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If suitable molecular units could be advantageously arranged,
what would the resultant properties of their molecular
aggregates be? This sort has inspired molecular engineers
for the past decade.”! The assembly and the related proper-
ties of novel supramolecular aggregates are a hot topic and,
not entirely coincidentally, a great challenge in the field of
molecular chemistry.* ' A full understanding of the driving
forces behind those aggregations is a prerequisite for the
design and construction of molecular arrays. Cyclophanes are
attractive models for understanding weak transannular inter-
actions as well as distinct m--m systems.'''¥ They can also
serve as basic examples for explaining molecular recognition,
chemosensing, molecular electronics, and electrical, mag-
netic, and capsule effects that are introduced by significant
donor-acceptor and electron-transfer processes, or by
through-space effects.'**! Metallacyclophanes have been
synthesized by the coordination-directed self-assembly of
metals and multidentate ligands."*>*?*) These structures are
of particular interest owing to the many and various
advantages inherent to organic cyclophanes: easily accessible
modularity for dimensions and topology,'! and straightfor-
ward incorporation of functions, such as catalytic effects,*3!
luminescence,*” redox-activity,® electron transfer,* and
helicity.?>* The elucidation of the thermodynamics and
kinetics of such metallacyclophane systems would certainly
provide important insights into the evolution and emergence
of delicate supramolecular systems.’”**! To that end, three
important synthetic approaches have been introduced: angu-
lar directional bonding, symmetry interaction, and weak
interaction.!"!

Helical motifs are ubiquitous in nature and have provided
an important impetus for the generation of helical molecules.
Indeed, discrete or polymeric helicates the synthesis of which
is driven by coordination is intriguing, because it enables
various applications, including asymmetric catalysis, chiral
chemistry, nonlinear optical materials, template precursors,
memory devices, biomimetics, DNA, structural biology,
specific ion sensors, and molecular reaction vessels.*>3%34
Helicity can be induced on purpose by means of conforma-
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tional restrictions that are due to the coordination with metal
ions.[**#]

In this context, we employed a self-assembly approach
that incorporates the three methods described above to
construct racemic helical metallacyclophanes, (P,.M)-
[Pd;X4(L"),], by the reaction of K,[PdX,] (X = Cl, Br) with
the Cy-symmetric tridentate ligand L' as a programmed
discrete helical component. A subsequent partial substitution
reaction of (P,M)-[Pd;X¢(L"),] with another Cj-symmetric
tridentate ligand L?, or direct self-assembly of K,[PdX,] with
both L! and L% produced unprecedented conglomerate
crystals forming a ball-joint-type host-guest system, (P)-
[Pd;Xo(L"),]@(M)-[Pd;X(L)(LY)] and (M)-[Pd;Xq(L"),]@
(P)-[Pd;X6(L)L?)] (X=Cl, Br; L'=N,N',N"-tris(2-pyridi-
nylethyl)-1,3,5-benzenetricarboxamide ;! L?>= N,N',N"-tris-
(3-pyridinylpropyl)-1,3,5-benzenetricarboxylate; P =right-
handed helix; M =left-handed helix). The synthesis of this
host—guest system is an effective method for obtaining useful
aggregates. Herein, we present a very effective strategy for
the synthesis of such a system. Its crystal structures, the
driving aggregative force behind it, and the reversible
equilibrium between the aggregate and its dissociated species
in solution are also discussed.

The self-assembly of K,[PdX,] with L' at room temper-
ature produced racemic crystalline products of helical trime-
tallacyclophanes, (P.M)-[Pd;X¢(L"),] (X=Cl: (PM)-1-Cl;
X =Br: (PM)-1-Br). Subsequent reaction of (P,M)-1-X with
L? at 70°C yielded unprecedented conglomerate crystals of
chiral (P)-[Pd;X¢(LY),]@(M)-[Pd;Xs(LY) (L] (X=Cl: (P)-1-
Cl@(M)-2-Cl; X=Br: (P)-1-Br@(M)-2-Br) and its enantio-
meric (M)-[Pd;X4(L"),]@(P)-[Pd;Xs(LY) (L] (X =Cl: (M)-1-
Cl@(P)-2-Cl; X = Br: (M)-1-Br@(P)-2-Br; Scheme 1). At this
temperature, a partial substitution reaction was achieved in
N,N-dimethylformamide (DMF) or dimethyl sulfoxide
(DMSO). A change in the molar ratio of the reactants did
not have a significant effect on product formation in any case.
Direct reaction of K,[PdX,] with both L' and L* in appro-
priate molar ratios produced the same conglomerate crystals,
even at room temperature. However, at room temperature,
the second step of the two-step reaction does not occur, which
indicates that the partial substitution reaction of (P,M)-1-X
with L? requires slightly more vigorous conditions than the
direct reaction. The crystalline solids are soluble in DMSO
and DMF, but are almost insoluble in common organic
solvents such as acetone, chloroform, and tetrahydrofuran.
Recrystallizations of all of the products from DMF or DMSO
yielded the same results irrespective of the co-solvent
(acetone, EtOH, and MeOH), which indicates that all of the
products were thermodynamically stable. The carbonyl
stretching frequencies of (P,M)-1-Cl (1656 cm™) and (P,M)-

