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Abstract: Slow diffusion reactions of
the pentaphosphaferrocene [Cp*Fe(n’-
P;)] (Cp*=n>-CsMes (1)) with CuX
(X=dl, Br, I) in different stoichiomet-
ric ratios and solvent mixtures result in
the formation of one- and two-dimen-
sional polymeric compounds 2-6 with
molecular formula [{Cu(p-X)}-
{Cp*Fe(sm’m'm'-Ps)}], (X=CI (2a), I
2¢),  [{Cu(uw-D}Cp*Fe(psn’m'm'-
P}l (3), [{CuX}{Cp*Fe(pun’m'm'm'-
Ps)}], (X=Cl (4a), Br (4b), I (4¢), Br
@b), 1 (40), [{Cus(u-Du(ns-D}-
{Cp*Fe(us’m'm'm'm'-P5)}], (5) and
[{Cuy(n-X)4(CH;CN)}-

The polymeric compounds have been
characterised by single-crystal X-ray
diffraction analyses and, for selected
examples, by magic angle spinning
(MAS) NMR spectroscopy. The solid-
state structures demonstrate the versa-
tile coordination modes of the cyclo-P;
ligand of 1, extending from two to five
coordinating phosphorus atoms in
either 0 or o-and-m fashion. In com-

Keywords: coordination polymers -
MAS NMR spectroscopy - P li-
gands - self-assembly - solid-state
structures - supramolecular chemis-

pounds 2a, 2'c and 3, two phosphorus
atoms of 1 coordinate to copper atoms
in a 1,2 coordination mode (2a, 2'c)
and an unprecedented 1,3 coordination
mode (3) to form one-dimensional
polymers. Compounds 4a-c, 4b, 4'c
and 5 represent two-dimensional coor-
dination polymers. In compounds 4,
three phosphorus atoms coordinate to
copper atoms in a 1,24 coordination
mode, whereas in 5 the cyclo-Ps ligand
binds in an unprecedented 1,2,3,4 coor-
dination mode. The crystal structures
of 6ab display a tilted tube, in which
all P atoms of the cyclo-Ps ligand are

{Cp*Fe(wn’m*m'm'm'm'm'-Ps)}], i
(X=Cl (6a), Br (6b)), respectively.
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coordinated to copper atoms in o- and
rt-bonding modes.

Introduction

The self-organisation of discrete units to form supramolec-
ular aggregates and networks is a fascinating field of con-
temporary chemical research.'! In contrast to other ap-
proaches in this area, we use organometallic E,) and E,S,
ligand® complexes (E=P, As) as connecting moieties be-
tween metal cations instead of the already well-studied N-
and O-donor linkers. We have shown that very different P,
ligand complexes, such as [{CpM(CO),}(un*1*-P,)] M=
Cr, Mo),"¥! [Cp*Mo(CO),(1*-P5)] and [Cp®Fe(n-Ps)] (Cp*:
Cp*=1°-CsMes (1), Cp™=n°-CsMe,Et), can be used as
connecting moieties between late-transition-metal cations to
form extended structures. Reactions of the former complex
with copper(I) and silver(I) cations result in the formation
of infinite-chain or zigzag polymeric structures.”) However,
the cyclo-Ps ring of the pentaphosphaferrocene possesses
multiple coordination possibilities. Thus, its reactions with
Cu' halides result in the formation of either one- or two-di-
mensional polymeric compounds,® which show a 1,2
(type A) and 1,24 (type D) coordination mode. Under spe-
cial reaction conditions, spherical nano-sized aggregates are
formed,” in which all of the P atoms coordinate towards
Lewis acidic Cu centres.

Chem. Eur. J. 2012, 18, 1168-1179



The crystal structures of all compounds obtained so far
were readily determined by single-crystal X-ray structure
analysis because suitable crystals were accessible. Problems
to determine the exact nature of the formed compound may
be encountered in case of rather small or twinned crystals or
when possibly less-defined microcrystalline powders are ob-
tained, though sophisticated powder X-ray diffraction tech-
niques are available.”! Because many of the polymeric prod-
ucts are insoluble in common solvents, neither solution
NMR spectroscopy nor mass spectrometry are viable tools
for further characterization. In contrast, solid-state NMR
spectroscopy provides unique selectivity for the differentia-
tion of chemically distinct sites on the basis of the NMR
chemical shift, thereby revealing (molecular) species present
in a sample, including major products, possible side products
and even polymorphs. Therefore, we performed a systematic
investigation by using solid-state MAS NMR spectroscopy
to identify the coordination pattern of the cyclo-Ps ring based
on its characteristic *P NMR spectrum in the solid state.
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Furthermore, by varying both the solvent mixture and the
stoichiometric ratios we have successfully prepared and
characterised the previously unknown coordination poly-
mers  [{Cu(u-DHCp*Fe(mn’m'm'-Ps)}],  (2'¢c), [{Cu(p-D)}-
{Cp*Fe(us’m'm'-Po)}],  (3), [{CuX}{Cp*Fe(pyn’m'm'm'-
Poll, (X=Br (4b), T (4¢)., [{Cus(u-Da(ps-D}-
{Cp*Fe(us;n’m'm'm'm'-Ps)}], (5) and [{Cu,(u-X),(CH;CN)}-
{Cp*Fe(wm™ ™’ m'm'm'm'm'-Ps)}], (X=Cl (6a), Br (6b)),
which reveal the unprecedented coordination modes B (in
3), E (in 5) and F (in 6a,b) as well as the already observed
coordination types A (in 2'c) and D (in 4b and 4'c). Mode F
was so far only found in spherical and soluble compounds,
not in polymeric structures. In addition, we discuss comple-
mentary structural information of selected new and previ-
ously reported polymeric compounds, such as [{Cu(p-Cl)}-
{Cp*Fe(us’m'm'-Ps)}], (2a), [{CuX}-
{Cp*Fe(uu’m'm'm'-P5)}], (X=Cl (4a),” Br (4b), 1
(40)™) and  [Ag{Cp*Fe(n’:’m'-Ps)} ] [A{OC(CF)s}],
(7). respectively, as derived from detailed solid-state MAS
NMR spectroscopy investigations.

