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The helical chirality of a conformationally stable macrobicyclic tri- 25-phosphazene is propagated through to its ~ Cs symmetry axis and causes
a measurable stereoinduction in the formation process of a second macrobicyclic tri- A5-phosphazene unit connected to the former one by a
p-phenylene linker.

Molecular propellers are chiral molecules possessing two or shown to possess a propeller geometry (both in solution and
more subunits, which can be considered as “blades”, radiatingin solid state), and the process occurs with total stereo-
from an axis of rotatiol. Bicyclic organic compounds of  selectivity in favor of the formation of the species in which
local C3 symmetry, constructed by linking two tripodal units, both tripodal units, the upper tribenzylamine and the lower
may exhibit this type of chirality.In this regard, we have tert-pentane fragments, present the same sense of twist.
previously reported that the self-assembly of tripodal reac- We have showfthat the sense of twisP(M) of the helical
tants such as tris(3-azidobenzyl)amines and triphosphanesasymmetry of cage®, bearing a single chiral carbon atom
of general formula R,C(CH,PPh); gave intermediate tri-  on one of their arms, is totally controlled by the absolute
phosphazidésvhich under mild heating in solution yielded configuration of the stereogenic center (Figuré This kind
the tri-1>-phosphazened* by the well-known two-step  of control represents one of the scarce examples of center-
Staudinger reactiohThe macrobicycle4 so obtained were  to-propeller chirality transfer reported at the molecular level
(1) Eliel, E. L.; Wilen, S. H.; Mander, L. NStereochemistry of Organic in discrete orggnlc mOI?CUIeS until now. .
Compounds; Wiley: New York, 1994; p 1156. Whereas point chirality has been effectively transferred
(2) (a) Pascal, R. A., Jr.; West, A. P., Jr; Van EngenJDAm. Chem.  to a propeller,® or to an axis, propeller-to-propeller chirality

S0c.1990,112, 6406. (b) L’'Esperance, R. P.; West, A. P., Jr.; Van Engen, ; ;
D. R.; Pascal, R. A., Jd. Am. Chem. S0d991,113, 2672. (c) Dell, S.. transfers are unknown processes in covalent architectures.

Vogelaar, N. J.; Ho, D. M.; Pascal, R. A., Jr Am. Chem. S04.998,120, To the best our knowledge, these kinds of transmission
6421. (d) Chen, Y. T.; Baldridge, K. K.; Ho, D. M.; Pascal, R. A., Jr.
Am. Chem. S0d 999,121, 12082. (e) Dell, S.; Ho, D. M.; Pascal, R. A., (6) (a) Alajarin, M.; Lépez-Leonardo, C.; Vidal, A.; Berna, J.; Steed, J.
Jr.J. Org. Chem1999,64, 5626. W. Angew. Chem2002,114, 1253;Angew. Chem., Int. Ed. Eng2002,

(3) Alajarin, M.; Vidal, A.; Lopez-Leonardo, C.; Berna, J.; Ramirez de 41, 1205. (b) Alajarin, M.; Lépez-Leonardo, C.; Bernd, J.; Sanchez-Andrada,
Arellano, M. C.Tetrahedron Lett1998,39, 7807. P. Tetrahedron Lett2007,48, 3583.

(4) (a) Alajarin, M.; Lopez-Leonardo, C.; Berna Tetrahedron2006, (7) A comparable situation has been found in the tricyclic 2-methyl-1-

62, 6190. (b) Alajarin, M.; Lépez-Leonardo, C.; Berna, J.; Steed, J. W. azonia[4.4.4]propellane cation; see: Mcintosh, J.JMOrg. Chem1982,
Tetrahedron2007,63, 2078. (c) Alajarin, M.; Lopez-Leonardo, C.; Bérna 47, 3777.

J. Tetrahedron2007,63, 4450. (8) For a recent example of point-to-helix chirality transfer in a
(5) (@) Staudinger, H.; Meyer, Helv. Chim. Actal919 2, 635. (b) Cs-symmetric Ti(IV) alkoxide complex, see: Axe, P.; Bull, S. D.; Davidson,

Gololobov, Y. G.; Zhmurova, I. N.; Kasukhin, L Fetrahedronl981,37, M. G.; Gilfillan, C. J.; Jones, M. D.; Robinson, D. E. J. E.; Turner, L. E;

437. (c) Gololobov, Y. G.; Kasukhin, L Fletrahedron1992,48, 1353. Mitchell, W. L. Org. Lett.2007,9, 223.