Angew. Chem. Int. Ed. 2013, 52, 11779011795


http://dx.doi.org/10.1002/anie.201306674

P)r1-X@M)-2-X  (M)-1-X@(P)-2-X

e)ﬂ, d)

[0 - o .

Scheme 1. Assembly process and solution behavior of ball-joint-type
host-guest system consisting of conglomerate helical metallacyclo-
phanes. Reaction conditions: a) racemic helical metallacyclophane
mixture, (P,M)-1-X (X=Cl, Br), self-assembly in MeOH/DMF. b) con-
glomerate crystals of chiral (P)-1-Cl@ (M)-2-Cl; the (P)-1-Br@ (M)-2-Br
aggregate and the enantiomeric (M)-1-Cl@ (P)-2-Cl; the (M)-1-Br@ (P)-
2-Br aggregate, which was obtained by stirring in DMF at 70°C for 5 h
and addition of EtOH and Me,CO, respectively, to the DMF solution.
c) Direct reaction to obtain conglomerate crystals of chiral (P)-1-

Cl@ (M)-2-Cl; the (P)-1-Br@ (M)-2-Br aggregate and the enantiomeric
(M)-1-Cl@ (P)-2-Cl; the (M)-1-Br@ (P)-2-Br aggregate, which was
obtained by stirring in DMF at 25-70°C for 5 h and addition of EtOH
and Me,CO, respectively, to the DMF solution. d) High temperature or
[D;]DMF. €) Low temperature or [D;]DMF and CDCl,.

1-Br (1656 cm™') showed a single band, whereas those of (P)-
1-Cl@(M)-2-Cl/(M)-1-Cl@(P)-2-C1 (1716, 1652 cm™") and
(P)-1-Br@(M)-2-Br/(M)-1-Br@(P)-2-Br (1722, 1650 cm™)
exhibited two bands; these observations are consistent with
the crystal structures.

X-ray analysis of single crystals of (P,M)-1-Cl and (P,M)-1-
Br indicated that their skeletal structures consist of a Cs-
symmetric trimetallacyclophane with a size of 24 x24 x9 Al
(Figure 1; Supporting Information, Figure S1). In fact, except
for the solvate molecules, the structure of (P,M)-1-Cl is very
similar to that of (P,M)-1-Br. In particular, two tridentate L'
ligands are connected to three PdX, moieties in a
C;-symmetric pinwheel fashion, which results in the forma-
tion of a racemic helical mixture of (P.M)-1-X. The local
geometry around the palladium(II) center is approximately
a typical square-planar arrangement in which the two nitro-
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(P)-1-Br@(M)-2-Br

(M)-1-Br@(P)-2-Br
Figure 1. Top and side views of the crystal structures of (P,M)-1-Br (a)

and its conglomerate crystals, (P)-1-Br@ (M)-2-Br (b, left), and (M)-1-
Br@ (P)-2-Br (b, right).