Results and Discussion

Synthesis of the products: Compounds 2-6 are formed by
diffusion reactions of 1 with CuX (X=Cl, Br, I) at room

Chem. Eur. J. 2012, 18, 1168-1179
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temperature depending on the composition of the solvent
mixture (dichloromethane, benzene, toluene or ortho-di-
chlorobenzene combined with acetonitrile) and stoichiomet-
ric ratio of the reactants (Scheme 1). Interestingly, com-
pounds 22a:0.5nC¢Hy and 4b were obtained by using Cu®
halogenides rather than Cu' salts, which reveals that a reduc-
tion occurs, probably combined with an oxidation of the
pentaphosphaferrocene 1. However, no spectroscopic evi-
dence of oxidised P-containing products could be found. A
similar effect was earlier found by using [{CpMo-
(CO).b(wn*mP-P,)] in the reaction with CuX, (X=ClI, Br,
I).Y The isolated crystalline compounds are stable under ni-
trogen and insoluble in common solvents. Thus, products 2—
6 were characterized by single-crystal X-ray diffraction anal-
yses and for selected compounds by solid-state *'P NMR
spectroscopy. It should be noted that compounds marked
with a prime (') reveal a different packing mode of their 1D
or 2D strands in the solid state upon inclusion of solvent
molecules in the crystal lattice.

X-ray crystallographic characterization: The X-ray structure
analyses of compounds 2a-0.5n CH,CL! as well as 4a" 4b
and 4¢ have already been reported by us. The new com-
pounds 2a-0.5n CsHg, 2'c, 3, 4'b, 4'c, 5 and 6a,b have been
characterized by single crystal X-ray diffraction and the
crystallographic details are summarized in Tables 1 and 2.

The coordination of the pentaphosphaferrocene [Cp*Fe-
(n>-P5)] (1) to Cu' halides generally has only marginal influ-
ences on the bond parameters of the starting material.[>*]
Similarly, a slight shortening of the P—P bond lengths is in-
duced by o coordination of the cyclo-P;s ligand to the copper
atoms in coordination polymers 2’c, 3, 4b, 4'c and 5. Howev-
er, additional m coordination of the cyclo-Ps ligand to
copper centres in 6ab results in a small elongation of the
respective P—P bond lengths compared to the uncoordinated
complex [Cp*Fe(n’-Ps)] (1; av 2.117(4) A).[>*)

Crystal structure of 2'c: Compound 2’c, the first 1D polymer
of 1 containing Cul moieties, crystallizes as brown-black
needles in the orthorhombic space group Pna2,. A section
of the 1D polymeric structure of 2'c is depicted in Figure 1.
The infinite chain structure consists of Cu,l, four-membered
rings, which are coordinated by pentaphosphaferrocene mol-
ecules 1. The 1,2 coordination of the cyclo-Ps ligands to the
Cu centres lead to a structural motif of alternating Cu,l,
four-membered and Cu,P, six-membered rings, which are
tilted by 75.67(2)° towards each other. In compound 2'c,
complexes 1 have the same orientation on each side of the
plane spanned by the Cu,l, rings, whereas in polymer 2a
complexes 1 are oriented alternately. Nevertheless, in the
crystal lattice of both polymers 2a and 2'c, complexes 1
stack with intermolecular Cp*--Ps contacts around 3.5 A.[%)

Crystal structure of 3: Brown compound 3 crystallises in the
acentric tetragonal space group P4,2,2. A section of the 1D
polymeric structure of 3 is shown in Figure 2. Cu,l, four-
membered rings are connected by the pentaphosphaferro-
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Scheme 1. The syntheses of 2-6 were carried out by diffusion experiments at RT. a) CuCl/[Cp*Fe(n’*-Ps)] 1:1,
CH,Cl,/CH;CN®! or benzene/CH;CN (2a, in the latter case CuCl, was used); Cul/[Cp*Fe(n*-Ps)] 2:1, THF/
CH,CN (2¢); b) Cul/[Cp*Fe(n’-Ps)] 2:1, o-dichlorobenzene/CH;CN in the presence of [CoCp,];
c¢) CuCl/[Cp*Fe(n’-Ps)] 2:1, toluene/CH;CN (4a); CuX/[Cp*Fe(’-Ps)] 1:1 (X=Br, I), CH,Cl,/CH;CN (4b.c);
CuX/[Cp*Fe(n*-Ps)] 1:1 (X=Br, I), benzene/CH;CN (4'b,¢c; for 4b CuBr, was used); d) Cul/[Cp*Fe(n*-Ps)]
4:1, o-dichlorobenzene/CH;CN (5); e) CuX/[Cp*Fe(n’-Ps)] 4:1 (X=Cl, Br), o-dichlorobenzene/CH;CN (6a,b).
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Figure 1. Section of the 1D polymeric structure of 2’c. Hydrogen atoms are omitted for clarity. Selected bond
lengths [A]: P1-P2 2.103(2), P1-P5 2.1150(19), P2—P3 2.116(2), P3—P4 2.109(2), P4—P5 2.1079(19), P6—P7
2.1168(19), P6—P10 2.111(2), P7-P8 2.1066(19), P8§—P9 2.117(2), P9—P10 2.113(2), Cul—P1 2.2913(15), Cul—P7’
2.2756(15), Cu2—P6 2.2923(16), Cu2—P5 2.2865(16), Cul—I1 2.6481(8), Cul—I2 2.6295(8), Cu2—I1 2.6425(8),
Cu2-12 2.6525(8).
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cene molecules in an unprecedented 1,3 coordination mode
in contrast to compounds 2, which displays a 1,2 linking
mode. In this way, 12-membered Cu,l,P4 rings are formed.
The Cu,l, rings are essentially planar and parallel to each
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other. In 3, the opposing com-
plexes 1 have reverse orienta-
tion, whereas the neighbouring
complexes are twisted by
65.05(8)°. Remarkably, the 1D
polymeric chains of 3 in the
crystal lattice are separated by
ortho-dichlorobenzene = mole-
cules each stacking between
two Cp* ligands of neighbour-
ing strands."”