(d) Johnson, A. WYlides and Imines of Phosphorus; Wiley: New York, (9) Stara, I. G.; Alexandrova, Z.; Teply, F.; Sehnal, P.; Stary, |.; Saman,

1993; p 403. D.; Budesinsky, M.; Cvacka, Drg. Lett.2005,7, 2547.
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Figure 1. Tri-A5-phosphazenesand2 and schematic view along
their C3 axis, showing both tripods with the same sense of twist.

details). However, no coupling product was obtained from
its reaction with tris(3-azidobenzyl)amines, producing only
irresoluble mixtures of oligomeric products under several
different reaction conditions (e.g., &, 25°C or CHCE,
from 0 °C to reflux, using high dilution techniques). It was
reasoned that the flexibility and the length (4.92%9f the
linker between both triphosphane fragments, ,08H,,
modifies in such extension the suitable conformation of these
tripodal moieties that prevent the formation of any coupling
product. Then, a molecular modeling assisted design of the
expected final product was employed to choose our next
linker candidate: @-phenylene fragment which is certainly
more rigid and a little bit longer (6.03 A than the
CH,OCH, one.

Thus we synthesized the new hexaphosploang:,o’ o ,o'-
hexakis(diphenylphosphinomethyd}xylene (3), taking as

processes have been reported only in charged chiral com-model the methodology developed by Huttner for the

plexes® where noncovalent diastereoselective interactions
control the stereoselective formation of the asymmetric ion
pairing.

Herein, we disclose our studies on propeller-to-propeller
chirality induction using tri-#*-phosphazenes such asas

synthesis of tris(hydroxymethyl) compounid3.he alkylation
of the tetraesterd'* with benzyl chloromethyl ethéf,
previously generating the corresponding dianion, gave
compound5 (Scheme 1). The reduction &fwith lithium

helical units. In particular, we wondered if the helical _

chirality of one of these macrobicycles can cause some effect
in the helical sense of a second triphosphazene unit separated

from the first one by an appropriate spaéer.

To carry out this study, a double and sequential tripod
tripod coupling strategy was designed by using a hexafunc-
tional bis(tripod) to give in the first instance a macrobicycle
capable of undergoing a second coupling with another
reactant molecule and yielding a bis(macrobicyclic) com-
pound (Figure 2).

Figure 2. Sequential tripod—tripod coupling strategy.

In an initial attempt, this strategy was tested with the
hexaphosphane [(FRCH,)sCCH,],O which was prepared
by standard procedures from the commercially available
dipentaerythritol (see Supporting Information for preparation

Scheme 1. Preparation of HexaphosphaBe
Ph
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aluminum hydride followed by palladium-catalyzed hydro-
genolysis produced sequentially the poly@End7. Reaction

(10) Lacour, J.; Frantz, ROrg. Biomol. Chem2005, 3, 15.

(11) For other examples of two linked helical subunits, see: (a) Okubo,
H.; Yamaguchi, M.; Kabuto, CJ. Org. Chem1998,63, 9500. (b) Yagi,
S.; Yamada, R.; Takagishi, T.; Sakai, N.; Takahashi, H.; Mizutani, T.;
Kitagawa, S.; Ogoshi, HChem. Commun1999, 911. (c) Kwit, M,;
Rychlewska, U.; Gawronski, New J. Chem2002, 26, 1714. (d) Nakano,
D.; Hirano, R.; Yamaguchi, M.; Kabuto, .etrahedron Lett2003, 44,
3683. (e) Hamakubo, K.; Yagi, S.; Nakazumi, H.; Mizutani, T.; Kitagawa,
S. Tetrahedron2006,62, 3619.
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(12) Distance between the two connected quaternary carbons, as
calculated from the corresponding fragments generated by Chem3D Ultra
8.0.