gen donors and the two chloride anions are arranged in a trans
fashion (N-Pd-N=177.3(2)° for (PM)-1-Cl; N-Pd-N=
177.9(2)° for (P,M)-1-Br). The Pd--Pd distances in the
equilateral triangles are 12.9597(6) A for (P,M)-1-Cl and
13.0024(4) A for (P,M)-1-Br. For the trimetallacyclophanes,
a significant -7 interaction (3.431(3) A for (P.M)-1-Cl;
3.435(3) A for (P.M)-1-Br) exists between the two central and
superimposable phenyl moieties (dihedral angle between the
two phenyl moieties =8.9(2)° for (P.M)-1-Cl; 8.6(2)° for
(PM)-1-Br). Three intramolecular NH--O=C hydrogen
bonds (2.29 A for (PM)-1-Cl; 2.24 A for (P,M)-1-Br) exist
in the solid state. The ab’ca’bc’ layers form along the b axis;
the a, b, and c layers designate P helices, and a’, b', and ¢’
M helices (Supporting Information, Figure S2). Solvate mol-
ecules remain in the vacancies within the unit cell:
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9H,0-3MeOH for (P.M)-1-Cl and 6 H,0-6 MeOH for (P,M)-
1-Br. These methanol and water molecules evaporated at
temperatures of 60-190°C; the skeleton was stable up to
246°C and 273 °C for (P,M)-1-Cl and (P,M)-1-Br, respectively
(Supporting Information, Figure S3).

The conglomerate crystals of chiral (P)-1-Br@(M)-2-Br
and its enantiomeric (M)-1-Br@(P)-2-Br were enantiomeri-
cally pure within the chiral space group, although the mixture
of crystals is racemic (Figure 2). Except for the helicity, the
crystal structures were the same. For (P)-1-Br@(M)-2-Br, the
(P)-1-Br moiety is very similar to the structure of (P)-1-Br
described above. The (M)-2-Br moiety, however, looks like

a molecular bowl owing to the presence of the longer
tridentate ligand L. The Pd--Pd distances in the equilateral
triangles are 12.971(2) A for the (P)-1-Br moiety, and
12.327(1) A for the (M)-2-Br moiety. Both moieties still
exhibit intramolecular m---7 interactions at separations of
3.439(7) A (dihedral angle between the two phenyl moiet-
ies=3.3(4)°) and 3.351(7) A (dihedral angle=20.1(4)°),
respectively. For chiral (P)-1-Br@(M)-2-Br, the two moieties
of (P)-1-Br and (M)-2-Br are aggregated with different P and
M helicities. The formation of a 300-atom aggregate of a size
of 24x24x15 A% can be attributed to one intermolecular
-7t interaction (3.447(7) A; dihedral angle between the two

d1,d3

b1,b2

IIIllll]lllllllll]llllllIllIlIIlllllI'llllllIll]lllllllll]lllll

10.0 9.5 9.0

8.5 8.0 7.5 7.0

Chemical shift / ppm

Figure 2. Partial 'H NMR (500 MHz) spectra of (P)-[Pd;Brs(L"),]@ (M)-[Pd;Bre(L") (L)]/ (M)-[Pd;Bre(L),]@ (P)-[PdsBre(L’) (L2)] at 40°C (a), 25°C (b),
0°C (c), and —30°C (d) in [D;]DMF, and at —30°C (e) in mixture of [D;]DMF and CDCl; (3:1). The '"H NMR spectra reflect the temperature
dependence ((a)-(d)) and solvent dependence (e) of the aggregate. (e) shows a very complex spectrum owing to the presence of seven sets of
ligands, including L' and L? from three species in a mixture of [D,]DMF and CDCl; (3:1). The capital letters and the lower-case letters (designated
by dotted lines) denote the assignments of the aggregates and their dissociated species, respectively. Subscripts 1, 2, 3, and 4 designate the four
ligands of the aggregate (up—bottom: 1, 2, 3, and 4; for the detailed assignments, see the Supporting Information, Figure S4). The 2D COSY
spectrum of (b) and the full spectrum of (e) can be found in the Supporting Information, Figures S5 and S7, respectively.
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phenyl moieties=1.4(2)°), and three intermolecular
NH--O=C hydrogen bonds (2.13 A) between the two differ-
ent helical moieties. Its enantiomer, (M)-1-Br@(P)-2-Br, has
the same structure, except for its helicity. The crystal consists
of abcabc layers. The solvate molecules, 6H,0O-6acetone, are
found in the unit-cell vacancies, and evaporated at 50-190°C.
The skeleton of the aggregate is stable up to 276°C. The
crystal structures and the thermal stability of the (P)-1-
Cl@(M)-2-Cl and (M)-1-Cl@(P)-2-Cl conglomerate crystals
were identified in a similar fashion (Supporting Information,
Figure S3).

