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Directed Positioning of Organometallic
Fragments Inside a Calix[4]arene Cavity
Catherine Wieser-Jeunesse, Dominique Matt,*
and AndreÂ De Cian

A major attraction of cone-shaped calix[4]arenes concerns
the presence of a macrocyclic cavity defined by four sym-
metrically sited phenoxy rings.[1] To date, exploitation of such
organized structures has mostly relied on converging p

systems on the inner side that facilitate weak binding of
various substrates,[2] including certain metal cations.[3] Sur-
prisingly, despite increasing interest in the application of
calixarenes as ligands in transition metal chemistry,[4] the

spectroscopy of 15N-labeled calmodulin. Measurements were
made at 15 8C on a Varian Inova 500 MHz NMR spectrom-
eter, and the protein concentration was 1 mm in H2O/D2O
(9/1) at pH 6.8. Figure 2 displays a small region of 15N ± 1H
correlation spectra of calmodulin. Figure 2a shows the con-
ventional HSQC spectrum obtained without the use of

Figure 2. Contour plots of 15N ± 1H correlation spectra of 15N-labeled
calmodulin. a) Conventional HSQC spectrum, obtained without decou-
pling during the t1 and t2 periods. b) Spectrum recorded in a conventional
TROSY experiment.[4] c) Spectrum recorded in a sensitivity-enhanced
TROSY experiment (see text). d) One-dimensional cross sections from the
spectra a ± c at d(15N)� 123.6 (from top to bottom). The peaks between 6
and 8 ppm in the HSQC cross section correspond to the cross-peak
multiplets at the 15N frequency (wNÿp1JNH), which is not observed by
TROSY experiments. Spectra b and c, which were recorded and processed
with the same parameters, have been scaled to the same noise level. The
spacing factor between two consecutive contour lines is 1.2.

decoupling during the t1 and t2 periods. It is notable that even
at 500 MHz there are significant differences in line width
between the four individual multiplets. Figures 2b and 2c are
taken from spectra recorded in conventional and sensitivity-
enhanced TROSY experiments, respectively. Comparison of
Figures 2b and 2c, as well as all other correlation peaks (not
shown here), shows that a uniform enhancement in sensitivity
of all peaks by a factor of

���
2
p

was achieved without
introducing any artifacts.

The introduction of the TROSY experiment makes NMR
spectroscopy a promising technique for studying the structure
and function of larger biomolecules. We have improved the
sensitivity of the original 2D TROSY experiment by a factor
of

���
2
p

by using different phase cycling and data-processing
schemes. This improvement will doubtless have widespread
practical application in high-field NMR studies of large
proteins.
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between Varian and Bruker spectrometers, which requires that the y-
axis receiver phases be inverted. It is also necessary to invert the y-axis
pulse phases. In the pulse sequence of Figure 1, the particular phase
cycling means that only the phase of the second 908 1H pulse needs to
be considered. For optimal sensitivity, the phase of this pulse should be
ÿ y for Varian and � y for Bruker. If this phase is inverted then the
ªsteady-stateº enhancement, described by Pervushin et al. (J. Am.
Chem. Soc. 1998, 120, 6394 ± 6400) after this manuscript was submitted,
will be lost. The sensitivity enhancement presented in this work is
independent of the phase of this pulse and a
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enhancement is gained
over the corresponding TROSYexperiment that has the same phase for
this pulse.
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interior of the cavity has not been used to entrap or confine
reactive fragments bound to transition metal ions.[5] Such
architectures could possess the capability to promote metal-
centered reactions that are sterically constrained, thereby
allowing combined shape control and regioselectivity.[6] Fur-
thermore, it is likely that the cavity walls will afford protection
of highly reactive ªM ± Rº units against undesired side reactions.
We now report the first calix[4]arenes with organometallic
fragments positioned inside the larger opening of the cavity.

