromethane.
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defined reduction wave is observed in all cases at more
negative potentials, whose assignment is discussed below on
the basis of ab initio calculations. The first reduction potential
of the precursor ketones 6 is cathodically shifted by approx-
imately 0.5V compared to 7 and 8, owing to the lower
acceptor ability of the ketone group. This is in agreement with
the shorter wavelength observed for the charge-transfer band
(see Table 1).

X-ray crystal structures analysis of 6a, 7b and 11a: Com-
pounds 6a, 7b and 11a were characterised by single-crystal
X-ray diffraction (Table 3). The asymmetric unit of 7b

Table 3. Crystal data for compounds 6a, 7b and 11a.

Compound 7b 6a 11a
formula C,H\N,S, C,,H,,0S, C,,H,Sq
M 370.5 386.5 564.9
T[K] 150 293 293
symmetry monoclinic monoclinic triclinic
alA] 15.353(5) 11.703(2) 8.771(1)
b[A] 13.895(5) 8.255(2) 9.993(1)
c[A] 17.082(6) 18.300(4) 15.375(1)
al’] 90 90 86.93(1)
AN 101.07(3) 97.15(3) 78.69(1)
v [°] 90 90 75.24(1)
U A% 3576(2) 1755.1(8) 1277.8(3)
reflections/lattice 500 25 25

6 range [°] 4-23 10-15 12-15
space group P2,/n P2,/n P1

V4 8 4 2

F(000) 1536 800 584
u(MoK,) [ em™'] 31 5.4 7.1

Peatcd | g cm™3] 1.38 1.46 1.47
crystal size [ mm] 0.08 x 0.25 x 0.5 0.07 x0.45x 0.5 02x0.2x0.4
scan mode [ 0/26 0126
20,4 [°] 46.5 55 54

data total 13194 4497 5289
data unique 5101 4024 4996
data observed I >20(l)* 4610 2999 3056

Rin 0.030 0.015 0.023
absorption corr. - empirical empirical
1 scans (reflections) - 216 (6) 144 (3)
Tin: Tinax - 0.839:1 0.920:1
no. of variables 477 273 300

wR, all data 0.094 0.045 0.054
goodness-of-fit 1.16 1.52 1.54
R(F), obs. data 0.041 0.037 0.041
APmax [€ A3 0.17 0.30 0.38
APin [6 A7 —021 —0.22 —0.41

[¥] F2 > 26(F?)

comprises two molecules with essentially the same geometry.
In 11a, one of the methyl groups is disordered over two
positions. All three molecular structures

(Figure 7) are distorted significantly from S_ .S
planarity, similar to compounds 11b,¥*1 12

and the radical cation of the latter! and /N;S
have noncrystallographic mirror symmetry. =N
The central (quinone) ring of the anthraqui- s s
none moiety adopts a boat conformation \=/

(somewhat twisted in structure 6a), while
the two outer benzene rings are tilted in the
opposite direction and form a dihedral angle 12
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Figure 7. Molecular structures of 6a (top), 7b (centre) and 11a (bottom,
showing the disorder of the SMe group).

of 27° (6a), 35 or 32° (7b) and 38° (11a). There is also tilting of
the exocyclic C(9)=C(11) and C(10)=C(16) bonds out of the
planes of the adjacent ring moieties (by 3-5°) or the C(CN),
moiety in 7b (by approximately 10°) and folding of the
dithiole rings along the S-S vectors (by 8-12°) in all three
structures in the same ("inward’) direction. Such a conforma-
tion is apparently forced by steric repulsion between the
dithiole ring sulfur atoms and the peri-hydrogen atoms. These
S—H contacts in 6a, 7b and 11a (2.5-2.6 A) are substantially
shorter than the sum of the Van der Waals radii of H (1.17 A)
and S (1.8 A),® while in an (imaginary) planar structure they
should be forbiddingly short (approximately 2 A). Indeed,
replacement of a less bulky substituent for one dithiolylidene
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group reduces the bending of the molecules 6a and 7b. In
their structures, folding of the central ring is much smaller
along the C(4a)-C(10a) vector than along the C(8a)—C(9a)
vector, that is 14° versus 26° in 6a, 23° versus 29° in 7b, while
in bis(dithiole) compounds the folding is larger and sym-
metrical (31° in both 11a and 11b[®!), in direct proportion to
the size of the substituent. Furthermore, similar molecules
where the peripheral benzene rings are absent, as in bis(4,5-
dimethyl-1,3-dithiol-2-ylidene)-1,4-cyclohexa-2,5-diene,”®l or
replaced by 1,2,5-thiadiazole®”! or 1,4-diazine®! rings, are
essentially planar and form infinite stacks in the crystal (in the
last two compounds, attractive intramolecular S—N contacts
replace the repulsive S—H contacts in 11a). The distorted
conformations of 6a, 7b and 11a preclude efficient stacking in
the crystal. Instead, the inversion-related molecules ’engulf’
each other (Figure 8) at the usual Van der Waals distances.

e
//&' \
s ;

b
Figure 8. Crystal packing of 7b.

Ab initio calculations

Neutral compounds: The molecular structures of the
unsubstituted compounds 6d, 7d, 8d and 11d (R =H) were
optimised at the ab initio 6—31G* Hartree —Fock (HF) level
in both planar and nonplanar conformations. The planar
structures are strongly hindered by the very short contacts
between the sulfur atoms and the hydrogen atoms in peri
positions, which are calculated to be 2.13 (6d), 2.05 (7d), 2.10
(8d) and 2.02 A (11d). Compared to 11d, the S—H,,,; contacts
on one side of 7d are substituted by two C—H,,,,; (1.96 A) and
two N-H,,,; (2.29 A) contacts. The greater flexibility of the
cyanoimine group in 8d relaxes the unique C-H,, and
N—-H,,,; contacts to 2.12 and 2.43 A, respectively. Compound
6d exhibits no significant steric hindrance on the acceptor
part. These interactions determine that all four compounds
distort from planarity and adopt the butterfly-shaped con-
formations depicted in Figure 7, where the central quinone
ring shows a boat conformation and the lateral benzene rings
preserve their planarity. 6-31G* calculations predict that
the energy difference between planar and butterfly struc-
tures increases along the series 6d (18.02 kcalmol™')
<8d (24.15kcalmol™) <7d (43.55kcalmol™!) <11d
(5744 kcalmol ™), in accord with the steric hindrance and
justifying the more folded structures found along this series.
The outer benzene rings form a dihedral angle of 29.6° (6d),
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35.9° (8d), 41.8° (7d) and 43.7° (11d), and the central ring is
bent along the C(4a)-C(10a) and C(8a)—-C(9a) vectors by
17.3° and 31.6° (6d), 26.3° and 33.5° (8d), 34.6° and 35.4° (7d)
and 36.6° (11d). These values follow the same trends
established from X-ray data for 6a, 7b and 11a. These values
are slightly larger than those measured experimentally, since
ab initio calculations are performed on isolated molecules and
packing forces in the crystal tend to flatten the molecules to
achieve the most compact packing.

Table 4 summarises the bond lengths calculated for the
central dithiole —quinonoid —dicyanomethylene skeleton of
7d, which are compared with those obtained for 7b from

Table 4. Selected experimental and calculated bond lengths (in A).
Bond 6al 7blal 11al 740 74t 7@ 79> 0

C(12)-C(13)  1339(3) 1.331(4) 1.334(7) 1315 1330 1316 1317
C(12)-S(1)  1.757(2) 1.750(3) 1.759(5) 1.755 1725 1757 1762
S(1)-C(11)  1.763(2) 1.754(3) 1.767(4) 1.781 1721 1791 1.796
C(11)-C(9)  1372(3) 1374(3) 1359(6) 1338 1404 1335 1.361
C(9)-C(8a)  1470(3) 1470(3) 1.480(6) 1.488 1473 1484 1468
C(8a)-C(10a) 1.417(3) 1411(3) 1407(5) 1403 1406 1411 1.431
C(10a)-C(10) 1.481(4) 1.465(3) - 1486 1487 1466 1415

C(10)-C(16) - 1372(3) - 1347 1342 1436 1.499
c(16)-Cc(17) - 1.439(3) - 1443 1443 1419 1407

Cc(17)-N(1) - 1.148(3) - 1136 1135 1145 1.153
C(10)-0(1)  1.230(3) -

[a] X-Ray data averaged over chemically equivalent bonds (and over two
independent molecules in 7b) [b] 6-31G* calculations on the most stable
butterfly-shaped conformation; all species have a mirror symmetry plane passing
through the C(11)-C(9) and C(10)-C(16) bonds (see Figure 11).

X-ray data and only marginally exceed the 30 values of the
experiment. The average deviation between the theoretical
and the experimental values is 0.017 A. The largest deviations
correspond to the C(9)-C(11) and C(10)-C(16) double
bonds, which are calculated approximately 0.025 A too short,
and to the S(1),S(2)—C(11) bonds, which are predicted too
long by 0.027 A. Theory predicts and experiments show that
the C(4a)—C(9a) and C(8a)-C(10a) bonds of the central
quinonoid ring have a length of 1.40-1.41 A, which is
considerably longer than a formal double bond (1.34 A for
ethylene). The lengthening of these bonds is a consequence
of the fusion of the outer benzene rings, which have bond
lengths of 1.39-1.40 A and bond angles of 120+ 1°, thus
preserving their aromaticity. The C(9)-C(8a),C(9a) and
C(10)-C(4a),C(10a) bonds have lengths of 1.47 A (1.49 A
from theory) typical of C.-C,, single bonds. From the
structural standpoint, compounds 7 can be then visualised as
two aromatic benzene rings linked together by a 1,3-dithiol-2-
ylidene unit and a dicyanoethylidene unit. Similar structural
conclusions can be inferred for compounds 6, 8 and 11.
Figure 9 indicates the atomic orbital (AO) composition of
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of 7d. While the
HOMO is mostly sited on the 1,3-dithiol-2-ylidene moiety, the
LUMO concentrates on the dicyanoethylidene unit. Similar
topologies are found for 6d and 8d with the difference that
the LUMO of 6d shows larger contributions from the
anthracene moiety. The topologies of the frontier orbitals
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suggest that, in a first approach,
the electron extracted upon
oxidation is mainly removed
from the 1,3-dithiol-2-ylidene
unit and the electron intro-
duced upon reduction is mainly
added to the C=O (6d),
C=C(CN), (7d) or C=N-CN
(8d) units, with a large involve-
ment of the anthracene moiety
in the case of 6d. The energy of
the LUMO decreases along
the series, 6d (1.69¢V), 8d
(1.07 eV) to 7d (0.88 eV), sup-
porting the anodic shift of the
first reduction potential along
this series (see Table 1). The
energy of the HOMO remains ) )

e eps Figure 9. Electron density con-
mostly unaffected, justifying " ¢ ihe HOMO and LU-
the almost identical oxidation MO of 7d.
potentials recorded for com-
pounds 6-8.

The AO composition of the HOMO and LUMO of the
donor-acceptor compounds 6, 7 and 8 indicates that the
lowest energy HOMO —LUMO electronic transition in-
volves an electron transfer from the dithiole group to the
acceptor part of the molecule. This supports the intramolec-
ular charge-transfer character of the longest wavelength
absorption band observed in the electronic spectra. The
HOMO-LUMO energy gap decreases with the acceptor
ability of the electron-withdrawing group (6 > 8 >7) owing to
the stabilisation of the LUMO. This trend mirrors the
bathochromic shift observed experimentally along that series,
especially passing from 6 to 7 and 8 (see Table 1). For
compound 11, the lowest energy absorption band has no
charge-transfer character, since both the HOMO and the
LUMO are mostly located on the 1,3-dithiol-2-ylidene units;
this supports the assignment of the observed electronic
spectra. It is to be noted that no significant charge transfer
is found for compounds 6, 7 and 8 in the ground state. While
each of the dithiole rings in 11d bears a net atomic charge of
—0.044 e, this ring has a charge of —0.012 e in 6d, — 0.009 ¢ in
8d and 0.013 e in 7d. This means that there is a maximum
charge transfer from the dithiole ring of 0.057 e for 7d in its
ground state. This charge transfer is small compared with that
obtained for other 1,3-dithiole based donor-acceptor com-
pounds, where a conjugated i spacer separates the donor and
the acceptor units.””! The absence of conjugation in com-
pounds 6, 7 and 8, due to the boat conformation adopted by
the anthracene spacer is likely to be the cause of this
diminished charge transfer in the ground state.

Charged compounds: To get a deeper understanding of the
oxidation and reduction processes, the molecular geometries
of the radical cation, radical anion and dianion of 7d were
optimised at the ab initio 6—31G* level. The most relevant
bond lengths calculated for these species are included in
Table 4 to be compared with those obtained for neutral 7d.
The oxidation process affects the 1,3-dithiol-2-ylidene moiety,
as suggested above on the basis of the AO composition of the
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HOMO. The S—C bonds shorten to 1.72 A and the exocyclic
C(11)-C(9) double bond lengthens to 1.40 A. The remaining
bond lengths remain almost unaffected by the loss of an
electron. In a similar way, reduction mainly affects the
C=C(CN), unit and leaves the dithiole group unchanged.
The parameter that undergoes the largest modification in
passing to the anion is the exocyclic C(10) — C(16) bond, which
lengthens from 1.347 to 1.436 A. As a whole, the anthracene
backbone is slightly more affected by reduction than by
oxidation. This effect can be attributed to the more significant
contributions that the anthracene moiety makes to the
LUMO (see Figure 9).

The lengthening of the exocyclic C(11) - C(9) bond for the
cation and of the C(10) - C(16) bond for the anion lowers the
steric contacts of the peri hydrogen atoms with the sulfur
atoms and with the cyano groups, respectively. However, the
relaxation of the steric hindrance reduces only slightly the
distortions from planarity, because it only acts on one side of
the molecule. The dihedral angle formed by the outer benzene
rings changes from 41.8° for neutral 7d to 40.5° for 7d** and
to 38.6° for 7d . The folding of the central ring along the
C(8a)—C(9a) vector (35.4° for 7d) slightly diminishes for 7d**
(34.1°) and increases for 7d~* (36.3°), while that along the
C(4a)—C(10a) vector (34.6° for 7d) remains unchanged for
the radical cation (34.5°) and reduces to 27.6° for the radical
anion.

The attachment of the second electron to form the dianion
of 7d affects the whole molecule but mainly causes changes to
the surroundings of the exocyclic C(10) - C(16) bond, which
now has a length of 1.50 A. The marked single-bond character
of this bond causes the dicyanomethylene group to rotate to
the perpendicular twisted structure displayed in Figure 10.

Figure 10. Molecular conformation calculated at the ab initio 6—31G*
level for 7d?.

This conformation avoids the steric interactions of the cyano
groups with the peri hydrogens and is calculated to be
14.17 kcalmol~! more stable than the optimised butterfly
conformation, which is analogous to that shown by neutral 7d
and the radical anion 7d~". Calculations for both the radical
anion and the radical cation of 7d with either the C(CN),
group (7d~°) or the dithiole ring (7d*") in a perpendicular
position indicated that they are 5.39 and 10.11 kcalmol ! less
stable than the respective butterfly-shaped conformations.
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Despite the absence of steric interactions on the acceptor
side of the molecule, the anthracene moiety of 7d*" remains
significantly distorted from planarity, due to the S—H,,
contacts present on the donor side. This asymmetry results
in a small folding of 10.4° along the C(4a)-C(10a) vector,
while a folding of 28.2° is still present along the C(8a)—C(9a)
vector. As a consequence, the outer benzene rings are no
longer planar and exhibit distortions of 9—-10°. They form an
average dihedral angle of approximately 24°, significantly
smaller than that of neutral 7d (41.8°) and 7d~* (38.6°). For
7d?-, the dithiole ring is more bent along the S-S vector
(28.8°) than in 7d (7.1°) and in 7d~" (16.1°), due to the shorter
S—H,,,; contacts (2.59 A) present in 7d*. The structural
asymmetry calculated for the anthracene unit of 7d*" is also
shown in Figure 11, where it
is compared with that for the
anthracene molecule. While
the lower part connected to
the C(CN), unit has gained
in aromaticity and strongly
resembles that of anthra-
cene, the upper part clearly
differs. The anthracene unit
of 7d? thus shows a molec-
ular structure intermediate
between aromatic anthra-
cene and the two independ-
ent benzene rings present in

neutral 7d. 1 433
The Mulliken net atomic '
charge distributions calcu- 1.348™71.436~"1.300

lated for 7d, 7d—- and 7d*
indicate that the first extra
electron is mostly accommo-
dated by the C(CN), group
(0.42 e) and by the hydrogen
atoms of the anthracene unit
(0.28 e). The second electron is located in the C(CN), unit
(0.31 e), the hydrogen atoms of the anthracene unit (0.31 e)
and the dithiole ring (0.32 e). The population analysis thus
suggests that the second reduction wave, observed in the
cyclic voltammogram of compounds 7, should not be ascribed
to the reduction of the anthracene moiety, since the net charge
of the anthracene carbon backbone remains almost un-
changed during the charging process. The total electron
density gained by the C(CN), group in passing from 7d to
7d* (0.73 e) is in fact very similar to the extra charge of 0.71 e
accumulated by each of the C(CN), units in the dianion of the
acceptor molecule 11,11,12,12-tetracyano-9,10-anthraquino-
dimethane (TCAQ).PY For TCAQ, which also exhibits a
butterfly structure in the neutral state, 3! the introduction of
the second electron to form the dianion completes the
planarisation, that is the aromatisation, of the anthracene
moiety and the reduction of this moiety takes place during the
formation of the trianion and tetraanion.’*3 For com-
pounds 6, 7 and 8, the aromatisation of the anthracene
backbone is hampered by the presence of the donor unit,
which hinders it from achieving planarity in the reduction
process.

Figure 11. 6-31G*  optimised
bond lengths [A] for the central
anthracene unit of 7d?~ (top) and
for the anthracene molecule
(bottom).

0947-6539/98/0412-2588 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 12





Functionalized 1,3-Dithiol-2-ylidene Anthracene Donors

2580-2592

Conclusion

In summary, we have prepared a variety of extended donor—
acceptor (6,7 and 8) and donor—donor 11 species based on an
anthracenediylidene backbone. The electronic absorption
spectra of the donor—acceptor compounds exhibit an intra-
molecular charge-transfer band, which is sensitive to the
nature of both the donor and acceptor groups. The steady-
state emission observed from these compounds is weak,
exhibiting solvent dependence in both band position and
intensity. Preliminary time-resolved spectroscopic studies
indicate that at least two excited states may form on
photolysis and that the lifetime of 170-400 ps is strongly
dependent on solvent polarity. Cyclic voltammetric studies
establish that both radical cations and radical anions can be
generated in solution by one-electron oxidation and reduc-
tion, respectively. The highly distorted geometry of the
neutral species has been established by X-ray crystal structure
analysis and by ab initio theoretical calculations. The mole-
cules exhibit a butterfly-shaped structure, in which the central
quinone-type ring adopts a boat conformation and the outer
benzene rings are tilted in the opposite direction and preserve
their planarity. The degree of distortion from planarity is
determined by the steric contacts of the hydrogen atoms in
peri positions with the donor/acceptor units. The energies and
topologies of the HOMO and the LUMO afford a first
explanation of the redox properties and support the intra-
molecular charge-transfer nature of the lowest energy ab-
sorption band, observed experimentally for compound 6, 7
and 8. The oxidation and reduction processes have been
studied in more detail by optimising the molecular structure
of the radical cation, radical anion and dianion of compound 7.
While oxidation affects the 1,3-dithiole environment, reduc-
tion changes the C=C(CN), unit. For the dianion, the
C=C(CN), group is twisted around the exocyclic C=C bond
and the central anthracene backbone becomes less distorted
from planarity. The presence of the donor 1,3-dithiole unit
hampers the achievement of a fully planar aromatic anthra-
cene structure.

Experimental Section

General details: '"H NMR spectra were obtained using Varian instruments
VXR 200 operating at 199.98, 299.907, or 399.958 MHz. Variable temper-
ature '"H NMR spectra and *C NMR spectra (100.581 MHz) were obtained
using a Varian 400 spectrometer. Mass spectra were recorded using a
VG7070E spectrometer operating at 70 eV. IR spectra were recorded using
a Perkin-Elmer 1615 FTIR spectrometer operating from a Grams analyst
1600. Melting points were obtained by using a Kofler hot stage microscope
apparatus and are uncorrected. Cyclic voltammetry measurements were
performed on a EG&G PAR Versastat potentiostat using 250 Electro-
chemical Analysis software. A Metrohm 6.0804.C10 glassy carbon elec-
trode was used as indicator electrode in voltammetric studies (1 x 1075 m
solutions of the compound in dichloromethane, 0.1m Bu,NCIO, as the
supporting electrode, platinum working and counter electrode, SCE as
reference electrode at 20°C). All chromatography was performed using
Merck silica gel (70-230 mesh). All reagents were used as purchased
unless otherwise stated. All solvents were dried according to standard
procedures. All reactions were carried out under an atmosphere of dry
argon.
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A Hitachi U-3000 spectrophotometer and a Shimadzu RF-150X spectro-
fluorimeter were used for UV/visible absorption and emission studies,
respectively. Samples were contained in 10 mm pathlength cells and all
studies were carried out at room temperature (approximately 18°C). The
ultrafast apparatus has been described in detail elsewhere.> 3 Briefly, the
output of an amplified dye laser system (606 nm, 50 pJ, 200 fs, 1050 Hz)
provided photolysis pulses in the visible or in the UV by frequency
doubling (303 nm, 1.4-1.8 W), and probe pulses (400-800 nm) by white
light continuum generation. The continuum probe was focused to a
diameter of approximately 200 um in the sample cell, coincident with the
photolysis beam, which was focused to a diameter of approximately 250 pm
using near collinear geometry. The pump beam was synchronously chopped
at 525 Hz. The emerging beam was analysed using 10 nm bandpass
interference filters and a photodiode coupled to lock-in amplifiers. In all
cases, the relative polarisation of the pump and probe beams was set at the
’magic angle’ of 54.7°. A stoppered 1 mm pathlength quartz cell containing
the sample solution was translated rapidly in two directions perpendicular
to the laser beams at a rate sufficient to ensure that each pulse pair
encountered fresh sample.”) UV/visible absorption spectra measured
before and after the laser experiments confirmed the integrity of the
samples.

Computational procedure: All the calculations were performed at the ab
initio Hartree —Fock (HF) level using the 6-31G* basis set,* which
includes polarisation d functions on heavy atoms, and the GAUSSIAN 94
program.”] Neutral molecules and dianions were computed within the
restricted HF (RHF) formalism. The geometries of the singly charged
cations and anions were calculated using both the restricted open-shell HF
(ROHF) formalism and the spin-unrestricted HF (UHF) approximation.*!
In the latter, electrons with different spins occupy different sets of orbitals.
Only the results obtained using the ROHF procedure are given, because
both approaches led to similar geometries, but the latter presents a high-
spin contamination, $?=2.328 instead of the value of 0.75 typical of a
doublet. Geometry optimisations were carried out using the Berny
analytical gradients method.) The requested convergence on the density
matrix was 10~® and the threshold values for the maximum force and the
maximum displacement in the optimisation process were 0.00045 and
0.0018 atomic units, respectively. The calculations were performed on IBM
RS/6000 workstations and on a SGI Power Challenge L R8000 computer at
the Department of Quimica Fisica of the University of Valéncia.

X-ray crystallography: Single-crystal X-ray diffraction experiments for 6a
and 11a were carried out on a Rigaku AFC6S four-circle diffractometer,
for 7b on a Siemens SMART 3-circle diffractometer with a CCD area
detector (with a Cryostream open-flow N, gas cryostat!*’), using graphite-
monochromated Moy, radiation (1 =0.71073 A). For 6a and 11a, empirical
( scans) absorption corrections!*!l were applied, using TEXSAN soft-
ware.l?l All three structures were solved by direct methods, using
SHELXS-86 programs.*’] Structures 6a and 11a were refined by full-
matrix least squares against F of observed data with w™! = 0(F) + 0.0002 F2
weights (SHELXTL PLUS softwarel*), and 7b against F? of all data with
two term weighting scheme (SHELXL-93 softwarel®!). Non-hydrogen
atoms were refined anisotropically; in 6a all H atoms were refined
isotropically, in 7b and 11a methyl groups were refined as rigid bodies,
other H atoms were treated as ’'riding’. In 11a, one methyl group is
disordered; the C(15) atom occupies two positions, A and B (both refined
in isotropic approximation with 50 % occupancies), but two of the H atoms
occupy essentially the same positions for both orientations of C(15).
Crystal data and experimental details are listed in Table 3. Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-101940 (6a), CCDC-101941 (7b),
CCDC-101942 (11a). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

10-(4,5-Dimethylthio-1,3-dithiol-2-ylidene)anthracene-9(10H)one (6a): To
a solution of sodium ethoxide [prepared from finely grated sodium (0.21 g,
8.9 mmol) in dry ethanol (50 mL) ] was added anthrone 5 (1.71 g, 8.8 mmol)
and the resulting yellow solution was stirred for 15 mins. After this
time, 2,4,5-tri(methylthio)-1,3-dithiolium tetrafluoroborate 4al'?l (3.0 g,
8.8 mmol) was added and the solution was warmed to 60 °C for 16 h. The
solution was then allowed to cool and the precipitated solid was filtered and
purified by column chromatography, eluent dichloromethane/cyclohexane

0947-6539/98/0412-2589 $ 17.50+.50/0 — 2589





FULL PAPER

M. R. Bryce, R. E. Hester, N. Martin, J. N. Moore, E. Ort{ et al.

1:1 (v/v) to afford compound 6a as an orange solid (1.71 g, 50%; m.p.
185°C (from cyclohexane/dichloromethane)). Elemental analysis calcd. for
CyH,,0S,: C 59.04, H 3.65; found C 58.85, H 3.96. m/z (DCI): 386 [M"];
'H NMR (CDCl;, 200 MHz): 6 =8.27 (d, 2H, J=75Hz), 7.79 (d, 2H, J =
75 Hz), 7.65 (t, 2H, J=75Hz), 744 (t, 2H, J=75Hz), 2.42 (s, 6H,);
3C NMR (CDCLy): 6 =184.0, 140.6, 139.1, 132.3, 131.2, 127.8, 1274, 127.3,
126.7,119.9,19.8; IR (KBr) (cm™'): 1650 (CO), 1600, 1495, 1470, 1445, 1300,
1170, 940, 780, 700; UV/vis (CH,CL): Ay (¢) (nm): 468 (1.3 x 10%), 360
(6.2 x 10°), 250 (3.4 x 10%).
10-(4,5-dimethyl-1,3-dithiol-2-ylidene)anthracene-9-(10H)one (6b): This
compound was prepared according to a modified literature procedure,]
in which anthrone 5 (3.83 g, 19.7 mmol) was added to a stirred solution of
pyridine/acetic acid (100 mL, 3:1 v/v), 4,5-dimethyl-2-methylthio-1,3-di-
thiolium iodide 4b (6.0 g, 19.7 mmol) was added and the solution warmed
to 50-60°C for 16 h. The volume of solvent was reduced in vacuo to
approximately 50 mL, when a red solid precipitated. This solid was filtered,
washed with hexane, taken up in dichloromethane and the resulting white
precipitate removed by filtration. The filtrate was concentrated in vacuo to
yield compound 6b as a red crystalline solid (3.7 g, 60 %; m.p. 222 -224°C
(ref. [9] 217-218°C)). Spectroscopic and analytical measurements were
entirely consistent with those reported previously for compound 6b.1%
10-[4,5-(Ethylenedithio)-1,3-dithiol-2-ylidene]anthracene-9-(10H)one
(6¢): This compound was prepared in a similar way to 6b using 4,5-
ethylenedithio-2-methylthio-1,3-dithiolium tetrafluoroborate 4d and iso-
lated as a red solid in 69% yield (m.p. 201 -203°C). Elemental analysis
calcd. for C;H;,0S,: C 59.35, H 3.15; found C 59.49, H 3.02. m/z (EI): 384
([M*], 100). 'H NMR (CDCl;, 300 MHz): 6 =8.27 (d, 2H, J=8 Hz), 7.74,
(d, 2H, J=8) 7.66 (t, 2H, /=8 Hz), 745 (t, 2H, J=8 Hz), 3.33 (s, 4H);
BC NMR (CDCly): 6 =153.7, 138.7, 138.1, 136.4, 135.4, 131.7, 130.5, 127.1,
126.8, 126.2; IR (KBr) (cm™'): 1640 (CO), 1595, 1490, 1470, 1440, 1290,
1200, 1160, 930, 770, 690; UV/vis (CH,CL): A, (€) (nm): 482 (1.0 x 10%),
378 (5.2 x 10%), 252 (3.9 x 10%).
10-(4,5-Dihydro-1,3-dithiol-2-ylidene)anthracene-9-(10H)-one (6d). This
compound was prepared by a literature procedure'*! in 86 % yield.
Synthesis of the dicyanovinyl derivatives 7a—d. General procedure: To a
stirred solution of the corresponding ketone 6a—d (1 equiv) in dry
chloroform was added sequentially malononitrile (10 equiv), titanium
tetrachloride (1m in CH,Cl,, 2.5 equiv) and finally, dry pyridine (10 equiv).
The resulting blue/black solution was refluxed for 20 h. The solution was
then allowed to cool and the solvent removed in vacuo to leave a residue,
which was purified by column chromatography using dichloromethane as
eluent.

10-(4,5-Dimethylthio-1,3-dithiol-2-ylidene)-9-(2,2-dicy thylene)an-
thracene (7a): From ketone 6a (0.104 g, 0.27 mmol), dry chloroform
(50 mL), malononitrile (0.178 g,2.7 mmol), TiCl, (0.68 mL, 0.68 mmol) and
dry pyridine (0.23 mL, 2.8 mmol), 7a was obtained as a purple solid (0.08 g,
65 % ); m.p. 250°C (decomp). Elemental analysis calcd. for C,,H,N,S,: C
60.80, H 3.25, N 6.45; found C 61.02, H 3.56, N 6.54. m/z (EI): 434 ([MH"],
100). '"H NMR (CDCl;, 200 MHz): 6 =8.14 (dd, 2H, J, =79, J,=1.1 Hz),
780 (dd,2H,J,=79,J,=1.1Hz),759 (td,2H,J, =79,J,=1.1 Hz), 744 (td,
2H,J,=179,J,=11Hz),2.42 (s, 6H); C NMR (CDCL): 6 =162.4, 140.1,
135.0, 131.4, 128.6, 1270, 126.8, 126.5, 125.7, 119.8, 114.8, 19.8; IR (KBr)
(em1): 2240, 1600, 1570, 1530, 1500, 1350, 1300, 1200, 1120, 720, 700, 680;
UVNis (CH,CL): A () (nm): 545 (3.5 x 10%), 243 (5.6 x 10%).
10-(4,5-Dimethyl-1,3-dithiol-2-ylidene)-9-(2,2-dicyanomethylene)anthra-
cene (7b): From ketone 6b (0.16 g, 0.5 mmol), dry chloroform (20 mL),
malononitrile (0.33 g, 5.0 mmol), TiCl, (0.42 mL, 0.42 mmol), dry pyridine
(0.40 mL, 5.0 mmol). 7b was obtained as a purple solid (0.122 g, 66 %; m.p.
250°C (decomp)). Slow evaporation of a dichloromethane/hexane solution
(1:1 v/v) of compound 7b yielded X-ray quality crystals. Elemental analysis
caled. for C,HyN,S,: C 71.32, H 3.81, N 7.56; found C 71.54, H 3.66, N 7.85.
m/z (EI): 370 ([M*], 100). 'H NMR (CDCl;, 200 MHz): 6 =8.14 (dd, 2H,
J,=19, J,=11Hz), 794 (dd, 2H, J, =79, J,=1.1), 7.80 (td, 2H, J, =79,
J,=11Hz), 739 (td, 2H, J,=79, J,=1.1Hz), 2.04 (s, 6H,); *C NMR
(CDCL): 60=162.2, 143.6, 135.5, 131.2, 128.4, 126.3, 126.2, 125.6, 122.5,
116.8,115.1,13.1; IR (KBr) (em™!): 2240, 1600, 1565, 1530, 1500, 1450, 1295,
1210, 1175, 820, 780, 700, 685. UV/vis (CH,CL): Ap (€) (nm): 572 (1.1 x
10%), 231 (3.2 x 10%).
10-[4,5-(Ethylenedithio)-1,3-dithiol-2-ylidene]-9-(2,2-dicyanomethylene)
anthracene (7c¢): From ketone 6¢ (0.17 g, 2.6 mmol), dry chloroform
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(30 mL), malononitrile (0.17 g, 2.6 mmol), TiCl, (0.65 mL, 0.65 mmol)
and dry pyridine (0.15 mL, 1.8 mmol), 7¢ was obtained as a purple solid
(0.06 g, 54%); m.p.>250°C (decomp). Elemental analysis calcd. for
C,,H,)N,S,: C 61.11, H 2.77, N 6.45; found C 61.24, H 3.01, N 6.50; m/z
(EI): 432 ([M*], 100). '"H NMR (CDCl;, 300 MHz): 6 =8.13 (dd, 2H, J, =
78, J,=12Hz), 778 (dd, 2H, J,=7.8, J,=12 Hz), 7.59 (td, 2H, J, =738,
J,=12Hz), 743 (td, 2H, J,=78, J,=12 Hz), 3.35 (s, 4H). ’C NMR
(CDCly): 6=162.2, 143.6, 135.0, 131.2, 128.5, 126.8, 126.4, 125.7, 122.5,
114.7, 111.8, 29.34; TR (KBr) (cm™Y): 2220, 1600, 1570, 1540, 1500, 1450,
1295, 1205, 810, 780, 700; UV/vis (CH,CLy): Ay (€) (nm): 560 (7.6 x 10%),
332 (1.2 x 10%), 258 (1.5 x 10%), 232 (1.8 x 10%).