Crystal structure of 4'b and 4'c:
Compounds 4'b and 4'c crystal-
lize as brown plates in the tet-
ragonal space group P42.c. A
section of the 2D polymeric
crystal structure is depicted in
Figure 3. The cyclo-Ps ligands
of the pentaphosphaferrocene
complexes 1 are connected by
Cu! ions in a 1,2,4 coordination
mode. This leads to an undulat-
ing 2D sheet structure with al-
ternating Cu,P, six-membered
rings and Cu,P;, cycles, which is
isostuctural to 4a—-c. However,
in contrast to the parallel ar-
rangement of the layers in com-
pounds 4a—c, the orientation of
the layers in 4b and 4'c induce
the formation of voids just big
enough to host a benzene mole-
cule (Figure 4).1"

Crystal structure of 5: Com-
pound 5 crystallizes as orange
plates in the monoclinic space
group P2,/c. The X-ray struc-
ture analysis reveals a 2D poly-
meric  structure  (Figure 5),
which consists of pentaphospha-
ferrocene molecules 1 linked by
Cugls units. Each bridging Cugl;
unit contains an inversion
centre and consists of two six-
membered Cusl; rings, which
are connected by two compara-
bly long Cu-1 bonds
(2.832(3) A) to form a central
four-membered Cu,l, ring. The
cyclo-Ps ligands of complexes 1
coordinate to the Cugl, units

through four of their five P atoms. The resulting 1,2,3,4 coor-
dination mode is unprecedented among pentaphosphaferro-
cene coordination polymers, and facilitates the formation of
a 2D sheet structure in which single layers are separated by

Chem. Eur. J. 2012, 18, 1168-1179
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2a.0.5n CiH, 2'¢:0.5n THF 3.0.5n C¢H,Cl, 4'b-0.25n C¢Hy
formula C,H;4Cl,Cu,Fe,P, C,,H33Cu,OFe, 1P, C,H;,Cl,Cu,Fe,L,P,, C,,5sH;6sBrCuFeP;
M, 967.95 1144.85 1219.71 508.90
crystal size [mm] 0.46x0.31x0.16 0.24x0.09 x0.03 0.27x0.02 x0.01 0.54x0.43x0.16
T [K] 123(1) 150(2) 94(2) 123(1)
space group orthorhombic orthorhombic tetragonal tetragonal
crystal system Pnma Pna?2, P4.2.2 PA2,c
a [A] 13.7365(3) 13.8066(1) 16.4846(2) 11.9920(2)
b [A] 31.0655(8) 16.7490(2) 16.4846(2) 11.9920(2)
c[A] 17.2262(4) 16.4418(1) 29.1575(7) 23.9465(6)
a[°] 90 90 90 90
BI°] 90 90 90 90
v [°] 90 90 90 90
V[A%] 7351.0(3) 3802.11(6) 7923.3(2) 3443.70(12)
V4 8 4 8 8
Peatea [gem™] 1.749 2.000 2.045 1.963
u [mm™] 2.516 24.158 24.432 4.847
O range [°] 2.70-29.16 3.77-63.02 3.08-66.73 2.94-29.33
data 8845 6057 6841 3761
restraints 0 1 12 0
parameters 402 381 410 180
unique reflns 7>20(R;,) 6100 (0.0269) 5710 (0.0595) 4798 (0.0455) 3524 (0.0212)
GOF on F* 0.865 0.998 0.907 0.987
R\/WR, (I>20(1)) 0.0249, 0.0269, 0.0441, 0.0179,
0.0483 0.0648 0.0898 0.0392
R\/WR, (all data) 0.0435, 0.0287, 0.0708, 0.0200,
0.0503 0.0652 0.0966 0.0394
largest diff. [e A= 0.584/—-0.338 1.209/-0.786 1.446/—-1.031 0.416/-0.434
Table 2. Crystallographic data of compounds 4'c, 5, 6a and 6b.
4'¢c-0.25n CH, 5.n CsH,Cl, 6a-0.5n CgH,Cl, 6b-0.5n C,H,Cl,
formula C,, sH,45CuFelP; C5,H34Cl,CugFe,I P, Ci64H2 6Cl, sCuFeN,Ps C,;H,;Br1,CICu,FeN,P;
M, 555.90 2128.46 882.78 1075.32
crystal size [mm] 0.09x0.07 x0.05 0.13x0.10x0.01 0.28x0.04x0.02 0.21x0.03x0.01
T [K] 123(1) 123(2) 123(2) 123(2)
space group tetragonal monoclinic triclinic triclinic
crystal system PA2,c P2,/c Pl Pl
a[A] 12.1266(1) 14.4792(3) 11.487(1) 11.7422(6)
b [A] 12.1266(1) 12.4370(2) 11.7177(7) 11.9598(6)
c[A] 24.1882(4) 16.0120(4) 12.3200(9) 12.6192(9)
a [°] 90 90 116.751(7) 117.329(6)
£ 1°] 90 104.873(2) 90.766(7) 92.801(5)
y [°] 90 90 95.423(7) 94.842(4)
VA 3556.98(7) 2786.81(10) 1471.3(2) 1561.1(2)
V4 8 2 2 2
Peatca [gEm ] 2.076 2.537 1.993 2.131
u [mm™] 25.778 37.296 13.738 15.131
O range [°] 3.65-66.55 3.16-51.57 3.87-51.68 3.80-51.90
data 3042 3026 3199 3436
restraints 0 12 0 0
parameters 180 276 297 278
unique reflections I>20(R;,) 2948 (0.0319) 1884 (0.0800) 1768 (0.0493) 2375 (0.0542)
GOF on F? 1.046 0.959 0.944 0.950
Ri/wR, (I>20(1)) 0.0189, 0.0647, 0.0490, 0.0454,
0.0435 0.1578 0.1134 0.0967
R,/WR, (all data) 0.0203, 0.0938, 0.0933, 0.0682,
0.0442 0.1667 0.1254 0.1072
largest diff. [e A~ 0.597/-0.364 3.093/-2.254 1.150/—0.685 1.147/-0.616

ortho-dichlorobenzene molecules arranged between the Cp*

ligands of neighbouring layers.'"!

Crystal structure of 6a and 6b: Compounds 6a and 6b are
isostructural and crystallize as red needles in the triclinic

Chem. Eur. J. 2012, 18, 1168-1179
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space group P1. Figure 6 shows a section of the 1D polymer-

ic structure of 6. The tilted tube-like structures of 6ab are
built up from two cyclo-Ps ligands from 1, which are coordi-
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nated to each other via two copper atoms. The resulting six-
membered Cu,P, ring (P1, P5, Cu2) contains an inversion
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Figure 2. Section of the 1D polymeric structure of 3. Hydrogen and
carbon atoms are omitted for clarity. Selected bond lengths [A]: P1—P2
2.110(4), P1-P5 2.113(4), P2-P3 2.106(4), P3—P4 2.112(4), P4-P5
2.126(4), P6—P7 2.095(4), P6—P10 2.123(4), P7-P8 2.100(4), P8—P9

2.109(4), P9-P10 2.118(4), Cul—P8 2.263(3), Cu2—P3 2.257(3), Cu3—P1
2.252(3), Cu3—P6 2.260(3), Cul—T1 2.6496(13), Cu2—I1 2.6352(13), Cu3—
12 2.6588(15), Cu3—I3 2.6415(15).