(13) Muth, A.; Asam, A.; Huttner, G.; Barth, A.; Zsolnai, Chem. Ber.
1994,127, 305.

(14) zvilichovsky, G.; David, MJ. Org. Chem1982,47, 295.

(15) Connor, D. S.; Klein, G. W.; Taylor, G. N.; Boeckman, R. K., Jr.;
Medwid, J. B.Organic Synthese®Viley & Sons: New York, 1988; Collect.

Vol. VI, p 101.
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of 7 with thionyl chloride gave the hexachlorid which At this point, the next step was to build a second
was treated with diphenylphosphane in the presence ofmacrobicycle over the triphosphane fragmentbfn order
potassiumtert-butoxide to yield finally the hexaphosphane to elucidate if the axial chirality of the first one is able to

3. stereocontrol to some extent the formation of the new
The stoichiometric reaction of tris(5-azido-2-bromo- bis(propeller).
benzyl)amine (9% and the hexaphospharg led to the Not surprisingly, when the reaction dfl with 9 was

tripod—tripod coupling product, the triphosphazitie(Scheme  assayed under standard conditions (diethyl ether at room
2) in 62% yield. Remarkably, no other byproducts as the temperature), the unchanged starting materials were recov-
ered. Again, the®-phenyl groups of the tii>-phosphazene
backbone seem make the tripetdipod coupling difficult.
Scheme 2. Preparation of Tri-}-phosphazené1 However, when the reaction was performed in hot toluene,
Br we obtained a material which analyzed correctly for the
expected hexa2iphosphazend 2% along with other un-
known oligomeric byproducts which were removed by
column chromatography. This coupling process was opti-
mized by controlled heating at &€ and employing high
dilution conditions to obtairi2 in 22% yield (Scheme 3).

Br
N 3 Et,0,25°C, 3 h
_—
62% yield

Scheme 3. Synthesis of Hexa%phosphazené2
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putative hexaphosphazide were formed during this reaction.
When we carried out a similar experiment with 2 equiv of
9, again triphosphazid#0 was exclusively formed. >

In order to explain why no double coupling product was (P.P,P.P)
obtained in these experiments, we reasoned that the confor- A meso
mation of the triphosphane moiety itD, optimal for the
coupling with a second unit dJ, was underpopulated due S &
to the steric perturbation caused by the close pseudoaxial & =
P-phenyl groups of its macrobicyclic fragment. Moreover, (P.P.MM) (M.M.PP) a Br
the low solubility of the macrobicycld0 in the reaction B d/pair 12A +12B (3:2)
medium (E$O) facilitates its isolation in pure form.

The 3P NMR spectrum ofL0 shows two signals, one at
0 4.43, as a broad singleng;, = 714 Hz), and a sharp
singlet atd —28.88. The first one corresponds to the three
equivalent phosphorus atoms of the intracyclic triphosphazide .
moieties, broadened by the equilibration between tRéir
forms342 whereas the second is due to the triphosphane.
fragment. These data are in agreement with the existence o

Xi ing through the two bridgeh toms of th
a G, axis passing oug € wo b dge ead atoms o € (16) HexaA5-phosphazenek2A + 12B (diastereomers ratio 1.5:1): yield