10-(4,5-dihydro-1,3-dithiol-2-ylidine)-9-(2,2-dicyanomethylene)anthracene
(7d): From ketone 6d (0.17 g, 0.35 mmol), dry chloroform (50 mL),
malononitrile (0.17 g, 2.6 mmol), TiCl, (0.85mL, 0.85 mmol) and dry
pyridine (0.23 mL, 2.8 mmol), 7¢ was obtained as a black solid (0.09 g,
84%); m.p. 199-201 °C; elemental analysis calcd. for C,0H;(N,S,: C 70.15,
H 2.94, N 8.18; found C 69.88, H 3.21, N 7.98. m/z (EI): 342 ([M], 100).
'H NMR (CDCl;, 300 MHz):  =8.13 (dd, 2H, J, =78, J,=1.2 Hz) 7.98,
(dd, 2H, J,=78, J,=12Hz), 760 (td, 2H, J, =78, J,=12 Hz), 741 (td,
2H,J,=18,],=12Hz), 6.52 (s, 2H). *C NMR (CDCl,):  =162.2, 143.6,
139.2, 131.7, 130.4, 127.0, 126.4, 125.9, 117.9, 117.5; IR (KBr) 2240, 1600,
1570, 1535, 1490, 1445, 1290, 1265, 1200, 1170, 810, 770, 700, 685 cm™;
UVhis (CH,CL) Ao (CH,CLy) (e) (nm): 542 (1.0 x 10%), 245 (2.9 x 10%).

Synthesis of cyanoimine derivatives 8 a—d. General procedure: To a stirred
solution of the corresponding ketone (6a—d) (1 equiv) in dry chloroform
was added titanium tetrachloride (Im in CH,Cl,, 3.5 equiv) followed by
N,N-bis(trimethylsilyl)carbodiimide (BTC) (3 equiv). The resulting dark
solutions were heated under reflux for 48—72 h with periodic addition of
more BTC until no starting material was observable (TLC analysis). The
solution was allowed to cool, the solvent removed in vacuo and the residue
purified by silica gel chromatography, to afford compounds 8a—d.

9-(4,5-Dimethylthio-1,3-dithiol-2-ylidene)-10-NV-cyanoimine ~ anthracene
(8a): From ketone 6a (0.14 g, 0.36 mmol), dry chloroform (20 mL), TiCl,
(1.27 mL, 1.27 mmol) and BTC (0.24 mL, 1.06 mmol), with eluent CH,Cl,,
8a was obtained as a blue/black solid (0.05 g, 47 %; m.p. 175-178°C).
Elemental analysis calcd. for C,)H4N,S,: C 58.51, H 3.44, N 6.82; found C
58.63, H 3.22, N 6.91. m/z (DCI): 411 ([MH*], 100). '"H NMR (CDCl,,
400 MHz, —30°C): 6 =8.83 (d,1H,J =76 Hz),8.21(d,1H,J =76 Hz), 7.85
(d, 1H,J=176 Hz), 7.74-767 (m, 3H), 7.52 (t, 1H, J=76 Hz), 745 (t, 1H,
J=76Hz),2.42 (s, 6H); C NMR (CDCly): 6 =173.3, 142.4, 136.9, 132.4,
127.4, 1270, 126.8, 126.0 (2C, broad), 119.2, 115.6, 19.3; IR (KBr) (cm™'):
2150, 1600, 1570, 1530, 1485, 1430; UV/vis (CH,CL,): e (¢) (nm): 542
(8.5 x10%), 232 (2.6 x 10%).

9-(4,5-Dimethyl-1,3-dithiol-2-ylidine)-10-N-cyanoimine anthracene (8b):
From ketone 6b (0.1g, 0.31 mmol), dry chloroform (30 mL), TiCl,
(1.1 mL, 1.1 mmol) and BTC (0.20 mL, 0.89 mmol), with eluent CH,Cl,,
8b was obtained as a blue —black solid (0.09 g, 85 %; m.p. 234-236°C).
Elemental analysis calcd. for C,0H4N,S,: C 69.36, H 4.04, N 8.09; found C
69.44, H 420, N 7.82; m/z (EI): 346 ([M*], 100). 'H NMR (CDCl,,
300 MHz): 6 =8.00-7.88 (m, 2H), 7.91-7.85 (m, 2H), 7.66 (td, 2H, J, = 7.8,
J,=12Hz), 743 (t, 2H, /=78 Hz), 2.04 (s, 6H); *C NMR (CDCl;): 6 =
162.2,143.6,137.2,132.0, 128.8, 126.5, 126.0, 125.8, 122.8, 116.0, 115.9, 108.0,
12.9; IR (KBr) (cm™): 2150, 1600, 1570, 1530, 1485, 1420, 1300, 1180, 770,
685; UV/vis (CH,CLy): A (€) (nm): 566 (2.0 x 10%), 378 (1.1 x 10%), 316
(1.9 x 10%), 256 (2.5 x 10%).

9-[4,5-(Ethylenedithio)-1,3-dithiol-2-ylidene]-10-N-cyanoimine anthra-
cene (8¢): From ketone 6¢ (0.1 g, 0.26 mmol), dry chloroform (20 mL),
TiCl, (0.86 mL, 0.86 mmol) and BTC (0.12 mL, 0.53 mmol), with eluent
CH,Cl,, 8¢ was obtained as a blue—black solid (0.08 g, 77 %; m.p. 178 -
179°C). Elemental analysis calcd. for C,0H,,N,S,: C 58.80, H 2.96, N 6.86;
found C 59.01, H 2.79, N 6.91; m/z (EI): 408 ([M*], 100). 'H NMR (CDCl;,
300 MHz): 6 =8.00-7.81 (m, 4H), 7.68 (t, 2H, J=78 Hz), 747 (t,2H, J =
7.8 Hz),3.35 (s,4H); “*C NMR (CDCl;): § = 161.4,144.6,136.1,131.9, 128.0,
126.2, 125.6, 123.0, 115.8, 108.0, 30.0; IR (KBr): 2150, 1600, 1570, 1545,
1485, 1420, 1300, 1200, 1170, 800, 770, 680 cm™"; UV/vis (CH,CL,): A, (€)
(nm): 558 (8.7 x 10%), 320 (1.1 x 10%), 260 (2.5 x 10%).

9-(4,5-Dihydro-1,3-dithiol-2-ylidine)-10-N-cyanoimine anthracene (8d):
From ketone 6d (0.1 g, 0.34 mmol), dry chloroform (50 mL), TiCl,
(1.19 mL, 1.19 mmol) and BTC (0.23 mL, 1.02 mmol), with the eluent
hexane:CH,CI, (5:3), 8a was obtained as a blue —black solid (0.025 g,23 %)
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m.p. 185-186°C. Elemental analysis calcd. for C;sH;(N,S,: C 67.92, H 3.14,
N 8.80; found C 68.01, H 3.00, N 8.95. m/z (DCI): 319 ([MH'], 100).
'H NMR (CDCl;, 400 MHz, —30°C): 6 =8.85 (d, 1H, J=8.0 Hz), 8.23 (d,
1H, J=8.0 Hz), 8.01 (d, 1H, J=8.0 Hz), 793 (d, 1H, J=8.0 Hz), 7.71 (t,
1H,J/=8.0Hz),7.70 (t, 1H,J=8.0 Hz), 748 (t, 1H, /= 8.0 Hz), 743 (t, 1 H,
J=8.0Hz), 6.59 (s, 2H); 3C NMR (CDClL): 6 =173.3, 1477, 137.6, 134.3,
132.4,127.3, 126.7, 125.8 (broad), 118.5, 117.5, 115.8; IR (KBr): 2155 cm™;
UV/vis (CH,CL): A (€) (nm): 543 (1.5 x 10%), 229 (1.7 x 10%).
9,10-Bis(4,5-dimethylthio-1,3-dithiol-2-ylidene)-9,10-dihydroanthracene
(11a): To a solution of phosphonate ester 7131 (0.9 g, 3 mmol) in anhydrous
tetrahydrofuran (20 mL) at —78°C was added nBuLi (1.6M in hexane,
2mL, 3.2 mmol). After 0.5 h at this temperature, a solution of anthraqui-
none (0.3 g, 1.4 mmol) in tetrahydrofuran (10 mL) was added and the
solution was stirred for 1 h at — 78 °C before warming to room temperature
overnight. The solvent was then removed in vacuo, dichloromethane
(100 mL) was added and the organic phase was washed with water (2 x
100 mL), dried (MgSO,) and evaporated to yield a yellow solid, which was
purified by column chromatography, with the eluent hexane/dichloro-
methane (2:1 v/v) to yield compound 11a as a yellow solid (0.31 g, 38 %;
m.p. >230°C.) Recrystallisation from acetonitrile/dichloromethane afford-
ed crystals for X-ray analysis. Elemental analysis calcd. for C,,H,,Ss: C 51.0,
H 3.57; found C 50.9, H 3.54; m/z (EI): 564 ([M*], 100). 'H NMR (CDCl;,
200 MHz): 6 =7.54 and 7.32 (each 4H, first order AA’XX', all ortho Jyy
8.0), 2.40 (12H, s).
9,10-Bis(4,5-dimethyl-1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (11b):
This compound was prepared according to the published procedure.!'*"]
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Ru"-Polypyridine Complexes Covalently Linked to Electron Acceptors as
Wires for Light-Driven Pseudorotaxane-Type Molecular Machines**

Peter R. Ashton, Roberto Ballardini,* Vincenzo Balzani,* Edwin C. Constable,
Alberto Credi, Oldrich Kocian, Steven J. Langford, Jon A. Preece, Luca Prodi,
Emma R. Schofield, Neil Spencer, J. Fraser Stoddart,* and Sabine Wenger

Abstract: An investigation has been
performed on the design of light-driven,
pseudorotaxane-type, mechanical mo-
lecular machines based on wires made
up of an electron-transfer photo-
sensitizer covalently linked to an elec-
tron acceptor. Compounds (2,2'-bipyri-
dine),Ru(2,2'-bipyridine-5-(CH,)-1-
(4,4'-bipyridinium)-1'-CH,-R)**  (1**),
(4,4-(Me),-2,2"-bipyridine),Ru(2,2’-bi-
pyridine-5-(CH,),-1-(4,4'-bipyridinium)-
1'-CH,-Me)*  (2*"), and (2,2:6',2"-
terpyridine)Ru(2,2":6',2"-terpyridine-4'-
phenylene-2-(2,7-diazapyrenium)-
7-CH,-R)** (3*), where R=
—C¢H,~(O—CH,—CH,),~O—Ph)  have
been prepared and their photochemical
and photophysical processes have been
investigated in butyronitrile fluid solu-
tion (room temperature) and rigid ma-
trix (77 K). At room temperature the
triplet metal-to-ligand charge-transfer

(®MLCT) excited state of the Ru-based
unit of 1** is quenched by a very fast
(ky>5x10°s7") electron-transfer proc-
ess. For 2**, where the Ru-based and
electron-acceptor units are separated by
four methylene groups, the value of the
quenching constant is 6.2 x 108s7.. In
3% the potentially fluorescent S, excited
state of the diazapyrenium unit is
quenched by the Ru-based moiety with
a rate constant >1x 10" s In rigid
matrix at 77 K, the MLCT excited state
of the Ru-based moiety is not quenched
by the bipyridinium or diazapyrenium
moiety, whereas both the fluorescence
and phosphorescence of the diazapyre-
nium moiety of 3** are completely

Keywords: charge transfer - energy
transfer - molecular devices - self-
assembly - rotaxanes

quenched by the MLCT levels of the
Ru-based moiety through energy trans-
fer. Excitation spectra of the Ru-based
emission show that, in a rigid matrix at
77 K, the excitation of the bipyridinium
moiety leads to population of the
SMLCT excited state of the Ru-based
moiety. The above wires and a crown
ether (1/5DN38C10) containing two 1,5-
dioxynaphthalene electron-donor units
self-assemble to give pseudorotaxane
systems. Light-induced dethreading of
a pseudorotaxane has been achieved
and valuable information has been gath-
ered concerning the design of more
efficient systems. A spin-off of these
studies has been the design of pseudor-
otaxanes in which the dethreading/re-
threading process can be controlled by
chemical stimuli.

Introduction

Currently, we are engaged in the design and construction of
simple mechanical molecular machines!'-! based on pseudor-
otaxanes, rotaxanes, and catenanes® whose structure is
essentially controlled by m-electron-deficient and m-electron-
rich aromatic-stacking and hydrogen-bonding interactions.”]

Since such interactions can be switched on and off by redox
processes, it occurred to us to use photoinduced electron-
transfer reactions to bring about the mechanical displace-
ments.[']

Because of a unique combination of chemical stability,
redox properties, luminescence intensity, and excited-state
lifetime, the complexes of the polypyridine-type family
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(prototype: [Ru(bpy);]**, in which bpy = 2,2"-bipyridine) have
been used extensively during the past 20 years as photo-
sensitizers in a variety of intermolecular electron-transfer
processes.[*'I More recently, these compounds have also been
used to obtain photoinduced energy- or electron-transfer
processes in suitably-designed supramolecular (multicompo-
nent) systems.['2-14]

Our first attempt®3 to design a photochemically driven,
mechanical molecular machine was based on the use of an
external electron-transfer photosensitizer ([Ru(bpy);]** or
9-anthracenecarboxylic acid). Starting from the pseudorotax-
ane constituted by a wire containing the 1,5-dioxynaphthalene
electron-donor unit threaded through the cavity of a cyclo-

Abstract in Italian: Nell’ambito degli studi intrapresi sulla
progettazione e sintesi di macchine molecolari fotochimiche
basate su pseudorotassani, sono state preparate tre molecole
filiformi costituite da un sensibilizzatore di trasferimento
elettronico [un complesso polipiridinico di Ru''] legato cova-
lentemente ad un gruppo elettron accettore (4,4'-dipiridinio o
2,7-diazapirenio). Le proprieta fotofisiche e fotochimiche di
queste tre specie e di opportuni composti modello sono state
esaminate in butirronitrile a temperatura ambiente e in matrice
rigida a 77 K. A temperatura ambiente, lo stato eccitato di
tripletto MLCT del complesso di Ru" nel composto (2,2'-
dipiridile),Ru(2,2'-dipiridile-5-(CH,)-1-(4,4'-dipiridinio)-1'-C-

-R)** [in cui R=-C,H,(OCH,CH,),0OPh] viene disattivato
mediante un processo di trasferimento elettronico molto veloce
(k,>5x10°s7"). Per (4,4-(Me),-2,2-dipiridile),Ru(2,2'-dipi-
ridile-5-(CH,) ~1-(4,4'-dipiridinio)-1'-CH,-Me)*,
complesso di Ru" e l'unita elettron accettrice sono separati da
quattro gruppi metilene, il valore della costante di spegnimento
e 62x10°s. Nel composto (2,2':6,2"-terpiridile) Ru-
(2,2":6',2"-terpiridile-4'-fenilene-2-(2,7-diazapirenio)-7-CH,-
R)** (R come sopra), lo stato eccitato S; dell’unita diazapire-
nio, potenzialmente fluorescente, é disattivato dal complesso
terpiridinico di Ru" (k,>1x 10" s7!). In matrice rigida, lo
stato eccitato SMLCT del complesso metallico non ¢ influen-
zato dai gruppi dipiridinio o diazapirenio, mentre sia la
fluorescenza che la fosforescenza di (2,2':6',2"-terpiridile)-
Ru(2,2':6',2"-terpiridile-4'-fenilene-2-(2,7-diazapirenio)-7-C-

-R)** sono completamente spente a causa di un processo di
trasferimento di energia ai livelli MLCT dell’'unita contenente
Ru'. Lo spettro di eccitazione dell’emissione dovuta al
complesso di Ru'' mostra che, a 77 K, si ha popolazione del
suo stato eccitato SMLCT in seguito ad eccitazione del gruppo
dipiridinio. I composti filiformi esaminati si assemblano
spontaneamente con un etere corona (1/5SDN38C10) contenen-
te unita elettron donatrici 1,5-diossinaftalene formando pseu-
dorotassani. Per uno di questi pseudorotassani é stato possibile
indurre lo sfilamento dei componenti molecolari mediante
irradiazione con luce visibile. Gli studi riportati si sono rivelati
di grande utilita per la progettazione di macchine molecolari
fotochimiche piui efficienti, nonché per la costruzione di
pseudorotassani nei quali i processi di sfilamento/infilamento
dei componenti si possono controllare mediante stimoli di tipo
chimico.

in cui il

2414 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

phane containing two 4,4’-bipyridinium electron-acceptor
units, we found that light excitation of the photosensitizer in
the presence of a sacrificial electron donor [e.g., triethanol-
amine (TEOA)] causes single-electron transfer to the elec-
tron-acceptor unit of the ring component (Figure 1a). This

a) .
Red —
)8 - ﬂ
Prod "
hv

Figure 1. Schematic representation of the light-induced dethreading of a
pseudorotaxane by use of a) an external and b) an incorporated photo-
sensitizer. The photosensitizer P is an excited-state electron donor (e.g.,
[Ru(bpy);]** 4**); Red is a sacrificial reductant (e.g., triethanolamine);
Prod are species originating from irreversible oxidation of Red; A and D
are electron-acceptor and electron-donor units, respectively. Rethreading
can be obtained by oxidation of the photoreduced electron-acceptor unit.
For more details, see text.

reduction decreases the donor—acceptor interaction between
the component parts of the pseudorotaxane, which is the
driving force for the self-assembly. As a consequence, the
thread component dethreads from the cavity of the cyclo-
phane. If oxygen is allowed to enter the irradiated solution,
which is stored in the dark, the reduced ring is reoxidized, the
donor —acceptor interaction restored, and the thread compo-
nent rethreads through the cyclophane once more.

Currently our attention is focused on the design of a
second-generation mechanical machine that is based upon a
pseudorotaxane in which the photosensitizer is incorporated
into a wire,[” which in turn contains a m-electron-deficient
unit (which also acts as a single-electron acceptor), and the
ring component contains s-electron-rich moieties (Figure 1b).
To explore the feasibility of this project, we have synthesized
the wire-type systems 14+, 24, and 3** shown in Figure 2a. As
the photosensitizer, we have chosen either i) [Ru(bpy);]**
derivatives (4**; Figure 2b), because of their well-defined
photophysical and redox properties,! or ii) [Ru(tpy),]** (5**)
derivatives, which exhibit less favorable photophysical prop-
erties (very short excited-state lifetimes),!'*) but offer several
synthetic and structural advantages for the construction of
wire-type systems.['* 19171 As an electron acceptor, besides the
well-known 4,4’-bipyridinium unit 6**,!8] we have used the 2,7-
diazapyrenium unit 7** because of its high association
constants with m-electron-rich crown ethers such as 8 and
9 and its interesting luminescence properties.!”)

In this paper, we report the results of an investigation on the
luminescence and photoinduced intramolecular energy- and
electron-transfer processes that occur on excitation of the
systems shown in Figure 2a, both in a fluid solution at room
temperature and in a rigid matrix at 77 K. We have also
investigated the self-assembly of these wires with crown
ethers 8 and 9 containing two hydroquinone and two 1,5-
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Figure 2. Structure formulas of a) the novel wire-type systems, and b) the
reference compounds for the luminescent and redox-active units of the
wire-type systems, and of the crown ether used as a ring for obtaining
pseudorotaxanes.

dioxynaphthalene m-electron-rich units, respectively, to give
pseudorotaxane superstructures. We have subsequently at-
tempted to cause light- and chemically-induced dethreading
of such systems and have been successful in our attempts in
two cases. Wire-type compounds similar to those in Figure 2a
have recently been investigated for other purposes by
Mallouk et al.? and by Kelly and Rodgers.l?!)

Results and Discussion

1. Strategy: The design of photochemically driven, mechanical
molecular machines of the types illustrated in Figure 1 is not a
trivial problem. It is clear that i) each component must exhibit
suitable spectroscopic and redox properties, ii) there must be
appropriate noncovalent bonding interactions between the
various components to allow the self-assembly of the wire and

Chem. Eur. J. 1998, 4, No. 12
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the ring, iii) the system must be chemically stable under the
operating conditions, and iv) the threading/dethreading
process must result in an easily monitorable change of some
properties (the most useful ones are absorption spectra, and
luminescence spectra and lifetimes).

The newly designed machine, shown in Figure 1b, differs
from the previous onel> 3 (illustrated in Figure 1a) in several
respects. Besides having covalently incorporated the photo-
sensitizer into the wire, we have exchanged the position of the
ni-electron-deficient and st-electron-rich aromatic units in the
pseudorotaxane structure, such that the m-electron-deficient
aromatic bipyridinium or diazapyrenium unit is now incorpo-
rated into the thread and the m-electron-rich aromatic units
into the macrocyclic component. A consequence of this
modification is that there is only one electron-acceptor
moiety—the organic viologen-like dication units—which
equates with the single-electron transfer caused by photo-
excitation. Thus, the noncovalent bonding interactions be-
tween the viologen dication and the crown ether will be
switched off upon photoinduced electron transfer from the
[Ru(bpy)s)** or [Ru(tpy),]*" sensitizer to the viologen dica-
tion. The 4,4'-bipyridinium unit was chosen as an electron
acceptor because of its good reversible electrochemical
behavior™®l and its affinity for crown ethers such as 8 and 9.
Additionally, we have also explored the possibility of using
the 2,7-diazapyrenium unit since i) it binds crown ethers such
as 8 and 9 more strongly than the analogous bipyridinium unit
and ii) it exhibits a strong fluorescence.* Y] As the macro-
cyclic component for constructing the pseudorotaxane super-
structure, we have chosen crown ethers containing two -
electron-rich units because such compounds i) bind strongly
to bipyridinium and diazapyrenium dications and ii) show a
strong fluorescence, particularly in the case of the naphtha-
lene-containing crown ether 9.4

The photochemical operation of the mechanical machines
shown in Figure 1 is based on the presence of a sacrificial
electron donor, which is capable of reducing the oxidized
photosensitizer by an intermolecular process more rapidly
than the intermolecular (Figure 1a) or intramolecular (Fig-
ure 1b) back-electron-transfer reaction from the reduced
organic cation to the oxidized photosensitizer (vide infra).
The most efficient sacrificial reductants are amines (especially
TEOA) or polycarboxylate anions (e.g., oxalate anions).l??]
Polycarboxylate anions are soluble only in water. Since crown
ethers and the three wire-type compounds (as their hexa-
fluorophosphate salts) shown in Figure 2a are only moder-
ately soluble in water, but are soluble in polar organic solvents
(such as MeCN and Me,CO), we employed the organic
soluble TEOA as the sacrificial electron donor.

2. Synthesis: The synthesis of 1-4PF, is illustrated in
Scheme 1. Phenol was alkylated with 2-chloro(ethoxy)ethanol
under basic conditions (K,CO;) to afford the alcohol 10,
which was tosylated to give 11. 4-Hydroxybenzyl alcohol was
then alkylated selectively with the tosylate 11, affording the
benzylic alcohol 12. Next, the benzylic alcohol 12 was
converted (SOCI,) into the benzylic chloride 13, which was
used without further purification to monoalkylate 4,4-bipyr-
idine that, after counterion exchange (NH,PFy), yielded 14-
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Scheme 1.

4PF,. A second quaternization was then performed on the
pyridine moiety of 14-PF¢ with the benzylic bromide 15
affording 16 -2 PF, after counterion exchange with (NH,PF).
[Ru(bpy),Cl,] was heated under reflux in Me,CO with an
equimolar proportion of AgPF, to generate the pure solvo-
complex, [Ru(bpy),(Me,CO),][PF],. The precipitated AgCl
was removed by filtration and the resulting filtrate was added
slowly to a solution of 16 -2 PF in Me,CO, yielding the desired
tetracationic 1** as its tetrakis(hexafluorophosphate) salt in
68 % yield.

The synthesis of 2:4PF; is illustrated in Scheme 2. 4,4'-
Bipyridine was monoalkylated with EtI to afford the mono-
quat derivative 17-PF,,? after counterion exchange. The
anion of 5-methyl-2,2"-bipyridine, formed by deprotonation
with BuLi, was alkylated with 1,3-dibromopropanel?®! to give

excess
—@—@ + Br\/\/ Br
N N

BulLi

THF

the bromide 18. The monoquat derivative 17-PF; was
quaternized with the alkylbromide 18 to afford, after counter-
ion exchange (NH,PF), the dicationic salt 19-2PF,. [Ru-
(Me,bpy),CL |24 was converted to its solvo-complex (Me,CO
and AgPFy), before being added slowly to a solution of 19-
2PF, in Me,CO, giving the desired tetracationic salt 2*" in
55% yield.

The synthesis of 3+-4PF, is illustrated in Scheme 3. [Ru-
(tpy)CL]*! was treated with 4'-(p-bromomethylphenyl)-
2,2":6'2"-terpyridinel® to afford, after counterion exchange
(NH,PFy), the ruthenium complex 20-2PF,. 2,7-Diazapyr-
enel?l was monoalkylated with 20 - 2 PF, that, after counterion
exchange (NH,PF;), yielded 21-3PF,. The monoquat deriv-
ative 21-3PF, was quaternized with benzylic chloride 13
yielding the desired tetracationic salt 3-4PF; in 49 % yield.

N I _,!1 +
1. CHaCHyl N OO 1. [Ru(Mezbpy);(MeCO)I[PFel;
O QO 4NN N O Me,CO
MeCN A
PFs - 2PFs - > 2-4PFg
O 2. NH4PFg O O .NH,PFg
Me,CO / H,0
Me,CO / Hp0 N e 2
“ -0~0
17-PFg ANSCARN
19-2PFg
Scheme 2.
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Scheme 3.

3. Pseudorotaxanes: When progressively more and more bis-
p-phenylene-34-crown-10 (BPP34C10; 8) or 1,5-dinaphtho-
38-crown-10 (1/5SDN38C10; 9) is added to solutions of the
viologen dications such as 16** and 19>* in MeCN, a deep
orange or purple color, respectively, appears as a result of the
charge-transfer interactions between the m-electron-rich ar-
omatic rings of the crown ether and the m-electron-deficient
viologen unit incorporated within the thread components.
Qualitative evidence for the pseudorotaxane formation was
obtained from mass spectrometry, in which it was evident that
there were peaks corresponding to the loss of one then two
hexafluorophosphate counterions from the pseudorotaxanes.
Table 1 lists the FABMS data for selective photoactive wires
and model viologen compounds, and their respective pseu-
dorotaxanes.

Table 1. LSIMSE! data for the threads 16-2PF, 1-4PF, and 2-4PF, and
their inclusion complexes!® with the crown ethers 8 and 9.

M [M — PFy)* [M — 2PF]*

16-2PF, 887 741 596
[16- 8][PF,], 1422 1277 1132
[16-9][PF], 1522 - -

1-4PF, 1590 1445 1300
[1-8][PF,], 2127 1982 1836
[1-9][PF,], 2227 - -

2.4PF, 2000 - -

[2-8][PF,], - 1837 1694
[2-9][PF,], - 1937 1794

[a] Liquid secondary ion mass spectometry (LSIMS) was carried out on a
VG-Zab Spec mass spectrometer (accelerating voltage, 8 kV; resolution,
2000). Spectra were recorded in the positive-ion mode at a scan speed of 5 s
per decade. Samples were dissolved in a small volume of 3-nitrobenzyl
alcohol. [b] Samples were prepared in MeCN (0.5 mL) with 1 equiv of
crown ether and 1 equiv of thread (3-6 pmol). [c] The molecular weight of
the appropriate hexaflourophosphate salt.

Chem. Eur. J. 1998, 4, No. 12
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2. NH4PFg
Me,CO / H,O

Further qualitative evidence for the formation of a
pseudorotaxanelike complexation was obtained from changes
in the chemical-shift values (Ad) in the 'TH NMR spectra of the
photoactive wires before and after the addition of an
equimolar amount of the crown ethers. For example, the
aromatic protons of uncomplexed 8 resonate at 0 =6.75.
However, on complexation with 16>*, an upfield shift of 0.28
ppm is observed.

The association constants for several pseudorotaxane-type
structures obtained from electron-acceptor threads and
electron-donor rings (or vice versa) have been previously
reported.>* 281 The values of the association constants be-
tween 2* and 9 in ethanol and MeCN, or between 3* and 9 in
ethanol, have been estimated to be 2 x 10*M~'and 7 x 10°m~,
respectively, by fluorescence-quenching measurements (see
Experimental Section). More details will be given in Sec-
tion 6.

4. Reference compounds: In order to understand the photo-
chemical and photophysical properties of a multicomponent
species, it is important to know the behavior of the isolated
components.I¥] As far as the photosensitizer is concerned, for
both 1* and 2%+ we can take [Ru(bpy);]** (4**) as a reference
compound since its properties are only slightly affected by
methyl substitution.”) For 3*", the reference compound is
[Ru(tpy),]** (5**), whose properties are not strongly affected
by phenyl substitution in the 4'-tpy position.l'*2] For the
electron-acceptor units, suitable reference compounds are the
1,1’-dimethyl-4,4’-bipyridinium dication (6°*) and the N,N'-
dimethyl-2,7-diazapyrenium dication (7?*).

5. Absorption spectra, luminescence properties, and photo-
induced processes of the wire-type compounds: Absorption
and luminescence data for the wire-type compounds 14+ —3%*
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and for the reference compounds 4**, 52, 6**, and 7°*, all
represented in Figure 2, are collected in Table 2.

Table 2a. Absorption and luminescence properties at 298 K2l of the wires
14+, 2%, and 3**, and reference compounds.

Absorption!’] Fluorescencel! Phosphorescencel]

Amax Emax Amax T L Amax T L
[am] [Lmol~'em™'] [nm] [ns] [am] [ns]

14 286 79000 - - <1
451 11000

2% 287 94000 615 1.6 ~5
457 14500

34279 54000 - - <1 - - -
308 65000
42111 144001
482 20300

4+ 287 72000 610 190 1000
451 12000

52+ 270 46000 629 025 <0.1
307 28000
474 10400

6 260 19000

7>+ 418l 150000 428 9.7 1000

[a] Butyronitrile solution, unless otherwise noted. [b] MeCN solution.
[c] DAP-based. [d] Ru-based. [e] A, and lowest energy feature of a
structured band of the DAP?* subunit. [f] Data from ref. [14a]. [g] A,,,, and
lowest energy feature of a structured band.

Table 2b. Luminescence properties at 77 KI#l of the wires 1*+, 24+, and 3**,
and reference compounds.