Our strategy for the construction of the metallacyclo-
phanes is shown in Figure 1. The question arises as to how
such unique and discrete racemic trimetallacyclophanes,
(PM)-1-X, are so effectively formed. A combination of
a square-planar palladium(II) center and the tridentate
o-pyridyl ligand L' seems to be responsible for the pinwheel
trimetallacyclophane. The length and the conformation of the
tridentate o-pyridyl L' ligand are key tectonic elements for
the self-assembly of the metallacyclophane system, as they
induce a linear coordination to the palladium(II) center.
Besides, the formation of the metallacyclophane system can
be ascribed to the presence of intramolecular mt-- interac-
tions and three intramolecular NH--O=C hydrogen bonds.
Furthermore, the formation of the metallacyclophanes was
not significantly affected by changes in molar ratio, solvents
or concentration; this result is consistent with the thermody-
namic stability of the trimetallacyclophane. The helical motif
can be induced by coordination of the C;-symmetric triden-
tate in pinwheel fashion. We were also intrigued how the
conglomerate crystal of the host—guest aggregate that consists
of ten small components is constructed. It seems that the
aggregate is formed by joint-ball-type interactions between
the m---; interaction and the NH---O=C hydrogen bonds. The
intermolecular - interaction (3.447(7) A, dihedral angle =
1.4(4)°) and hydrogen bonds (NH--O=C =2.13 A; N--O=C =
2.86 A) are very similar to those of graphite!*’ and those of
the cytosine—guanine pair in DNA ! respectively; they also
are similar to the corresponding interactions in (P,M)-1-Cl or
(P,M)-1-Br, which indicates that strong aggregation occurs in
the solid state. Significantly, the combined different helicities
afforded the conglomerate crystals in high yields for the first
time. Furthermore, the combined intermolecular effects lead
to the preferential formation of aggregates irrespective of the
X anions, the molar ratio, concentration, or reaction proce-
dure. The increase in m-electron density on the central phenyl
group that is due to the presence of the amide and ester
moieties can be partially attributed to the formation of strong
aggregates. The present method that uses K,[PdX,], L', and
L? is the only means of constructing the unique conglomerate
ball-joint-type aggregate. The position of the nitrogen donor
and the spacer length of the tridentate ligand are key
requirements for the formation of this structure. Indeed,
none of the reactions of K,[PdX,] with other o-, m-, or p-
tridentate pyridyl ligands afforded analogous results.

To elucidate the behavior of the host-guest aggregates in
solution, the temperature- and solvent-dependent 'H NMR
spectra of a racemic helical mixture of (P)-1-Br@(M)-2-Br/
(M)-1-Br@(P)-2-Br were examined (Figure 2; Supporting
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Information, Figure S4), because (P)-1-Cl@(M)-2-Cl and
(M)-1-Cl@(P)-2-Cl are marginally soluble in organic solvents,
even in DMSO or DMF. The resonances for (P)-1-Br@(M)-2-
Br and (M)-1-Br@(P)-2-Br in [D,]DMF at room temperature
could be assigned based on cross-peaks in the 2D COSY
spectrum (Supporting Information, Figure S5). The '"H NMR
spectra indicated that the aggregates are fully dissociated in
solution at room temperature, although the chemical shifts at
ey, fi, f5, and £, (Figure 2 a) were shifted significantly downfield
by the temperature decrease. These shifts indicated that the
hydrogen bonds and the m--m interactions are, even in
solution, significantly dependent on temperature (Figure 2a-
2d). Therefore, sample cooling induces the dissociated species
to approach each other even in solution. A very significant
feature is the strong solvent dependence exhibited by the
chemical shifts (Figure 2e): The addition of CDCl; to
a [D;]DMF solution (v/v =1:3) at room temperature drasti-
cally changed the chemical shifts and led to peak broadening;
this implies that the aggregate and its dissociated species were
in equilibrium in solution. When the solution temperature
was decreased, the band widths gradually sharpened (Sup-
porting Information, Figure S6). Figure2e and Figure S7
show the 'HNMR spectrum in a CDCly/[D;]DMF (1:3)
solution at —30°C; the resonances were assigned based on
cross-peaks in the 2D COSY spectrum (Supporting Informa-
tion, Figure S8). From this data, a strong dependence of the
equilibrium, not on temperature but rather on solvent can be
deduced. The host-guest aggregate exists as a mixture of the
aggregate (P)-1-Br@(M)-2-Br/(M)-1-Br@(P)-2-Br and its
dissociated species in a ratio of approximately 1:2. A very
complex spectrum with seven sets of aromatic signals from the
L' and L* moieties of the aggregate (A, A,, As, A, etc.) and
its dissociated species (a;, as, a4, etc.) is thus obtained. The
ratio of the aggregate and the dissociated species should
increase as the ratio of CDCL/[D,]DMF increases, because
the delicate equilibrium is highly sensitive to the solvation
energy. However, in the present system, the CDCl,/[D;]DMF
(1:3) solution is a solubility limitation; as expected, evapo-
ration of the CDCI; solvent from the CDCly/[D;]DMF
solution effected a reversion to the spectrum originally
recorded in [D;]DMF.