Our approach to the construction of such systems exploits
the coordinative properties of the hemispherical ligand 3, a
calix[4]arene bearing two PIII centers located on distal p-carbon
atoms of the upper rim. Diphosphane 3 was conveniently pre-
pared in two steps from 1[7] by using well-established proce-
dures:[8] diphosphorylation of 1 with Ph2POEt/NiBr2 resulted
in formation of the di(phosphane oxide) 2, which was then
quantitatively reduced with PhSiH3 to afford 3 (Scheme 1).
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Scheme 1. Synthesis of the hemispherical ligand 3 in two steps.

Diphosphane 3 seems to be an ideal scaffold on which to
assemble trans-chelate complexes: for example it reacts with
one equivalent of AgBF4 to form complex 4. The FAB mass
spectrum of 4 exhibits an intense signal at m/z 1069.6 with the
appropriate isotopic profile for the (4ÿBF4)� ion. NMR data
collected for 4 show the molecule to possesses C2 symmetry,

with the chemical shift found for the 31P NMR signal being
exactly as expected for the assigned structure.[9]

The above studies serve to indicate, not unsurprisingly, that
the phosphane groups remain readily accessible for complex-
ation with Ag� ions; more challenging targets were then
sought. Treatment of 3 with [PtH(thf)(PPh3)2]� in refluxing
THF afforded the platinum(ii) complex 5 quantitatively. As
for 4, the 1H and 13C NMR data indicate an apparent C2-
symmetry for the calixarene skeleton. Furthermore, the 31P
NMR spectrum unambigously establishes the trans-spanning
behavior of the diphosphane as well as the presence of two
types of phosphorus atoms (the phosphorus atoms on the
calixarene appear as a doublet with 195Pt satellites at d� 15.0;
J(P,P')� 20 Hz, J(P,Pt)� 2706 Hz). The bulky PPh3 ligand,
positioned trans to the hydride ligand, forces the Pt ± H bond
to point inside the calixarene cavity. The signal for the hydride
atoms appears approximately 1.3 ppm upfield with respect to
the related [PtH(PPh3)3]� ion,[10] thus reflecting the high
shielding effect of the two phenoxy rings that border the
hydride atom. In contrast to other complexes of the type
[PtH(PPh3)(P

_
P)]� that contain a trans-spanning diphos-

phane,[11] complex 5 is inert towards cis/trans isomerization
in solution. Since only the trans isomer has the necessary
stereochemical features to position the hydride atom group
inside the cavity, the reluctance to isomerize attests to the
stability of the inclusion complex.

With the aim to entrap larger metallo-fragments inside the
cavity, a solution of 3 in THF was treated with the cationic
alkylpalladium complex [PdMe(cod)(thf)]BF4 (cod� cy-
clooctadiene). Subsequent addition of pyridine resulted in
the quantitative formation of complex 6. Characteristic
features of the 1H NMR spectrum are the presence of a
triplet for the methyl group at d�ÿ0.79, a solitary AB
quartet for the ArCH2Ar bridges, and a virtual triplet for four
(o-P) ± ArH hydrogen atoms ( j 3J(PH)�5J(PH) j� 9 Hz). In
the 31P NMR spectrum the phosphorus atoms appear as a
singlet at d� 27.0. Two-dimensional NOESY spectra
(500 MHz) indicate that the methyl hydrogen atoms lie in
close proximity to the phenolic CH bonds of the two
phosphorus-substituted phenoxy rings. Taking into account
that the bulky pyridine ligand does not allow gyroscopic
spinning of the pyridine-Pd-Me fragment around the P ± P
axis, these findings clearly establish that the methyl group is
locked inside the cavity.