Phosphorescence!®
Amax [nm] - 7 [uis]

Phosphorescencel!
Amax [nm] - 7 [ms]

Fluorescence!!
Amax [nm] T [ns]

1+ 600 6.6
24 597 5.6
3 - - - - 632 12
4+ 580 6.1
s+l 607 10.6
7 424 10.7 586 900

[a] Butyronitrile rigid matrix. [b] DAP-based. [c] Ru-based. [d] Data from
ref. [14a].

The absorption spectra at room temperature of 14+, and of
the 4> and 6>* reference compounds are shown in Figure 3.
The Ru" complex 4% shows the well-known, very intense
ligand-centered (LC) bands in the UV region and moderately
intense metal-to-ligand charge-transfer (MLCT) bands in the
visible region. The viologen dication 6>t shows only a

8.0 -
"g 6.0
o
's
&40
o
% 204
0.0 L+ ‘ ‘ ‘
250 350 450 550
Alnm

Figure 3. Absorption spectra in MeCN solution at room temperature of
1 (=), 47 (---), and 6 ().

2418 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

moderately intense band in the UV region. The absorption
spectrum of 1** is practically equal to the sum of the spectra of
the two component units. As shown in Table 2, 6>* is not
luminescent, whereas 4°* shows a relatively strong emission
from its lowest energy SMLCT level. In butyronitrile fluid
solution at room temperature, the strong luminescence of the
Ru-based unit of 1+ is quenched by a factor of at least 10°.
The rate constant of the quenching process (k> 5 x 10°s7")
evaluated from the luminescence-intensity quenching [Eq. (6)
in the Experimental Section] is not inconsistent with the value
(ky=5.9 x 101 s71) obtained by Mallouk, et al.?” from pico-
second transient-spectroscopy experiments carried out
in MeCN solution on the very similar [(bpy),Ru-
(Mebpy)—CH,—viologen—CH;]** system. These researchers
have also shown that the quenching process is due, as
expected, to electron transfer from the *MLCT excited state
of the Ru-based unit to the 4,4’-bipyridinium unit and that the
back electron-transfer reaction is very fast (k,=4.0x
1010571,

In a rigid matrix at 77 K, the luminescence of the Ru-based
moiety of 1** is not quenched at all (Table 2). Under such
conditions, in fact, the electron-transfer quenching process is
most likely endoergonic because of the lack of solvent
repolarization (vide infra).?’) The excitation spectrum of the
Ru-based emission in a rigid matrix at 77 K shows that
excitation of the 4,4'-bipyridinium unit leads to emission from
the Ru-based unit. This observation indicates that an energy-
transfer process takes place from the bipyridinium to the Ru-
based unit, but the efficiency of the process is difficult to
evaluate because an intense absorption band of the Ru-based
component overlaps with the absorption band of the
bipyridinium unit (Figure 3).

In 2%, the presence of four methylene groups between the
Ru-based unit and the 4,4"-bipyridinium unit slows down the
rate of the photoinduced- (forward) and back-electron-trans-
fer processes. In a fluid solution at room temperature the
luminescence of the Ru-based unit of this system can be
clearly seen (Table2). Its intensity, however, is strongly
quenched compared with that of the reference compound
4+ and its lifetime is 1.6 ns—120 times shorter than that of 4**.
By use of Equation (5) [see Experimental Section], a rate
constant of 6.2 x 10%s~! is obtained from the excited-state
quenching, which compares well with the value of 6.5 x 108 s~
obtained by Mallouk et al.?”! for an analogous compound not
carrying methyl-substituents on the bpy ligands. In a rigid
matrix at 77 K, the luminescence of the Ru-based moiety of
2% is not quenched (Table?2) and excitation of the 4,4'-
bipyridinium unit leads to emission of the Ru-based unit, as
described for the system 14+,

The absorption spectra of 3*, and of the 5°* and 7**
reference compounds at room temperature in MeCN solution
are shown in Figure 4. [Ru(tpy),]** exhibits very intense LC
bands in the UV region and moderately intense, broad MLCT
bands in the visible, whereas 7>+ shows, besides a very intense
band around 260 nm, two moderately intense, structured
bands in the 300 -450 nm region. The absorption spectrum of
3* almost matches the sum of the spectra of 5+ and 7>*. The
lack of exact matching can be attributed to the fact that the
reference compounds are slightly different from the two
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Figure 4. Absorption spectra in MeCN solution at room temperature of
3 (—), 5 (---),and T ().

chromophoric units of the wire-type compound. The emission
spectra of the three compounds in butyronitrile rigid matrix
are shown in Figure 5. The diazapyrenium dication 7** shows
both fluorescence and phosphorescence. The MLCT band of

100 ~

400 500 600 700 800
Alnm

Figure 5. Emission spectra in butyronitrile rigid matrix at 77 K of 3** (—),
5%* (- - -), and 7** (fluorescence, ---; phosphorescence, ------).

5%+ lies at slightly lower energy than the phosphorescence
band of 7°*. One can see that in the emission spectrum of 3**
at 77 K only one band is present, which is very similar to that
of the reference compound 5**.

The photoinduced processes taking place in 3*" can be
discussed with reference to the energy-level diagram shown in
Figure 6. The energy values for the *MLCT, S,, and T, levels
have been obtained from the highest energy feature of the
emission spectra at 77 K; as a rough estimation of the energy
of 'MLCT, we have taken the maximum of the corresponding
absorption band. The energy of the P™—A~ charge-transfer
level is assumed to be that obtained from the reduction
potentials of [Ru(tpy),]’** (+1.30V, vs SCE)!# and 72+
(—0.44V, vs Ag/AgCH?"l species. As mentioned when
discussing the previous wire-type compounds, one can expect
that the P™—A~ level to be somewhat destabilized in rigid
matrix at 77 K because of the lack of solvent repolarization.*!

As schematically depicted in Figure 6, at room temperature
excitation of the Ru-based unit (P) leads to formation of its
SMLCT level, which is expected to transfer an electron to the
DAP-based unit (A) to give the P*—A~ species. Although this
process is expected to be relatively fast, its occurrence cannot
be proved by luminescence measurements, since the isolated
Ru-based unit (i.e., the reference compound 5%°%) is already
substantially nonemissive (Table 2). The efficiency of the
coupling of the two units (P and A) is shown by the quenching
of the strong fluorescence of the diazapyrenium-based unit
(Table 2 and Figure 5). From Equation (6) [see Experimental

Chem. Eur. J. 1998, 4, No. 12
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Figure 6. Energy-level diagram for 3** in a simplified representation in
which P (photosensitizer) and A (electron acceptor) stand for the two
component units. The most relevant absorption (full lines), emission
(dashed lines), and radiationless (wavy lines) processes are indicated. The
horizontal dotted line represents an estimation of the P*—A~ energy level
in rigid matrix at 77 K. For more details, see text.

Section], a lower limiting value of 1 x 10! s~! is obtained for
the rate constant of this quenching reaction. As illustrated by
the schematic energy-level diagram of Figure 6, quenching of
the fluorescence of the diazapyrenium-based unit can occur
by energy or electron transfer.

In a rigid matrix at 77 K, the luminescence of the Ru-based
unit of 3** is not affected by the presence of the diazapyre-
nium-based unit, confirming that the electron-transfer
quenching process of the SMLCT level cannot occur under
such conditions because of the destabilization of the P*—A~
species (Figure 6). It is interesting to note, however, that the
quenching of the S; excited state of the diazapyrenium-based
unit occurs very rapidly also in rigid matrix at 77 K (k,>1 x
10" s71). Although the exoergonicity of the electron-transfer
quenching process on excitation of S; is so large that it is
possible that it could take place even in rigid matrix,?” the
strict similarity between absorption and excitation spectra
indicates that the quenching process takes place by energy
transfer. It should also be noticed that at 77 K the T, excited
state of the diazapyrenium-based unit is quenched by the
lower lying SMLCT level of the Ru-based unit (Table 2).

6. Photoinduced dethreading of the pseudorotaxane struc-
tures

6.1. Strategy: The photoinduced dethreading of a pseudoro-
taxane as illustrated in Figure 1b can only occur if light
excitation disrupts the donor-—acceptor interaction. As al-
ready described, light excitation of wires 14+ and 2%+ causes an
electron-transfer process with oxidation of the photosensitizer
and reduction of the electron acceptor (in the following
equations, the photosensitizer and electron-acceptor moieties
of the wires will be schematically indicated by Ru** and A%,
respectively).

The photoinduced electron-transfer process [Egs. (1) and
(2)] is followed by a very fast back-electron-transfer reaction

2419
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[Eq. (3)]. Therefore, the occurence of the photoinduced
electron-transfer process in the wire of a pseudorotaxane

Ru**—AZ%—+ hy »*Ru?t—A%— 1)
#Ru—A%— —Rud—A+— 2)
Ru*—A— HRuZ—A2— 3)

system cannot cause dethreading of the crown ether, since this
process, requiring extensive nuclear motions, is much slower.
Dethreading can only occur if the photoinduced process leads
to a permanent reduction of the electron acceptor. This result
can be obtained when a suitable sacrifical electron donor
(Red) is present in the solution. In such a case, a fast reaction
between the sacrifical electron donor and the oxidized
photosensitizer unit of the wire [Eq. (4)] can compete with
the intra-wire back-electron transfer reaction [Eq. (3)].

Ru*—A*—+ Red —Ru?'—A*t—+ Products “

Permanent reduction of the electron-acceptor unit of the
wire can thus be obtained and dethreading can follow
(Figure 1b). The most suitable sacrifical electron donors are
amines, particularly TEOA. Introduction of amines into our
systems, however, is problematic. The wire type compounds
14+, 2%, and 3*" are stable in ethanol, acetonitrile, and
dichloromethane solution both in the dark and under light
excitation. In aprotic solvents, however, addition of amines
causes the decomposition of 1** and 2*", as a result of a
nucleophilic attack by the amine nitrogen on the electrophilic
methylene groups adjacent to the bipyridinium units; this
breaks the covalent bond between the Ru-complex and the
electron acceptor. This decomposition process is clearly
shown by luminescence measurements. For 14 and 2* in
MeCN solution at room temperature, the emission of the
Ru?*-based moieties are strongly quenched by the covalently-
linked bipyridinium electron acceptor (A>*). Upon addition
of TEOA, while the absorption spectrum of the solution
remains unaffected, the Ru-based luminescence progressively
increases, indicating the separation of the two moieties; this
process, however, is not observed in ethanol. In the case of 3*+,
addition of TEOA to an MeCN solution causes completely
different spectral changes.! Upon subsequent addition of
CF;COOH the changes in the absorption spectrum are fully
reversed and no fluorescence of free diazapyrenium-based
units is observed. This behavior is consistent with the amine
forming an adduct with the diazapyrenium unit and not
chemically degrading 3*+.

6.2. Pseudorotaxane of the 2** wire: Since the back electron-
transfer reaction in 2** is not too fast (3.2 x 10°s7! in the
analogous Mallouk’s compound),?” and it is slower than in
14, it appeared feasible to obtain permanent reduction of the
4,4'-bipyridinium unit under continuous-irradiation condi-
tions in EtOH in the presence of TEOA as sacrificial electron
donor [Eq. (4)]. Irradiation with visible light (1 > 350 nm) of a
3 x 10-3m EtOH solution of 2** (as PFg salt) containing 0.01m
TEOA caused noticeable spectral changes (Figure 7), indicat-
ing more than 90% reduction of the 4,4-bipyridinium
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Figure 7. Spectral changes upon irradiation of an EtOH solution contain-
ing 3x107°m 2%, 3x10°m 9, and 0.0lm TEOA: a) initial spectrum;
b) spectrum at the end of the irradiation (complete reduction of the
electron-acceptor unit).

electron-acceptor unit. When the irradiation was stopped and
oxygen was allowed to enter the irradiated solution, the
spectral changes were reversed and the original absorption
spectrum was again obtained. Therefore, this system seemed
suitable to be used as a photoactive wire of a mechanical
machine of the type shown in Figure 1b.

Since 6%+ and crown ethers such as 8 and 9 self-assemble
into pseudorotaxane structures,” we prepared an EtOH
solution containing 3 x 107°M 2** and 3 x107°M 9. It is
knownl that when the crown ether 9 is complexed in the
rotaxane structure, the fluorescence of the 1,5-dioxynaphtha-
lene units is quenched because of the presence of low-energy
excited states due to the interaction with the electron-
acceptor 4,4"-bipyridinium unit of the wire. From the residual
fluorescence intensity of 9 (compared with that of a reference
solution containing only 9), we determined that in the two
component solution 30% of 9 was complexed with the 2%+
wire.Pl Light excitation of this system under the same
conditions as those described above for 2** alone led to the
permanent, almost quantitative reduction of the 4,4’-bipyr-
idinium units of the wire (as shown by the formation of the
characteristic absorption bands around 400 and 600 nm,
Figure 7). Under such conditions, we expected dethreading
of crown ether 9 from 2% as schematically indicated in
Figure 1b, with a corresponding increase in the fluorescence
intensity of the crown ether (4,,,,=345nm). An increase in
the fluorescence intensity was indeed observed, indicating
that the photoinduced dethreading process does take place.

If oxygen is allowed to enter the irradiated solution, the
4,4'-bipyridinium unit is oxidized (as shown by the disappear-
ence of the visible absorption bands) and rethreading takes
place (as shown by the decrease of the fluorescence intensity
of the crown ether). Quantitatively, however, the increase in
the fluorescence intensity was about two-thirds that expected
for quantitative dethreading. In principle, this incomplete
recovery of the crown ether fluorescence intensity could be
due to a quenching of the excited state of 9 by the reduced
acceptor unit of 2**. However, this possibility can be ruled out
in our system because i) it is implausible that 9 remains
assembled around the reduced acceptor, and ii) the short
excited-state lifetime of the 1,5-dioxynaphthalene units (7 ns
in MeCN) and the very low concentration of the wire do not
allow the occurrence of a bimolecular dynamic quenching
process.
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In an attempt to elucidate the lack of quantitative recovery
of the crown fluorescence, we performed experiments which
showed that 9 gives an adduct not only with 6>*, but also with
4%+ and that the fluorescence of 9 is quenched even in the case
of its adduct with 4**. The values of the association constant of
the adducts of the crown ether 9 with 4>+ and 6** are about
5000 and 15000M~!, respectively. Therefore, in the ethanol
solution containing 2%+ and 9, only about three-quarters of the
quenching of the fluorescence of 9 was due to the formation of
a pseudorotaxane-type structure (i.e., association of 9 with the
4,4'-bipyridinium moiety of 2*"), whereas the remaining
quenching was due to association of 9 with the photosensitizer
moiety. It follows that upon photoreduction of 4,4-bipyridi-
nium moiety of 2* at most three-quarters of the quenching
can be recovered. This is in good agreement with the results
obtained (two-thirds recovery), if one considers the exper-
imental uncertainity of the fluorescence measurements.
Clearly, to obtain more precise results one should start with
a system exhibiting a much larger association constant
between the electron-donor ring and the electron-acceptor
unit of the wire.

6.3. Pseudorotaxane of the 3% wire: This system was
synthesized in an attempt to explore the possibility of using
the 2,7-diazapyrenium unit as an electron-acceptor compo-
nent of the wire. Such a unit is known to give a pseudorotax-
ane-type adduct with the crown ether 9, which exhibits a very
large association constant./! Titration of an MeCN solution of
3* (1.0 x 10~*m) with 9 caused an increase in absorbance in
the visible region (e.g., at 4990 nm) and a decrease in the
fluorescence intensity of 9 (compared with a reference
solution containing only 9), as expected when the formation
of the pseudorotaxane occurs.* 3! From the titration curve, a
value of about 7 x 10°m~! was obtained for the association
constant, showing that in a solution containing 5 x 10>m 3*+
and 1x10™*M 9 almost 100% of the 3* molecules are
complexed in a pseudorotaxane structure. This favorable
equilibrium was an excellent starting point. However, when
we added 0.0lm TEOA to the solution to perform the
photochemical experiments, we observed a strong color
change (from orange to greenish) that was found to be due
to the formation of an adduct beween the diazapyrenium-unit
of the 3** wire and TEOA, as described previously. Other
amines (e.g., hexylamine and tributylamine) were found to
behave in a similar way. The adduct between the DAP unit
and amines is so strong that the addition of the amine causes
dethreading of the pseudorotaxane structure in the dark.
While this result prevented us from performing photochemi-
cally induced dethreading experiments, it opened the way to
the design of systems in which dethreading and rethreading
can be chemically controlled, as described in detail else-
where.[* 32

Conclusions
We have synthesized three wire-type compounds containing a
photosensitizer and an electron-acceptor unit. The investiga-

tions have shown that the theoretically ideal design of light-
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driven pseudorotaxane-type mechanical machines based on
wires made of an electron-transfer photosensitizer covalently-
linked to an electron acceptor (Figure 1b) is not simple in
practice, because of incompatibilities between the various
components of the system. A wire like 2%+ is appropriate from
a photochemical viewpoint, but the association constant
between the 4,4'-bipyridinium electron-acceptor unit of the
wire and the electron-donor moieties of the ring 9 is not
sufficiently large to allow quantitative formation of pseudor-
otaxane species. Under such conditions, however, photo-
induced dethreading of the fraction of pseudorotaxane
species present in the solution has been demonstrated. When
the 4,4'-bipyridinium electron-acceptor unit was replaced by
the 2,7-diazapyrenium one, which is much more appropriate
from the viewpoint of association, we found that the system
was incompatible with the sacrificial electron donor used in
the photochemical cycle. As a spin-off of these studies, we
have discovered that one can design pseudorotaxane systems
in which the dethreading/rethreading process can be con-
trolled by chemical stimuli.

We have also shown that, in the first two wire-type systems
displayed in Figure 2a, the *MLCT excited state of the Ru-
based unit is quenched by very fast electron transfer to the
bipyridinium or diazapyrenium unit in fluid polar solvents,
whereas this process does not take place in rigid matrix at
77 K because of the lack of solvent repolarization. In 3**, the
strong fluorescence of the DAP unit is strongly quenched
(ky=1x10" s7") by the Ru-based unit both in fluid solution
at room temperature and in rigid matrix at 77 K. In the latter
case, the excitation spectrum shows that the quenching
process takes place by an energy-transfer mechanism.

Experimental Section

General methods: Chemicals were purchased from Aldrich and used as
received. Solvents were dried (MeCN and CH,Cl, were distilled over CaH,
under nitrogen) and reagents were purified where necessary by literature
methods.?3 All the syntheses were carried out with no protection against
ambient light. [Ru(tpy)CL],*! 4'-(p-bromomethylphenyl)-2,2":6',2""-terpyr-
idine,?® 2,7-diazapyrene,””) 5-methyl-2,2"-bipyridine,* and the crown
ethers 8™ and 9% were prepared according to published literature
procedures. Thin-layer chromatography (TLC) was carried out on alumi-
nium sheets precoated with Merck 5735 Kieselgel 60F. Developed plates
were dried and examined under UV light. Column chromatography was
carried out with Kieselgel 60 (0.040-0.063 mm mesh, Merck 9385). Melt-
ing points were determined with an Electrothermal 9200 melting point
apparatus and are uncorrected. Microanalyses were performed by the
University of Sheffield Microanalytical Service. Low-resolution mass
spectra (MS) were obtained from a Kratos Profile instrument operating
in electron impact (EIMS) or chemical ionization (CI) modes, while fast
atom bombardment (FABMS) were recorded on a Kratos MS80 spec-
trometer operating at 8 keV in the positive-ion mode at a scan speed of 10 s
per decade (with a krypton or xenon primary atom beam in conjunction
with a 3-nitrobenzyl alcohol (NOBA) matrix). '"H NMR spectra were
recorded on a Bruker AC300 (300 MHz) (with the deuterated solvent as
lock and residual solvent or tetramethylsilane as internal reference)
spectrometers. *C NMR spectra were recorded on a Bruker AC300
(75 MHz) spectrometer with the JMOD pulse sequence. The description of
the experimental procedure and characterization by mass spectroscopy, 'H
and *C NMR spectroscopy, and elemental analysis are given as Supporting
Information.

The absorption spectra were recorded in MeCN (Merck Uvasol™)
solution. The luminescence experiments were carried out in MeCN or
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butyronitrile (Fluka) solution at room temperature and in butyronitrile
rigid matrix at 77 K. The concentration of the solution was of the order of
10-5M. Absorption and emission spectra were recorded with a Perkin-—
Elmer A6 spectrophotometer and a Perkin—Elmer LS-50 spectrofluorim-
eter, respectively. Fluorescence lifetimes were measured with an Edin-
burgh 199 single-photon counting instrument. Photochemical experiments
were carried out with a tungsten halogen lamp (150 W, 24 V, 1 > 350 nm).
The photoinduced electron-transfer reactions, including the dethreading
experiments on the pseudorotaxane based on 2* in the presence of a
sacrificial electron donor, were performed in degassed EtOH (Merck
Uvasol™) solutions. The chemical dethreading of the pseudorotaxane
based on 3*" was performed in MeCN solution. For more details on the
choice of the experimental conditions see the Results and Discussion
section. In the measurement of the luminescence intensity, a correction for
the fraction of absorbed light by the relevant chromophoric unit had to be
performed.’”! Experimental errors are as follows: luminescence intensity,
15 %; luminescence lifetimes, 10 % . Association constants were evaluated
by titration methods following changes in the absorption or emission
bands.> 43 The values of association constants between bipyridinium-
based threads and crown ethers 8 and 9 are given as Supporting
Information. The rate constants of the intercomponent energy- and
electron-transfer quenching processes were evaluated by the use of
Equations (5) or (6)

1 1
ky==—— )
T T
k —l<ﬂ_1) ©)
AV

I, and 7, are the luminescence intensity and lifetime of the reference
compound, and / and 7 are the luminescence intensity and lifetime of the
wire-type compound under the same experimental and instrumental
conditions.
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Synthesis and Properties of Shape-Persistent Macrocyclic Amphiphiles with

Switchable Amphiphilic Portions

Sigurd Hoger,* Anne-Désirée Meckenstock, and Sarah Miiller

Abstract: The bidirectional- and convergent-type syntheses of functionalized kinked
phenyl —ethynyl oligomers containing ethynyl end groups are described. Key steps in

both approaches are the bromo—iodo selectivity of the Hagihara coupling and the
possibility to deprotect acetylenes containing different silyl protective groups
stepwise. Glaser coupling of the oligomeric bisacetylenes results in the corresponding

Keywords: cyclizations macro-
cycles - supramolecular chemistry

macrocycles that contain polar and nonpolar side groups in a switchable arrange-

ment.

Introduction

Interest in cyclic structures composed of a shape-
persistent molecular backbone together with a
well-defined arrangement of functional groups
has increased considerably during the last
years.[!l This success can be attributed to at least
two factors. First, modern synthetic methods for
the formation of C—C bonds, as well as progress
in protective-group methodology, make the for-
mation of cyclic structures under mild conditions
possible, which for years were only available under drastic
conditions and in much lower yield.”! Secondly, increased
understanding of the interactions between molecules them-
selves (aggregation) and between different molecules (com-
plexation) led to design principles that have enabled the
systematic preparation and investigation of these structures.P!

Usually, cyclic structures with cavities in the nanometer
regime are classified by the molecular backbone they are
based on, and the most common compounds in this sense are
represented by the cyclodextrins.! In our ongoing investiga-
tions we deal exclusively with functionalized structures, and
the nature of the backbone plays only a minor role. It simply
acts as the frame for the attachment of the functional groups.?!
Therefore, a classification of the macrocycles based on the
orientation of the functional group relative to the molecular
backbone seems attractive, since their orientations have a
remarkable influence on the properties and on the applica-
tions of these compounds (Figure 1).

[*] Dr.S. Hoger, A.-D. Meckenstock, Chem.-Ing. S. Miiller
Max-Planck-Institut fiir Polymerforschung
Ackermannweg 10, 55128 Mainz (Germany)
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Chem. Eur. J. 1998, 4, No. 12

=> tubular structures

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

=> layer structures => host molecules

Figure 1. Possible orientations of the polar side groups in common shape-persistent
macrocycles and their respective functions or use.

Macrocycles based on three possible functional group
orientations have been described in the literature so far.
The polar side groups can be arranged perpendicular to the
backbone of the macrocycle. As a result, this may lead to
interesting aggregation phenomena in the solid state (Figur-
e la); the macrocycles may form tubular structures.'*"! On
the other hand, if the polar groups point to the outside of the
ring, these compounds can form two-dimensional, layered
structures connected through hydrogen bonds (Figure 1b).['l
The third group of macrocycles is designed for a completely
different purpose. Guest molecules can be complexed by
specific interactions with internal substituents that have a
functionality and orientation complementary to a specific
guest molecule (Figure 1c).l'4l If the size of the host
compound is in the nanometer regime, biological substrates
with molecular weights in the kilodalton regime may be
bound. Such large guest molecules can also accomodate
several guests and induce a chemical reaction between them.[®!

The large field of organic receptor molecules, natural as
well as artificial, can be divided into molecules with highly
preorganized binding sites (lock and key principle), and
molecules with flexible binding sites, which are organized
around a specific guest molecule during the act of complex-
ation (induced-fit mechanism).! The former class of mole-
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cules in general show a higher binding constant to a specific
guest molecule,’® whereas the latter may lead to new insights
into enzyme activity.

Here we describe in detail the synthesis of a new class of
shape-persistent macrocyclic amphiphiles with nanometer
size interiors that are formed by a rigid, noncollapsible
molecular backbone. Attached to this backbone are polar and
nonpolar side chains. This is done in such a way that
switchable units can freely rotate, allowing the nonpolar or
polar side chains to point into or outside the ring. In order to
combine free rotation and stiffness of the backbone, the
structures are based on the phenyl—acetylene backbone, as
schematically shown in the target structure M. 10

The sides of these shape-persistent macrocyclic amphi-
philes are formed by the corner pieces (C and C’) and by the
amphiphilic portions (A) of the ring. The former contain
additional substituents that influence the solubility and the
crystallinity of the macrocycles. Moreover, they also simplify
their proton NMR spectra in the aromatic region. The
amphiphilic portions are able to rotate and form either more
polar or more nonpolar interiors depending on the solvent
and the presence of appropriate guest molecules (induced-fit
mechanism)." In the synthesis described here, all macro-
cycles contain methyl substituents at the corner pieces,
propyloxy groups as the nonpolar and phenolic OH groups
as the polar substituents. The use of phenolic OH groups
allows further functionalization of these macrocycles, so that a
variety of derivatives are available without performing an
entire new ring synthesis.'2 However, during the entire
synthesis and isolation of the macrocycles these polar groups
were protected in the form of their tetrahydropyranyl(THP)
ethers.

Results and Discussion

Retrosynthesis and synthetic strategy: The synthetic accessi-
bility of shape-persistent macrocycles based on the phenyl -
ethynyl backbone has been known for several years. For
example, Staab etal. prepared the cyclic hexamer of m-
phenylacetylene by a sixfold Stephens — Castro coupling of the
readily available m-iodophenylacetylene in a 4.6 % yield.?*l A
completely different approach was investigated by Moore and
co-workers during the past several years, cyclizing the
appropriate a-alkinyl-w-iodo precursors to the desired mac-
rocycles in good to excellent yields up to 75 %.?°! Unfortu-

Abstract in German: Beschrieben wird die zweifach-gerichtete
und konvergente Synthese gewinkelter Phenyl—ethinyl Oligo-
mere. Schliisselschritte sind dabei in beiden Fillen die Brom—
Iod Selektivitit der Hagihara Kupplung und die Moglichkeit,
Bisacetylene mit unterschiedlichen Silylschutzgruppen schritt-
weise zu entschiitzen. Die Glaser Kupplung der oligomeren
Bisacetylene fiihrt zur Bildung der entsprechenden Makro-
cyclen mit einer frei drehbaren Anordnung polarer und
unpolarer Seitengruppen.
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nately, the formation of the starting materials requires a
rather time-consuming multistep synthesis.

In the following protocol, the intermolecular Glaser
coupling of the bisacetylenes B (half rings) is used as the
cyclization reaction. This coupling method usually results in
relatively high yields of cyclic products, but with different ring
sizes. Not surprisingly, the number of different rings can be
reduced by the use of rigid and large bisacetylene units.[100< 13]
Therefore, the use of half rings can be viewed as an
intermediate strategy between Staab’s and Moore’s approach,
although in every case a different cyclization reaction is
used.

The key to successful synthesis of the cyclic structures M
relies on an efficient synthetic route to the corresponding
ethynyl-terminated phenyl-ethynyl oligomers B. Their for-

OR OR OR
O = ampbhiphilic unit :—C}—
HO HO HO

mation can be performed by two different strategies (Fig-
ure 2). Patha) represents a bidirectional-type synthesis,
starting from the corner piece C; pathb) represents a
convergent-type strategy, starting from the corner piece C'.
There has been considerable interest in the preparation of
well-defined oligomeric sequences, because they represent
ideal models for polymers. The undesired polycondensation
to polymeric or oligomeric products can be reduced by the use
of either a large excess of one coupling component (excess
approach), or by the use of monomers that carry properly
protected functional groups (protective-group approach).']
To avoid the problems associated with the excess approach,
the protective group approach is chosen in the ~
following protocol. An essential requirement Z
for this approach is the use of monoprotected
diynes of the general structure S.

Furthermore, if the aromatic core of these
compounds is not symmetrical (as indicated by Il
the elongated shape of the aromatic core in the
schematic representation of S), the diyne has to
be regioselectively protected or the final- S
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Figure 2. Retrosynthetic pathways to ethynyl end-capped phenyl —ethynyl
oligomers: a) bidirectional and b) convergent strategy. In both cases the
starting materials need to be bisacetylenes containing one protective group.

product will be a complex mixture of different isomeric
macrocycles. Initial attempts in this direction, the deprotona-
tion of the diyne D with EtMgBr and trapping of the acetylide
with TMSCI, failed to give satisfactory results.[>]

Therefore, an alternative route to S was investigated. The
key steps in this synthesis are the selective palladium-
catalyzed coupling of a terminal alkynel'®l with an aryl iodide
in the presence of an aryl bromide,!'”) and
the site selective removal of the trimethyl-
silyl (TMS) group in the presence of a

THPO triisopropylsilyl (TIPS) group.'®! During
D the coupling reaction, the aromatic bro-
mide does not act as a protective group in
the common sense, it has not to be transformed into a reactive
group prior to the subsequent step.') The aryl bromide is
reactive under the coupling conditions that are used, but
remains unaffected as long as aryl iodide remains in the
reaction mixture. Therefore, two regioselective coupling
reactions can be performed in a one-pot reaction. For this
reason, this type of procedure can be called the dormant-
group strategy.’> 21 The starting materials necessary for this
approach, 3,5-diiodo toluene,?? 3-bromo-5-iodo toluene,?!
and the bromo-iodohydroquinone monoalkyl ethers?! are
described in the literature.

OPr

Two-directional diyne synthesis: The key compound in the
synthesis of the half rings by this approach is the mono-
protected bisacetylene 3, containing the propyloxy group as
the nonpolar side chain and the THP protected phenol OH
group as polar unit (Scheme 1). The THP-protected bromo-
iodohydroquinone monopropyloxy ether 1 is treated with
1.1 equivalents of TIPS-acetylene for two days at room
temperature and an additional two days at 55 °C. Subsequent-
ly, two equivalents of TMS-acetylene are added and the
mixture is stirred for an additional four days at the same
temperature. The use of [PdCl,(PPh;),] and Cul, together

Chem. Eur. J. 1998, 4, No. 12
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2423 -2434
OPr OPr
a) b)
I Br — TIPS—= =—TMS —>
THPO THPO
1 2
OPr
— — 9
TIPS— = —
THPO N
3 R OTHP THPO R
d)
5 (R = TIPS)
6 (R=H)

f
If 7 (R=TMS) ) I
I\ 8(R=H) 1

Scheme 1. a) 1. TIPS-acetylene, [PdCL,(PPh;),], PPh;, Cul, piperidine; 2.
TMS-acetylene (82%); b)NaOH, MeOH, THF (95%); «c)4,
[PACL(PPhs),], PPh,, Cul, piperidine (94%); d) Bu,NE, THF (82%);
e) 11, [PdCl,(PPh;),], PPh;, Cul, piperidine (86%); f) NaOH, MeOH,
THF (92%).

with an additional two equivalents PPh; per palladium atom
in piperidine, turned out to give a high bromo-iodo
selectivity. The formation of the isomeric compound with
switched position of the TIPS and TMS groups is not
detectable in the 'H NMR spectrum.?!l Therefore, this
protocol continues to be used for all palladium catalyzed
C—C coupling reactions in this work. After chromatography, 2
is obtained in good yields, even when the reaction is
performed on a 20-30 g scale. Deprotection of the TMS
group is accomplished by stirring a solution of 2 in MeOH/
THF with a few drops of 1N NaOH at room temperature for
30 minutes to form 3 in nearly quantitative yield (alterna-
tively, this deprotection can be performed by stirring 2 with an
excess of a weak base, like K,COj;, in the same solvent, as
described later in the convergent diyne synthesis).