The UV/Vis absorption spectra of (P,M)-1-Cl (394 nm)
and (P)-1-Cl@(M)-2-Cl/(M)-1-Cl@(P)-2-Cl (389 nm), and of
(P,M)-1-Br (419 nm) and (P)-1-Br@(M)-2-Br/(M)-1-Br@(P)-
2-Br (414 nm) were measured in DMF (Supporting Informa-
tion, Figure S9). (P)-1-Cl@(M)-2-Cl/(M)-1-Cl@(P)-2-Cl
(389nm) and  (P)-1-Br@(M)-2-Br/(M)-1-Br@(P)-2-Br
(414 nm) exhibited a 5 nm blue-shift relative to (P,M)-1-Cl
(394 nm) and (P,M)-1-Br (419 nm), respectively, which sug-
gests that m--m interactions are more effective in the
aggregates than in the corresponding (P,M)-1-Cl and (P,M)-
1-Br. The difference in wavelength between (P,M)-1-Cl
(394 nm) and (PM)-1-Br (419 nm) might arise from the fact
that the introduction of heavier halogen atoms into metal-
lacyclophane systems narrows the HOMO-LUMO band

[47]
gap.

In conclusion, the reaction of K,[PdX,] with N,N',N"-
tris(2-pyridinylethyl)-1,3,5-benzenetricarboxamide (L') pro-
duces discrete C;-symmetric racemic helical trimetallacyclo-
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phanes, (P,M)-[Pd;X¢(L"),]. Subsequent reaction of (P,M)-
[Pd;X4(L"),] with L? or direct reaction of K,[PdX,] with L'
and L? yields, via one m--m stacking and three NH-+-O=C
hydrogen bonds as well as the combined helicity, a ball-joint-
type aggregate consisting of unprecedented helical metal-
lacyclophanes conglomerate crystals. In solution, the aggre-
gate is in equilibrium with its dissociated species; this
equilibrium is strongly solvent-dependent. This equilibrium
is reminiscent of a “left and right” ball-and-socket-joint
behavior. The remarkable formation of the unprecedented
helical aggregate by coordination to metal ions can enhance
our understanding of aggregation, including the relevant
structural thermodynamics and stability. Further investiga-
tions of this system will help to realize applications of
supramolecular host—guest systems, such as molecule-accom-
modating recognition, DNA binding, electronic transition,
dynamic catalysis, and metal-graphene interactions.

Experimental Section

Preparation of (P,M)-[Pd;Brg(L"),]: A methanol solution (10 mL)
of N,N',N’-tris(2-pyridinylethyl)-1,3,5-benzenetricarboxamide (L';
21 mg, 0.04 mmol) was slowly diffused into a DMF solution (5 mL)
of K,[PdX,] (30mg, 0.06 mmol). Yellow crystals of (P,M)-
[Pd;Brs(L"),]-6H,0-6MeOH formed at the interface, and were
obtained in a 69 % yield (30 mg) after 5 days. m.p.=273°C (dec.);
elemental analysis calcd (% ) for C¢,Hy,BrgN;,O¢Pd;-6 H,0-6 CH;0OH:
C36.97, H4.51, N7.84; found: C37.10, H4.50, N 7.90; '"H NMR
(500 MHz, [D;]DMF): 6 =9.23 (d,J=5.9 Hz, 3H), 9.08 (t,/ = 5.4 Hz,
3H), 8.44 (s, 3H), 8.01 (dd, J=6.0, 7.3 Hz, 3H), 7.67 (d, /=7.3 Hz,
3H),7.53 (dd, J=5.9, 6.0 Hz, 3H), 4.35 (t, J = 7.8 Hz, 6H), 4.10 ppm
(td, J=5.4,7.8 Hz, 6H); *C NMR (125 MHz, [D,]DMF): 8 = 166.53,
162.18, 153.89, 139.40, 135.08, 128.84, 126.31, 123.36, 40.02,
39.91 ppm; IR (KBr pellet): 7#=3484 (br), 3278 (br), 3070 (w), 2931
(W), 1656 (s), 1606 (m), 1548 (s), 1484 (m), 1440 (m), 1286 (m), 1097
(w), 1062 (w), 767 (m) cm ™.