A further illustration of the unique complexing properties
of calixarene 3 concerns the positioning of octahedral metal
centers at the entrance of the cavity. Treatment of commercial
ruthenium trichloride with carbon monoxide in boiling
ethoxyethanol followed by the addition of 3 afforded the
RuII complex 7 in high yield (Scheme 2). The cis arrangement
of the two carbonyl units was inferred from the infrared
spectrum, which showed two absorption bands in the CO
region (nÄ � 2072(s) and 1995(s) cmÿ1). Complex 7 slowly
isomerizes in 1,2-dichloroethane into the trans,trans,trans
isomer 8 (nÄ(C�O)� 1924(s) cmÿ1). The trans-spanning behav-
ior of the diphosphane was confirmed by an X-ray diffraction
study (Figure 1). The most remarkable feature of this
structure is the entrapment of one metal carbonyl unit inside
the calixarene cavity, the CO ligand being exactly intercalated
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Scheme 2. Positioning of octahedral ruthenium units at the mouth of
calixarene 3.

Figure 1. Structure of complex 8 (ORTEP). Selected bond lengths [pm]
and angles [8]: Ru ± P1 240.9(5), Ru ± P2 240.3(5), Ru ± C1 196(2), Ru ± C2
188(2), Ru ± Cl 241.0(3), P1 ± C12 182(2), P2 ± C29 184(1); P1-Ru-P2
172.2(3), Cl-Ru-Cl 171.9(2), Ru-P(1)-C(12) 106.6(5), Ru-P(2)-C(29)
107.2(5). The molecule possesses a mirror plane containing the phosphorus
and ruthenium atoms. Each carbon atom of the propyl groups that are
linked to the OArP rings are disordered over two positions.

between the two bordering P-substituted phenyl rings. The
distance between these planes and the CO ligand axis is rather
short (about 2.75 �), thus suggesting a bonding interaction
between the sandwiched CO and the two PPh rings. The
relatively low nÄ(CO) frequency (1924(s) cmÿ1 compared with
1998 cmÿ1 for trans,trans,trans-[RuCl2(CO)2(PPh3)2][12]) sup-
ports this assumption.

Experimental Section

All reactions were carried out in dry solvents under purified nitrogen.

2 : Yield: 82 %; m.p. > 280 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d�
7.76 ± 7.69 and 7.54 ± 7.48 (20 H, PPh2), 7.40 (d, 4 H, m-H of OArP,
3J(P,H)� 12 Hz), 6.24 and 6.02 (AB2 spin system, 6H, m- and p-H of

OAr, 3J� 7.5 Hz), 4.42 and 3.12 (AB spin sytem, 8H, ArCH2Ar, 2J(A,B)�
13 Hz), 4.08 (pseudo t, 4H, OCH2, 3J� 8 Hz), 3.60 (t, 4 H, OCH2, 3J�
8 Hz), 1.94 (m, 4H, OCH2CH2), 1.82 (m, 4 H, OCH2CH2), 1.06 (t, CH3,
3J� 8 Hz), 0.90 (t, CH3, 3J� 8 Hz); 13C{1H} NMR (50 MHz, CDCl3, 25 8C):
d� 161.52 and 155.12 (2s, arom. Cq ± O), 137.67 ± 122.31 (arom. C atoms),
77.14 and 76.74 (2s, OCH2), 30.96 (s, ArCH2), 23.51 and 23.17 (2s, CH2CH3),
10.84 and 9.86 (2s, CH3); 31P{1H} NMR (121 MHz, CDCl3, 25 8C): d� 29.4
(s, PPh2); elemental analyses calcd for C64H66O6P2 ´ 0.5 CHCl3 (993.18�
59.69): C 73.58, H 6.37; found: C 74.00, H 6.37.