Palladium-catalyzed coupling of 3 with 3,5-diiodotoluene
(4), and desilylation of 5 by reaction with Bu,NF in THF at
room temperature gave 6. The separation of 6 from the
triisopropylsilanol is troublesome and can only be performed
by repeated chromatography. Treatment of 6 with a small
excess of 3-iodo-5-(2-trimethylsilyethynyl)toluene (11) yields
7 which is desilylated by stirring in MeOH/THF (1:1) with a
few drops of 1N NaOH at room temperature for two hours to
give 8.

The preparation of 11 again relies on the selective coupling
of 3-bromo-5-iodotoluene (9) with 1.1 equivalents TMS-
acetylene to give bromo-5-(2-trimethylsilyethynyl)toluene
(10; Scheme 2). In order to facilitate the Pd-catalyzed

—_— —_—
Br | Br N | X
AN
9 10 A T™S

11 ™S

Scheme 2. a) TMS-acetylene, [PdCl,(PPh;),], PPh;, Cul, piperidine
(85%); b) 1. nBuLi; 2. 1,2-diiodoethane, THF (99 % ).
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coupling reaction with 6, 10 is converted to the iodo derivative
11 by halogen —metal exchange and subsequent reaction with
diiodoethane.

Convergent diyne synthesis: The convergent-type synthesis of
the half rings has some advantages over the bidirectional-type
synthesis described above. First, the number of steps is
reduced. Second, column chromatographic purification of the
intermediates is easier to perform due to fewer tailing
problems.”! And finally, the separation of the products from
the triisopropylsilanol produced during the fluoride-induced
deprotection is much easier.

Reaction of 9 with 1.1 equivalents TIPS-acetylene and
subsequent addition of an excess of TMS-acetylene under the
conditions used above, gives the mixed protected bisacetylene
12 in high yields (Scheme 3). Compound 12 can be purified by
vacuum destillation and is therefore easily available in large

/©\ 2) /©\ b)
— —
Br | P X Z XN
9 ™S - i~ S z AN

TIPS 13 TIPS

Br | —

THPO
14

15 (R = TMS d N
18 (R2H) TIPS

f)
17 (R = TIPS
Il lS%R:H) ):| If1

Scheme 3. a) 1. TIPS-acetylene, [PdCl,(PPh;),], PPh;, Cul, piperidine; 2.
TMS-acetylene (89%); b) K,CO;, MeOH, THF (95%); c)1. 13,
[PACL,(PPh;),], PPh;, Cul, piperidine; 2. TMS-acetylene (88%);
d) K,CO;, MeOH, THF (93 % ); e) 4, [PACL,(PPhs;),], PPh;, Cul, piperidine
(92%)); f) Bu,NF, THF (96 % ).

quantities. Deprotection of the TMS group is performed by
stirring 12 with potassium carbonate in methanol/THF (1:1)
overnight. Palladium-catalyzed coupling of 13 with 14 (the
isomer of 1) and subsequent coupling with TMS-acetylene,
again in a one-pot procedure, gives the mixed protected
compound 15. Base-induced deprotection of the TMS group
and coupling with 4 gives, after fluoride-induced deprotection,
the half ring 18 in good yield. In this case, the separation of the
product and the triisopropylsilanol byproduct can be easily
performed by treating the reaction mixture with petroleum
ether. The byproduct dissolves, and the diyne is separated by
filtration. This large diyne 18 is an isomer of 8, such that the
positions of the propyloxy and the tetrahydropyranyloxy
groups at the amphiphilic portions of the ring are switched.

2426 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

In order to prepare the diyne 8 by a convergent-type
synthesis, one might use the isomeric starting material 1. As
shown in Scheme 4, it is also possible to perform the reaction
with compound 14 (which is easier to prepare) in a reaction
sequence analogous to the preparation of 18, by simply
switching the order of the addition of the acetylenes to this
compound. In this reaction sequence, triethylsilyl(TES)-
acetylene instead of TMS-acetylene is used because it is less
volatile and therefore easier to handle in a stoichiometric
reaction.

19 (R = TES) A TIPS
20 (R=H)

d
21 (R = TIPS)
8(R=H)
Scheme 4. a) 1. TES-acetylene, [PdCL,(PPh;),], PPh;, Cul, piperidine; 2.

13 (86%); b) K,CO,, MeOH, THF (93 % ); c) 4, [PdCl,(PPh,),], PPh,, Cul,
piperidine (91 %); d) Bu,NF, THF (90 %).

In order to prepare bisacetylenes with enlarged amphiphilic
portions, one can make use of the geometric structure of the
monoprotected bisacetylene 13: two alkynes are in meta
positions, and one of them is protected by a TIPS group. The
same structural element is found in compound 20. Following
the procedure outlined in Scheme 4, and replacing 13 by 20
gives, by an otherwise identical order of steps, the enlarged
diyne 25 (Scheme 5), a phenyl-ethynyl oligomer containing

Pro Pro

14—a)> R— 7\ ://\\: \_/ C)'
OTHP OTHP \\
22 (R=TES) TIPS
23 (R=H)

24 (R=TIPS)
Il 25(R=H) Il

Scheme 5. a) 1. TES-acetylene, [PdCl,(PPh;),], PPh;, Cul, piperidine; 2.
20 (75 %); b) K,CO;, MeOH, THF (88 %); c) 4, [PdCL,(PPh;),], PPh;, Cul,
piperidine (93 %); d) Bu,NF, THF (95%).

0947-6539/98/0412-2426 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 12





Switchable Amphiphilic

2423-2434

seven aromatic units and ethynyl end groups. It is interesting
to note that the deprotection of 22 takes more than two weeks,
even though it readily dissolves in the solvent mixture that is
used to perform this reaction.

Compounds 8 and 18 are slighly yellow, while 25 is bright
yellow. They are stable at room temperature for several
months without detectable decomposition. Nevertheless, they
are usually stored under an argon atmosphere in the dark to
protect them from acidic conditions and sunlight.

Cyclization: The cyclization of the bisacetylenes is performed
by a modified Eglinton — Glaser coupling under the conditions
introduced by Breslow.? The high dilution conditions,
necessary to obtain a high yield of the cyclized dimer, are
obtained by adding a pyridine solution of the diyne with a
syringe pump over 96 hours to a slurry of CuCl and Cu(Cl, in
pyridine at room temperature (pseudo-high-dilution condi-
tions). This procedure avoids the use of extremely large
solvent volumes, and amounts of about 1.5 g of the diyne are
cyclized in 300 mL of pyridine.

The workup is performed after stirring for an additional 2 to
4 days at room temperature. Scheme 6 shows the gel-perme-
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Scheme 6. a) CuCl/CuCl,, pyridine; b) GPC of 8 and of the crude product
of the cyclization.
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ation chromatography (GPC) results of the bisacetylene 8
(dotted line) and the crude reaction product of its cyclization
(solid line). No signals attributable to alkyne protons are
observed in the 'H NMR spectrum. According to the GPC
data, the crude product of this reaction contains mostly
cyclized dimer (depending on the batch, 60-65% yield),
along with small amounts of cyclic trimer and tetramer, and
cyclic or noncyclic oligomers and polymers.[?”) Purification of
26 is rather simple and is achieved by recrystallization of the
crude reaction mixture from dichloromethane. By this proce-
dure macrocycle 26 is obtained in 45 % isolated yield in the
form of slightly yellow crystals, which were unstable when
removed from the mother liquor.”®! The reason for this
purification method is the restricted flexibility of the macro-
cyclic dimer, which reduces its solubility compared with the
higher macrocycles and polymers (for entropic reasons). The
cyclization of the bisacetylenes 18 and 25 under identical
conditions gives the corresponding macrocycles 27 and 28. In
these cases the crude product of the reaction mixtures
contains about 50-55% and 45-50% cyclic dimer, respec-
tively. These results show that not only the size of the
bisacetylenes, but also the arrangement of the functional
groups has an influence on the outcome of the cyclization.
Again, in these cases the isolation of the macrocycles is based
on their restricted solubility compared with the higher
oligomers and polymers, and 27 and 28 were isolated in
38% and 34 % yield, respectively.

Compound 26 is soluble in chlorinated organic solvents up
to about 2—-5 mgmL~! at room temperature. It is interesting
to note that 27 is much less soluble in CH,Cl, than 26,
indicating that the orientation of the functional groups has a
strong influence on the solubility of these compounds.
Compound 28 shows a much higher solubility than 26 and
27 in chlorinated solvents. One might speculate that on the
one hand the amount of switchable units relative to the
molecular weight is much higher, and that on the other hand
28 is an even more complex mixture of stereoisomers than 26
and 27. While 26 and 27 are stable for at least several months
and can be isolated in analytically pure form, 28 always
contains a small amount of the (partly) free phenolic macro-
cycle, as observed by "H NMR spectroscopy.

After isolation of the THP-protected macrocycles, depro-
tection is performed by stirring a suspension of the rings in
acidic MeOH/CHCl; at room temperature to give the
amphiphilic products 29-31 in nearly quantitative yield
(Scheme 7). The macrocycles 29 and 30 are slightly yellow
solids; 31 is a bright yellow solid. All macrocyclic amphiphiles
are only sparingly soluble in chlorinated solvents. Compounds
29 and 30 are soluble in THF and pyridine to an amount of
about 4-8 mgmL-!; 31 is only marginally soluble in THF
(«1mgmL-"), but readily dissolves in pyridine
(>20 mgmL~'). Although all amphiphiles can be handled
under atmospheric conditions for a short period of time, they
turn brown after longer exposure to light and air. However, if
they are kept under an argon atmosphere in the dark, they are
stable for at least several months.

NMR spectra: Figure 3 shows as an example the '"H NMR
spectrum of 29. As mentioned before, the use of toluene
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Scheme 7. a) p-TsOH, MeOH, CHCl; (98%); b) CuCl/CuCl,, pyridine

corner pieces instead of benzene corner pieces has the
advantage that the diminished coupling of the aromatic
protons gives a much clearer spectrum. Compounds 29 and 30
do not exhibit any concentration dependence in the 'H NMR
spectra recorded in pyridine or THF, neither does 31 in
pyridine. Therefore, there is no evidence for self-association
of these compounds resulting from st —m stacking or through
hydrogen bonding.? 3l However, the chemical shifts of the
'H NMR spectra of these compounds strongly depend on the
solvent used to record the spectra. The most sensitive
absorptions in this sense show the aromatic protons of the
amphiphilic portions ortho to the phenol OH groups. For
example, the chemical shift of this proton in 29 changes from
0=6.93 in THF to 6 =705 in C,D,Cl,.B!

UYV spectra: Figure 4 shows the UV spectra of the macro-
cycles 29-31. Despite the fact that they are built up by an
extended molecular backbone containing aromatic and ace-
tylenic moieties, these compounds are only slightly yellow to
bright yellow. The reason for this is the interruption of the
conjugation by the meta-substituted corner pieces of the ring.

wr §
’ -"‘._ / ” \-.\
Py A L hY meememn 31
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Figure 4. UV spectra of 34 (THF, 1,,,=329 nm, £¢=31000), 33 (THF,
Amax =367 nm, &€ =37000), 29 (THF, 4,,,, =374 nm, £ =143000), 30 (THF,
Amax =374 nm, & =148000), 31 (DMF, ,,.,x =397 nm, & =244000).

THF
(38%); c) p-TsOH, MeOH, CHCl; (98%); d) CuCl/CuCl,, pyridine
(34%); e) p-TsOH, MeOH, CHCI; (93 %).
THF
water
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Figure 3. 'H NMR spectrum of 29 (300 MHz; in [Dg]THF).
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In order to understand the UV spectra in more detail, they
are compared with the UV spectra of 33 and 34 (Scheme 8).
Compound 33 displays the longest linear conjugated -
electron fragment of 29 and 30. As a result, there is only a
small shift in the longest wavelength absorption maxima in
going from 33 to 29 and 30, the latter show practically
identical spectra. The molar absorption coefficients of these

PrQ Pro
OTHP OR b)
14 32 (R = THPY
33 (R=H)
==
34

Scheme 8. a) 4-tolylacetylene, [PdCl,(PPh;),], PPh;, Cul, piperidine
(76%); b) p-TsOH, MeOH, CH,Cl, (71 %).

bands in 29 and 30 compared with 33 correspond well with the
number of fragments per ring. Not surprisingly, if the 7t system
is more extended, as in 31, a bathochromic shift of the longest
wavelength absorption maxima occurs. In addition, all macro-
cycles show an absorption band at 336 nm, whose origin is the
presence of the diacetylene unit, as a comparison with the
spectrum of 34 shows. For that band a slight red shift of 7 nm is
also observed.

Conclusion

The combination of the bromo-iodo selectivity in the Pd-
catalyzed Hagihara coupling and of the possibility to depro-
tect a TMS-protected acetylene in the presence of a TIPS-
protected acetylene is a powerful tool for the preparation of
monoprotected bisacetylenes. Further coupling reactions in a
convergent or bidirectional manner lead to large phenyl-
ethynyl oligomers containing ethynyl end groups (half rings),
which are then used in the copper-catalyzed Eglington—
Glaser coupling to yield shape-persistent macrocycles in good
yields. The isolation and purification of these compounds, due
to their restricted solubility, is quite simple and can be
performed by recrystallization or extraction. The 'H NMR
spectra of these compounds are well-structured due to the fact
that the coupling of the protons at the corner pieces are
diminished by additional methyl substituents. Although all
phenyl—ethynyl oligomers as well as all macrocycles are
highly unsaturated compounds, they are only slightly yellow
to bright yellow, depending on their size. The interruption of
the effective conjugation length by the meta-substituted
corner pieces is proved by comparison of the UV spectra of
the rings with the absorption behavior of model compounds.

Experimental Section

General methods: Commercially available chemicals were used as
received. THF was distilled from potassium prior to use. Piperidine and

Chem. Eur. J. 1998, 4, No. 12

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

pyridine were distilled from CaH, and stored under argon. 'H NMR and
BC NMR spectroscopy: spectra were recorded on Bruker AC300
(300 MHz for proton, 75.48 MHz for carbon). UV spectra were recorded
on a Perkin—Elmer Lambda 3 instrument. Thin-layer chromatography was
performed on aluminum plates precoated with Merck 5735 silica gel 60 F,s,.
Column chromatography was performed with Merck silica gel 60 (230—400
mesh). Radial chromatography was performed with Merck silica gel
60PF,s, containing CaSO,. The gel permeation chromatograms were
measured in THF (flow rate 1 mLmin~!) at room temperature, with a
combination of three styragel columns (porosity 10%, 10°, and 10°) and a UV
detector operating at A =254 nm. The molecular weight was obtained from
polystyrene calibrated SEC columns. The matrix-assisted laser desorption
ionization time-of-flight measurements were carried out on a Bruker reflex
spectrometer (Bruker, Bremen), incorporating a 337 nm nitrogen laser
with a 3 ns pulse duration (10°-10" Wem™!, 100 um spot diameter). The
instrument was operated in a linear mode with an accelerating potential of
33.65 kV. The mass scale was calibrated with polystyrene (M, =4700), with
a number of resolved oligomers. Samples were prepared by dissolving the
macrocycle in THF at a concentration of 10~* moll~". 10 pl of this solution
and 10 pl of a 1073 moll~! silver trifluoroacetate solution were added to
10 l of a 0.1 moll~! matrix solution, dissolved in THF. In all cases 1,8,9-
trihydroxyanthracene (Aldrich, Steinheim) was used as matrix. 1 pl of this
mixture was applied to the multistage target and airdried. Microanalyses
were performed by the University of Mainz.

5-Bromo-2-iodo-4-propyloxy-1-(tetrahydro-2H-pyran-2-yloxy)benzene
(1): 3,4-Dihydro-2H-pyran (42.1 g, 500 mmol) was added to a solution of
3-bromo-5-iodo-4-propyloxyphenol (35.7 g, 100 mmol) and of p-toluene-
sulfonic acid (100 mg) in CH,Cl, (100 mL) at 0°C. The solution was stirred
for 1 h at this temperature, and subseqently for 1 h at room temperature
before being poured into ether (500 mL) and 10% aqueous sodium
hydroxide (200 mL). The organic phase was separated and washed with
10% aqueous sodium hydroxide, water, and brine, and dried over MgSO,.
Evaporation of the solvent yielded a slightly yellow oil, which was filtered
through a short column of silica gel (height 6 cm, diameter 12 cm) with
hexanes/ether (10:1) as the eluent. The solvent was removed and the
residue recrystallized twice from ethanol to give 39.7 g (90.0%) of 1 as
colorless crystals. 'H NMR (CD,Cl,): 6 =7.30 (s, 1H), 7.28 (s, 1H), 5.35 (t,
J=29Hz, 1H),3.92 (t,J=6.5 Hz, 2H), 3.91-3.82 (m, 1H), 3.65-3.55 (m,
1H), 2.20-1.55 (m, 8H), 1.05 (t, /=74 Hz, 3H); *C NMR (CD,Cl,): 6 =
151.63,150.93, 124.18, 120.72, 112.83, 98.32, 86.13, 72.20, 62.36, 30.64, 25.63,
23.00, 18.87, 10.67; C,;HsBrIO; (441.10): calcd C 38.12, H 4.11; found C
38.33, H 4.07.

4-Propyloxy-1-(tetrahydro-2H-pyran-2-yloxy)-2-(2-triisopropylsilylethyn-
yl)-5-(2-trimethylsilylethynyl)benzene (2): [Pd(PPh;),Cl,] (1.4 g) and Cul
(500 mg) were added to a solution of 1 (22.1 g, 50.0 mmol), triisopropylsi-
lylacetylene (9.75 g, 53.5 mmol), and PPh; (1.4 g) in piperidine (150 mL) at
0°C. The mixture was allowed to reach room temperature and was stirred
for 2 days, and for an additional two days at 55°C. Then trimethylsilyl-
acetylene (9.75 g, 99.3 mmol) was added and the mixture stirred for an
additional 4 days at the same temperature. After the reaction mixture
cooled down to room temperature, ether (600 mL) and water (300 mL)
were added. The organic phase was seperated and extracted with water,
10% acetic acid, water, 10 % aqueous sodium hydroxide, water, and brine,
and dried over MgSO,. Evaporation of the solvent yielded a brown oily
residue which was chromatographed over silica gel with hexanes/ether
(10:1) as the eluent (R,=0.50) to give 2 (21.03 g, 82 %) as a slightly yellow
waxy solid. 'H NMR (CD,Cl,): 6 =714 (s, 1H), 6.89 (s, 1H), 5.40 (t, J=
3.1 Hz, 1H), 4.00-3.86 (m, 1H), 3.93 (t, J=6.3 Hz, 2H), 3.63-3.54 (m,
1H),2.15-1.50 (m, 8H), 1.14 (s,21 H), 1.07 (t,/ = 7.4 Hz, 3H), 0.25 (s, 9H);
BCNMR (CD,Cl,): 6 =155.13,152.17,121.13,117.86, 115.76, 114.48,103.32,
101.38, 100.38, 97.85, 96.83, 71.53, 62.25, 30.70, 25.69, 23.13, 18.87, 11.80,
10.69, —0.02; C5,H,305S1, (512.88): caled C 70.26, H 9.43; found C 70.23, H
9.45.

5-Ethynyl-4-propyloxy-1-(tetrahydro-2H-pyran-2-yloxy)-2-(2-triisopropyl-
silylethynyl)benzene (3): Compound 2 (20.5 g, 40.0 mmol) was dissolved in
THF/MeOH (1:1; 160 mL). NaOH (1N, 6 mL) was added, and the solution
stirred at room temperature for 45 min. The mixture was poured into ether
(600 mL) and water (400 mL), the organic layer was extracted with water
and brine, and dried over MgSO,. Evaporation of the solvent and
chromatography over silica gel with hexanes/ether (10:1) as the eluent
(R;=0.32) gave 3 (16.8 g, 95%) as a slightly yellow oil. '"H NMR (CD,CL,):

0947-6539/98/0412-2429 $ 17.50+.50/0 2429





FULL PAPER

S. Hoger et al.

0="721 (s, 1H), 6.92 (s, 1H), 5.41 (t, J=3.1 Hz, 1H), 4.02-3.87 (m, 1H),
3.95 (t, J=6.5Hz, 2H), 3.63-3.54 (m, 1H), 3.36 (s, 1H), 2.13-1.50 (m,
8H), 1.15 (s, 21H), 1.05 (t,J =7.3 Hz, 3H); *C NMR (CD,Cl,): 6 =155.20,
152.14, 121.91, 11758, 116.19, 113.24, 103.24, 98.02, 96.95, 82.59, 80.23,
71.48, 62.31, 30.72, 25.70, 23.04, 18.98, 18.90, 11.83, 10.64; C,H,,0O;Si
(440.70): caled C 73.59, H,9.15; found C 73.26, H 9.17.
3,5-Bis-{2-[2-propyloxy-5-(tetrahydro-2H-pyran-2-yloxy)-4-(2-triisopro-
pylsilylethynyl)phenyl]ethynyl}jtoluene (5): [Pd(PPh;),Cl,] (950 mg) and
Cul (400 mg) were added to a solution of 3 (15.4 g, 35.0 mmol), 4 (5.41 g,
15.7 mmol), and PPh; (950 mg) in piperidine (100 mL). The solution was
stirred for 1h at room temperature and then overnight at 35°C. The
mixture was poured into ether (500 mL) and water (250 mL). The organic
phase was separated and extracted with water, 10 % acetic acid, water, 10 %
aqueous sodium hydroxide, water, and brine. Drying over MgSO, and
evaporation of the solvent yielded a yellow residue, which was chromato-
graphed over silica gel with CH,Cl,/hexanes (1:1) as the eluent (R;=0.54)
to give 5 (14.4 g, 94 %) as a slightly yellow solid. '"H NMR (CD,Cl,): 6 =
749-747 (m, 1H), 7.34-732 (m, 2H), 725 (s, 2H), 6.96 (s, 2H), 5.44 (t, J =
3.1 Hz, 2H), 4.03-3.91 (m, 2H), 4.00 (t, J=6.5 Hz, 4H), 3.66-3.55 (m,
2H), 2.37 (s, 3H), 2.16-1.53 (m, 16H), 1.16 (s, 42H), 1.11 (t, /=73 Hz,
6H); *C NMR (CD,Cl,): 6 =154.79, 152.36, 139.07, 132.53, 131.73, 124.09,
121.15, 117.85, 115.80, 114.50, 103.50, 98.08, 96.03, 94.39, 86.54, 71.67, 62.38,
30.79, 25.75, 23.20, 21.22, 19.04, 18.92, 11.88, 10.75; CsHg,O4Si, (969.51):
caled C 75.75, H 8.73; found C 75.84, H 8.34.
3,5-Bis-{2-[4-ethynyl-2-propyloxy-5-(tetrahydro-2H-pyran-2-yloxy)pheny-
1]ethynyl}toluene (6): A solution of Bu,NF in THF (1m, 60 mL, 60 mmol)
was added to a solution of 5 (13.57 g, 14.0 mmol) in THF (70 mL). The
mixture was stirred for 2 h at room temperature and then poured into ether
(500 mL) and water (300 mL). The organic layer was extracted with water
and brine, and dried over MgSO,. Evaporation of the solvent yielded a
slightly brown oil, which was purified by repeated chromatography over
silica gel with hexanes/CH,Cl, (1:3) as the eluent (R;=0.53) to give 6
(754 g, 82%) as a slightly yellow solid. 'H NMR (CD,ClL,): 6 =7.51-7.49
(m, 1H), 7.36-7.34 (m, 2H), 7.25 (s, 2H), 7.00 (s, 2H), 5.43 (t, J=3.3 Hz,
2H), 4.01-3.90 (m, 2H), 3.99 (t, J=6.5 Hz, 4H), 3.66-3.57 (m, 2H), 3.42
(s,2H),2.37 (s,3H),2.16-1.54 (m, 16 H), 1.11 (t,/ = 74 Hz, 6 H); *C NMR
(CD,ClL): 0 =154.77, 152.34, 139.06, 132.57, 131.75, 123.96, 121.33, 117.67,
114.87, 114.43, 98.11, 94.48, 86.27, 82.66, 80.27, 71.48, 62.41, 30.71, 25.71,
23.09, 21.21, 19.02, 10.71; C;3H,,O4 (656.87): caled C 78.67, H 6.75; found C
78.50, H 6.83.

3-Bromo-5-(2-trimethylsilylethynyl)toluene (10): [Pd(PPh;),Cl,] (400 mg)
and Cul (180 mg) were added to a solution of 9 (11.35g, 38.2 mmol),
trimethylsilylacetylene (4.27 g, 43.4 mmol), and PPh; (400 mg) in piper-
idine (70 mL) at 0°C. The mixture was allowed to reach room temperature,
stirred for 2 days, and was then poured into ether (300 mL) and water
(200 mL). The organic phase was separated and extracted with water, 10 %
acetic acid, water, 10% aqueous sodium hydroxide, water, and brine.
Drying over MgSO, and evaporation of the solvent yielded a slightly brown
residue, which was chromatographed over silica gel with hexanes as the
eluent (R;=0.40) to give 10 (8.7 g, 85%) as a colorless liquid. 'H NMR
(CD,CL,): 6=1742-7.39 (m, 1H), 732-729 (m, 1H), 7.23-720 (m, 1H),
2.30 (s, 3H), 0.25 (s, 9H); C NMR (CD,Cl,): 6 =140.71, 132.78, 131.94,
131.58, 125.20, 122.12, 103.79, 95.75, 21.08, —0.06; C,,H,;sBrSi (267.24):
caled C 53.93, H, 5.66; found C 53.58, H 5.47.
3-lodo-5-(2-trimethylsilylethynyl)toluene (11): A solution of nBuLi in
hexane (1.6M, 16.5 mL, 26.4 mmol) was added to a solution of 10 (6.7 g,
25.1 mmol) in THF (100 mL) at —78°C under argon. The solution was
stirred for 15 min at this temperature and then a solution of 1,2-diiodo-
ethane (75¢g, 26.6 mmol) in THF (50 mL) was added dropwise. The
solution was stirred for an additional 45 min at — 78 °C, and then warmed to
room temperature (the solution changed its color from slighly yellow to
dark brown). The mixture was poured into ether (400 mL) and water
(200 mL), and the organic layer was extracted with sodium thiosulfate
solution, water, and brine. Drying over MgSO, and evaporation of the
solvent yielded 11 (7.8 g, 99%) as a nearly colorless oil. An analytical
sample was prepared by column chromatograpy over silica gel with
hexanes as the eluent (R;=0.51). '"H NMR (CD,Cl,): 6 =7.63-7.60 (m,
1H), 753-750 (m, 1H), 7.26-722 (m, 1H), 2.27 (s, 3H), 0.24 (s, 9H);
BCNMR (CD,Cl,): 6 =140.62, 138.72, 137.86, 132.15, 125.21, 103.62, 95.75,
93.75,20.92, —0.06; C,,H,51Si (314.24): calcd C 45.87, H 4.81; found C 45.72,
H 4.76.
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3,5-Bis-[2-(4-{2-[3-methyl-5-(2-trimethylsilylethynyl)-phenyl]ethynyl}-2-p-
ropyloxy-5-{tetrahydro-2H-pyran-2-yloxy}phenyl)ethynyl]toluene (7):
Compound 7 was prepared by the procedure described for 5, by adding
[Pd(PPh;),CL,] (300 mg) and Cul (150 mg) to a solution of 11 (6.91 g,
22.0 mmol), 5 (3.28 g, 10.0 mmol), and PPh; (300 mg) in piperidine
(100 mL). The yellow crude product was chromatographed over silica gel
with CH,Cl,/hexanes (1:1) as the eluent (R;=0.39) to give 7 (8.85 g, 86 %)
as a slightly yellow solid. '"H NMR (CD,Cl,): 6 =7.51-7.49 (m, 1H), 745 -
742 (m,2H),736-734 (m, 2H), 7.34-731 (m, 2H), 728 -7.26 (m, 4H), 7.03
(s,2H),5.49 (t,J =2.9 Hz,2H), 4.06-3.97 (m, 2H), 4.02 (t,/ = 6.5 Hz, 4H),
3.68-3.60 (m, 2H), 2.38 (s, 3H), 2.34 (s, 6 H), 2.21-1.57 (m, 16 H), 1.13 (t,
J=74Hz, 6H), 0.26 (s, 18H); BC NMR (CD,ClL,): 6 =154.94, 151.79,
139.07, 139.04, 132.85, 132.56, 132.22, 131.73, 124.04, 123.86, 123.83, 121.42,
116.91, 115.55, 114.45, 104.57, 98.12, 95.03, 94.53, 94.30, 86.59, 86.46, 71.48,
62.36, 30.78, 25.75, 23.12, 21.22, 21.17, 19.00, 10.73, —0.03; CsH;,04Si,
(1029.57): caled C 78.16, H 7.06; found C 78.23, H 6.97.

3,5-Bis-(2-{4-[2-(3-ethynyl-5-methylphenyl)ethynyl]-2-propyloxy-5-(tetra-
hydro-2H-pyran-2-yloxy)phenyl}ethynyl)toluene (8): From 7: Compound 8
was prepared by the procedure described for 3, by adding NaOH (1N,
10 mL) to a solution of 7 (8.24 g, 8.0 mmol) in THF/MeOH (1:1, 150 mL).
Compound 8 (6.5 g, 92 %) was obtained after 2 h as a slightly yellow solid.
An analytical sample was prepared by chromatography over silica gel with
hexanes/CH,Cl, (1:3) as the eluent (R;=0.56). 'H NMR (CD,CL,): d =
7.52-749 (m, 1H), 7.48-7.45 (m, 2H), 7.37-7.34 (m, 4H), 7.32-729 (m,
2H), 728 (s,2H), 7.04 (s,2H), 5.49 (t, /=2.9 Hz, 2H), 4.06-3.97 (m, 2H),
4.02 (t,J=6.5Hz, 4H), 3.68-3.59 (m, 2H), 3.16 (s,2H), 2.38 (s, 3H), 2.35
(s, 6H), 2.20-1.58 (m, 16 H), 1.13 (t, /=74 Hz, 6 H); C NMR (CD,Cl,):
0=154.93, 151.79, 139.15, 133.11, 132.93, 132.55, 132.36, 131.73, 124.01,
123.95, 122.76, 121.40, 116.89, 115.46, 114.49, 98.10, 94.57, 94.14, 86.69,
86.45, 83.17,77.76, 71.47, 62.35, 30.78, 25.75, 23.11, 21.21, 21.16, 19.00, 10.73;
Cy1Hs604 (885.11): caled C 82.75, H 6.39; found C 82.63, H 6.46.

From 21: Compound 8 was prepared by the procedure described for 6, by
adding a solution of Bu,NF in THF (1M, 9 mL, 9 mmol) to a solution of 21
(2.6 g, 2.2 mmol) in THF (20 mL). The crude product of the reaction was
treated 3 times with methanol (30 mL, containing a few drops of pyridine)
to give 8 (1.75 g, 90 %) as a yellow solid.

3-(2-Triisopropylsilylethynyl)-5-(2-trimethylsilylethynyl)toluene 12):
Compound 12 was prepared by the procedure described for 2, with 9
(17.8 g; 60 mmol), triisopropylsilylacetylene  (12.03 g; 66 mmol),
[PACL,(PPh;),](250 mg), PPh; (250 mg), Cul (120mg), piperidine
(150 mL), and trimethylsilylacetylene (10.8 g; 110 mmol). After workup
the brown residue was filtered over a short column of silica gel with
hexanes as the eluent. Purification was performed by vacuum destillation
(b.p. 165-170°C; 10~* Torr) to give 19.7 g (89 %) of 12 as a slightly yellow
oil. 'H NMR (CD,Cl,): 6 =739-736 (m, 1H), 728725 (m, 1H), 7.25-
7.22 (m, 1H), 2.30 (s, 3H), 1.14 (s, 21 H), 0.25 (s, 9H); *C NMR (CD,CL,):
0 =138.86, 133.06, 132.85, 132,76, 124.03, 123.67, 106.71, 104.64, 94.86,
91.36, 21.12, 18.89, 11.81, 0.03; Cy3Hs,Si, (368.71): caled C 74.92, H 9.84;
found C 74.86, H 9.75.