Figure 3. Section of the 2D polymeric structure of 4 (X=Br (4b), I
(4c)). Hydrogen atoms are omitted for clarity. Selected bond lengths [A]
for 4b: P1-P2 2.1098(8), P1-P5 2.1160(9), P2—P3 2.1067(9), P3—P4
2.1112(9), P4-P5S 2.1139(9), Cul—P1 2.2850(6), Cul—P2 2.2830(6), Cul—
P4 2.3462(7), Cul—Brl 2.3617(4); and for 4'c: P1-P2 2.1066(12), P1-P5
2.1056(13), P2-P3 2.1136(12), P3-P4 2.1092(13), P4-P5 2.1064(12), Cul—
P1 2.2795(10), Cul—P2 2.2847(10), Cul—P4 2.3366(11), Cul-T1 2.5461(5).

centre and is entirely planar. The Ps-Cu,-P;s unit itself is also
almost planar (the torsion angles are 175.905(7) and
160.121(8)°, respectively). These central Ps-Cu,-Ps units are
connected to each other by Cu,P, six-membered rings (P2,
P3, Cu3), which display a chair-like conformation (Figure 7).
The phosphorus- and copper-containing polymeric backbone
is coordinated by different copper halide fragments, so that
three- to seven-membered rings are formed. The cyclo-Ps
ligand of 1 shows a rather unusual coordination mode. All P
atoms of the ring are coordinated to Cu' centres in different
fashions; P1, P2, P3 and P5 coordinate in an ' mode to Cu
atoms and additionally the P4-P5 edge coordinates to Cu4
in an ? mode. The latter coordination mode induces a slight
elongation of the P4—P5 bond lengths (6a: 2.154(4) A, 6b:
2.162(3) A) compared to the uncoordinated complex 1 (av.

1172 — www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. Comparison of the packing modes in compounds 4; view along
the crystallographic a axis, H atoms are omitted for clarity. The different
arrangement of the undulating layers in polymers 4'b,¢ (right) compared
with 4a,b,c (left) results in voids just big enough to host a benzene mole-
cule.

Figure 5. Section of the 2D polymeric structure of 5. Cp* ligands are
omitted for clarity. Selected bond lengths [A]: P1-P2 2.099(7), P2—P3
2.100(7), P3-P4 2.105(7), P4-P5 2.117(7), P5-P1 2.099(7), Cul-II
2.609(3), Cul-I1" 2.832(3), Cul—I2 2.576(3), Cu2—-12 2.531(3), Cu2—-I3
2.548(3), Cu3—I1 2.680(3), Cu3—I3 2.571(3), Cul—P1 2.256(6), Cu2—P3
2.234(6), Cu3—P2 2.260(6), Cu3—P5 2.275(6).

Figure 6. Section of the 1D polymeric structure of 6 (X=Cl (6a), Br
(6b)). Cp* ligands are omitted for clarity.

Chem. Eur. J. 2012, 18, 1168-1179
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Figure 7. Section of the polymeric backbone of 6 (X=Cl (6a), Br (6b)).
Selected bond lengths [A] for 6a: P1-P2 2.120(4), P1-P5 2.107(4), P2—
P3 2.115(4), P3—P4 2.130(4), P4—P5 2.154(4), Cul—P2 2.253(3), Cu2—P1
2.254(3), Cu2—P5 2.301(3), Cu3—P2 2.506(3), Cu3—P3 2.242(3), Cud—P4
2.327(3), Cud—P5 2.466(3), Cu—Cl 2.247(3)-2.425(3); and for 6b: P1-P2
2.119(3), P1--5 2.102(2), P2-P3 2.118(3), P3-P4 2.139(3), P4-P5
2.162(3), Cul—P2 2.245(2), Cu2-P1 2.269(2), Cu2—P5 2.300(2), Cu3—P2
2.500(2), Cu3—P3 2.255(2), Cud—P4 2.335(2), Cud—PS 2.484(2), Cu-Br
2.3645(14)-2.5328(13).

2.117(4) A).® The m coordination to Cu3 and Cu4 pro-
ceeds with comparably long Cu—P bond lengths. The Cu3—
P2 bonds (6a: 2.506(3) A, 6b: 2.500(2) A) are the longest
representatives. All copper atoms are coordinated by either
three, four or five ligands. Similarly to compound 3, ortho-
dichlorobenzene molecules separate the polymeric chains of
6a,b in the crystal lattice by forming stacks with two Cp* li-
gands of neighbouring strands.'”! The tubular structure of 6
with an all-P coordination to Cu is unprecedented in com-
parison to the kinetically controlled formation of spherical
molecules observed to date, and represents an alternative
route to tubular 1D polymers instead of the flat polymers
found to date as the thermodynamic products with a maxi-
mum of coordination of 2, 3 or 4 P atoms of the cyclo-Ps
ring.

3P MAS NMR spectroscopic characterization: Because the
insufficient solubility of coordination polymers 2-6 pre-
cludes their characterization by solution-state NMR spec-
troscopy, high-resolution one- and two-dimensional *'P
solid-state NMR spectroscopic techniques have been applied
for their structural analysis. As previously documented for
other phosphorus-cluster-based compounds and poly-
mers,'** the obtained spectra not only resolve all chemical-
ly and/or crystallographically inequivalent phosphorus envi-
ronments but also reveal peak splitting caused by both
homo- and heteronuclear indirect dipolar interactions, such
as *'PYP or *'P®%Cu scalar couplings. Peak assignments
have been made based on intensity arguments and on the
basis of cross-peaks observed in two-dimensional total-
through-bond homonuclear correlation spectra, which can
discriminate through-bond connectivity from mere spatial
proximity. Indeed, the applied mixing times of the particu-
larly robust and versatile R-TOBSY sequencel'!l were
chosen sufficiently short to ensure rather selective detection
of coherences caused by one-bond (1J) scalar spin-spin inter-
actions. Tables 3 and 4 summarize all relevant interaction
parameters, including *'P chemical shifts and scalar coupling
constants 'J(*'P*'P) and 'J('P,**%Cu), which were extracted
from lineshape simulations by using the DMFit software.['”]
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Table 3. Solid-state NMR interaction parameters of compound 2a.
(Jis(\:tlo) [HZ]

Sites 6iso [ppm]

A P4 166.3 J(A,C)=388, J(A,C') =440
B P1, P2 113.9 J(B,C)=380; J(B,B") =353, J(B,Cu) ~ 466
P1, P2 121.9 J(B’,C')=403; J(B,B") =353, J(B',Cu) =467
C P3, P5 103.8 J(C,A)=388; J(C,B) =403
P3, P5 105.9 J(C',A)=440, J(C,B) =403

Table 4. Solid-state NMR interaction parameters of compounds 4a—c.