Preparation of (P)-[Pd;Brys(L"),]@(M)-[Pd;Brs(L")(L*)]/(M)-
[Pd;Brg(L"),]@(P)-[Pd;Brg(L")(L?)]; Method1: A DMF solution
(5mL) of (PM)-[Pd;Bry(L'),] (128 mg, 0.06 mmol) and L? (9 mg,
0.015 mmol) was stirred at 70°C for 5h, acetone was then slowly
diffused into this mixture. Yellow crystals of (P)-[Pd;Bry(L"),]@(M)-
[Pd;Br(L')(L2)]-6 H,0-6 Me,CO/(M)-[Pd;Bry(L'),]@(P)-[Pd;Br,-
(L"Y(L*)]-6 H,0-6 Me,CO were obtained in a 64 % yield (80 mg) after
5 days. Method 2: A mixture of L' (16 mg, 0.03 mmol) and L* (9 mg,
0.015 mmol) in DMF (2.5 mL) was slowly added to a DMF solution
(2.5 mL) of K,[PdX,] (30 mg, 0.06 mmol). The solution was stirred at
70°C for 5 h and subsequently cooled to room temperature. Acetone
was then slowly diffused into the DMF solution. Yellow crystals of
(P)-[Pd;Bry(L"),]@(M)-[Pd;Bry(L")(L?)]-6 H,0-6 Me,CO/(M)-[Pd;-
Bry(L"),]@(P)-[Pd;Br,(L")(L?)]-6 H,0-6Me,CO were obtained in
a 72% vyield (90 mg) after S days. m.p.=276°C (dec.); elemental
analysis caled (%) for C,3H;y3Br,N,0,5Pdg6 H,0-6(CH;),CO:
C40.42, H4.11, N7.02; found: C40.30, H4.05, N7.10; '"HNMR
(500 MHz, [D,]DMF): 6 =9.90 (s, 3H), 9.23 (d, /=5.9 Hz, 6 H), 9.07
(br, 6H), 9.01 (d, 7=5.9 Hz, 3H), 8.72 (d, J=4.9 Hz, 3H), 8.61 (s,
3H), 8.54 (s,3H), 8.43 (s,3H), 7.99 (dd, overlapped with solvent, 9 H),
7.67 (d, J=78Hz, 9H), 7.64 (d, J=7.8 Hz, 3H), 7.58 (br, 3H),
7.53(dd, J=5.9,7.8 Hz, 9H), 7.49 (dd, J=5.9,7.8 Hz, 3H), 4.44 (t,/ =
5.9 Hz, 6H), 4.34 (br, 18 H), 4.23 (br, 6 H), 4.09 (br, 12H), 3.10 (t,/ =
5.9 Hz, 6H), 2.35 ppm (br, 6H); *C NMR (150 MHz, [D;]DMF; see
Figure S10 for the spectrum): 6=166.59, 166.00, 164.79, 161.70,
155.43, 153.86, 153.82, 151.55, 148.93, 148.87, 143.86, 139.39, 139.34,
139.25, 139.02, 135.12, 133.83, 131.23, 129.07, 128.86, 127.16, 126.34,
125.33, 123.38, 64.71, 40.82, 40.21, 40.01, 39.90 ppm; IR (KBr pellet):

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

7#=3535 (br), 3351 (br), 3068 (w), 2952 (w), 1722 (m), 1650 (s), 1606
(m), 1540 (s), 1484 (m), 1436 (m), 1290 (m), 1245 (m), 769 (m) cm .

X-ray crystal-structure determination: CCDC 951935 ((P,M)-1-
CI'9H,0-3MeOH), 951936 ((P,M)-1-Br-6H,0-6MeOH), 951937
((P)-1-Cl@(M)-2-Cl), 951938 ((M)-1-Cl@(P)-2-Cl), 951939 ((P)-1-
Br@(M)-2-Br-6H,0-6Me,CO), and 951940 ((M)-1-Br@(P)-2-
Br-6H,0-6Me,CO) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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