3-Ethynyl-5-(2-triisopropylsilylethynyl)toluene (13): Compound 12 (15 g;
50 mmol) was dissolved in MeOH/THF (1:1, 150 mL), K,CO; (13.8 g,
100 mmol) was added, and the mixture was stirred overnight. The mixture
was poured into ether (300 mL) and water (200 mL), and the organic layer
was extracted with water and brine. Drying over MgSO, and evaporation of
the solvent yielded 13 (14.1 g, 95 %) as a nearly colorless oil. An analytical
sample was prepared by column chromatograpy over silica gel with
hexanes as the eluent (R;=0.78). 'H NMR (CD,Cl,): 6 =7.58-7.55 (m,
1H), 747-7.44 (m, 1H), 744-7.41 (m, 1H), 3.27 (s, 1H), 2.47 (s, 3H), 1.29
(s, 21H); *C NMR (CD,ClL,): 6 =138.96, 133.38, 133.05, 132.97, 124.11,
122.57,106.55,91.57,83.21, 77.61, 21.10, 18.86, 11.78; C,0H,sSi (296.53): calcd
C 81.01, H 9.52; found C 80.98, H 9.50.

2-Bromo-5-iodo-4-propyloxy-1-(tetrahydro-2H-pyran-2-yloxy)benzene

(14): Compound 14 was prepared by the procedure described for 1, with
3,4-dihydro-2H-pyran (42.1 g, 500 mmol), 5-bromo-3-iodo-4-propyloxy-
phenol (35.7 g, 100 mmol) and p-toluenesulfonic acid (100 mg) in CH,Cl,
(100 mL). Recrystallization from ethanol gave 36.1g (82%) of 14 as
colorless crystals. 'H NMR (CD,CL,): 6 =7.55 (s, 1H), 7.00 (s, 1 H), 5.33 (t,
J=3.0Hz,1H),3.93-3.83 (m, 1H), 3.90 (t,/=6.5 Hz, 2H), 3.63-3.55 (m,
1H), 2.11-1.48 (m, 8H), 1.07 (t, /=74 Hz, 3H); *C NMR (CD,CL): 6 =
153.72, 148.56, 128.05, 116.85, 113.85, 98.37, 85.02, 72.07, 62.36, 30.54, 25.57,
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22.91, 18.82, 10.81; C,H;4BrIO; (441.10): caled C 38.12, H 4.11; found C
38.25, H 4.08.

5-{2-[3-Methyl-5-(2-triisopropylsilylethynyl)phenyl]ethynyl}-4-propyloxy-
1-{tetrahydro-2H-pyran-2-yloxy}-2-{2-trimethylsilylethynyl}benzene (15):
Compound 15 was prepared by the procedure described for 2, with 14
(6.62 g; 15.0 mmol), 13 (4.90 g; 16.5 mmol), [PdCL,(PPhs),] (150 mg), PPh;
(150 mg), Cul (75mg), piperidine (60 mL), and trimethylsilylacetylene
(3.0 g; 30.5 mmol). Purification was performed by column chromatography
(silica gel) with hexanes/CH,Cl, (2:1) as the eluent (R;=0.44) to give 15
(8.83 2; 88%) as a slightly yellow oil. 'H NMR (CD,Cl,): 6 =7.46-7.43 (m,
1H), 7.31-7.29 (m, 1H), 729-7.26 (m, 1H), 7.20 (s, 1 H), 6.94 (s, 1 H), 5.44
(t,J=2.9 Hz, 1H), 4.05-3.95 (m, 1H), 3.97 (t, J=6.5 Hz, 2H), 3.64-3.55
(m, 1H), 2.33 (s, 3H), 2.13-1.55 (m, 8 H), 1.14 (s, 21 H), 1.10 (t, /=74 Hz,
3H), 0.26 (s, 9H); C NMR (CD,Cl,): 6 =154.96, 152.25, 138.96, 132.80,
132.56, 132.42, 124.12, 123.89, 121.73, 117.10, 115.88, 114.56, 106.82, 101.55,
100.45, 98.14, 94.50, 91.42, 86.38, 71.46, 62.22, 30.74, 25.80, 23.14, 21.18,
18.88,11.81, 10.73, 0.04; C3yH,Si,05 (627.03): caled C 74.71, H 8.68; found C
74.75, H 8.89.

2-Ethynyl-5-{2-[3-methyl-5-(2-triisopropylsilylethynyl) phenyl]ethynyl}-4-

propyloxy-1-{tetrahydro-2H-pyran-2-yloxy}benzene (16): Compound 16
was prepared by the procedure described for 13, with 15 (6.27 g;
10.0 mmol), K,CO; (4.14 g, 30 mmol), and MeOH/THF (1:1, 100 mL).
Purification was performed by column chromatography (silica gel) with
hexanes/CH,Cl, (1:2) as the eluent (R;=0.54) to give 16 (5.16 g;93%) as a
slightly yellow solid. 'H NMR (CD,Cl,): 6 =7.47-744 (m, 1H), 7.32-7.29
(m, 1H), 7.29-727 (m, 1H), 723 (s, 1H), 6.98 (s, 1H), 5.42 (t, J=3.1 Hz,
1H), 4.01-3.91 (m, 1H), 3.98 (t, /=6.5 Hz, 2H), 3.65-3.55 (m, 1H), 3.39
(s, 1H), 2.34 (s, 3H), 2.12-1.55 (m, 8H), 1.15 (s, 21H), 1.10 (t, /=74 Hz,
3H); *C NMR (CD,Cl,): 6 =154.82, 152.37, 138.97, 132.82, 132.55, 132.42,
124.11, 123.82, 121.26, 117.69, 114.89, 114.43, 106.79, 98.13, 94.50, 91.43,
86.25, 82.61, 80.27, 71.50, 62.43, 30.74, 25.72, 23.11, 21.16, 19.03, 18.86, 11.79,
10.70; C36H,505Si (554.84): caled C 77.93, H 8.36; found C 77.85, H 8.39.

3,5-Bis-[2-(4-{2-[3-methyl-5-(2-triisopropylsilylethynyl) phenyl]ethynyl}-5-
propyloxy-2-{tetrahydro-2H-pyran-2-yloxy}phenyl)ethynyl]toluene  (17):
Compound 17 was prepared by the procedure described for 5, by adding
[Pd(PPh;),CL,] (80 mg) and Cul (40 mg) to a solution of 16 (4.54 g,
8.18 mmol), 4 (1.28 g, 3.72 mmol), and PPh; (80 mg) in piperidine (50 mL).
Chromatography over silica gel with CH,Cl,/hexanes (1:1) as the eluent
(R;=0.52) gave 17 (4.10g, 92%) as a slightly yellow solid. 'H NMR
(CD,CL): 0=17.51-748 (m, 1H), 7.47-744 (m, 2H), 7.37-734 (m, 2H),
7.33-730 (m, 2H), 7.29-7.26 (m, 2H), 7.26 (s,2H), 7.03 (s,2H), 5.48 (t,J =
3.0 Hz, 2H), 4.05-3.96 (m, 2H), 4.02 (t, J=6.3 Hz, 4H), 3.68-3.59 (m,
2H), 2.38 (s, 3H), 2.34 (s, 6H), 2.19-1.57 (m, 16 H), 1.15 (s, 42H), 1.12 (t,
J=76Hz, 6H); *C NMR (CD,Cl,): 6=155.02, 151.85, 139.21, 138.97,
132.79, 132.60, 132.55, 132.42, 131.65, 124.11, 124.08, 123.89, 121.39, 116.96,
115.55, 114.51, 106.81, 98.16, 94.58, 94.36, 91.42, 86.68, 86.48, 71.50, 62.38,
30.83, 25.78, 23.15, 21.29, 21.17, 19.06, 18.87, 11.80, 10.73; C;HysO4Si,
(1197.80): caled C 79.22, H 8.01; found C 78.82, H 7.99.

3,5-Bis-(2-{4-[2-(3-ethynyl-S-methylphenyl)ethynyl]-5-propyloxy-2-[ tetra-
hydro-2H-pyran-2-yloxy]phenyl}jethynyl)toluene (18): Compound 18 was
prepared by the procedure described for 6, by adding a solution of Bu,NF in
THF (1M, 9 mL, 9 mmol) to a solution of 17 (2.6 g, 2.2 mmol) in THF
(20 mL). The crude product of the reaction was treated 3 times with
methanol (30 mL, containing a few drops of pyridine) to give 18 (1.87 g,
96%) as a slightly yellow solid. An analytical sample was prepared by
column chromatography with hexanes/CH,Cl, (1:4) as the eluent (R;=
0.65). '"H NMR (CD,ClLy): 6=7.55-752 (m, 1H), 7.50-747 (m, 2H),
7.39-735 (m, 4H), 7.32-7.29 (m, 2H), 7.29 (s,2H), 7.06 (s,2H), 5.51 (t,J =
29 Hz, 2H), 411-3.97 (m, 2H), 4.03 (t, J=6.5 Hz, 4H), 3.71-3.61 (m,
2H),3.16 (s,2H),2.40 (s,3H),2.36 (s, 6H), 2.21 -1.59 (m, 16 H), 1.14 (t,J =
7.3 Hz, 6H); ¥C NMR (CD,Cl,): 0 =154.96, 151.81, 139.18, 139.06, 133.04,
132.97, 132.59, 132.42, 131.64, 124.08, 124.03, 122.73, 121.43, 116.90, 115.59,
114.42,98.11, 94.41, 94.37, 86.74, 86.66, 83.27, 77.81, 71.43, 62.33, 30.81, 25.78,
23.14, 21.29, 21.16, 19.05, 10.75; C4Hs405 (885.11): caled C 82.78, H 6.38;
found C 82.41, H 6.32.

2-{2-[3-Methyl-5-(2-triisopropylsilylethynyl)phenyl]ethynyl}-4-propyloxy-

1-{tetrahydro-2H-pyran-2-yloxy}-5-{2-triethylsilylethynyl}benzene  (19):
Compound 19 was prepared by the procedure described for 2, with 14
(795g; 18.0mmol), triethylsilylacetylene  (2.80g;  20.0 mmol),
[PdCI,(PPhs),] (150 mg), PPh; (150 mg), Cul (75 mg), piperidine (60 mL),
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and 13 (6.52 g; 22.0 mmol). Purification was performed by column
chromatography (silica gel) with hexanes/CH,Cl, (2:1) as the eluent
(R;=0.66) to give 19 (10.4 g; 86%) as a slightly yellow solid. 'H NMR
(CD,Cl,): 0=746-743 (m, 1H), 7.31-7.24 (m, 2H), 7.16 (s, 1H), 6.97 (s,
1H), 5.46 (t, J=3.1 Hz, 1H), 4.04-3.91 (m, 1H), 3.95 (t, /=6.3 Hz, 2H),
3.64-3.56 (m, 1H), 2.34 (s, 3H), 2.17-1.55 (m, 8 H), 1.14 (s, 21 H), 1.06 (t,
J=78Hz, 9H), 1.05 (t,/=6.8 Hz, 3H), 0.69 (q, /=78 Hz, 6 H); *C NMR
(CD,Cl,): 6=155.52, 151.68, 139.04, 132.83, 132.56, 132.32, 124.19, 123.86,
121.76, 116.77, 115.63, 114.70, 106.78, 102.56, 98.26, 98.03, 94.30, 91.52,
86.60, 71.45, 62.30, 30.79, 25.79, 23.14, 21.19, 18.95, 18.87, 11.81, 10.75, 7.70,
4.88; C;HgS1,05 (669.11): caled C 75.39, H 9.04; found C 75.25, H 9.04.
5-Ethynyl-2-{2-[3-methyl-5-(2-triisopropylsilylethynyl) phenyl]ethynyl}-4-
propyloxy-1-{tetrahydro-2H-pyran-2-yloxy}benzene (20): Compound 20
was prepared by the procedure described for 13, with 19 (6.70 g;
10.0 mmol), K,CO; (4.14 g, 30 mmol), and MeOH/THF (1:1, 100 mL).
Purification was performed by column chromatography (silica gel) with
hexanes/CH,Cl, (1:2) as the eluent (R;=0.54) to give 20 (5.16 g;93%) as a
slightly yellow solid. 'H NMR (CD,Cl,): 6 =7.46-743 (m, 1H), 7.31-7.27
(m, 2H), 721 (s, 1H), 6.99 (s, 1H), 5.44 (t, J=3.1 Hz, 1H), 4.03-3.94 (m,
1H), 3.97 (t,J=6.5 Hz, 2H), 3.64-3.55 (m, 1H), 3.37 (s, 1H), 2.34 (s, 3H),
2.15-1.55 (m, 8H), 1.14 (s, 21H), 1.06 (t, J=74Hz, 3H); ¥C NMR
(CD,Cl,): 0 =155.43, 151.67, 139.04, 132.88, 132.56, 132.33, 124.18, 123.76,
122.25,116.76, 116.07, 113.30, 106.76, 98.12, 94.39, 91.53, 86.36, 82.73, 80.20,
71.43, 62.32, 30.76, 25.74, 23.01, 21.18, 18.96, 18.85, 11.79, 10.63; C3,H,,0;Si
(554.84): calcd C 77.93, H 8.36; found C 77.80, H 8.38.
3,5-Bis-[2-(4-{2-[3-methyl-5-(2-triisopropylsilylethynyl)phenyl]ethynyl}-2-
propyloxy-5-{tetrahydro-2H-pyran-2-yloxy}phenyl)ethynyl]toluene  (21):
Compound 21 was prepared by the procedure described for 5, by adding
[Pd(PPh;),CL] (90 mg) and Cul (45mg) to a solution of 20 (5.24 g,
9.44 mmol), 4 (1.51 g, 4.39 mmol), and PPh; (90 mg) in piperidine (60 mL).
Chromatography over silica gel with CH,Cl,/hexanes (1:1) as the eluent
(R;=0.68) gave 21 (4.78 g, 91 %) as a yellow solid. '"H NMR (CD,CL,): 6 =
7.50-748 (m, 1H), 7.47-744 (m, 2H), 7.35-7.33 (m, 2H), 7.33-7.30 (m,
2H), 7.30-727 (m, 2H), 726 (s, 2H), 7.02 (s, 2H), 5.49 (t, /=3.0 Hz, 2H),
4.06-3.96 (m, 2H), 4.02 (t, J=6.5 Hz, 4H), 3.68-3.58 (m, 2H), 2.37 (s,
3H), 2.34 (s, 6H), 2.19-1.57 (m, 16H), 1.14 (s, 42H), 1.12 (t, J=7.6 Hz,
6H); BC NMR (CD,Cl,): 6 =154.99, 151.85, 139.08, 139.04, 132.83, 132.56,
132.32, 131.76, 124.16, 124.06, 123.84, 121.41, 116.88, 115.60, 114.49, 106.75,
98.10, 94.56, 94.40, 91.51, 86.62, 86.50, 71.52, 62.35, 30.80, 25.78, 23.14, 21.23,
21.19,18.98, 18.85, 11.77,10.75 ; C;4HsO4Si, (1197.80): caled C 79.22, H 8.01;
found C 78.85, H 8.08.

2-[2-(4-{2-[3-Methyl-5-(2-triisopropylsilylethynyl) phenyl]ethynyl}-2-pro-
pyloxy-5-{tetrahydro-2H-pyran-2-yloxy}phenyl)ethynyl]-4-propyloxy-1-{t-
etrahydro-2H-pyran-2-yloxy}-5-{2-triethylsilylethynyl}benzene (22): Com-
pound 22 was prepared by the procedure described for 2, with 14 (2.80 g;
5.6 mmol), triethylsilylacetylene (0.88g; 6.2 mmol), [PdCL,(PPh;),]
(60 mg), PPh; (60 mg), Cul (30 mg), piperidine (20 mL), and 20 (2.90 g;
5.2 mmol). Purification was performed by column chromatography (silica
gel) with hexanes/CH,Cl, (1:3) as eluent (R;=0.62), and then by radial
chromatography with hexanes/CH,Cl, (1:1) as eluent (R;=0.27) to give 22
(3.62 g;75%) as a yellow solid. '"H NMR (CD,Cl,): 6 =747 -7.45 (m, 1H),
734-731 (m, 1H),731-7.28 (m, 1H), 727 (s, 1 H), 7.18 (s, 1 H), 7.03 (s, 1 H),
6.98 (s, 1H), 5.49-5.44 (m, 2H), 4.04-3.95 (m, 2H), 4.02 (t, J=6.7 Hz,
2H), 3.96 (t, /=6.3 Hz, 2H), 3.66-3.56 (m, 2H), 2.34 (s, 3H), 2.20-1.58
(m, 16H), 1.15 (s, 21H), 1.13-1.03 (m, 15H), 0.70 (q, /=8.01 Hz, 6H);
BC NMR (CD,Cl,): 6=155.50, 154.74, 151.89, 151.39, 139.04, 132.83,
132.55, 132.30, 124.16, 123.82, 121.97, 121.54, 116.89, 116.04, 115.56, 114.71,
114.51, 106.74, 102.60, 98.19, 98.12, 98.10, 94.44, 91.79, 91.59, 91.51, 86.60,
71.49,71.35, 62.31, 30.81, 30.74, 25.77, 23.10, 23.05, 21.19, 18.98, 18.85, 11.78,
10.73, 10.69, 7.69, 4.86; CssH7304Si, (927.42): caled C 75.12, H 8.48; found C
74.93, H 8.33.
5-Ethynyl-2-[2-(4-{2-[3-methyl-5-(2-triisopropylsilylethynyl)phenyl]ethyn-
yl}-2-propyloxy-5-{tetrahydro-2H-pyran-2-yloxy}phenyl)ethynyl]-4-propy-
loxy-1-{tetrahydro-2H-pyran-2-yloxy}benzene (23): Compound 23 was
prepared by the procedure described for 13, with 22 (2.65 g; 2.9 mmol),
K,CO; (1.75 g, 12.7 mmol), and MeOH/THF (2:3, 50 mL). The mixture was
stirred for 30 days at room temperature. Purification was performed by
column chromatography (silica gel) with hexanes/CH,Cl, (1:3) as the
eluent (R;=0.41) to give 23 (1.9 g; 88%) as a yellow solid. 'H NMR
(CD,CL,): 6=1748-1745 (m, 1H), 733-7.30 (m, 1H), 7.30-728 (m, 1H),
727 (s, 1H), 722 (s, 1H), 7.03 (s, 1H), 7.01 (s, 1H), 5.49-5.42 (m, 2H),
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4.04-3.94 (m, 2H), 4.02 (t, /= 6.5 Hz, 2H), 3.97 (t, /] =6.7 Hz, 2H), 3.65—
3.56 (m, 2H), 3.39 (s, 1H), 2.35 (s, 3H), 2.21-1.56 (m, 16 H), 1.15 (s, 21 H),
1.09 (t, J=7.4 Hz, 3H), 1.06 (t, /=74 Hz, 3H); *C NMR (CD,ClL,): 6 =
155.34, 154.73, 151.84, 151.36, 139.03, 132.82, 132.53, 132.30, 124.13, 123.77,
122.47, 121.51, 116.84, 116.48, 115.62, 114.56, 113.09, 106.70, 98.18, 98.13,
94.45,91.66, 91.53, 91.50, 86.55, 82.69, 80.22, 71.44, 71.34, 62.29, 30.78, 30.71,
25.74, 23.03, 22.97, 21.18, 18.83, 11.75, 10.69, 10.59; Cs,Hg,O4Si (813.16):
caled C 76.81, H 7.93; found C 76.80, H 7.81.
3,5-Bis-(2-{4-[2-(4-{2-[3-methyl-5-(2-triisopropylsilylethynyl)phenyl]e-
thynyl}-2-propyloxy-5-{tetrahydro-2 H-pyran-2-yloxy}phenyl)ethynyl]-2-p-
ropyloxy-5-[tetrahydro-2H-pyran-2-yloxylphenyl}ethynyl)toluene  (24):
Compound 24 was prepared by the procedure described for 5, by adding
[Pd(PPh;),Cl,] (35 mg) and Cul (18 mg) to a solution of 23 (1.74 g,
2.14 mmol), 4 (0.33 g, 0.97 mmol), and PPh; (35 mg) in piperidine (25 mL).
Chromatography over silica gel with CH,Cl,/hexanes (2:1) as the eluent
(R;=0.40) gave 24 (1.55 g, 93 %) as a yellow solid. 'H NMR (CD,Cl,): 6 =
751-748 (m, 1H), 747-744 (m, 2H), 7.36-7.33 (m, 2H), 7.33-7.30 (m,
2H), 730-727 (m, 2H), 727 (s, 4H), 7.03 (s, 2H), 7.02 (s, 2H), 5.51-5.43
(m, 4H), 4.05-3.95 (m, 4H), 4.03 (t, J=6.5 Hz, 4H), 4.02 (t, J=6.5 Hz,
4H), 3.67-3.56 (m, 4H), 2.37 (s, 3H), 2.35 (s, 6H), 2.26-1.56 (m, 32H),
1.14 (s, 42H), 1.12 (t, J=7.6 Hz, 6H), 1.10 (t, J=74 Hz, 6H); ¥C NMR
(CD,Cl,): 0=155.00, 154.75, 151.90, 151.60, 139.04, 132.83, 132.57, 132.32,
131.78, 124.17, 124.09, 123.83, 121.66, 121.53, 117.02, 116.87, 116.05, 115.57,
114.72, 114.36, 106.75, 98.21, 98.16, 94.56, 94.47, 91.86, 91.74, 91.51, 86.66,
86.58, 71.46, 62.35, 62.30, 30.82, 30.79, 25.78, 23.14, 23.07, 21.20, 19.07, 19.00,
18.87, 11.75, 10.76; C,;1H,5,0,,Si, (1714.43): calcd C 77.76, H 7.76; found C
7771, H 7.83.
3,5-Bis-{2-[4-(2-{4-[2-(3-ethynyl-5-methylphenyl)ethynyl]-2-propyloxy-5-
[tetrahydro-2H-pyran-2-yloxy |phenyl}ethynyl)-2-propyloxy-5-(tetrahydro-
2H-pyran-2-yloxy)phenyl]ethynyl}-toluene (25): Compound 25 was pre-
pared by the procedure described for 6, by adding a solution of Bu,NF in
THF (1m, 3.7 mL, 3.7 mmol) to a solution of 24 (1.49 g, 0.86 mmol) in THF
(40 mL). The crude product of the reaction was treated 3 times with
methanol (30 mL, containing a few drops of pyridine) to give 25 (1.14 g,
95%) as a yellow solid. An analytical sample was prepared by radial
chromatography with CH,Cl, as the eluent (R;=0.28). '"H NMR (CD,ClL,):
0="752-749 (m, 1H), 7.48-7.45 (m, 2H), 7.38—-7.34 (m, 4H), 7.32-7.29 (m,
2H), 729 (s,2H), 728 (s,2H), 7.05 (s, 2H), 7.04 (s, 2H), 5.52 - 5.47 (m, 2H),
5.47 (t,J=3.1Hz,2H), 4.07-3.95 (m, 4H), 4.04 (t,J = 6.5 Hz, 4H), 4.03 (t,
J=6.5Hz,4H), 3.72-3.57 (m, 4H), 3.16 (s, 2H), 2.38 (s, 3H), 2.35 (s, 6 H),
221-159 (m, 32H), 1.13 (t, /=74 Hz, 6H), 1.11 (t, J=7.6Hz, 6H);
BCNMR (CD,Cl,): 6 =154.97,154.73, 151.87,151.59, 139.16, 139.06, 133.13,
132.93, 132.53, 132.36, 131.74, 124.05, 123.96, 122.77, 121.65, 121.57, 117.02,
116.96, 116.01, 115.47, 114.77, 114.34, 98.22, 94.53, 94.19, 91.84, 91.67, 86.71,
86.53, 83.16, 77.77, 71.48, 68.16, 62.34, 30.81, 30.76, 25.75, 23.11, 23.04, 21.22,
21.17, 19.01, 10.71; Cy3Hy, Oy, (1401.75): caled C 79.69, H 6.62; found C
79.31, H 6.68.

THP-protected macrocycle 26: A solution of 8 (1.5 g, 1.7 mmol) in pyridine
(50 mL) was added to a suspension of CuCl (12 g, 121.2 mmol) and CuCl,
(2.4 g, 17.8 mmol) in pyridine (250 mL) over 96 h at room temperature.
After the completion of the addition, the mixture was allowed to stir for an
additional 4 days and then was poured into CH,Cl, (500 mL) and water
(300 mL). The organic phase was extracted with water, 25 % NHj solution
(in order to remove the copper salts), water, 10 % acetic acid, water, 10 %
aqueous sodium hydroxide, and brine, and dried over MgSO,. After
evaporation of the solvent to about 30 to 40 mL, the coupling products were
precipitated by the addition of methanol (200 mL) and collected by
filtration (1.45 g). Recrystallization from CH,Cl, gave of 26 (0.675 g, 45 %)
as a slightly yellow solid. '"H NMR (C,D,Cl,): 6 =7.50-7.48 (m, 4H), 7.48 -
7.46 (m, 2H), 7.30-727 (m, 4H), 727-724 (m, 8H), 718 (s, 4H), 6.94 (s,
4H),5.44-5.39 (m, 4H), 4.04-3.94 (m, 4H), 3.95 (t,/=6.5 Hz, 8H), 3.64 -
3.54 (m, 4H), 2.28 (s, 18 H), 2.15-1.45 (m, 32H), 1.06 (t, /=74 Hz, 12H);
BC NMR (C,D,Cl,): 6=154.82, 151.57, 139.05, 138.74, 133.35, 133.13,
132.92, 132.42, 132.27, 123.98, 123.77, 122.11, 121.45, 117.13, 115.37, 114.57,
98.04, 94.79, 94.06, 87.08, 86.51, 81.40, 71.48, 62.36, 30.64, 25.64, 23.01, 21.46,
18.85, 10.96; C,,H,30;, (1766.19): caled C 82.97, H 6.16; found C 82.80, H
6.05.

THP-protected macrocycle 27: Compound 27 was prepared by the
procedure described for 26, by adding of 18 (1.5 g, 1.7 mmol) in pyridine
(50 mL) to a suspension of CuCl (12 g, 121.2 mmol) and CuCl, (2.4 g,
17.8 mmol) in pyridine (250 mL) over 96 h at room temperature. The crude
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product was extracted with warm CH,Cl,, and the residue recrystallized
from C,H,Cl, to give of 27 (0.57 g, 38 %) as a slightly yellow solid. 'H NMR
(C,D,CL): 6=750-746 (m, 6H), 7.31-729 (m, 4H), 7.29-7.23 (m, 8H),
717 (s, 4H), 6.94 (s, 4H), 5.44-5.38 (m, 4H), 4.03-3.92 (m, 4H), 3.94 (t,
J=6.5Hz, 8H), 3.64-3.53 (m, 4H), 2.30 (s, 6H), 2.28 (s. 12H), 2.12-1.41
(m, 32H), 1.05 (t, J =74 Hz, 12H); 3C NMR (C,D,Cl,): 6 = 154.86, 151.51,
138.97, 133.42, 133.3-133.1 (several signals; not resolved), 132.9-132.7
(several signals; not resolved), 132.27, 124.02, 123.77, 122.04, 121.57, 117.09,
115.66, 114.27, 98.05, 94.49, 94.31, 86.90, 86.70, 81.44, 71.46, 62.36, 30.63,
25.63,23.01,21.44,18.85,10.96; C,,,H,(30;, (1766.19): calcd C 82.97, H 6.16;
found C 82.64, H 6.01.

THP-protected macrocycle 28: Compound 28 was prepared by the
procedure described for 26, by adding of 25 (1.2 g, 0.85 mmol) in pyridine
(25mL) to a suspension of CuCl (6g, 60.6 mmol) and CuCl, (1.2 g,
8.9 mmol) in pyridine (150 mL) over 96 h at room temperature. The crude
product was extracted with ethyl acetate, and the residue filtered through a
short column of silica gel with CH,CL,/THF (100:1) as the eluent to give
0.41 g (34 %) of 28 as a yellow solid. 'H NMR (C,D,Cl,): 6 =7.51-7.43 (m,
6H), 7.31-723 (m, 12H), 7.18 (s, 8H), 6.94 (s, 8H), 5.45-5.39 (m, 4H),
5.39-5.35(m,4H), 4.02-3.89 (m, 8H), 3.95 (t,/ =6.5 Hz, 8H), 3.93 (t, /=
6.1 Hz, 8H), 3.63-3.52 (m, 8H), 2.29 (s, 18 H), 2.10-1.40 (m, 64 H), 1.04 (t,
J=74Hz,12H), 1.03 (t,/ =73 Hz, 12H); *C NMR (C,D,Cl,): 6 =154.83,
154.64, 151.64, 151.35, 139.06, 138.71, 133.29, 133.18, 132.99, 132.30, 123.97,
123.79, 122.10, 121.74, 121.57, 11727, 117.13, 116.01, 115.39, 114.79, 114.37,
98.21, 98.10, 94.71, 94.11, 92.02, 91.67, 87.06, 86.56, 81.44, 71.43, 62.35, 62.28,
30.67, 30.58, 25.63, 22.99, 22.93, 21.45, 18.89, 18.80, 10.92; C;gH ;5024
(2799.46): caled C 79.80, H 6.48; found C 80.74, H 6.04.

Macrocycle 29: A suspension of 26 (300 mg, 0.17 mmol) in oxygen-free
CHCl; (30mL) and oxygen-free methanol (10 mL) containing p-TsOH
(10-15 mg) was stirred for 2 days at room temperature under an argon
atmosphere. Oxygen-free methanol (100 mL) was added, and the yellow
precipitate was collected by filtration and vacuum dried to give 29 (239 mg,
98 %) as a slightly yellow solid. 'H NMR ([Dg]THF): 6 =8.35 (s, 4H), 7.59 -
7.56 (m, 4H), 7.48-7.46 (m, 2H), 7.43-741 (m, 4H), 7.36-7.33 (m, 4H),
7.32-729 (m,4H),7.01 (s,4H), 6.93 (s,4H), 4.00 (t,/ = 6.3 Hz, 8 H), 2.36 (s,
18H), 1.95-1.77 (m, 8H), 1.13 (t, J =74 Hz, 12H); 3C NMR ([D,]THF):
153.88, 153.11, 139.66, 139.25, 133.63, 133.44, 132.97, 132.51, 132.27, 125.03,
124.81,122.65,120.20, 117.19, 115.71, 112.05, 94.33, 94.16, 87.44, 86.92, 81.47,
74.38, 71.66, 23.53, 20.84, 10.84; UV (THF): 4, (¢) =374 nm (143000);
MALDI-TOF: 14293 [M]*, 1539.1 [M+Ag]*, 16464 [M+2Ag]*;
C,0,H7605 (1429.72): caled C 85.69, H 5.36; found C 85.44, H 5.32.

Macrocycle 30: Compound 30 was prepared by the procedure described for
29, with 27 (300 mg, 0.17 mmol) giving 30 (240 mg, 98%) as a slightly
yellow solid. 'H NMR ([Dg]THF): 6 =8.35 (s, 4H), 7.60-7.57 (m, 2H),
7.57-1747 (m, 4H), 7.40-7.37 (m, 4H), 7.37-7.33 (m, 8H), 7.02 (s, 4H), 6.94
(s, 4H), 4.00 (t, J=6.3 Hz, 8H), 2.36 (s, 18H), 1.98-1.78 (m, 8H), 1.13 (t,
J=74Hz, 12H); *C NMR ([D]THF): 153.92, 153.05, 139.70, 139.21,
133.49, 133.02, 132.77, 132.14, 125.14, 124.67, 122.69, 120.23, 117.16, 115.29,
112.45, 94.71, 93.77, 87.44, 86.93, 81.52, 74.43, 71.66, 23.51, 20.84, 10.81; UV
(THF): Apa (¢) =374 nm (148000); MALDI-TOF: 1429.4 [M]*, 1537.8
[M+Ag]*, 1644.0 [M+2 Ag]*; C,,H705 (1429.72): caled C 85.69, H 5.36;
found C 85.30, H 5.42.