bicyclic cage. The propeller-like topology of compouhd 22%: H NMR (CDCls, 300 MHz, 298 K)o 3.09 [d, 3 H,J = 16.3 Hz,
in solution is revealed by the diastereotopicity of the,8H fg@HﬁN g)%S.Nll(b[ﬁ, g ?éJ[cT %6H7JHZ’1 gI;AHHBN ((ﬁh%? g? 336'1'3[ =
P .3 Hz, , 3. ,3H,J=16.7 Hz, a)], 3.64 [qv,
protons that appear at 2.09 and 2.25 in itsH NMR 3H.J= 6.7 Hz, GaHeP (b)]. 3.81 [qV, 3 HJ = 7.8 Hz, CAHoP (a)].
spectrum, as two doublets withgem = 14.5 Hz. The 4.22 [tv, 3 H,J = 15.9 Hz, CHHgP ()], 4.36 [tv, 3 H,J = 16.1 Hz,
; i i i _ CHaHgP (b)], 5.94 [br s, 4 H, €Ha (b)], 6.03 [br s, 4 H, GH4 (a)], 6.86—
tnspho_sphgzsldelo was cleanly con\_/erted |nto_ its corre > 00 [21’ 30 H, H, (a+ b)], 5 05-7'36 [m, 138 H, K (ai b)], 7.40—
sponding triA>-phosphazen#l by heating at 60C in CDCk 7.56 [m, 12 H, Ky (a+ b)]; 3P NMR (CDCb, 121 MHz)d —2.59 [s. (a)],
solution and by stepwise triple extrusion of dinitrogen. The (—FlA-gé)l [S/, % gl)R( I\st’:“jj-ogvllo?sgziél %%4(21\%14%03' &%4%42112& &%fﬂ%?
. . m/z , , , 8), ' )
NMR data of compoundll show unequivocally that it 450" 6, 10), 2419 (M + 5, 10), 2418 (M -+ 4, 8), 663 (36), 399
preserves the helical shape of its precursor (Scheme 2). (46), 383 (80), 307 (100).

The NMR spectra o2 (CDCls, 25 °C) display two sets
of signals revealing the presence of two isomérsadB,
inset of Scheme 3). It¥P NMR spectrum shows only two
well-resolved signals, at2.59 and—1.64 ppm, which are
]Jn the typical range for phosphazeriésn a 3:2 ratio. The
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same proportion holds for the relative integration of some || NG

well-separated signals of it#4H NMR spectrum, which
mainly features two identical splitting patterns in the meth-
ylenic region similar to that observed in the macrobicycles
1. The appearance of this spectrum also proves the equiva-
lence of all arms of each isomer &R and consequently
speaks for the elevated symmetry of these compounds.
Additionally, the protons of thp-phenylene fragment appear
as two singlets, one for each isomerld. It is interesting

to note that their chemical shift®) (= 5.94 and 6.04) are
0.86 and 0.76 ppm upfield relative to the analogous signal
in the hexaphosphang (6 = 6.80), respectively. These
values are consistent with a conformation in solution in which (M,M,M,M) (MM,PP)
six interdigitated pseudoaxid-phenyl groups, three per

macrobicyclic unit, are flanking the-phenylene linker. Also, . e ; , .
their appearance as a sinalet points out that this grou isand 12Bin a perspective view as p_rOJe(_:ted a_lor_lg their respective
pp glet p group IShreefold axes. One of the macrobicyclic moieties of each isomer

freely spinning around the propeller axis which contains the s drawn in green color for showing neatly the helical sense of
four bridgehead atoms of each bis(macrobicycle). both propellers in each structure.

All these NMR data are in agreement with two diastereo-
isomers of12, both with aC; axis, which only differ in the
helical sense of their macrobicyclic moietiesma&soform of two diasterecisomers by means of an unprecedented
12A (S symmetric)t® and ap,L-pair 12B (D3 symmetric) synthetic route based on a double and sequential tripod
(Scheme 3). The similarity between the two sets of signals tripod coupling. The helical chirality transfer from the first
observed in the NMR spectra &2 precluded the unequivo-  produced macrobicycle to the second one results in a
cal configurational assignment of both diastereocisomers. measurable excess of one of the two obtained diastereo-

Figure 3. Molecular modeling structures of diastereoisontezé

The estimated difference in energy betwd@a and12B isomeric bis(macrobicycles). This study has also shown that
is 1.1 kcal mot? in favor of themesoform 12A (Figure 3) the helical sense of one moiety of the heiXgshosphazene
on the basis of mechanical molecular calculati&hghis 12is controlled in some extent by the peripheral chirality of

small energy value is enough to justify the observed its tri-15-phosphazene precursor. Further studies of axial
diastereoisomeric excess during the tripod coupling betweenhelical induction from these kinds of macrobicyclic if-

11 and 9. Variable temperature NMR experiments (¥93  phosphazene moieties to other different structural scaffolds
373 K) of the mixturel2A + 12Bin tolueneds did not show are currently underway in our laboratory.

significant variations of its'H and 3P NMR spectra, in
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