3 : Yield: 75 %; m.p. 230 ± 233 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d�
7.37 ± 7.33 (20 H, PPh2), 7.06 (d, 4 H, m-H of OArP, 3J(P,H)� 8 Hz), 6.29 and
6.11 (AB2 spin system, 6H, m and p-H of OAr, 3J� 8 Hz), 4.41 and 3.06
(AB spin sytem, 8 H, ArCH2Ar, 2J(A,B)� 13 Hz), 4.03 (pseudo t, 4H,
OCH2, 3J� 8 Hz), 3.63 (t, 4 H, OCH2, 3J� 8 Hz), 2.00 (m, 4 H, OCH2CH2),
1.81 (m, 4 H, OCH2CH2), 1.06 (t, CH3, 3J� 7.5 Hz), 0.91 (t, CH3, 3J�
7.5 Hz); 13C{1H} NMR (50 MHz, CDCl3, 25 8C): d� 159.80 and 155.10 (2s,
arom. Cq ± O), 137.25-122.02 (arom. C atoms), 77.00 and 76.60 (2s, OCH2),
30.94 (s, ArCH2Ar), 23.51 and 23.15 (2s, CH2CH3), 10.82 and 9.93 (2s, CH3);
31P{1H} NMR (121 MHz, CDCl3, 25 8C): d�ÿ6.4 (s, PPh2); elemental
analyses calcd for C64H66O4P2 (961.18): C 79.98, H 6.92; found: C 80.18, H
6.74.

4 : Yield: 80 %; m.p. 187 ± 190 8C (decomp); 1H NMR (300 MHz, CDCl3,
25 8C): d� 7.43-7.37 (24 H, arom. H), 6.82 (s, 4H, m-H of OArP), 6.18 (t of
B2A spin system, 2 H, p-H of OAr, 3J� 8 Hz), 4.40 and 3.05 (AB spin
system, 8H, ArCH2Ar, 2J(A,B)� 13 Hz), 4.01 (pseudo t, 4 H, OCH2, 3J�
8 Hz), 3.70 (t, 4 H, OCH2, 3J� 8 Hz), 1.98 (m, 4H, OCH2CH2), 1.89 (m, 4H,
OCH2CH2), 1.09 (t, CH3, 3J� 7.5 Hz), 0.83 (t, CH3, 3J� 7.5 Hz); 13C{1H}
NMR (50 MHz, CDCl3, 25 8C): d� 157.18 and 156.85 (2s, arom. Cq ± O),
136.09-123.02 (arom. C atoms), 77.64 and 76.59 (2s, OCH2), 30.85 (s,
ArCH2Ar), 23.91 and 23.57 (2s, CH2CH3), 10.79 and 9.80 (2s, CH3); 31P{1H}
NMR (121 MHz, CDCl3, 25 8C): d� 10.4 (two d, PPh2, J(107Ag,P)� 503 Hz,
J(109Ag,P)� 580 Hz); MS (FAB): m/z calcd for C64H66O4P2Ag [MÿBF4]:
1069; found 1069.6; elemental analyses calcd for C64H66BF4O4P2Ag
(1155.86): C 66.51, H 5.76; found: C 66.66, H 5.43.

5 : Yield: 73 %; m.p. 226 ± 230 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d�
7.42 ± 7.02 and 6.87 (43 H, arom. H), 6.24 (t of B2A spin system, 2 H, p-H of
OAr, 3J(A,B)� 6 Hz), 4.44 and 3.09 (AB spin sytem, 8 H, ArCH2Ar,
2J(A,B)� 13 Hz), 4.04 (pseudo t, 4H, OCH2, 3J� 6 Hz), 3.69 (t, 4H,
OCH2, 3J� 7 Hz), 1.97 (m, 4H, OCH2CH2), 1.89 (m, 4H, OCH2CH2), 1.10
(t, CH3, 3J� 9 Hz), 0.92 (t, CH3, 3J� 7 Hz),ÿ6.93 (dt with Pt satellites, 1H,
PtH, 2J(H,Pcis)� 17 Hz, 2J(H,Ptrans)� 167 Hz); 13C{1H} NMR (50 MHz,
CDCl3, 25 8C): d� 157.39 and 156.70 (2s, arom.Cq ± O), 136.40 ± 122.43
(arom. C atoms), 77.90 and 76.65 (2s, OCH2), 30.93 (s, ArCH2), 23.51 and
22.94 (2s, CH2CH3), 10.74 and 9.77 (2s, CH2CH3); 31P{1H} NMR (121 MHz,
CDCl3, 25 8C): d� 24.2 (t with Pt satellites, PPh3,