Macrocycle 31: Compound 31 was prepared by the procedure described for
29, with 28 (250 mg, 0.09 mmol) giving 31 (180 mg, 93 %) as a yellow solid.
'"HNMR ([D;]DMF): 6 =10.06 (brs, 8H), 7.69 - 7.65 (m, 4 H), 7.56 - 7.49 (m,
10H), 745-741 (m,4H), 7.23 (s,4H), 7.17 (s,4H), 7.16 (s, 4H), 713 (s, 4 H),
4.09 (t,/=6.4 Hz, 8H), 4.08 (t,/ =6.5 Hz, 8H), 2.42 (s, 12H), 2.41 (s, 6 H),
1.13 (t, J=74 Hz, 24H); *C NMR ([D,;]DMF): 153.42, 153.38, 153.23,
153.22, 140.20, 139.98, 133.8-133.5 (several signals, not resolved), 133.4—
133.2 (several signals, not resolved), 132.5-131.8 (several signals, not
resolved), 124.68, 124.31, 122.02, 119.96, 119.94, 119.86, 117.66, 117.30,
115.70, 114.58, 112.74, 111.63, 94.14, 93.77, 92.44, 91.85, 88.10, 87.16, 81.81,
74.23, 71.63, 71.49, 23.21, 23.17, 20.84, 20.76, 10.78, 10.73; UV (DMF): 4.
(¢)=397 nm (244000); MALDI-TOF: 2126.6 [M]*, 2234.5 [M+Ag]*;
Ci46H116016 (2126.52): caled C 82.46, H 5.50; found C 82.18 H 5.31.

4-Propyloxy-1-[tetrahydro-2H-pyran-2-yloxy]-2,5-bis-[ 2-(4-tolyl)ethynyl]-
benzene (32): Compound 32 was prepared by the procedure described for
5, by adding [Pd(PPh;),Cl,] (100 mg) and Cul (50 mg) to a solution of 14
(3.30 g, 7.5 mmol), 4-tolylacetylene (2.33 g, 20.0 mmol), and PPh; (100 mg)
in piperidine (40 mL). The mixture was stirred overnight at 65°C. The
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yellow-brown crude product was chromatographed over silica gel with
CH,Cl,/hexanes (1:1) as the eluent (R;=0.41), dissolved in warm CH,Cl,,
and precipitated by the addition of MeOH to give 32 (2.65¢g, 76%) as a
slightly yellow solid. "H NMR (CD,Cl,): 6 =7.46 and 7.43 (AA'BB’ pattern,
2H each), 7.26 (s, 1H), 7.22 and 7.19 (AA’BB’ pattern, 2H each), 7.03 (s,
1H), 5.50 (t, J=3.0 Hz, 1H), 4.09-3.99 (m, 1H), 4.02 (t, J=6.5 Hz, 2H),
3.68-3.59 (m, 1H), 2.39 (s, 6H), 2.21-1.58 (m, 8H), 1.13 (t, /=74 Hz,
3H); *C NMR (CD,Cl,): 6 =154.87, 151.66, 139.23, 139.13, 131.76, 131.73,
129.65, 129.58, 121.37, 120.74, 120.69, 116.79, 115.71, 114.50, 98.09, 95.32,
95.19, 85.72, 85.60, 71.44, 62.29, 30.80, 25.78, 23.15, 21.64, 18.99, 10.74;
CyoH1,0; (464.60): caled C 82.73, H 6.94; found C 82.46, H 6.77.

4-Propyloxy-2,5-bis-[2-(4-tolyl)ethynyl]phenol (33): A solution of 32
(2.15 g, 4.63 mmol) in CH,Cl, (30 mL) and methanol (10 mL) containing
p-TsOH (10-15 mg) was stirred at room temperature under an argon
atmosphere overnight. The mixture was poured into ether (200 mL) and
water (100 mL). The organic phase was extracted with water and brine.
Drying over MgSO, and evaporation of the solvent yielded a yellow-brown
residue, which was chromatographed over silica gel with CH,Cl,/hexanes
(1:1) as the eluent (R;=0.31) to give 33 (1.25 g, 71 %) as a slightly yellow
solid. '"H NMR (CD,Cl,): d =7.50-7.41 (m,4H), 726 - 7.18 (m, 4 H), 7.07 (s,
1H), 6.96 (s, 1 H), 5.58 (brs, 1H), 3.99 (t,/ =6.5 Hz, 2H), 2.39 (s, 3H), 2.38
(s, 3H), 1.95-1.82 (m, 2H), 1.12 (t, /=74 Hz, 3H); ¥C NMR (CD,Cl,):
153.83, 150.74, 139.92, 139.21, 131.85, 131.81, 129.73, 129.57, 120.67, 119.54,
119.02, 115.87, 115.59, 110.64, 97.92, 95.53, 85.36, 83.04, 71.64, 23.16, 21.67,
21.63, 10.74; UV (THF): Ay, (¢) =367 nm (37000); C,;H,,0, (380.49):
caled C 85.23, H 6.36; found C 85.12, H 6.23.
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Liquid-Crystalline Properties of Poly(propylene imine) Dendrimers
Functionalized with Cyanobiphenyl Mesogens at the Periphery

Maurice W. P. L. Baars, Serge H. M. Sontjens, Hartmut M. Fischer, H. W. 1. Peerlings, and

E. W. Meijer*

Abstract: Three generations poly(pro-
pylene imine) dendrimers with 4, 16, and
64 terminal amine groups have been
functionalized with pentyloxycyano-
biphenyl and decyloxycyanobiphenyl
mesogens. The liquid-crystalline proper-
ties of these dendrimers have been
studied in detail by differential scanning
calorimetry, optical polarization micro-
scopy, and X-ray diffraction. All the
mesogenic dendrimers orient into a

a decyloxy spacer. In the latter, the
temperature range of the mesophase
increases with dendrimer generation.
Mesophase formation in the case of the
pentyloxy series is more difficult com-
pared with the corresponding decyloxy
analogues, when the transition enthal-
pies and the kinetics of obtaining micro-
scopic textures are considered. The
effect of generation on mesophase for-
mation cannot be clearly distinguished,

although in the case of the fifth-gener-
ation dendrimer with a decyloxy spacer,
microscopic textures could be obtained
more easily, compared with the lower
generations. X-ray diffraction measure-
ments of oriented samples indicate that
the cyanobiphenyl endgroups of both
series orient into an antiparallel-over-
lapping interdigitated structure. The ob-
served S,-layer spacings are independ-
ent of the dendrimer generation for both

smectic A mesophase. Thermal proper-
ties are influenced to a large extent by
the spacer length, showing g—S, —I
transitions for the dendritic mesogens
with the pentyloxy spacers and
K —S, —I transitions for the ones with

liquid crystals
chemistry

Introduction

The use of dendrimers!'~3! as well-defined building blocks with
nanometer dimensions for the construction of supramolecular
architectures is attracting a great deal of attention. The
multifunctional and three-dimensional structure allows the
use of dendrimers as large homogeneous catalytic systems,*
enzyme-mimicing host — guest systems,?® 3 or self-assembling
modules.’). The monodisperse character of the dendritic
molecules and the shape persistence of their three-dimen-
sional conformation play an important role in these applica-
tions.

[*] Prof. Dr. E. W. Meijer, M. W. P. L. Baars, S. H. M. Sontjens,
H. W. 1. Peerlings
Laboratory of Macromolecular and Organic Chemistry
Eindhoven University of Technology
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Fax: (+31)40-245-1036
E-mail : tgtobm@chem.tue.nl
Dr. H. M. Fischer
TNO Eindhoven, PO Box 595
NL-5600 AN Eindhoven (The Netherlands)
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spacer lengths, indicating that the den-
dritic backbone has to adopt a com-
pletely distorted conformation, even for
the higher generations.

den-

supramolecular

Recently liquid-crystalline dendrimers have proven to be
an interesting new family of (polymeric) mesogenic com-
pounds with dimensions and molecular weights in between
low molecular weight mesogens,”l such as monomeric,®
dimeric,”** and oligomeric®fl compounds, and high molec-
ular weight main-chain or side-chain liquid-crystalline poly-
mers.’#" Dendritic properties, like the absence of entangle-
ments and the high local concentration of endgroups, explain
the interest in dendritic mesogenic molecules as potential
liquid-crystalline materials with an interesting balance in
viscosity and thermodynamic stability.

Percec et al.l'’ showed that incorporation of rodlike units in
hyperbranched polymers!'® yielded nematic mesophases,
whereas the dendritic analogues!'®< showed both nematic
and smectic mesophases. Kumar and Ramakrishnan(']
showed, however, that in case of random distribution of
mesogenic units in a hyperbranched polymer, liquid-crystal-
line properties were suppressed. Lattermann et al.l'Zl showed
that the coupling of 3,4-bis(decyloxy)benzoyl groups onto a
poly(propylene imine) dendrimer skeleton induced shape
anisotropy, yielding hexagonal columnar mesophases for the
second to fourth generations. In the case of the fifth
generation, with 64 endgroups, no mesophase was formed.
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The three-dimensional geometry of a fifth generation is likely
to surpress the formation of a columnar structure. Moore
et al.l®l observed discotic behavior by attachment of flexible
ethylene oxide oligomers to a rigid phenylacetylene core,
again as a consequence of molecular-shape anisotropy. Frey
et al.l'l and Shibaev et al.'**l connected rodlike mesogenic
units to the periphery of a multifunctional dendritic carbosi-
lane skeleton; the formation of smectic mesophases was
observed. Recently, attention has been paid to the effect of
spacer length on liquid-crystalline properties of these meso-
genic dendrimers.[S] From all these studies, it is evident that
the geometrical requirements to obtain a well-defined mes-
ophase is highly dependent on the (three-dimensional)
dendrimer dimensions.

Here we present a study of cyanobiphenyl (CBPh) meso-
genic units coupled in a remote way to the periphery of
poly(propylene imine) dendrimers, varying both the spacer
length of the cyanobiphenyl mesogens and the dimensions
(generations) of the dendrimers. These variations enable us to
study the effect of molecular structure on the self-assembly of
the different dendritic mesogens in the liquid-crystalline
mesophase. It is an intriguing question whether a (sym-
metrical) dendritic skeleton is able to impede liquid-crystal-
line properties, or whether the high local concentration of

~ JL(’\/}Br
0" ™

mesogenic units in a dendritic molecule leads to pre-
organisation and facilitates the formation of a mesophase.

Results and Discussion

Synthesis and characterisation: We have synthesized two
series of poly(propylene imine) dendrimers,* ' functional-
ized with pentyloxy and decyloxy cyanobiphenyl mesogens,
denoted as DAB-dendr-(NHCO—Cs—CBPh), (n=1, 3; n =4,
4;n=16, 5; n=064, 6) and DAB-dendr-(NHCO—C,;—CBPh),,
(n=1, 9; n=4, 10; n=16, 11, n=064, 12), respectively
(Schemes la and 1b).

Pentafluorophenyl esters of 6-[(4'-cyano(1,1'-biphenyl)-4-
yl)oxy]hexanoic acid (1) and 11-[(4'-cyano(1,1'-biphenyl)-4-
yl)oxy]undecanoic acid (7)) were coupled to different
generations of amine-functionalized poly(propylene imine)
dendrimers (n =4, 16, and 64) and to our model compound n-
propylamine (n=1) with n being the number of functional
groups. In contrast to the pentafluorophenol derivatives 2 and
8, the corresponding N-hydroxysuccinimidoyl esters!'®! proved
to be quite unreactive. All dendritic mesogens 3—6 and 9-12
could be obtained by treating the amine-functionalized
dendrimers with a small excess of the pentafluorphenol

(¢]

= i OO

a) K,CO, / 18-crown-6 / acetone

b) 3M NaOH / THF; RT m=5 :1

m=10:7
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Scheme 1. a) Synthesis of functional cyanobiphenyl substituents (1, 2, 7, and 8). b) Synthesis of cyanobiphenyl-functionalized

poly(propylene imine) dendrimers.
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derivatives and followed by precipitation of the dendritic
products, which are insoluble in solvents like MeOH or n-
hexane.

Mass spectrometry (FAB-MS and MALDI-TOF) has been
conducted to examine defects within the dendritic structures
(incomplete reactions). The amine-functionalized poly(pro-
pylene imine) dendrimers, DAB-dendr-(NH,), (n=4-64)
have been characterized previously by ESI-MS in detail.*”]
DAB-dendr-(NH,), gives a pure organic compound (96 %),
while DAB-dendr-(NH,),, contains the pure product (64 %)
and two defect structures, which can be attributed to
dendrimers missing one and two branches, respectively.
DAB-dendr-(NH,), has a (dendritic) purity of approximately
20% and a calculated polydispersity of 1.002. As a conse-
quence a small number of defects will be present in the fifth-
generation poly(propylene imine) dendrimer. FAB-MS has
been used to characterize the first-generation dendritic
mesogens 4 and 10. The experimental masses ([M+H]") of
1483 and 1764 amu, were in excellent agreement with the
calculated masses for 4 and 10 of 1482.9 and 1763.5 amu,
respectively. No defect structures, due to incomplete coupling,
could be detected. MALDI-TOF-MS analysis of the third-
generation dendrimers 5 and 11 showed a parent peak
([M+H]") of 6346.7 (calcd 6348.4) and 7449.3 (calcd
7470.5),2% respectively. No peaks attributed to dendrimers
missing one mesogenic unit were detected, indicating that all
primary amine endgroups were modified.?!! The defects that
were found, originate from defects in the starting material. It
proved to be impossible to analyze the fifth-generation
dendrimers with MALDI-TOF-MS, despite variations in the
experimental conditions. This is probably due the high molar
mass (30000 amu), thus leading to difficulties in achieving a
considerable amount of ionization in the case of dendrimers 6
and 12.

All NMR ('H and C) and IR spectroscopic data of
compounds 1-12 are in full agreement with the structures
proposed. The properties of the functionalized dendrimers
were studied in detail by means of differential scanning
calorimetry (DSC), polarization microscopy, and X-ray dif-
fraction.

Differential scanning calorimetry: The phase transitions of
the pentyloxy-substituted compounds 3-6 and decyloxy-
substituted compounds 9-12, have been studied with DSC,
with heating and cooling rates of 10 Kmin~'. All samples were
dried in a vacuum oven prior to analysis.

All dendrimers with a pentyl spacer, 4—6, show liquid-
crystalline behavior. DSC traces of these dendrimers are
depicted in Figure 1.2l Phase transition temperatures and
thermodynamic data of compounds 3-6 and reference
compound Cs—CBPh®! are summarized in Table 1.

Propylamine derivative 3 remains crystalline up to com-
plete melting and does not show the formation of a liquid-
crystalline mesophase. In the case of the higher generations (n
=16 and 64), a broad mesophase is observed in between the
glass transition and the clearing point. Upon heating, the first-
generation also shows a transition from the glassy state into
the mesophase, but starts to recrystallize above 75°C and
becomes isotropic at 155°C. This type of complex melting

2458
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Figure 1. DSC traces of DAB-dendr-(NHCO—Cs—CBPh), (n=4, 16, and
64); first cooling run (lower trace), second heating run (upper trace).

Table 1. Transition temperatures and thermal datal’l for DAB-dendr-
(NHCO—Cs—CBPh),

g K M I
Cs—BPh . 50 . 68
(86; 23) (1.8; 0.5)
n=1(@3) . 119
(69; 23)
n=4(4) . 31 . 1551 {106}
(0.79; 0.29) (-) (4.8; 1.8)
n=16(5) - 25 . 127
(0.49; 0.19) (4.9;2.0)
n=64(6) - 13 . 129
(0.37; 0.15) (3.6; 1.5)

[a] Glass transitions are depicted in Jg~!K=! or kJmol-'K~!, all other
transitions in Jg~! or kJmol~' [b] Broad (re)crystallization trajectory from
75-155°C (see Figure 2), melting at 155°C. [c] Compound 10 shows liquid-
crystalline behavior upon cooling from the isotropic state.

behavior is commonly observed for first-generation substi-
tuted poly(propylene imine) dendrimers;4 this is attributed
to both inter- and intramolecular hydrogen-bond interactions.
Even at low cooling rates (1, 2, or 5 Kmin™') the thermogram
remained unchanged and crystallization did not occur. These
results indicate that the branched topology strongly impedes
crystallization. Dendritic mesogens with a pentyloxy spacer
resemble side-chain liquid-crystalline polymers with a short
spacer between the mesogenic unit and the dendritic scaf-
fold,’s™ 25241 yielding liquid-crystalline behavior in between
the glassy state and isotropic liquid. The observed results also
agree with observations for cyanobiphenyl functionalized
carbosilane dendrimers with a short spacer.!'4

The enthalpy of the transition from mesophase into
isotropic liquid for compounds 4-6 in all cases amounts to
4-5Jg' (1.5-2.0kJmol™!), which hints at a smec-
tic —isotropic transition. Expression of the enthalpy in
kJmol! reflects the transition energy per mesogenic unit in
the dendrimer and demonstrates an almost generation
independent behavior.

The dendrimers with a decyloxy spacer (10, 11, and 12) also
show liquid-crystalline behavior for all generations. DSC
traces of dendrimers 10 - 12 are depicted in Figure 2.2 Phase-
transition temperatures and thermodynamic data of com-
pounds 9-12 and reference compound 4-(decyloxy)-4'-cya-
nobiphenyl (C,;—CBPh)?¥ are summarized in Table 2.
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Heat flow (endo)
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Figure 2. DSC traces of dendrimers DAB-dendr-(NHCO—C,,—CBPh),

(n=4, 16, and 64); first cooling run (lower trace), second heating run
(upper trace).

Table 2. Transition temperatures and thermal datal®l for DAB-dendr-
(NHCO—-C,~CBPh),

glvl K M I
C,—CBPh . 59 . 86
(98; 33) (7.8;2.6)
n=1() . 105
(84; 34)
n=4(10) . 2 . 106 . 114
(=) (34; 15) (9.2, 4.0)
n=16(11) - 26 ; 105 . 124
-) (37:17) (8.8;4.1)
n=64(12) - 2 . 103 . 135
-) (32 15) (8.7;4.1)

[a] Glass transitions are depicted in Jg~'K~! or kJ/mol-'K~!, all other
transitions in Jg~! or k/mol~! [b] Dendrimers 10-12 show small glass
transitions that were hardly visible; thermal data were not determined.

Propylamine derivative 9 remains crystalline up to com-
plete melting, but does not show a liquid-crystalline meso-
phase. Hydrogen bonding of the amide residue in the melt is
likely to account for this behavior. In the case of dendrimers
10-12, upon cooling from the isotropic liquid, a mesophase is
entered before a transition into the semi-crystalline state. A
(small) glass transition can be detected at lower temperature.
Hydrogen bonding is also likely to account for the substan-
tially higher transition temperatures of the dendritic com-
pounds in comparison with C,;—CBPh (Table 2).

The phase-transition temperatures of the mesogenic den-
drimers with a decyl spacer are presented in Figure 3 and
show a slight decrease in melting temperature (7,) and a
distinct increase in clearing point (7,) as a function of
dendrimer generation (molecular weight). This stabilisation
of the liquid-crystal (LC) phasel® 2! can be understood from
the restriction of transitional and rotational motion of the
mesogenic molecules when linked to the dendritic scaffold.

The transition enthalpy of mesophase to isotropic liquid
amounts to 8-9Jg™' (4.0 kJmol™!) for compounds 10-12,
which is of the same order of magnitude as that of the
reference compound. Identical transition enthalpies for
dendrimers 10-12, expressed in kJmol~!, indicate that no
distinct effect of generation can be observed, except for the
peak transitions that broaden for the higher generations. A

Chem. Eur. J. 1998, 4, No. 12
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Figure 3. Transition temperatures of cyanobiphenyl dendrimers with a

decyl spacer, that is, DAB-dendr-(NHCO—C,,—CBPh),, as a function of
molecular weight.

detailed study of the broadening of peak transitions in side-
chain liquid-crystalline polymers by Pugh et al.’”l revealed
that the observed broadening of the peak transitions for the
higher generations is not only due to an increase in
polydispersity of the dendritic compound, but can also be
explained in terms of different microdomains that are present
in the liquid-crystalline sample.?”! The transition enthalpies
from the crystalline phase to the mesophase are of the same
order of magnitude for dendritic compounds 10-12, which
suggests that crystallization of the mesogenic units is com-
parable for the different generations and independent of the
(dimensions of the) dendritic skeleton. Dendritic mesogens
with a decyloxy spacer show a behavior that is characteristic
of a well-defined monodisperse polymer®! in which the
mesogenic unit is (almost) completely decoupled from the
dendritic skeleton.

Comparison of the series with pentyloxy and decyloxy
spacers reveals that the length of the spacer has a major
influence on thermal properties. Recently, similar trends have
been observed by Frey et al.l¥l The longer the spacer, the
more decoupled is the mesogenic unit from the dendritic
skeleton. From the DSC traces and the transition enthalpies,
we can conclude that the mesophase formation is independent
of the dendrimer generation. This is in contrast to the general
ideal that a larger dendrimer distorts liquid crystallinity to a
higher extent and to the observations of Lattermann.[*?l In the
latter case, the three-dimensional conformation of a fifth-
generation poly(propylene imine) dendrimer could not adapt
to the requirements of the 3,4-bis(decyloxy)benzoyl substitu-
ents attached to the core without spacers.

Polarization microscopy: In order to study the mesophase of
the compounds with polarisation microscopy, samples of
dendrimers 4-6 and 10-12 were prepared between glass
slides. Upon heating, compound 4 shows a broad melting/
recrystallization trajectory, in good agreement with the DSC
trace. Upon cooling from the isotropic liquid (I), a mesophase
(M) was formed at approximately 110 °C. The structure of the
mesophase is converted into a glassy state (g) without any
macroscopically recognizable changes. The higher genera-
tions showed similar cooling runs, an I —M transition at
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approximately 130°C and a M —g transition at room temper-
ature, whereas heating runs showed the reverse behavior,
g—M —I1. The observed results indicate liquid-crystalline
behavior for the glass to isotropic liquid transition!'“l and are
in good agreement with the DSC data. Formation of baton-
ettesl’ suggested a smectic A mesophase. Typical textures for
compounds 4—-6 were grown by slowly cooling the isotropic
liquid (0.5 Kmin™'), an example is presented in Figure 4 (top)
for a sample of compound 6. It can clearly be seen from the
image that the optical textures grown were very small and
initially yielded formation of batonettes. Further growth into

P el NPT R % WRR S )
Figure 4. Top: Optical texture of 6 at 120°C (crossed polarizers, enlarge-
ment 200 x ); bottom: Optical texture of 12 at 130°C (crossed polarizers,
enlargement 200 x ).
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larger domains proved to be impossible, even after annealing
for longer periods. The majority of the image consisted of
confocal textures, representing small birefringent regions that
were 10 um in size.

Compounds 10— 12 showed the formation of mesophases, in
good agreement with the DSC traces. At approximately
105°C a transition from the semi-crystalline state into the
mesophase takes place followed by a transition into the
isotropic liquid at higher temperature. Again, typical textures
could be grown by slowly cooling the isotropic liquid
(1 Kmin!). A focal-conic fan-shaped texture,’? indicative
of a smectic A phase is depicted for compound 12 (Figure 4,
bottom). The fast reappearance of the liquid-crystalline phase
at 130°C upon cooling from the isotropic liquid, indicated a
high degree of preorientation in the isotropic state, an effect
which might be related to the high local concentration of the
endgroups in the dendritic structure. Surprisingly, the highest
generation gave the best results in growing these focal-conic
fan structures. This suggested a tighter packing of the
mesogens in the case of the higher generations.

X-ray diffraction: The structures of the mesophases of
compounds 4-6 and 10-12 were examined in detail by
X-ray diffraction. Figure 5 shows a flat-camera photograph of
oriented samples of 6 and 11 at room temperature obtained by
quickly cooling from the mesophase. The X-ray diffraction
curves of 11 and 12 are depicted in Figure 6.

Figure 5. X-ray diffraction pattern of oriented samples of 6 left) and 11
(right) at room temperature. Left: First-order reflections of 6 are located in
the beam stop; right: First-, second-, and third-order reflections of 11. The
first-order reflections are located in beam stop, but the inset shows
reflections at small angles.
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Figure 6. X-ray diffraction curves of 11 (—) and 12 (---).
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For all mesogenic dendrimers a diffuse wide-angle reflec-
tion at 4.4 +0.1 A was observed (Table 3), which is typical for
the lateral distance between the mesogens. These values are in
agreement with literature data on side-chain polymers con-

Table 3. X-ray  diffraction  data  obtained for  DAB-dendr-

(NHCO-C,~CBPh),.

d-spacings [A]

m=5 n=4 @) 44401 3642
n=16 (5) 44401 3942
n=064 (6) 44401 3842
m=10 n=4 (10) 44401 45421
n=16 an) 44401 44 421
n=064 12) 44401 45 421

[a] Spacings are obtained by averaging first-, second-, and third-order
reflections.

taining cyanobiphenyl mesogens.’*"I The diffuse nature of the
reflection indicates the short-range order of the mesogens.
X-ray diffraction patterns of compounds 4, 5, and 6 show
sharp small-angle reflections (first order) at 36, 39, and 38 A
(Table 3), respectively. These reflections are typical for a
smectic A mesophase and indicate a defined packing of the
dendritic mesogens in layers. Compounds 10, 11, and 12, with
a decyloxy spacer, show small-angle reflections at 45, 44, and
45 A (Table 3), respectively. Besides sharp, first-order, point-
like meridian reflections, second and third order reflections
are also observed. The observation of higher order reflections
is indicative of a long-range longitudinal order and suggests
that the packing of the mesogenic dendrimers with a decyl
spacer into smectic layers is more defined than the packing of
the pentyl series, in which the higher order reflections are not
observed.

The formation of smectic mesophases can be explained by a
phase separation between the anisometric rigid units and the
flexible skeleton (alkyl spacer and dendritic interior) in
combination with a microphase separation between the polar
dendritic interior and the apolar mesogenic endgroups. The
arrangement of the mesogenic endgroups is predominantly
perpendicular with respect to the plane of the smectic layer, in
which the dendritic backbone is positioned. The mesophase
consists of consecutive layers in which the mesogenic units
and the dendritic interior are separated. It is known that
cyanobiphenyl mesogens, because of their large dipole mo-
ment, preferentially orient into an antiparallel-overlapping
interdigitated structure.’" The spacings of the smectic layers
are (almost) independent of the dendrimer generation, but
are dependent on the spacer length of the mesogenic unit. The
constant value of the layer spacings indicates that the
dendrimer, for all generations, occupies the same thickness
in the smectic layers and that the dendritic interior has to
adopt a highly distorted conformation for the higher gener-
ations. A proposed model is represented in Figure 7a. It is
difficult however to determine the exact degree of overlap of
the cyanobiphenyl units and deformation of the flexible
skeleton.’¥ Two possible (extreme) cases of overlap are
depicted in Figure 7b. An extended decyloxycyanobiphenyl
chain occupies a length of 25 A. To account for the observed

Chem. Eur. J. 1998, 4, No. 12
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layer spacings of approximately 45 A and the thickness of the
dendrimer layer, the cyanobiphenyl parts (of different den-
dritic molecules) need to have a considerable overlap.
Assuming that this overlap is generation independent, a
constant dendrimer thickness seems likely, since for all
dendrimer generations the volume per endgroup is roughly
constant. Currently, experiments are performed to obtain
more detailed information about the liquid-crystalline organ-
isation on a molecular scale.

The spontaneous orientation of the mesogenic units forces
the (three dimensional) dendritic skeleton into a highly
distorted conformation, an observation which is quite com-
mon for side-chain liquid-crystalline polymers.”! Recently
similar results have been obtained for poly(propylene imine)
dendrimers modified with an apolar periphery of palmitoyl
chains.l®l X-ray measurements of aggregates of the these
dendrimers in aqueous media showed bilayer spacings that
were roughly generation independent; this indicates that the
dendritic interior, for all generations, occupies the same
thickness and has to adopt a highly distorted conformation in
case of the higher generations.

The observation that, even for the short spacer, well-
defined mesophases can be obtained suggests that the polar
poly(propylene imine) interior stabilizes the mesophase
(strong phase separation). In contrast, the formation of
smectic mesophases is less pronounced if an apolar dendritic
scaffold is used as a core for mesogenic endgroups.!’]

Conclusions

Amine-functionalized poly(propylene imine) dendrimers
have successfully been treated with pentafluorophenyl esters
of alkoxycyanobiphenyl mesogens at the periphery of the
dendrimer. Three different generations of mesogenic den-
drimers have been synthesized with 4, 16, and 64 endgroups,
respectively. The spacer between the mesogenic unit and the
dendritic core was varied, that is, pentyl or decyl. Differential
scanning calorimetry, polarization microscopy, and X-ray
investigations indicate the formation of smectic A mesophas-
es for all generations of dendrimers. This is in contrast with
observations of other mesogenic poly(propylene imine)
dendrimers and the general idea that for the higher gener-
ations liquid crystallinity is less readily observed. The
cyanobiphenyl dendrimers orient into an antiparallel arrange-
ment, yielding an interdigitated bilayer. The layer spacings
obtained from the X-ray investigations are generation inde-
pendent, both for the mesogenic dendrimers with a decyloxy
spacer and a pentyloxy spacer; this suggests that the
dendrimer adopts a completely distorted conformation, even
in the case of the higher generations. The mesophase
formation in the case of the pentyloxy series is more complex
than in the decyloxy series, because the latter possesses
mesogenic units that are more decoupled from the dendritic
skeleton.

The results obtained from this study indicate that under the
influence of external stimuli (endgroups) the poly(propylene
imine) interior has to undergo significant changes in the
conformation and that the flexibility of functionalized poly-

0947-6539/98/0412-2461 $ 17.50+.50/0 2461





FULL PAPER

E. W. Meijer et al.

a)
€ 44A>
A
45 A
v
n=4 n=16
b)

e O
O-Oromn

N/
-—— L .“x") z
= NSER AN N 577
DIV WA,

= )~ Vo

Figure 7. a) Proposed model for the organization of mesogenic dendrimers into smectic layered mesophases, depicted for the first
(n=4), third (n=16), and fifth-generation (n =64). Dimensions are shown for the dendrimers with a decyl spacer. b) Detailed
representation of possible overlap of the mesogenic fragments in the smectic layers.

(propylene imine) dendrimers, and of functionalized dendrim-
ers in general, is much higher than previously anticipated.

Experimental Section

General: All solvents were of p.a. quality and used as received. 4'-Cyano-4-
hydroxybiphenyl (TCI, 98 %) and 4'-cyano-4-pentyloxybiphenyl (Aldrich,
99 %), 6-bromohexanoic acid (Acros, 98 %), 11-undecanoic acid (Acros,
99+ %) were used as received. 4-Cyano-4-decyloxybiphenyl (99 %) was
synthesized by etherification of 4'-cyano-4-hydroxybiphenyl and decylbro-
mide, analogous to literature procedures.?”) Synthesis of the methyl esters
of 6-bromohexanoic acid and 11-bromoundecanoic acid was performed
with an acid-catalyzed esterification in MeOH. Poly(propylene imine)
dendrimers with amine endgroups were supplied by DSM Research (The
Netherlands). "H NMR and '*C NMR spectra were recorded on a Bruker
AM 400 spectrometer at 400.13 MHz and 100.62 MHz respectively, unless
noted otherwise. All 0 values are given with reference TMS as an internal
standard. IR samples were prepared according the KBr technique and were
measured on a Perkin—Elmer 1605 Series FT machine. Elemental analysis
were performed on a Perkin—Elmer 2400 Series CHNS/O analyzer. Fast
atom bombardment mass spectrometry (FAB-MS) was performed at the
University of Copenhagen (Denmark). Matrix-assisted laser-desorption

2462 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

ionization/time-of-flight mass spectra (MALDI-TOF-MS) spectra of 5 and
11 were recorded on a Voyager-DE mass spectrometer with a-cyano-4-
hydroxycinnamic acid as a matrix (University of California, Berkeley,
USA). Thermographic analyses (TGA) were performed on a Perkin-
Elmer TGA7 machine to determine thermal stability of the samples.
Thermal transitions of compounds 2—-7 and 9-12 were determined by
differential scanning calorimetry on a Perkin—Elmer DSC7 or a Perkin—
Elmer Pyris 1 under a nitrogen atmosphere with heating and cooling rates
of 10 Kmin~! unless otherwise noted. The optical properties were studied
with a Jenaval polarisation microscope equipped with a Linkam THMS 600
heating device, with crossed polarizers. X-ray diffraction patterns of
oriented and nonoriented samples were recorded with a flat-film camera at
room temperature (Ni filtered, Cug, radiation (A =1.542 A).