4a site O [ppm] (o :15) [He]

A P4 136.2 (A,E) =482, J(A,C) =501, J(P,Cu) =520
B P3orP5 849 LJ(B,E) =465, J(B,D) =522

C P50rP3 759 1J(C,D) =470, J(C,E) =529

D PlorP2 1060 LJ(B,D) =530, (D,E) =450, J(P,Cu) =828
E P2or P1 118.0 1J(C,E) =521, 1J(D,E) =447, l](P,Cu) =823
4b  Site Oio [PPmM]  (Ji0£10) [Hz]

A P4 137.0 1J(A,E) =481, U(A,C) =481, Y(P,Cu) =559
B  P3orP5 808 1J(B,E) =481, \(BD) =537

C P5orP3 736 1J(C,D) =481, Y(C,E) =527

D PlorP2 1045 1J(B,D) =537, J(D,E) =476, U(P,Cu) =783
E P2orPl 1153 1J(C,E)=527, J(D,E) = 476, YJ(P,Cu) = 787
4c Site Oiso [Ppm] (Jio=10) [Hz]

A P3 135.7 1(A,B) =438, J(P,Cu) =545

B P2 75 1J(A,B) =438, J(B,C)=518

C Pl 102.8 1J(C.B)=518; J(P.Cu) =763

Figure 8 shows the *'P MAS NMR spectrum of compound
2a. Three groups of multiplets are visible, corresponding to
the three chemically different types of phosphorus species
present in the cyclo-Ps ring. Based on the spectral intensity,
the signal centred at d=166.3 ppm must be assigned to P4.
The best possible fit includes a slight difference in the 'J
scalar coupling constants to the crystallographically inequi-
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Figure 8. P  MAS NMR spectrum of the compound 2a [CuCl-
{Cp*Fe(un’m'm'-Ps)}].. at 11.7 T (202.49 MHz) and a spinning frequency
of 30 kHz with 10 s relaxation delay, acquiring 4096 scans. The grey curve

represents a spectral simulation based on the parameters listed in
Table 3.
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valent P3 and PS5 sites, which also show a minor difference
in their chemical shifts. Likewise, the two P1 and P2 sites
have a small difference in chemical shift, and their spectrum
forms a poorly resolved envelope broadened by both
JC'P'P) and 'J(*'P,*%Cu) spin-spin couplings, respectively.
The two-dimensional homonuclear correlation spectrum, ob-
tained by using the R-TOBSY method, is shown in Figure 9.

6/ ppm

100

120

140

160 @l @

180

T T T T T
180 160 140 120 100 5/ ppm

Figure 9.25kHz *'P MAS NMR R-TOBSY spectrum of [CuCl-
[Cp*Fe(un’Mm'm'-Ps)}], 2a at 9.4 T (162.09 MHz), measured under the
following experimental conditions: 7,y =0.32ms, 62 #; increments at
steps of 40 ps, relaxation delay 10 s. Ten positive contour levels between
5 and 50% of the maximum peak intensity are plotted. The F, projection
is shown on the top.

From this spectrum it is evident that the multiplet centred at
about 105 ppm must be assigned to P3 and P5 because it is
the only site that reveals cross-peaks with both of the other
P resonances. The overall appearance of this resonance as
a doublet of doublets arises from the 0~ 1 ppm difference in
chemical shifts, which reflects the crystallographic inequiva-
lence of both P3 and P5 and the difference in 'J coupling
constants to P4. Finally, the multiplet centred around 6=
118 ppm is attributed to P1 and P2. The indirect spin-spin
interaction with the four Zeeman states of the *®Cu iso-
topes is only poorly resolved, but together with the moder-
ate chemical shift difference contributes to the overall
breadth of the signal envelope. In addition, further broaden-
ing due to residual heteronuclear *'P,*%Cu dipolar coupling
cannot be excluded, given that the copper atom is located at
the centre of a strongly distorted tetrahedron in which
copper—chlorine interactions produce an exceptionally large
anisotropy and thus impose characteristic lineshapes of
strong second-order quadrupolar perturbations on the corre-
sponding ®Cu MAS NMR spectrum of 2a (data not shown).

Figure 10 displays the one-dimensional spectra of com-
pound 4b. A good fit to the experimental data can be ob-
tained based on five distinct resonances that represent all
crystallographically inequivalent sites in the P5; molecule.
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Figure 10. Experimental (top) and simulated (bottom) *'P MAS NMR
spectrum of [CuBr{Cp*Fe(u,n’m'm'm'-Ps)}], 4b at 11.7 T (202.45 MHz)
and a spinning frequency of 30 kHz with 16 s relaxation delay, acquiring
4096 scans. The superimposed grey curve is a spectral simulation based

on the parameters listed in Table 3, in which the two sites that comprise
the broad signal are highlighted.

Based on the spectral intensity, the signal centred at 6=
136 ppm is assigned to the unique P4 site, at which peak
multiplicity arising from indirect spin—spin coupling to both
the #Cu and ®Cu nuclei and adjacent nuclei P3 and P5 is
only partially resolved. These phosphorus species give rise
to the triplets observed at the lowest ppm values, as evi-
denced by the absence of scalar interactions with copper iso-
topes. Indeed, this peak assignment is corroborated by the
corresponding R-TOBSY spectrum of 4b, which reveals
cross-peaks with all of the other groups of resonances
(Figure 11). This two-dimensional spectrum, however, lacks
spectral resolution to reliably distinguish between the indi-
vidual connectivity patterns of those two phosphorus spe-
cies. The rather broad signal centred around =110 ppm
must be assigned to P1 and P2, for which the considerable
breadth of the envelope arises from a combination of a =
11 ppm chemical shift difference between both resonances
and hetero-nuclear scalar coupling between phosphorus and
the copper isotope nuclei. An analogous spectrum is ob-
served for compound 4a except that the chemical shift dif-
ferences among the same groups of spins are even larger
(Figure 12). The 2D spectrum (Figure 13) confirms the close
analogy to compound 4b. In this case, the resolution is suffi-
cient for differentiating the individual connectivity patterns
P2-P3 and/or P1-P5, even though the final ambiguity as to
whether the signal at the lowest frequency can be assigned
to P3 or P5 cannot be removed. Furthermore, in contrast to
the situation in compound 4b (Figure 11), the 2D R-
TOBSY spectrum of compound 4a reveals cross-peaks aris-
ing from the P1-P2 connectivity because they are better re-
solved from the diagonal owing to the larger chemical shift
difference.
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Figure 11.30kHz 3P MAS NMR R-TOBSY spectrum of [CuBr-
{Cp*Fe(u,n’m'm'm'-Ps)}], 4b at 11.7 T (202.45 MHz) under the following
experimental conditions: 7(yy)=0.49 ms, 110 ¢, increments at steps of
11.11 ps, relaxation delay 16s. Ten positive contour levels between 18
and 68 % of the maximum peak intensity are plotted. The F, projection is
shown on the top.