2J(P,P')� 20 Hz, J(P,Pt)�
2120 Hz), 15.0 (d, PPh2, 2J(P,P')� 20, J(P,Pt)� 2706 Hz). MS (FAB): m/z
calcd for C82H82O4P3Pt [MÿBF4]: 1418.5; found: 1418.8 (expected isotopic
profile); elemental analyses calcd for C82H82 BF4O4P3Pt (1506.38): C 65.38,
H 5.49; found: C 65.18, H 5.43.

6 : Yield: 81 %; m.p. 163 ± 166 8C (decomp); 1H NMR (300 MHz, CD2Cl2,
25 8C): d� 7.79 (d, 2 H, o-H of pyridine), 7.52 (t, 1H, p-H of pyridine, 3J�
5 Hz), 7.32 ± 7.24 (20 H, PPh2), 7.06 ± 7.00 (m, 6H, m- and p-H of OAr), 6.79
(m br, 2 H, m-H of pyridine), 6.62 (virtual t, 4 H, AA'XX'A''A''' spin system
(X�P), 4 H, m-H of OArP, j 3J(P,H)�5J(P',H) j� 9 Hz), 4.56 and 3.24 (AB
spin sytem, 8 H, ArCH2Ar, 2J(A,B)� 13 Hz), 4.15 (pseudo t, 4H, OCH2,
3J� 8 Hz), 3.81 (t, 4H, OCH2, 3J� 7 Hz), 2.06 (m, 4H, OCH2CH2), 1.97 (m,
4H, OCH2CH2), 1.15 (t, CH3, 3J� 7 Hz), 0.96 (t, CH3, 3J� 7 Hz), ÿ0.79 (t,
3H, Pd-CH3 , J(P,H)� 6 Hz); 13C{1H} NMR (CD2Cl2, 50 MHz, 25 8C): d�
157.95 and 157.59 (2s, arom. Cq ± O), 151.66 ± 121.56 (arom. C atoms), 78.32
and 77.08 (2s, OCH2), 31.32 (s, ArCH2Ar), 23.98 (s, CH2CH3), 11.00 and 9.98
(2s, CH3); 31P{1H} NMR (CD2Cl2, 121 MHz, 25 8C): d� 27.0 (s, PPh2) MS
(FAB): m/z calcd for C65H69O4P2Pd [MÿpyridineÿBF4]: 1081; found:
1081.1 (expected isotopic profile); elemental analyses calcd for
C70H74BF4NO4P2Pd (1248.53): C 67.34, H 5.95, N 1.12; found: C 67.41, H
6.10, N 0.93.

7 : Yield: 84%; m.p. > 280 8C; IR (KBr): nÄ(C�O)� 2072(s) and
1995(s) cmÿ1; 1H NMR (500 MHz, CD2Cl2, 25 8C): d� 8.31 ± 8.28 and
7.36 ± 7.34 (20 H, PPh2), 6.82 (virtual t, 4H, m-H of OArP), 6.81 and 6.65
(B2A spin system, 6 H, m- and p-H of OAr, 3J(A,B)� 6 Hz), 4.47 and 3.19
(AB spin sytem, 8 H, ArCH2Ar, 2J(A,B)� 13 Hz), 3.99 (pseudo t, 4H,
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A New Radical Allylation Reaction of
Dithiocarbonates**
BeÂatrice Sire, SteÂphanie Seguin, and Samir Z. Zard*