6-[ (4-cyano(1,1'-biphenyl)-4-yl)oxy]hexanoic acid (1):*"! A mixture of 18-
crown-6 (0.51 g, 2 mmol), finely ground potassium carbonate (6.5 g,
47 mmol), 4'-cyano-4-hydroxybiphenyl (5.02 g, 25.7 mmol), and methyl-6-
bromohexanoate (7.05 g, 33.7 mmol) in acetone (80 mL) was stirred
vigorously and heated under reflux for 16 h. The mixture was concentrated
in vacuo and recrystallized from MeOH yielding methyl-6-[ (4'-cyano(1,1'-
biphenyl)-4-yl)oxy]hexanoate (7.90 g, 95 %) as a white solid. M.p. 127.2°C;
IH NMR (CDCL): 6=7.69 (d, J=8.1 Hz, 2H; H-3"), 764 (d, J=82 Hz,
2H; H-2'), 753 (d, J =8.9 Hz, 2H; H-2), 6.98 (d, J = 8.8 Hz, 2H; H-3), 4.02
(t, 2H; CH,CH,0), 3.69 (s, 3H; COOCHs,), 2.37 (t, 2H; CH,CH,COO),
1.84 (m, 2H; G,CH,0), 1.73 (m, 2H; CH,CH,COO), 1.53 (m, 2H;
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CH,CH,CH,0); “C NMR (CDClL): 6=174.3 (CH,COO), 159.9 (C-4),
145.5 (C-1), 132.6 (C-3'), 131.8 (C-1), 128.3 (C-2), 127.1 (C-2'), 119.1 (CN),
115.1 (C-3), 108.8 (C-4'), 678 (OCH,CH,), 515 (COOCH;), 34.0
(CH,COO0), 289, 25.6, 24.7 ((CH,);); IR (KBr): 7=2946 (CH,), 2221
(C=N), 1721 cm™! (C=0). This ester (6.47 g, 20 mmol) was added to a
sodium hydroxide solution (100 mL, 3M). THF (ca. 15 mL) was then added
until a homogeneous suspension was formed. The reaction mixture was
stirred at room temperature for 4 days, during which the reaction was
monitored with TLC. On complete hydrolysis, the suspension was
neutralized with a solution of hydrochloric acid (ca. 5m) at 0°C. This
furnished the crude product as a white precipitate, which was filtered off
and washed with diethylether and water. The crude material was recrystal-
lized twice from EtOH to yield pure acid 1 (4.72 g, 60 %) as white needles.
M.p. 89.5°C; 'H NMR (CD;0D): 6 =12.04 (brs, 1H; CH,COOH), 7.86 (d,
J=84Hz,2H;H-3),782(d,J=84Hz,2H;H-2'),7.68 (d,/=8.7 Hz,2H;
H-2), 703 (d, J=8.7 Hz, 2H; H-3), 4.00 (t, 2H; CH,CH,0), 2.23 (t, 2H;
CH,CH,C0O0), 1.73 (m,2H; CH,CH,0), 1.56 (m,2H; CH,CH,COO0), 1.43
(m, 2H; CH,CH,CH,0); ¥®C NMR (CD;0D): 6 =174.5 (CH,COO), 159.3
(C-4), 144.3 (C-1"), 132.8 (C-3'), 130.3 (C-1), 128.3 (C-2), 126.8 (C-2'), 119.0
(CN), 115.1 (C-3), 109.1 (C-4'), 675 (OCH,CH,), 33.6 (CH,COO), 28.4,
25.2,24.3 ((CH,);); IR (KBr): #=3449 (O—H), 2938 (CH,), 2227 (C=N),
1702 cm™! (C=0); C,oH;,NO5 (309.36): caled C 73.76, H 6.19, N 4.53; found
C73.8,H63,N45.

Pentafluorophenyl-6-[ (4-cyano(1,1’-biphenyl)-4-yl)oxy Jhexanoate (2): A
solution of acid 1 (4.10 g, 13.3 mmol) and pentafluorophenol (2.98 g,
14.3 mmol) was prepared in dry DMF (100 mL). The homogeneous
solution was cooled at 0°C and DCC (2.72 g, 13.3 mmol) in DMF (2 mL)
was added in portions. After complete addition of DCC, the temperature of
the reaction mixture was allowed to equilibrate to room temperature. After
4 days the reaction mixture was filtered, and the filtrate was concentrated
in vacuo. The product was recrystallized from EtOH to yield crude 2
(5.16g, 84%) as a crystalline solid (purity >95% from 'H NMR).
Additional column chromatography (SiO,: heptane/CHCI;, 35:65, R;=
0.36) yielded pure 2 (3.69 g, 60%) as a white solid. 'H NMR (CDCl,):
0="769 (d,/=82Hz,2H; H-3'),7.64 (d,/=82Hz,2H; H-2"),7.55 (d,/ =
8.8 Hz, 2H; H-2), 6.99 (d, /=8.8 Hz, 2H; H-3), 4.04 (t, 2H; CH,CH,0),
2.73 (t, 2H; CH,CH,COO0), 1.88 (m, 4H; OCH,CH,CH,CH,CH,COO0),
1.64 (m, 2H; OCH,CH,CH,CH,CH,COO); C NMR (CDCl;): 6 =169.9
(CH,C00), 160.2 (C-4), 145.8 (C-1"),133.1 (C-3'), 132.0 (C-1), 128.9 (C-2),
127.6 (C-2), 119.6 (CN), 115.6 (C-3), 110.7 (C-4'), 68.2 (OCH,CH,), 33.8
(CH,COO0), 29.4, 26.0, 25.1 ((CH,);); IR (KBr): #=2878 (CH,), 2224
(C=N), 1795 cm™! (C=0); C,sH sFsNO; (475.42): caled C 63.16, H 3.82, N
2.95; found: C 63.2, H 3.8, N 2.9.

Propyl-NHCO—C;—OCBPh (3): n-Propylamine (0.2 g, 3.4 mmol) was
slowly added to a solution of activated ester 2 (1.00 g, 2.10 mmol) in
CH,Cl, (40 mL). After stirring for 1 day, the solution was diluted with
CH,Cl, and MeOH, and extracted with a saturated sodium carbonate
solution, and the aqueous phase was extracted with CH,Cl,. The combined
organic phases were then washed with demineralized water, dried with
sodium sulphate, and concentrated in vacuo yielding pure 3 (660 mg, 90 %)
as a white solid. M.p. 119; 'H NMR (CDCl;): 6 =7.69 (d, J=8.5 Hz, 2H;
H-3"), 763 (d, J=8.5Hz, 2H; H-2'), 752 (d, J=8.8 Hz, 2H; H-2), 6.99 (d,
J=8.8 Hz,2H; H-3), 5.43 (brs, 1H; NHCO), 4.01 (t,2H; CH,CH,0), 3.22
(q, 2H; CH,CH,NHCO), 2.21 (t, 2H; NHCOCH,CH,), 1.84 (m, 2H;
CH,CH,0), 1.73 (m, 2H; NHCOCH,CH,), 1.53 (m, 4H; CH,CH,NHCO
and CH,CH,CH,0), 0.93 (t, 3H; CH;CH,CH,NHCO); *C NMR (CDCl,):
0=172.7 (CH,CONH), 159.7 (C-4), 145.2 (C-1"), 132.5 (C-3'), 131.3 (C-1),
1283 (C-2), 1271 (C-2), 119.1 (CN), 115.0 (C-3), 110.0 (C-4'), 678
(OCH,CH,), 412 (CH,CH,NH), 36.7 (CH,CH,CO), 29.0, 25.8, 25.5
((CH,);), 229 (CH;CH,CH,NHCO), 11.3 (CH;CH,CH,NHCO); IR
(KBr): 7=2990 (CH,), 2222 (C=N), 1635 cm™! (C=0); FAB-MS: m/z:
351 [M+H]*; caled C,,H,5N,0, 349.45.

DAB-dendr-(NHCO—C;—CBPh), (4): A solution of DAB-dendr-(NH,),
(157.3 mg, 0.497 mmol) in CH,Cl, (2 mL) was added slowly to a solution of
activated ester 2 (1.00 g, 2.10 mmol) in CH,Cl, (40 mL). After stirring for
3 days, the solution was diluted with CH,Cl, and MeOH, and extracted with
a saturated sodium carbonate solution. The aqueous phase was extracted
with CH,Cl,. The combined organic phases were dried with sodium
sulphate and concentrated in vacuo. The crude product was taken up in
CH,(l, and precipitated by slowly adding n-heptane. The precipitate was
dissolved in CH,Cl,, washed with demineralized water and dried over
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sodium sulphate, yielding pure 4 (250 mg, 34 %) as a yellow solid. g 31°C
(M 106°C) 155°C I; 'H NMR (CDCly): 6 =7.67 (d, J=6.5 Hz, 8H; H-3),
761 (d, J=6.5Hz, 8H; H-2'), 750 (d, J=8.8 Hz, 8H; H-2), 6.95 (d, /=
8.8 Hz, 8H; H-3), 6.51 (t, 4H; CH,NHCOCH,), 3.97 (t, 8H; CH,CH,0),
3.29 (q, 8H; CH,CH,NH), 2.40 (t, SH; NCH,CH,CH,NH), 2.35 (brs, 4H;
NCH,CH,CH,CH,N), 221 (t, 8H; CH,CH,CO), 181 (m, 8H;
CH,CH,CH,0), 1.71 (m, 8H; NHCOCH,CH,CH,), 1.62 (m, 8H;
NCH,CH,CH,N), 151 (m, 8H; CH,CH,CH,0), 139 (brs, 4H;
NCH,CH,CH,CH,N); BC NMR (CDCL): 6=173.0 (4C; NHCO—CH,),
159.6 (8C; C-4), 145.1 (4C; C-1'), 1325 (8 C; C-3'), 131.3 (4C; C-1), 128.2
(8C; C-2), 1269 (8C; C-2'), 119.0 (4C; CN), 115.0 (8C; C-3), 110.0 (8C;
C-4'), 678 (16C; OCH,CH,), 53.7 (2C; NCH,CH,CH,CH,N), 51.8 (4C;
NCH,CH,CH,NHCO), 38.1 (4 C; CH,NHCOCH,), 36.5 (4 C; NHCOCH,),
29.0, 25.8, 24.3 (12C; (CH,);), 27.0 (16C; NCH,CH,CH,NHCO), 24.5
(14C; NCH,CH,CH,CH,N {2C} +NCH,CH,CH,N {12C}); IR (KBr): 7=
2992 (CH,), 2224 (C=N), 1638 cm™! (C=0); FAB-MS m/z: 1483 [M+H]*;
caled Cy,H,sN;jOg 1481.93.

DAB-dendr-(NHCO—Cs—CBPh), (5): A solution of DAB-dendr-(NH,),4
(203.0 mg, 0.120 mmol) in CH,Cl, (2 mL) was added slowly to a solution of
activated ester 2 (1.00 g, 2.10 mmol) in CH,Cl, (40 mL). After stirring for
4 days, the solution was diluted with CH,Cl, and MeOH, and extracted with
a saturated sodium carbonate solution, and the aqueous phase was further
extracted with CH,Cl,. The combined organic phases were dried with
sodium sulphate and concentrated in vacuo. The crude product was taken
up in CH,Cl, and precipitated twice by slowly adding n-heptane. The
precipitate was dissolved in CH,Cl,, washed with demineralized water and
dried over sodium sulphate yielding 5 (250 mg, 34 %) as a pale brownish
solid. g 25°C M 127°C I; '"H NMR (CDCL): 6 =7.64 (d, J=8.6 Hz, 32H;
H-3),7.57 (d,J=8.6 Hz, 32H; H-2), 746 (d, / = 8.9 Hz, 32 H; H-2'), 712 (t,
16H; CH,NHCO), 691 (d, J=88Hz, 32H; H-3), 3.94 (t, 32H;
CH,CH,0), 327 (brd, 32H; CH,CH,NHCO), 236 (brs, 84H;
NCH,CH,CH,N and NCH,CH,CH,CH,N), 2.24 (t,32H; NHCOCH,CH,),
1.79 (m, 32H; CH,CH,0), 1.71 (m, 32H; NHCOCH,CH,), 1.60 (m, 56 H;
NCH,CH,CH,N), 150 (m, 32H; CH,CH,CH,O), 145 (brs, 4H;
NCH,CH,CH,CH,N); *C NMR (CDCl,): 6 =173.4 (16C; NHCO—CH,),
159.6 (32C; C-4), 144.5 (16C; C-1), 132.5 (32C; C-3), 130.3 (16C; C-1'),
1282 (32C; C-2'), 126.9 (32C; C-2), 119.0 (16C; CN), 115.0 (32C; C-3'),
110.0 (32C; C-4), 67.8 (16 C; OCH,CH,), 54.5 (2C; NCH,CH,CH,CH,N),
52.1 (br, 24C; NCH,CH,CH,N), 513 (16C; NCH,CH,CH,NHCO), 37.8
(16C; CH,NHCOCH,), 36.3 (16C; NHCOCH,), 29.0, 25.8, 243 (48C;
(CH,),), 270 (16C; NCH,CH,CH,NHCO), 24.5 (14¢;
NCH,CH,CH,CH,N {2C} + NCH,CH,CH,N {12C}); IR (KBr): #=2992
(CH,), 2225 (C=N), 1639 cm™!' (C=0); MALDI-TOF-MS: m/z: 6348.4
[M+H]*; caled Cy7HgyoNyOs, 6346.7.

DAB-dendr-(NHCO—Cs—CBPh)g, (6): A solution of DAB-dendr-(NH,)g,
(220.1 mg, 0.031 mmol) in CH,Cl, (2 mL) was added slowly to a solution of
activated ester 2 (1.00 g, 2.10 mmol) in CH,Cl, (40 mL). After stirring for
4 days, the solution was diluted with CH,Cl, and MeOH, and extracted with
a saturated sodium carbonate solution, and the aqueous phase was further
extracted with CH,Cl,. The combined organic phases were dried with
sodium sulphate and concentrated in vacuo. The crude product was taken
up in CH,Cl, and precipitated twice by addition of MeOH and n-hexane.
The precipitate was dissolved in CH,Cl,, washed with demineralized water
and dried over sodium sulphate yielding of pure 6 (240 mg, 33 %) as a pale
brownish solid. g 13°C M 132°C I; '"H NMR (CDCl,/CD;0D, 95:5, 333 K):
0="759(d,J=8.0 Hz, 128 H; H-3"), 7.53 (d, / = 8.0 Hz, 128 H; H-2"), 7.42 (d,
J=8.4Hz, 128H; H-2), 6.87 (d, J=38.5, 128H; H-3), 391 (t, 128H;
CH,CH,0), 320 (brd, 128H; CH,CH,NHCO), 239 (brd, 372H;
NCH,CH,CH,N and NCH,CH,CH,CH,N), 221 (t, 128H;
NHCOCH,CH,), 176 (m, 128H; CH,CH,0), 168 (m, 128H;
NHCOCH,CH,), 1.61 (m, 248H; NCH,CH,CH,N), 149 (m, 128H;
CH,CH,CH,0); BC NMR (CDCl;/CD;0D, 95:5, 333 K): d =173.9 (64C;
NHCO—CH,), 159.5 (28C; C-4), 145.0 (64C; C-1'), 132.4 128C; C-3'),
131.1(64 C; C-1), 128.4(128 C; C-2), 126.9 (128C; C-2'), 118.9 (64C; CN),
114.8 (128C; C-3), 109.7 (128C; C-4), 67.7 (64C; OCH,CH,), 51.7 (br,
112C; NCH,CH,CH,N), 51.0 (64C; NCH,CH,CH,NHCO), 37.5 (64C;
CH,NHCOCH,), 36.0 (64C; CH,NHCOCH,), 28.8, 25.6, 26.0 (192C;
(CH,),), 271 (64C; NCH,CH,CH,NHCO), 245 (62C;
NCH,CH,CH,CH,N {2C}+ NCH,CH,CH,N {60C}; IR (KBr): v=2986
(CH,), 2225 (C=N), 1640 cm ™! (C=0).
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11-[ (4-Cyano(1,1'-biphenyl)-4-yl)oxyJundecanoic acid (7): A mixture of
18-crown-6 (0.34 g, 1.3 mmol), finely ground potassium carbonate (4.6 g,
33 mmol), 4'-cyano-4-hydroxybipenyl (3.0 g, 15.4 mmol), and methyl-11-
bromoundecanoate (5.9 g, 21.1 mmol) in acetone (40 mL) was stirred
vigorously and heated under reflux overnight. The mixture was filtered,
concentrated in vacuo, and recrystallized from EtOH yielding 7 as a white
solid (4.67 g, 80%). M.p. 103.5°C; '"H NMR (CDCL): 0=769 (d, /=
8.6 Hz, 2H; H-3), 7.64 (d, J=8.6 Hz, 2H; H-2'), 7.53 (d, /=8.8 Hz, 2H;
H-2), 6.99 (d, J=8.8 Hz, 2H; H-3), 4.01 (t, 2H; CH,CH,0), 3.67 (s, 3H;
COOCHs;), 2.31 (t,2H; CH,CH,COO), 1.81 (m, 2H; CH,CH,0), 1.63 (m,
2H; CH,CH,COO), 147 (m, 2H; CH,CH,CH,0), 134 (brs, 10H);
BC NMR (CDCly): d =174.3 (CH,COO), 159.8 (C-4), 145.3 (C-1'), 132.5
(C-3),131.3 (C-1), 128.3 (C-2), 127.1 (C-2'), 119.1 (CN), 115.1 (C-3), 110.0
(C-4), 68.2 (OCH,CH,), 51.4 (COOCH,), 34.1 (CH,COO), 29.5-29.1,
26.0, 24.9 ((CH,)g); IR (KBr): #=2927 (CH,), 2223 (C=N), 1730 cm™!
(C=0). This ester (3.47 g, 8.8 mmol) was added to a sodium hydroxide
solution (50 mL, 3m). THF (ca. 50 mL) was then added until a homoge-
neous suspension was formed. This suspension was stirred at room
temperature for 3 days, during which the reaction was monitored with
TLC. On complete hydrolysis, the mixture was neutralized with a solution
of hydrochloric acid (ca. SM) at 0°C. The crude product was obtained as a
white precipitate, which was filtered off and washed with diethyl ether and
water. The crude product was recrystallized from EtOH to yield pure acid 7
(2.56 g,76 %) as a white solid. M.p. 173.7°C; '"H NMR (CDCl,): 6 =7.69 (d,
J=6.5Hz,2H;H-3),7.63 (d,/=6.5Hz,2H;H-2'),7.52 (d,/=8.7 Hz,2H;
H-2), 799 (d, /=8.7 Hz, 2H; H-3), 4.00 (t, 2H; CH,CH,0), 2.35 (t, 2H;
CH,CH,C00), 1.82 (m,2H; CH,CH,0), 1.63 (m,2H; CH,CH,COO), 1.47
(m, 2H; CH,CH,CH,0), 131 (brs, 10H); *C NMR (CDCl;): 6=179.9
(CH,C00), 159.8 (C-4), 145.3 (C-1'), 132.5 (C-3'), 131.2 (C-1), 128.3 (C-2),
1270 (C-2), 119.1 (CN), 115.1 (C-3), 110.0 (C-4'), 68.1 (OCH,CH,), 33.9
(CH,COO), 29.5-29.0, 26.0, 24.7 ((CH,)5); IR (KBr): #=3462 (O—H),
2921 (CH,), 2224 (C=N), 1703 cm™! (C=0); C,H,,NO; (379.50): caled C
75.96, H 7.70, N 3.69; found C 75.9, H 7.7, N 3.7.

Pentafluorophenyl-11-[ (4'-cyano(1,1’-biphenyl)-4-yl)oxy Jundecanoate (8):
A solution of acid 7 (3.8 g, 10 mmol) and pentafluorophenol (2.05 g,
11.1 mmol) was prepared in dry DMF (100 mL). The homogeneous
solution was cooled at 0°C, and DCC (2.10 g, 10.2 mmol) in DMF (2 mL)
was added in portions. After complete addition of DCC, the temperature of
the reaction mixture was allowed to equilibrate to room temperature. After
3 days the reaction mixture was filtered, and the filtrate concentrated in
vacuo. The crude product was recrystallized from EtOH to yield crude 8
(4.4 g, 81 %) (purity >95% from 'H NMR). Additional column chroma-
tography (SiO,: n-hexane/CHCI;, 35:65, R,=0.36) yielded pure 8 (3.69 g,
62 %) as a white solid. 'H NMR (CDCl;): 6 =7.69 (d,/=4.7 Hz, 2H; H-3),
764 (d, J=4.7Hz, 2H; H-2'), 752 (d, J=6.8 Hz, 2H; H-2), 6.99 (d, /=
6.8 Hz, 2H; H-3), 4.01 (t,2H; CH,CH,0), 2.66 (t,2H; CH,CH,COO), 1.78
(m, 4H; CH,CH,0), 139 (m, 12H); *C NMR (CDCL): 6=169.8
(CH,C00), 159.8 (C-4), 145.3 (C-1"), 132.5 (C-3'), 131.2 (C-1), 128.3 (C-
2),127.0 (C-2"),119.1 (CN), 115.0 (C-3), 110.0 (C-4'), 68.1 (OCH,CH,), 33.3
(CH,COO0),29.4-28.2,26.0,24.7 ((CH,)5); IR (KBr): #=2932 (CH,), 2229
(C=N), 1785 cm™! (C=0); C3HyFsNO; (545.55): caled C 66.05, H 5.17, N
2.56; found C 66.4, H 5.3, N 2.5.

Propyl-NHCO—C,,—CBPh (9): n-Propylamine (0.2 g, 3.4 mmol) was slowly
added to a solution of activated ester 8 (1.00 g, 1.83 mmol) in CH,Cl,
(40 mL). After stirring for 5 days, the solution was diluted with CH,Cl, and
MeOH, and extracted with a saturated sodium carbonate solution, and the
aqueous phase was further extracted with CH,Cl,. The combined organic
phases consequently were washed with demineralized water, dried with
sodium sulphate, and concentrated in vacuo yielding pure 9 (580 mg, 75 %)
as a white solid. K 105°C I; 'H NMR (CDCl;): 6 =7.67 (d, /=79 Hz, 2H;
H-3'), 763 (d, J=8.1 Hz, 2H; H-2"), 7.52 (d, /] =8.9 Hz, 2H; H-2), 6.99 (d,
J=8.8Hz, 2H; H-3),5.43 (brs, 1H; CH,NHCO), 4.00 (t, 2H; CH,CH,0),
3.22 (q, 2H; CH,CH,NH), 2.26 (t, 2H; CH,CH,CON), 1.80 (m, 2H;
CH,CH,0), 1.7-1.3 (brm, 14H), 0.92 (t, 3H; NHCH,CH,CHj); *C NMR
(CDCL): 6=173.9 (CH,CONH), 159.8 (C-4), 148.8 (C-1'), 1453 (C-3'),
132.5 (C-1), 131.2 (C-2), 128.3 (C-2), 127.0 (CN), 115.1 (C-3), 110.0 (C-4'),
68.14 (OCH,CH,), 41.1 (CH,NH), 36.9 (CH,COO), 29.5-29.0, 25.8
((CH,)g), 229 (CH;CH,CH,NHCO), 113 (CH;CH,CH,NHCO); IR
(KBr): #=2990 (CH,), 2236 (C=N), 1637 cm™! (C=0); FAB-MS m/z: 421
[M+H]; caled C,;H35N,0, 419.59.
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DAB-dendr-(NHCO—C,,—CBPh), (10): A solution of DAB-dendr-(NH,),
(136.7 mg, 0.432 mmol) in CH,Cl, (2 mL) was added slowly to a solution of
activated ester 8 (0.99 g, 1.81 mmol) in CH,Cl, (40 mL). After stirring for
5 days, the solution was diluted with CH,Cl, and MeOH, and extracted with
a saturated sodium carbonate solution, and the aqueous phase was further
extracted with CH,Cl,. The combined organic phases were dried with
sodium sulphate and concentrated in vacuo. The crude product was taken
up in CH,Cl, and precipitated twice by slowly adding n-hexane, yielding
pure 10 (520 mg, 68 %) as a tan solid. K 106°C M 114°C I; 'H NMR
(CDCl,): 0=1768 (d,J=79 Hz,8H; H-3),7.63 (d,/ =8.2 Hz,8H; H-2), 7.51
(d, J=8.8Hz, 8H; H-2'), 6.98 (d, J=8.8Hz, 8H; H-3'), 6.49 (t, 4H;
CH,NHCOCH,), 3.99 (t, 8H; CH,CH,0), 3.29 (q, 8H; CH,CH,NH), 2.42
(t, 8H; NCH,CH,CH,NH), 2.36 (brs, 4H; NCH,CH,CH,CH,N), 2.16 (t,
8H; CH,CH,CO), 179 (m, 8H; CH,CH,CH,0), 162 (m, 8H;
NHCOCH,CH,CH,), 1.5-1.2 (brm, 76H); C NMR (CDCL): 6 =173.4
(4C; NHCO—CH,), 159.7 (8C; C-4'), 1452 (4C; C-1), 1325 (8C; C-3),
131.1 (4C; C-1), 128.2 (8 C; C-2'), 1270 (8 C; C-2), 119.0 (4C; CN), 115.0
8C; C-3), 110.0 (8C; C-4), 68.0 (16C; OCH,CH,), 53.6 (2C;
NCH,CH,CH,CH,N), 517 (4C; NCH,CH,CH,NHCO), 38.0 (4C;
CH,NHCOCH,), 36.7 (4C; NHCOCH,), 29.5-29.2, 26.0, 259
(32C; (CH,)), 269 (4C; NCH,CH,CH,NHCO), 247 (2C;
NCH,CH,CH,CH,N); IR (KBr): 7=2990 (CH,), 2225 (C=N), 1639 cm™!
(C=0); FAB-MS m/z: 1764 [M+H]"; calcd C,,H,4N,,Og 1762.46.

DAB-dendr-(NHCO—C,,—CBPh), (11): A solution of DAB-dendr-(NH,),¢
(188.1 mg, 0.112 mmol) in CH,Cl, (2 mL) was added slowly to a solution of
activated ester 8 (0.98 g, 1.80 mmol) in CH,Cl, (40 mL). After stirring for
5 days, the solution was diluted with CH,Cl, and MeOH, and extracted with
a saturated sodium carbonate solution, and the aqueous phase was further
extracted with CH,Cl,. The combined organic phases were dried with
sodium sulphate and concentrated in vacuo. The crude product was taken
up in CH,Cl, and precipitated twice by slowly adding n-hexane, yielding
pure 11 (420 mg, 50%) as a tan solid. K 105°C M 124°C I; 'H NMR
(CDClLy): 6 =765 (d,J =83 Hz, 32H; H-3'), 7.60 (d, /= 8.3 Hz, 32 H; H-2'),
7.50 (d, J=8.7 Hz, 32H; H-2), 6.96 (brt, 16H; CH,NHCOCH,), 6.95 (d,
J=87Hz, 32H; H-3), 3.96 (t, 32H; CH,CH,0), 3.26 (brd, 32H;
CH,CH,NH), 2.38 (brs, 84 H; NCH,CH,CH,N and NCH,CH,CH,CH,N),
2.24 (t, 32H; CH,CH,CO), 1.77 (m, 32H; CH,CH,0), 1.5-1.2 (brm,
280H); “C NMR (CDClL): 6=173.7 (16C; NHCO—CH,), 159.7 (32C;
C-4), 145.1 (16C; C-1"), 132.5 (32C; C-3'), 131.2 (16 C; C-1), 128.3 (32C;
C-2), 1270 (32C; C-2'), 119.0 (16C; CN), 115.0 (32C; C-3), 110.0 (32C;
C-4'), 68.1 (16C; OCH,CH,), 54.5 (2C; NCH,CH,CH,CH,N), 52.1 (br,
24C; NCH,CH,CH,N), 513 (16C; NCH,CH,CH,NHCO), 37.7 (16C;
CH,NHCOCH,), 36.6 (16C; CH,NHCOCH,), 29.6-29.4, 29.0, 25.9, 25.8
(128C; (CH,)), 270 (16C; NCH,CH,CH,NHCO), 245 (14C;
NCH,CH,CH,CH,N {2C}+ NCH,CH,CH,N {12C}); IR (KBr): 7#=2982
(CH,), 2225 (C=N), 1639 cm™! (C=0); MALDI-TOF-MS: m/z: 7449
[M+H] *, 7471 [M+Na]*, 7487 [M+K]*; calcd Cu7,Hg40Ny6O;, 7470.54.

DAB-dendr-(NHCO—C,,—CBPh), (12): A solution of DAB-dendr-(NH,)44
(214.1 mg, 0.0300 mmol) in CH,Cl, (2 mL) was added slowly to a solution
of activated ester 8 (0.99 g, 1.81 mmol) in CH,Cl, (40 mL). After stirring for
5 days, the solution was extracted with a saturated sodium carbonate
solution, and the aqueous phase was further extracted three times with
CH,Cl,. The combined organic phases were dried with sodium sulphate
and concentrated in vacuo. The crude product was taken up in a mixture of
CH,Cl,/MeOH (95:5) and precipitated three times by slowly adding n-
hexane, yielding 12 (340 mg, 40%) as a tan solid. K 103°C M 135°C I;
'"H NMR (CDCl;, 333 K): 0 =759 (d, /] =8.4 Hz, 128 H; H-3'), 7.55 (d, J =
8.2 Hz, 128H; H-2'), 744 (d, J=8.7 Hz, 128 H; H-2), 6.90 (d, J =8.7, 128 H;
H-3), 3.93 (t, 128H; CH,CH,0), 3.23 (brd, 128H; CH,CH,NHCO), 2.38
(brd, 372H; NCH,CH,CH,N and NCH,CH,CH,CH,N), 2.17 (t, 128H;
NHCOCH,CH,), 173 (m, 128H; CH,CH,0), 160 (m, 128H;
NHCOCH,CH,), 1.41 (m, 248H; NCH,CH,CH,N), 149 (brm, 1024 H);
BC NMR (CDCl): 6 =174.0 (64 C; NHCO—CH,), 159.7 (128 C; C-4), 145.0
(64C; C-1'), 132.5 (128 C; C-3'), 131.2 (64 C; C-1), 128.3 (128 C; C-2), 127.0
(128C; C-2),119.0 (64 C; CN), 115.0 (128 C; C-3), 110.0 (128 C; C-4'), 68.0
(64C; OCH,CH,), 52.0 (br, 112C; NCH,CH,CH,N), 51.1 (64C;
NCH,CH,CH,NHCO), 375 (64C; CH,NHCOCH,), 36.6 (64C;
CH,NHCOCH,), 29.7-29.5, 29.2, 26.1, 26.0 (512C; (CH,);), 27.1 (64C;
NCH,CH,CH,NHCO), 245 (62C; NCH,CH,CH,CH,N ({2C}+
NCH,CH,CH,N {60C}); TR (KBr): #=2986 (CH,), 2226 (C=N),
1639 cm~! (C=0).
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Quantitative Gas - Solid Reactions with CICN and BrCN:
Synthesis of Cyanamides, Cyanates, Thiocyanates, and Their Derivatives

Gerd Kaupp,* Jens Schmeyers, and Jiirgen Boy

Abstract: Gas—solid reaction techni-
ques allow quantitative cyanations with
CICN and BrCN. Three primary and
four secondary cyanamides, a cyani-
mide, four cyanates, and four thiocya-
nates were all prepared as solids in
100% vyield from solid anilines, benzi-
midazoles, imides, phenolates, and thio-
lates, respectively. Intramolecular solid-
state reactions of cyanated o-aminophe-

ution the reported product yields were
considerably less than 100 % in all cases.
The reasons for the success of the
environmentally benign solid-state syn-
theses are discussed in terms of phase
rebuilding, phase transformation, and
crystal disintegration. Atomic force mi-

Keywords: atomic force microscopy
- cyanations - gas—solid reactions -

croscopy (AFM) of selected systems
indicates the occurrence of long-range
molecular movements which are gov-
erned by the crystal packing. This is
evident from the obvious correlations
between the molecular movements and
the known crystal packing data. A new
type of geometric surface feature, a
rectangular and a rhombic depression
which resembles a swimming-pool basin,

nol and of cyanated hydrazides gave
heterocyclic compounds. When compa-

) ) chemistry
rable reactions were performed in sol-

Introduction

The title compounds are known as tumor inhibitors;!l they are
also intermediates in the synthesis of herbicides,”) and are
important precursors in the synthesis of N-alkyl or N-aryl
imides.®! Their structural properties are well established.
Although their syntheses are straightforward, they do not
produce quantitative yields and require tedious purification
procedures. This leads to a great expenditure of time, energy,
and expensive materials, in addition to the production of large
amounts of dangerous wastes. Thus, it appears expedient to
utilize the now well-understood gas —solid reaction technique,
which makes use of the crystal packing initially present in the
substrate, to produce a 100 % yield in reactions with amines,
hydrazides, imides, phenols, phenolates, and thiolates. We
report on the quantitative synthesis of numerous cyanamides,
cyanimides, cyanates, and thiocyanates, as well as on some of
their reaction products.