150 140 130 120 110 100 90 80 70
8/ ppm
Figure 12. Experimental (top) and simulated (bottom) *'P MAS NMR
spectrum of [CuCl{Cp*Fe(un’m'm'm'-Ps)}], 4a at 16.4 T (283.41 MHz)
and a spinning frequency of 25 kHz, with 30 s relaxation delay, acquiring
4096 scans. The superimposed grey curve is a spectral simulation based

on the parameters listed in Table 3, in which the two sites that comprise
the broad signal are further highlighted.

In compound 4c¢, only three crystallographically distinct
phosphorus species are refined, which thus indicates that the
cyclo-Ps ring possesses C, symmetry. In good agreement
with this finding, only three *'P MAS NMR signals are visi-
ble in the corresponding solid-state NMR spectrum

Chem. Eur. J. 2012, 18, 1168-1179
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Figure 13.25kHz *'P  MAS NMR R-TOBSY spectrum of [CuCl-
{Cp*Fe(m’m'm'!m'-Ps)}], 4a at 16.4 T (283.41 MHz) and a spinning fre-
quency of 25 kHz, under the following experimental conditions: 7=
0.96 ms, 88 ¢, increments at steps of 40 us, relaxation delay 40 s. Sixteen
positive contour levels between 5 and 73 % of the maximum peak intensi-
ty were plotted. The F, projection is shown on the top. The spectrum was
symmetrized by using the Bruker Topspin 2.1 software.

(Figure 14). Based on the R-TOBSY spectra (Figure 15),
these signals can be clearly assigned to the different P atoms
that comprise the asymmetric unit of the crystal structure.

160 140 120 100 80 60 40
&8/ ppm
Figure 14.°'P MAS NMR spectrum of [Cul{Cp*Fe(un’m'm'm'-Ps)}], 4¢
at 11.7 T (202.49 MHz) and a spinning frequency of 30 kHz. The super-

imposed grey curve is a spectral simulation based on the parameters
listed in Table 3.

Table 4 summarizes the chemical shifts and J coupling con-
stants extracted from simulations of the *'P MAS NMR
spectra of compounds 4a—c.

Figure 16 shows the one-dimensional *P MAS NMR
spectrum of 5, which reveals three resonances with distinct
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Figure 15. 30 kHz spectrum of [Cul-

{Cp*Fe(u,n’m'm'm'-Ps)}], 4¢ at 9.4 T (162.02 MHz), under the following
experimental conditions: 7(yy)=0.48 ms, 146 #, increments at steps of
33.33 ps, relaxation delay 10's.
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Figure 16.”'P  MAS  NMR  spectrum  of  [{Cus(pu-Dy(ps-1)}-
{Cp*Fe(usn’m'm'm'm*-Ps)}], 5 at 7.0 T (121.5 MHz) and a spinning fre-
quency of 30 kHz. Tentative simulation parameters of the individual
spectral components are &=135.86 ppm, J(P,Cu)=556 Hz, 'J(PP)=
475 Hz (x2); 0=112.94 ppm, J(P,Cu) =556 Hz, 'J(P,P) =475 Hz (x2); 0=
96.64 ppm, J(P,Cu)=556 Hz, J(PP)=475Hz (x2); 6=74.58 ppm, 'J-
(PP)=475Hz (x2); 6=>56.87 ppm, J(P,Cu) =780 Hz, 'J(PP) =475 Hz (x
2).

scalar spin—spin coupling patterns. A best-effort simulation
attempt indicates unaccounted-for signal intensity near 0=
118 ppm and in the 6 =30 to 50 ppm range, which suggests
the presence of some impurities. Based on the absence of J
splitting to *%Cu isotopes, the signal near 6 =75 ppm must
be attributed to P4, which is the only phosphorous atom
devoid of P—Cu bonding (for assignments of the P atoms,
see Figure 5). For all other signals unambiguous assignment
is not possible because the corresponding R-TOBSY mea-

1176 ——

www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

surements did not give satisfactory results owing to extreme-
ly long spin-lattice relaxation times.

Finally, the spectrum of compound 6a, in which all the P
atoms are connected to Cu, only exhibits a broad, weakly
structured lineshape extending from 0=40 to 140 ppm and
without significant peak resolution (data not shown).l”! The
excessive line broadening observed in this case most likely
reflects strong direct and indirect *'P-**%Cu dipolar interac-
tions that affect the *'P resonances of all phosphorus sites in
the cyclo-Ps ring. For this reason no 2D NMR spectroscopy
was attempted. Thus, P MAS NMR spectroscopy is unable
to differentiate between the above-described different P-Cu
coordination modes in this case.

Although the reaction of 1 with Cu' halides results in in-
soluble 1D or 2D polymeric compounds with rather static
“fixation” of the cyclo-Ps ring in the solid aggregation state,
the corresponding reaction with Ag' salts of the weakly co-
ordinating anion [AI{OC(CF;);},]” results in a 1D poly-
mer!®! in the solid state, which shows a depolymerization on
redissolving the product in polar solvents, such as CH,Cl,.
In this case, monomer—oligomer equilibria were detected by
using solution NMR spectroscopy whereas the 1,2,3 coordi-
nation mode C identified in solid [Ag{Cp*Fe(n’:’m'-
Ps)}L].[A{OC(CF;)3),4], (7) was further investigated by using
3P MAS NMR spectroscopy (see Figure 17). However, this
1,2,3 coordination mode is not symmetric because the P1-P2
edge binds to one Ag site in a '’ mode and the P3 atom to