In contrast to radical cyclizations, which have practically
revolutionized the construction of polycyclic systems, inter-
molecular radical additions to olefins have had a compara-
tively limited impact on organic synthesis.[1] This is chiefly
because of the difficulty in avoiding competing bimolecular
side reactions which, in the case of intramolecular processes,
can usually be controlled by the use of high dilution
techniques (e.g. slow, syringe pump addition of one of the
reagents). With stannane-based reactions, for example, the
difficulty lies in preventing premature hydrogen atom transfer
to the radical before it adds to the olefin. One special
exception is the allylation reaction with allyltriorganotin.[2] In
this case, the allyl transfer step is the one that regenerates the
stannyl radical to propagate the chain and, even if this step is
not very fast by radical reaction standards,[3] there are no
other major competing pathways. This fairly general and quite
useful intermolecular C ± C bond forming procedure unfortu-
nately uses tin and therefore suffers from the same drawbacks
as other tin-based systems: high cost and difficulty in
removing toxic organotin contaminants.[4] These are serious

OCH2, 3J� 8 Hz), 3.78 (t, 4 H, OCH2, 3J� 7 Hz), 2.02 (m, 4 H, OCH2CH2),
1.94 (m, 4 H, OCH2CH2), 1.11 (t, CH3, 3J� 7.5 Hz), 0.91 (t, CH3, 3J� 9 Hz);
13C{1H} NMR (75 MHz, CD2Cl2, 25 8C): d� 158.48 and 157.75 (2s,
arom.Cq ± O), 135.02 ± 123.95 (arom. C atoms), 78.47 and 76.79 (2s,
OCH2), 31.09 (s, ArCH2), 23.95 and 23.51 (2s, CH2CH3), 11.05 and 10.01
(2s, CH2CH3), C�O not detected; 31P{1H} NMR (121 MHz, CD2Cl2, 25 8C):
d� 12.9 (s, PPh2); MS (FAB): m/z calcd for C65H66ClO5P2Ru [MÿClÿ
(CO)]: 1125; found: 1125.5 (expected isotopic profile); elemental analyses
calcd for C66H66Cl2O6P2Ru (1189.18): C 66.66, H 5.59; found: C 66.54, H
5.63.

8 : Yield: 95%; IR (KBr): nÄ(C�O)� 1924(s) cmÿ1; 1H NMR (500 MHz,
CD2Cl2, 25 8C): d� 7.91 ± 7.89 and 7.37 ± 7.35 (20 H, PPh2), 6.86 and 6.67
(B2A spin system, 6 H, m- and p-H of OAr, 3J(A,B)� 7.5 Hz), 6.75 (virtual t
ABXX'A'B' spin system, 4 H, m-H of OArP, 3J(A,X)� 3J(B,X)� 5 Hz),
4.51 and 3.22 (AB spin sytem, 8 H, ArCH2Ar, 2J(A,B)� 13 Hz), 4.14
(pseudo t, 4 H, OCH2, 3J� 8 Hz), 3.79 (t, 4H, OCH2, 3J� 7 Hz), 2.01 (m,
4H, OCH2CH2), 1.95 (m, 4 H, OCH2CH2), 1.13 (t, CH3, 3J� 7.5 Hz), 0.90 (t,
CH3, 3J� 9 Hz); 31P{1H} NMR (121 MHz, CD2Cl2, 25 8C): d� 42.4 (s,
PPh2). Crystal data for 8 ´ C2H4Cl2: Mr� 1288.14, orthorombic, space group
Pbcm, a� 19.4779(6), b� 17.7412(3), c� 17.2124(5) �, V� 5947.5(5) �3,
Z� 4, 1calcd� 1.44 g cmÿ3, MoKa radiation (l� 0.71073 �), m� 0.544 mmÿ1.
Data were collected on a Kappa CCD Enraf Nonius system at 173 K. The
structure was solved by direct methods and refined on F2

o by full-matrix
least squares. All non-hydrogen atoms were refined anisotropically. R1�
0.089 and wR2� 0.117 for 3296 data with I> 3s(I). Crystallographic data
(excluding structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-101566. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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