[*] Prof. Dr. G. Kaupp, Dr. J. Schmeyers, Dipl.-Chem. J. Boy
University of Oldenburg, FB Chemie, Organische Chemie I
Postfach 2503, D-26111 Oldenburg (Germany)
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was found in the cyanation of o-amino-
phenol and benzohydrazide.

solid-state

Results

Cyanamides: Various types of cyanamides can be prepared by
the interaction of gaseous cyanogen chloride or cyanogen
bromide with crystalline primary or secondary amines and
with imide salts. While all of our reactions with the NH bases
may be performed without the aid of additional base, it is
advisable to perform them in the presence of gaseous
trimethylamine in order to bind the acid formed and to
achieve the quantitative use of the reacting base (Scheme 1).

100%
4-XCgH,-NH, + CICN + N(CH,); —=

1 (BICN)

a: X=CH, 4-XCgH,-NHCN + (CH,),N'H CI”
b : X=OCH, 2 (Br)
¢ : X=Cl

Scheme 1. Gas-solid synthesis of cyanamides from primary amines and
CICN or BrCN.

Control experiments showed that preformed solid hydro-
chlorides of 1 did not react with CICN under our conditions.
Thus, in the absence of a stronger base, only 1:1 mixtures of
cyanamide and amine hydrohalogenide were formed. For
technical reasons, a magnetic spin bar was rotated in the solid
in order to mix in the gases, although overhead rotation of the
flask is equally suitable.
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The cyanamides were formed quantitatively together with
trimethylamine hydrohalogenide, which was then simply
washed out with water. In larger runs, trimethylamine can
be recovered from the aqueous washings by the use of known
procedures. The reaction products remained solid. The
corresponding yields of 2a—c from reactions in solution were
reported to be as low as 43 %, 19 %, and unspecified.!

Even solid secondary aromatic amines, such as diphenyl-
amine 3 or benzimidazoles 5, reacted quantitatively with
BrCN to give 4 and 6, respectively (Scheme 2). Because the
hydrochlorides of 5 proved to be unreactive, N(CH,); was
employed again in order to make full use of the starting
materials. The reaction products remained solid without
intermediate melting.

Ph, 100% Ph, L
ON—H +BICN + N(CHg); — N~CN + (CHN'H Br
Ph” 3 Ph 4
R! N Rl
100% N
L e s 2O
R2 ’\{ Rz N
5 H 6 \CN
a : R'=R’=R°-H

b :R'=R’=H ; R’=CH,
¢ : R'=R’<CH, ; R>=H

Scheme 2. Gas-solid synthesis of cyanamides from secondary amines and
BrCN.

In contrast to our quantitative reactions, liquid-
phase syntheses gave 4 in only 45 % yield (pressure
reaction of the melt)? or 54 % yield in solution,”)
while syntheses of 6a,b were reported to give yields
of only 88% (BrCN, benzene)®! or were unspeci-
fied.’) Thus, our gas—solid technique is clearly
superior and should replace the earlier techniques
inasmuch as it is performed more easily and more
safely (poisonous gases) than the liquid-state reac-
tions.

An extension of the reactions to succinimide and phthali-
mide (in the absence of a base) was not possible. However,
finely powdered potassium phthalimide (7) reacted quantita-
tively with BrCN to give 8 and KBr (Scheme 3). The
corresponding reaction in acetone solution in the presence
of triethylamine afforded only a 77 % yield of 8. Thus, the
potential of 8 as a starting material for the synthesis of V-
arylphthalimidesP has considerably increased.

o 0
100 %
NK + BrCN —— N—CN + KBr
7 O g O

Scheme 3. Synthesis of 8 from potassium phthalimide (7) and BrCN.

Cyanamides are susceptible to nucleophilic attack, which
provides a possible route to the synthesis of heterocycles in
the presence of suitable substituents. For example, the
cyanation of solid o-aminophenol (9) with BrCN afforded
quantitative yields of 2-aminobenzoxazole hydrobromide (10)
in an intramolecular solid-state reaction: the hydroxy group
added to the presumed intermediate cyanamide functionality
(solid phenols do not react; see Cyanates below), and no
additional base was necessary in this case (Scheme 4). The

NH, 100% N N
+ BN —5 \>—NH2.HBr —s \>—NH2
o Na,CO, o
OH
9 10

11

o) o o

100%  Ar NH,.HBr Ar NH
_< >_< + BICN — N 2
R N \« l(l Na,CO, \( Z/

HNH, N— N—
12 13 14
a:R=H
b : R=CH,
¢:R=0OH

Scheme 4. Synthesis of heterocycles 11 and 14.

Abstract in German: Gas/Festkorper-Reaktionstechniken er-
moglichen quantitative Cyanierungen mit CICN und BrCN.
Drei primdre und vier sekundire Cyanamide, ein Cyanimid,
vier Cyanate und vier Thiocyanate werden aus Anilinen,
Benzimidazolen, Imiden, Phenolaten und Thiolaten mit 100 %
Ausbeute synthetisiert, wobei alle Edukte und Produkte Fest-
stoffe sind. Intramolekulare Festkorperreaktionen von cya-
niertem o-Aminophenol und von cyanierten Hydraziden
liefern Heterocyclen. Wenn vergleichbare Reaktionen in Lo-
sung durchgefiihrt werden, betragen die publizierten Aus-
beuten in allen bekannten Fiillen weit weniger als 100 %. Die
Griinde fiir den Erfolg der umweltschonenden Festkorpersyn-
thesen werden auf der experimentellen Grundlage von Pha-
senumbildung, Phasenumwandlung und Kristallzerfall disku-
tiert. Die Kristallpackung bestimmt die kraftmikroskopisch
beobachteten, weitreichenden Molekiilwanderungen. Diese
korrelieren mit den bekannten Kristallpackungen. Bei der
Cyanierung von o-Aminophenol und Benzhydrazid wird ein
neuer Typ von Oberflichenstrukturen gefunden, deren geome-
trische Form kleinen Schwimmbecken dhnelt.

2468
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free base 11 was obtained quantitatively after washing 10 with
Na,CO; solution. Hitherto, 11 had only been obtained in
solution with 82 % yield.l'!]

The gas—solid cyanations of the hydrazides 12 are equally
clear. They most probably start at the primary amino group
followed by a [1,3]-H shift and cyclization to give solid 13
(Scheme 4). All three systems 12a—c gave a 100 % yield. The
free bases 14a—c were isolated by washing 13 with aqueous
Na,CO;. Similar reactions in solution gave compounds 14a,c
with only 81 %2l and 35 % yield, respectively.'3) Cyanamides
are very useful reagents for a multitude of intermolecular
syntheses.'¥! Thus, their quantitative production is of partic-
ular value.

Cyanates: Crystalline phenols did not react with CICN or
BrCN at room temperature. However, quantitative reactions
were obtained by the use of potassium phenolates (15)
(Scheme 5). The gas—solid synthesis of 16a,b is a significant
improvement compared with liquid-state reactions (yield of
16a: 94 %[151), as the inorganic salt product (KBr, KCl) may
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OK O-CN
1 1
R 100% R
+ CICN —> + KCI
R? (BrCN) R® (KBY)
R R® 1
18 6 O-CONH,
a : R'=R’=H, R°=OCH, R’
b :R'=H, R’>=R°=0CH,
¢ :R'=R’=H, R°=CHO
d :R'=NO,, R%=R’=H g7

Scheme 5. Gas-solid cyanation of potassium phenolates (15).

be simply washed away with water. However, 16 ¢,d are highly
hydrolyzable so that washing with water was unsuitable as it
produced the urethanes 17¢.,d. This reaction can easily be
brought to completion but is of limited value. It is better to
postpone the separation from the salt until preparative use
has been made of the particularly versatile cyanate function'!
of 16 ¢c,d in the presence of the salts.

Thiocyanates: While it was not possible to react a number of
solid heterocyclic thiols with CICN or BrCN, the reactions of
their sodium salts 18 a—d provided the desired thiocyanates 19
in quantitative yields (Scheme 6). The inorganic products,
NaCl or NaBr, were removed by washing with water.

O,
Het-SNa + CICN M Het-S-CN + NaCl
18  (BrCN) 19 (NaBr)
" Y
Q- - O
o S NN SN
a b c d }_{

Scheme 6. Reaction of the sodium salts of solid heterocyclic thiols 18a—d
with CICN or BrCN to afford thiocyanates 19a—d.

All of these heterocyclic thiocya-
nates have already been synthesized
in solution (19a-c¢: no yield giv-
en,'*181 19d: 88 %[°1) and their use-
fulness as drugs and synthetic build-
ing blocks (e.g. as antitumor agentsl!!
or antimicrobials®!) has been dem-
onstrated. Their quantitative synthe-
sis considerably improves the future
prospects of these drugs.

Structure elucidation: None of the
products that were obtained in this
work by solid-state cyanation with
gaseous CICN or BrCN rearranged to
their corresponding iso forms (i.e.
carbodiimides, isocyanates, isothio-
cyanates). This is clearly evidenced
by the structure of the cyclization
products 10 and 13, the fair stability
towards hydrolysis (except 16 ¢,d), the
comparison with literature data of
some already known compounds,

Chem. Eur. J. 1998, 4, No. 12
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and by the characteristic IR bands of the C=N bonds. All
C=N frequencies of the cyanamides 2, 4, 6, and 8 are found
between 7 =2210 and 2260 cm !, whereas carbodiimides with
the same types of substituents would exhibit bands at 7=
2130-2155 cm L2 In the case of aryl cyanates and aryl
isocyanates, the expected ranges overlap (7 =2280-2240 and
2290-2240 cm™'). However, only cyanates would have split
bands and a characteristic C-O-C vibration at 7=1235-
1160 cm~1??! Indeed, the splitting and the latter band are
found in the spectra of 16a—d. Thus, we can be sure that also
the readily hydrolyzable 16 ¢,d have a cyanate structure. The
thiocyanates 19 exhibit IR frequencies close to #=2170 cm™!
as expected,?? whereas arylisothiocyanates would have bands
at 7=2100-2040 cm~.[*2

Mechanistic investigations with AFM: The striking superi-
ority of the gas—solid reactions is related to the quality of the
crystal packing according to the well-established three-stage
mechanism: 1) phase rebuilding with long-range molecular
movements, 2) phase transformation into the product lattice,
and 3) crystal disintegration.’”! Such a correlation with the
crystal packing was demonstrated for single crystals of known
crystal structure by the use of AFM.

Reaction with CICN generates islands?*l on the (100)-face
of benzimidazole (5a) because there is efficient shielding of
all the nitrogen functions on that face, as the crystal packing®’]
indicates (Figure 1). Therefore, the reaction cannot start on
(100) except at defect sites. Reaction continues around these
sites until the crystal disintegrates. Prominent defect sites are,
of course, the slopes of the terraces on the (100)-face of 5a
where the functional groups are available (see top and left
side in Figure 1). Thus, the slope of the 6+2 nm terrace in
Figure 2 a was the principal site of reaction in this experiment.
The reaction continued from the initial starting points to
produce the islands visible in Figure 2b. It is highly gratifying

Figure 1. Space-filling stereoscopic view onto the (100)-face of 5a (Pna2,)? showing the shielding of the

functional groups; N atoms are shaded.
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Figure 2. AFM topographies of 5a on the (100)-face at a step site: a) fresh surface, b) same site after application of CICN (3 mL, 20 %), which shows the

development of the features at the slope sites.

to see that it is the crystal packing that determines the
reactivity which manifests itself in the long-range molecular
movements. Even the smaller islands were initiated at defect
sites on the surface (Figure 2a).

The reaction of BrCN gas with the (001)-face of crystals of 9
started with the formation of shallow craters and terraces
(Figure 3b). The next step was the formation of nearly square
or rectangular depressions that resemble the basins of
swimming pools (Figure 3¢,d) prior to crystal disintegration.
The edges of the basins lie at +45° with respect to the long
crystal axis [100]. This correlates nicely with the crystal
packing®! (Figure 4; see p.2472): half of the steeply (73°)
inclined molecules are at the +45° diagonal across the face
and the other half are at the —45° diagonal. Clearly, the
product molecules 10 move and align themselves along these
two directions of preference during phase transformation
(stage 2) in an epitaxial manner. The depth of the rectangular
basins reaches 120 nm, while the depth of the initial square
depression in Figure 3c is only 11 nm. The initial reaction
stage (phase rebuilding; Figure 3b) produces terraces 2-—
2.5 nm high along with isolated craters 0.6 or 1.2 nm deep,
as is expected for a hindered double-layer reaction with two
lateral directions of preference. In fact, the functional groups
of the double layers point inwards and are well shielded by the
benzene rings.

Even the multistep reaction of BrCN with the (100)-face of
12 a gave very distinct AFM features. Initially the reaction was
hindered: the reaction sites were double-layer steps of 1.5 nm
in height and these changed position and height (1.0-1.8 nm)
with respect to the fresh surface (Figure Sa; see p.2472).
Upon continuation of the reaction there were still molecular
steps, and isolated upright cones with heights of up to 88 nm
grew on that face (Figure 5Sb). The number and volume of the
island volcanoes increased and some craters (15 of them, 30—
60 nm deep) formed (Figure 5c). Later on in the reaction the
cones grew together and reached heights of up to 250 nm prior
to the phase transformation step, which produced wide
rhombic (66°) basins. The horizontal edges of these basins
are parallel to the long crystal axis of 12a (Figure 5d). The

2470
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correlation with the crystal structure is striking: the packing?”]
of 12a on (100) is shown in Figure 6 (see p.2473). The
molecules are inclined at an angle of 71° on that face in four
orientations and form double layers. All multiply H-bonded
functional groups lie inside the double layer and are shielded
against attack by BrCN, in a similar manner to that in 9 or in
a- and B-cinnamic acid.”* %! As the functional groups of 12a
are only available at the slopes of the terraces, that is more or
less from the single double-layer (010)- and (001)-faces, it is
easily understood that we see an initial layer mechanism
followed by the formation of islands around nucleation points
with long-range molecular transport above the initial surface
through several double layers. At increased local defect
concentration the reaction proceeds, leaving some craters,
while still in the phase rebuilding stage. The interlocking does
impede lateral movements. Thus, even the sudden phase
transformation to give the rhombic basins of Figure 5d is
evidently epitaxial in nature; the horizontal edges are parallel
to the long crystal axis. The angle of 66°/114° is not available
on (100) of 12a. However, the very complicated intramolec-
ular rearrangement steps with formation of the salt 13a does
change the product lattice considerably. The layer-by-layer
reaction occurs in a dissimilar manner to the reaction of 9 at
the beginning, but in a similar manner at the end. Again, upon
further reaction after the phase transformation the crystal
disintegrates and thus forms a fresh surface. It is highly
gratifying that even in a very complicated series of chemical
reactions a straightforward correlation with the packing in the
crystal is still present.

Discussion

None of the gas—solid reactions described here (except the
reaction of 7 to give 8 where some surface passivation—
probably impeding step 3, crystal disintegration—required
ball-milling) required grinding or other pretreatment of the
dry crystals, and all of them gave 100 % yield. They are greatly
superior to liquid-state reactions which do not give a
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Figure 3. AFM topographies on the (001)-face of 9: a) fresh surface, b) after the first, c) after the second, d) after the sixth treatment with BrCN gas. The scan
direction from left to right was at 5—10° to the long crystal axis; the Z scale is a) 10 nm, b) 10 nm, c¢) 30 nm, and d) 100 nm.

quantitative yield and require costly separation techniques in
the workup. If simple salts of alkaline bases or of trimethyl-
amine are also formed as end products, these are simply
removed by washing and no further waste is formed.

The crystal packing of our starting materials is the major
reason for the quantitative syntheses. It permits the undis-
turbed occurrence of the three necessary stages: 1) phase
rebuilding with long-range molecular movements, 2) phase
transformation into the product lattice, and 3) crystal
disintegration to form fresh surfaces.?’! This experimental
mechanism has again been verified by AFM measurements
and correlated with the known crystal structures. A new type

Chem. Eur. J. 1998, 4, No. 12
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of feature was found: rectangular and rhombic depressions
that resemble swimming-pool basins, a term that we use for a
versatile geometric classification. This new type of feature
complements the eight types already known.[??!

Further prerequisites that must be met in 100 % solid-state
syntheses are, of course, thermodynamical feasibility and the
lack of (nano)liquid phases during the reaction.?

If quantitative reactions are desired, then starting materials
should be of sufficient purity. For practical purposes it can be
more profitable to allow some impurities in the starting
material if these do not enforce melting towards the end of
reaction and thus prevent its completion. Such strategies are
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Figure 4. Stereoscopic view of the
crystal packing of 9 onto the (001)-
e e \\; face showing one of the infinite
double layers (thickness: 1.2 nm).
All the molecules are inclined at

4 ]
W 73° and lie at £45° diagonally across
that surface.

frequently successful if the melting points are sufficiently The now facile and quantitative synthesis of cyanamides,
high. They are particularly valuable if the impurities can be cyanates, and thiocyanates increases both the availability of
removed more easily at a later stage of a reaction sequence.* these interesting classes of compounds and their synthetic
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Figure 5. AFM topographies of 12a on the (100)-face. a) Flat surface after application of 0.1 mL BrCN, showing molecular terraces, b) after application of
0.2 mL BrCN, c) after application of 0.4 mL BrCN, and d) phase transformation after application of 1 mL BrCN gas, showing rhombic pool basins of 60—

100 nm depth; the Z scale in d) is 400 nm.
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Figure 6. Stereoscopic view of the crystal packing of 12a (P2,/c)?"! onto the (100)-face showing one
double layer with the 3D network of hydrogen bonds (dashed) between the functional groups. These
groups are shielded by the phenyl groups which penetrate the face at angles of 71° in two directions; the

(001)-face lies on the top of the model, while (010) is to the right.

value for all kinds of practical applications in an environ-
mentally benign way that cannot be attained by any other
technique. As in principle no obstacles oppose the scaling up
of our reactions,’” they are of interest for production and
education.

Experimental Section

The product yields were detected by the weight increase measured after
evaporation of the excess gas in a high vacuum. The purity of commercial or
freshly synthesized anilines, phenols, thiols, hydrazides, and benzimidazoles
was checked by their melting points, 'H NMR, and thin-layer chromatog-
raphy. Any residual solvents in the starting materials were removed by an
appropriate drying procedure and water of hydration was removed as much
as possible. The success of solvent removal was controlled by TGA. The
experimental error in the determination of the yields is judged to be £1 %.
The gas/solid 123311 and AFM techniques®® 332l have been described in
detail elsewhere. Surface scraping was avoided? and all AFM images were
stable for at least 10 scans. Single crystals of 5a, 9, and 12a were obtained
from methanol, acetone, and acetone, respectively, by slow evaporation.
The CICN and BrCN gases were applied by syringe from ca. 1 cm distance
to the sample surface. CICN was diluted to about 10% in air, the applied
BrCN concentration was 3.3 mmolL~! in air. After 1 min exposure the gas
was flushed away with air. Aliphatic amines and cyanogen chloride were
taken from lecture bottles (Aldrich); cyanogen bromide was sublimed prior
to use.

Only C=N bands and some other particularly relevant vibrations are given
in the FT-IR data. The NMR spectra were recorded with a Bruker WP 300
spectrometer and the mass spectra with a Finnigan MAT 212 instrument.
Thiolates and phenolates were prepared under inert gas by the dissolution
of equivalent amounts of thiols or phenols with NaOH or KOH in ethanol,
followed by evaporation and drying at 80 °C under vacuum.

General procedure: The crystalline substrate (10.0 mmol: anilines 1, 3, 9
[with 20 mmol N(CHj;);]; benzimidazoles 5 [with 20 mmol N(CHs)s];
hydrazides 12; potassium phthalimide 7 (2.0 mmol, ball-milled); pheno-
lates 15; thiolates 18) was placed in a flask (250 mL) which was filled with
CICN (1 bar, 11.2 mmol) or connected to a vacuum line with a flask
(250 mL) containing BrCN (1.17 g, 11.0 mmol). The mixtures were left
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overnight at room temperature. In all reac-
tions with added N(CH,); gas, a magnetic spin
bar was rotated in the flask. After the reaction
was complete, the slight excess of gas was
recovered in a cold trap at 77 K, the solid
residue was weighed and then liberated from
the salts.

4-Methylphenylcyanamide (2a): Solid p-tol-
uidine (1a) was treated with CICN (or BrCN)
according to the general procedure and the
trimethylammonium chloride (bromide) was
then removed by washing. Yield: 100%
(100%); m.p. 70°C (ref. [4]: m.p. 70-71°C);
IR (KBr): 7=2223cm™! (CEN); 'H NMR
(CDCL): 6=713 (AA'BB, 2H), 692
(BB'AA’, 2H), 6.69 (brs, INH), 2.32 (s, 3H).

4-Methoxyphenylcyanamide (2b): Solid p-
anisidine (1b) was treated with CICN (or
BrCN) and the trimethylammonium chloride
(bromide) was then removed by washing.
Yield: 100% (100%); m.p. 87-88°C
(ref. [5]: m.p. 87-89°C); IR (KBr): 7=
2219 cm™! (C=EN); 'H NMR (CDCL): 6=
6.95 (AA'BB, 2H); 6.84 (BB'AA’, 2H), 3.80
(s, 3H).

4-Chlorophenylcyanamide (2¢): Solid p-
chloroaniline (1¢) was treated with CICN
(or BrCN) and the trimethylammonium chlor-
ide (bromide) was then removed by washing.
Yield: 100% (100%); m.p. 107°C (ref. [34]:
m.p. 108-109°C); IR (KBr): #=2239 cm~! (C=N); '"H NMR (CDCL,): 6 =
702 (AA'BB’, 2H), 6.71 (BB'AA’, 2H).

N-Cyanodiphenylamine (4): Solid diphenylamine (3) was treated with
BrCN and the trimethylammonium bromide was then removed by washing.
Yield: 100%; m.p. 73°C (ref. [2]: m.p. 74°C); IR (KBr): #=2224 cm™!
(C=N); '"H NMR: 6 =723 (m, 6H), 742 (m, 4H).

1-Cyanobenzimidazole (6a): Solid benzimidazole (5a) was treated with
BrCN and the trimethylammonium bromide was then removed by washing.
Yield: 100%; m.p. 104°C (ref. [8]: m.p. 104-105°C); IR(KBr): 7=
2260 cm' (C=N); 'H NMR (CDCL): 6 =8.0 (s, 1H), 7.56 (m, 2H), 7.20
(m, 2H).

1-Cyano-2-methylbenzimidazole (6b): Solid 2-methylbenzimidazole (5b)
was treated with BrCN and the trimethylammonium bromide was then
removed by washing. Yield: 100 %; m.p. 110°C (ref. [9]: m.p. 112°C); IR
(KBr): #=2256 cm™'; '"H NMR (CDCl): 6 =7.70 (m, 1H), 751 (m,1H),
741 (m, 2H), 2.78 (s, 3H).

1-Cyano-5,6-dimethylbenzimidazole (6¢): Solid 5,6-dimethylbenzimida-
zole (5c¢) was treated with BrCN and the trimethylammonium bromide
was then removed by washing. Yield: 100%; m.p. 127°C; IR (KBr): 7=
2249 cm™! (C=N); 'H NMR (CDCly): 6 =8.05 (s, 1H), 7.60 (s, 1H), 7.41 (s,
1H), 241 (s, 3H), 2.39 (s, 3H); HR-MS (CI, isobutane) calcd for
C;oH;(N;+H: 172.0869; found 172,0868.

N-Cyanophthalimide (8): Potassium phthalimide (7, 370 mg, 2.0 mmol) was
ball-milled (30 min, particle size: <1 um) and then treated with gaseous
BrCN (225 mg, 2.1 mmol) for 24 h. KBr was removed by washing and the
residue dried. Yield: 340 mg (99 % ); m.p. 73°C (ref. [10]: m.p. 74°C); IR
(KBr): #=2245cm™' (C=EN); 'H NMR ([D4]DMSO): 6 =8.05-8.00
(AA'BB’); MS (CI, isobutane): m/z =173 [M+1].

2-Aminobenzoxazole (11) and its hydrobromide (10): Solid o-aminophenol
(9) was treated with BrCN to give 100% of the hydrobromide 10; m.p.
132°C (decomp). The salt was washed with 5% Na,COj; solution to afford
11 in pure form. Yield: 100 %; m.p. 127°C (ref. [11]: m.p. 128-129°C); IR
(KBr): no C=N band; 'H NMR (CDCl;): 6 =7.30 (m, 1H), 7.24 (m, 1H),
718 (m, 1H), 7.05 (m, 1H).

2-Amino-5-phenyl-1,3,4-oxadiazole (14 a) and its hydrobromide (13): Solid
benzohydrazide (12a) was treated with BrCN to give 100% of the
hydrobromide 13a; m.p. >300°C. The salt was washed with 5% Na,CO;
solution to afford 14ain pure form. Yield: 100 %; m.p. 243 °C (ref. [12]: m.p.
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246-248°C); 'H NMR (CDCly/[D¢]DMSO): 6 =776 (m, 2H), 741 (m,
3H), 7.04 (s, 2H).

2-Amino-5-(p-tolyl)-1,3,4-oxadiazole (14b): Solid 4-methylbenzohydrazide
(12b) was treated with BrCN to give 100 % of the hydrobromide 13b which
was washed with 5% Na,CO; solution to give 14b. Yield: 100 %; m.p. 277 -
279°C (ref. [13]: m.p. 278 -280°C); '"H NMR (CDCly/[D¢]DMSO): 6 =7.65
(AA'BB’, 2H), 722 (BB’'AA’, 2H), 6.89 (s, 2H), 2.34 (s, 3H).
2-Amino-5-(p-hydroxyphenyl)-1,3,4-oxadiazole (14 ¢): Solid 4-hydroxyben-
zohydrazide (12¢) was treated with BrCN to give 100% of the hydro-
bromide 13¢ which was washed with 5% Na,COj; solution to give 14c.
Yield: 99%; m.p. 273°C (ref. [13]: m.p. 274-276°C); '"H NMR (CDCly/
[D4]DMSO): 6 =7.61 (AA'BB’, 2H), 6.80 (BB’AA’, 2H), 6.08 (s, 2H).
4-Methoxyphenylcyanate (16a): Solid potassium 4-methoxyphenolate
(15a) was treated with CICN (or BrCN) to give a mixture of KCI (KBr)
and 16a; yield: 100 % (100 % ). Pure 16 a was obtained after removal of KCI
(KBr) by washing with water. M.p. 32°C (ref. [15]: m.p. 29-31°C); IR
(KBr): #=2278, 2238 (C=N), 1176 cm~' (C-O-C).
3,4-Dimethoxyphenylcyanate (16b): Solid potassium 3,4-dimethoxypheno-
late (15b) was treated with CICN (or BrCN) to give a mixture of 16b and
KCI (KBr); yield: 100 % (100 %). Pure 16b was obtained after removal of
KCI (KBr) by washing with water. M.p. 60-62°C; IR (KBr): =2273, 2238
(C=N), 1172 cm™! (C-O-C); 'H NMR (CDCl,): 6 =6.88 (m, 2H), 6.80 (s,
1H), 3.79 (s, 6H); °C NMR (CDCl,): 6 =150.13, 147.60, 146.76, 111.37,
109.17, 106.25, 99.88, 56.32, 56.29; HR-MS (CI, isobutane) calcd for
CyHyNO;+H: 180.0643; found 180.0641.

4-Cyanatobenzaldehyde (16c¢): Solid potassium 4-formylphenolate (15¢)
was treated with CICN (or BrCN) to give a mixture of 16¢ and KCI (KBr);
yield: 100% (100 %). The mixture was extracted with dry CH,Cl,, the
solvent evaporated, and the residue dried in a vacuum to give pure 16c¢.
Yield: 98%; m.p. 53°C (ref. [35]: m.p. 54°C); IR (KBr): v=2268, 2153
(C=N), 1214 ecm ™! (C-O-C).

4-Formylphenylurethane (17c¢): A mixture of 16 ¢ and KCI (280 mg) from
the above experiment was stirred for 10 min with water (20 mL). The
mixture was filtered and dried to give 17¢. Yield: 204 mg (99 %); m.p.
227°C; IR (KBr): #=3278 (N—H), 1665, 1605 cm™! (C=0); 'H NMR
(CDCL,): 0=9.60 (s, 1H), 751 (d, 2H), 6.68 (d, 2H); HR-MS calcd for
CgH;NO;: 165.0424; found 165.0426.

2-Nitrophenylcyanate (16d) and 2-nitrophenylurethane (17d): Solid po-
tassium 2-nitrophenolate hemihydrate (15d) was treated with CICN (or
BrCN) to give a mixture of 16d and KCl (KBr) that contained small
quantitities of 17d; IR (KBr): 7 = 2237, 2203 (C=N), 1203 cm~' (C-O-C). If
the mixture was stirred with water for 5 min then 17d was obtained after
filtration and drying. Yield: 99%; m.p. 131-132 (ref. [36]: m.p. 134—
136°C); IR (KBr): #=3351 (N—H), 1703 cm~' (C=0).
Benzoxazole-2-thiocyanate (19a): Solid sodium benzoxazole-2-thiolate
(18a) was treated with CICN (or BrCN). The product was washed with
water and dried to give pure 19a. Yield: 100% (100%); m.p. 73°C
(ref. [16]: m.p. 74—75°C); IR (KBr): #=2176 cm~' (C=N).
Benzothiazole-2-thiocyanate (19b): Solid sodium benzothiazole-2-thiolate
(18b) was treated with CICN (or BrCN). The product was washed with
water and dried to give pure 19b. Yield: 100% (100%); m.p. 84°C
(ref. [17]: m.p. 85-87°C); IR (KBr): #=2167cm~' (C=N); 'H NMR
(CDCL): 0=796 (1H), 7.83 (1H), 7.51 (1H), 741 (1H).
Pyrimidine-2-thiocyanate (19¢): Solid sodium pyrimidine-2-thiolate (18¢)
was treated with CICN (or BrCN). The product was washed with water and
dried to give pure 19¢. Yield: 100% (100%); m.p. 106°C (ref. [18]: m.p.
107-109°C); IR (KBr): #=2173 (C=N); 'H NMR (CDCl,): 6 =8.58 (d,
2H), 7.08 (t, 1H).

Purine-6-thiocyanate (19d): Solid sodium purine-6-thiolate (18d) was
treated with CICN (or BrCN). The product was washed with water and
dried to give pure 19d. Yield: 100% (100%); m.p.>220°C (decomp)
(ref. [19]: m.p. 225-226°C); IR (KBr): 7=2182cm™! (C=N); 'H NMR
(CDCly/[D4]DMSO): 6 =8.82 (s, 1H), 8.48 (s, 1H).
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