AN
ps” ps

P1—P2

\/
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S _JL « 240K
x A % 232K

. //L « 223K
JL x_ 215K

x /JL x 207K
s 198 K
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Figure 17.*'P MAS NMR spectra of compound [Ag{Cp*Fe(n’m*m'-
Ps)L] [A{OC(CF;)3}4], (7) at different temperatures.
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another Ag site in an n' mode. Therefore, five different P
sites are expected in 7 with a 1:1:1:1:1 integrated area ratio.
Furthermore, two types of cyclo-Ps rings are present in the
polymeric chains of 7, which are crystallographically differ-
ent due to the different number of neighbouring counter-
ions."” The room-temperature P MAS NMR spectrum of
7 exhibits two relatively narrow resonances at about 6 =148
and 152 ppm in an approximate 2:1 ratio, in addition to a
small shoulder extending towards 0 =155 ppm. Notably, un-
ambiguous peak assignment is not straightforward, in partic-
ular due to the likely presence of molecular motion, such as
rotational processes. Upon decreasing the temperature, the
3'P MAS NMR spectral line-shapes broaden significantly to
give two peak contributions centred near 0=145 and
155 ppm. Line-broadening phenomena of this kind are typi-
cally observed in MAS NMR spectra as a result of molecu-
lar dynamic processes occurring at rates comparable to the
MAS spinning rate. In the present compound the room-tem-
perature spectrum cannot be attributed to a simple axial ro-
tation of the cyclo-Ps rings because the latter would produce
equivalent local environments for all of the P nuclei of the
cyclo-Ps unit, and thus would show two signals for the two
crystallographically different Ps rings in 1:1 ratio. Rather,
the temperature-dependent *'P MAS NMR spectra suggest
more complex reorientational processes of the cyclo-Ps
units.

Conclusion

We have shown that, upon modification of the reaction con-
ditions (different solvent mixtures, stoichiometry and third
reaction component) in the reaction between Cu' halides
and [Cp*Fe(n’-Ps)] (1), novel polymeric compounds are ac-
cessible. These compounds give a series of 1D and 2D poly-
meric compounds that exhibit unprecedented coordination
patterns of the cyclo-Ps ring of pentaphosphaferrocene 1.
Besides the previously reported 1,2 and 1,2,4 coordination
modes at this ring, novel 1,3 and 1,2,3,4 coordination pat-
terns were identified in the obtained polymers. Notably, in
some cases inclusion of solvent molecules resulted in differ-
ent packing modes of the polymeric strands. In addition,
some of the products have been successfully prepared by
using CuCl, and CuBr,, respectively, which led to Cu'-con-
taining polymers as a result of proceeding redox processes.
Moreover, the unprecedented 1D tubular polymers 6a,b
could be isolated successfully, and reveal entire coordination
of all available phosphorous atoms to Lewis-acidic Cu cen-
tres. These products represent a structural alternative to the
kinetically stable spherical supramolecules also formed by
these systems.

By applying high-resolution one- and two-dimensional *'P
solid-state MAS NMR spectroscopic techniques, including
R-TOBSY experiments, *'P?'P and/or *'P,**%Cu scalar cou-
pling constants and peak assignment of selected compounds
have been obtained. The results are convincing, particularly
in those compounds that contain the cyclo-Ps ring in 1,2 or

Chem. Eur. J. 2012, 18, 1168-1179

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

1,2,4 coordination modes. Based on these results, a more ra-
tional analysis of particular scalar coupling patterns in as-yet
unknown compounds that contain a cyclo-Ps unit is possible.
However, in products with four P atoms coordinating to Cu,
the assignment by MAS NMR spectroscopic analyses be-
comes rather difficult, and in the case of a polymer with all
5 P atoms coordinating to Cu atoms the results were rather
inconclusive. Finally, *'P MAS spectroscopic analyses of Ag
complex 7 show dynamic behaviour of the cyclo-Ps ring
even in the solid state, which could not be resolved at lower
temperatures.

The presented results provide a striking demonstration of
how small changes in reaction conditions can have a decisive
impact on the supramolecular self-assembly processes, and
furthermore show the power of advanced solid-state NMR
spectroscopic methods for the analysis of coupling patterns.

Experimental Section

General: All manipulations were carried out under an atmosphere of ni-
trogen or argon by using standard Schlenk techniques. All solvents were
dried by using standard procedures and freshly distilled before use.
[Cp*Fe(n™-Ps)] (1), 22,1 42,72 4bl! and 4¢!*! were prepared accord-
ing to literature procedures.

[{Cu(u-Ch{Cp*Fe(usn°m''-P5)}1,-0.5n CHg (22-0.57CHg): A solution
of CuCl, (12 mg, 0.087 mmol) in CH;CN (10 mL) was layered onto a so-
lution of [Cp*Fe(n’-Ps)] (1; 30 mg, 0.087 mmol) in benzene (10 mL) at
RT. After complete diffusion of the solvent mixture, green crystals of 2a
were isolated. The mother liquor was decanted and the obtained crystals
were washed three times with hexane and dried under vacuum (16 mg,
41%). Elemental analysis calcd (%) for C,sH;,Cl,Cu,Fe,P,: C 32.26, H
3.75; found: C 32.21, H 3.58.

[{Cu(un-D}{Cp*Fe(ms;n’m'n'-Ps)}1,-0.5n THF (2'c-0.5nTHF): A solution
of Cul (28 mg, 0.15 mmol) in a mixture of CH;CN (5mL) and THF
(5mL) was layered onto a solution of [Cp*Fe(n’-Ps)] (1; 26 mg,
0.075 mmol) in THF (10 mL) at RT. After complete diffusion of the sol-
vent mixture, black needles of 2’c were formed. The mother liquor was
decanted and the remaining crystals were washed with pentane and dried
under vacuum (13 mg, 47.3%). Elemental analysis calcd (%) for
CyH3o,CuyFe,Py: C 22.39, H 2.82; found: C 22.02, H 2.21.
[{Cul}{Cp*Fe(n’'m'-Ps)}1,:0.52 C;H,Cl, (3-0.5n CgH,CL,): A solution of
Cul (55 mg, 0.29 mmol) in CH;CN (10 mL) was carefully layered onto a
solution of [Cp*Fe(n’-Ps)] (1; 50 mg, 0.145 mmol) and [CoCp,] (15 mg,
0.08 mmol) in ortho-dichlorobenzene (10 mL) at RT. After complete dif-
fusion of the solvent mixture, two different kinds of crystals were
formed: brown elongated blocks of 3 and red plates of a spherical com-
pound (the composition of which could not be determined). The mother
liquor was decanted and the obtained crystals were washed with pentane
and dried under vacuum. Crystals of 3 could be separated by using a mi-
croscope in a dry box (19 mg, 11 %). The compound was not sufficiently
pure for MAS-NMR spectroscopic analyses.
[{CuBr}{Cp*Fe(usn’m'm'm'-Ps)}1,:0.252 CH; (4b-0.25nCH,): A solu-
tion of CuBr, (19 mg, 0.087 mmol) in CH,CN (10 mL) was layered onto a
solution of [Cp*Fe(n’-Ps)] (1; 30 mg, 0.087 mmol) in benzene (10 mL) at
RT. After complete diffusion of the solvent mixture, brown plates of 4b
were formed. The mother liquor was decanted and the obtained crystals
were washed three times with hexane and dried under vacuum (20 mg,
47%). Elemental analysis calcd (%) for C,HgBr,CuFe,P,, (2035.69): C
27.14, H 3.27; found: C 26.37, H 3.01.
[{Cul}{Cp*Fe(uisn’m'm'm'-P;s)}1,:0.25n C(H; (4¢-0.25n C(H,): A solution
of Cul (17 mg, 0.087 mmol) in CH;CN (5 mL) was layered onto a solu-
tion of [Cp*Fe(n’-Ps)] (1; 30 mg, 0.087 mmol) in benzene (10 mL) at RT.
During the diffusion of the solvent mixture, yellow plates that were not
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suitable for single crystal X-ray analyses formed. After complete diffu-
sion, brown blocks of 4'c¢ could be isolated. The mother liquor was deca-
nted and the obtained crystals were washed three times with pentane and
dried under vacuum (30 mg, 50.6%). Elemental analysis caled (%) for
CyHgsl,CuFe, Py C 24.85, H 2.99; found: C 24.95, H 2.70.
H{Cus(u-D)x(-DHCp*Fe(usn™n'm'm'sm'-P)}],-n CH,CL, (50 CH,CL):
A solution of Cul (57 mg, 0.30 mmol) in a mixture of CH;CN (10 mL)
and ortho-dichlorobenzene (10 mL) was layered onto a solution of
[Cp*Fe(n’-Ps)] (1; 52 mg, 0.15 mmol) in ortho-dichlorobenzene (10 mL)
at RT. During the diffusion, a voluminous green precipitate formed,
which dissolved during the further reaction, and after complete diffusion
of the solvent mixture orange-red crystals of 5 were formed. The mother
liquor was decanted and the obtained orange-red crystals were washed
with pentane and dried under vacuum (83 mg, 53 % ). Elemental analysis
caled (%) for Cs;,HzCl I CugFe,Py,: C 18.06, H 1.80; found: C 18.56, H
2.0s.

[{Cu,(u-C1) (CH;CN)HCp*Fe (u;,m*m* ' "m ' '-P3)}],-0.52 CH,CI,
(6a- 0.5nCH,CL,): A solution of CuCl (69 mg, 0.69 mmol) in a mixture
of CH;CN (5 mL) and ortho-dichlorobenzene (5 mL) was layered onto a
solution of [Cp*Fe(n’-Ps)] (1; 60 mg, 0.18 mmol) in ortho-dichloroben-
zene (10 mL) at RT. During the diffusion, orange-red plates that were
not suitable for single crystal X-ray structural analyses formed. After
complete diffusion, red needles of 6a were formed. The mother liquor
was decanted and the obtained crystals were washed with a mixture of
acetonitrile and CH,Cl, (in which the orange-red plates dissolve) and the
remaining crystals of 6a were washed three times with pentane and dried
under vacuum (29 mg, 18%). Elemental analysis calcd (%) for
C,H,,Cl,CuFeN,Ps: C 22.31, H 2.58, N 3.17; found: C 22.31, H 2.98, N
3.53.

[{Cuy(u-Br),(CH;CN)H{Cp*Fe (" m'm'm"m ' "-P5)}1,-0.5n CH,Cl,
(6b-0.5n CgH,CL): A solution of CuBr ( 31.2 mg, 0.164 mmol) in a mix-
ture of CH;CN (S5mL) and ortho-dichlorobenzene (5mL) was layered
onto a solution of [Cp*Fe(n’*-Ps)] (1; 60 mg, 0.18 mmol) and Cy (10 mg,
0.01 mmol) in ortho-dichlorobenzene (10 mL) at RT. After complete dif-
fusion of the phases, red rods of 6b and dark red crystals of an as-yet un-
known product were formed. The mother liquor was decanted and the
obtained crystals were washed with pentane and dried under vacuum
(31 mg, 47.3%).

MAS-NMR measurements: Solid-state P MAS NMR spectroscopy
studies were conducted by using Bruker Avance 300, 400, 500 or 700
spectrometers, each equipped with a commercially available Bruker
2.5mm MAS NMR probe, which was operated at spinning speeds be-
tween 25 and 30 kHz. Typical acquisition parameters are given in the
figure captions of both the one- and two-dimensional spectra. All spectra
were recorded at RT and *'P chemical shifts are reported relative to an
85% H;PO, solution with CaHPO,-2H,0 as a secondary standard (0=
1.4 ppm). Peak assignments were established on the basis of connectivity
studies by employing the previously described R-TOBSY sequence,
which belongs to the family of symmetry-based windowless recoupling se-
quences'™ that specifically utilize bond-mediated scalar rather than
through-space homonuclear dipolar couplings to achieve coherence trans-
fer between directly bonded nuclei. Quadrature detection in the F; di-
mension was achieved by the hyper-complex approach (STATES
method).

Crystal structure determination: The crystal structure analyses were per-
formed by using an Oxford Diffraction Gemini R Ultra CCD with Cu ra-
diation (1=1.54178 A). Semi-empirical absorption corrections from
equivalents (multi-scan) were applied.!"” The structures were solved by
direct methods with the program SIR-97,'! and full matrix least-square
refinement on F* in SHELXL-97!") was performed. Hydrogen atoms
were calculated from geometry and refined isotropically by applying the
riding model. In the acentric space groups of 2¢ and 3, the molecules
didn’t crystallize in an enantiomerically pure form, therefore, the Flack
parameters were found to be 0.425(3) for 2'c and 0.482(8) for 3. The re-
finements of the disordered solvent molecules in 3 and 5 required the use
of some restraints, which resulted in increased quality factors for 5. Fur-
ther crystallographic details are summarized in Tables 1 and 2. CCDC-
831768 (2a), -831769 (2'c), -831770 (3), -831771 (4'b), -831772 (4'c),
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-831773 (5), -831774 (6a) and -831775 (6b) 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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