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Tris(dibenzo|a,d]cycloheptenyl)phosphane: A Bulky Monodentate or Tetrapodal
Ligand
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Solid-state NMR spectroscopy

The tetradendate phosphane tris(5H-dibenzo[a,d]cyclo-
hepten-5-yl)phosphane (tropsP, 1) was synthesized from tris-
(trimethylsilyl)phosphane and 5-chloro-5H-dibenzo|a,d]cy-
cloheptene. Sulfurization of 1 with elemental sulfur led to
tropsP=S. Complexes of 1 with Ag!, Au!, Rh!, Ir!, and Pd" were
prepared. The structures of tropsP (1), tropzP=S (2), [Ag-
Cl(tropsP)] (3), [Au(tropsP)(MeCN)|PFg (5), [RhCl(tropsP)] (6)
and [Pd(tropsP)(H,0)](OTf), (9) were determined by X-ray
diffraction studies. In the coinage metal complexes, 1 serves
as monodentate extremely bulky x'-phosphane ligand (cone
angle ca. 250°). In the Rh!, It!, and Pd" complexes, 1 acts as

tetradendate ligand. CP MAS NMR spectroscopy shows that
the span of the chemical shift tensor increases in 7, 6, and 9
in this order (2 = 310 ppm, 410 ppm, 465 ppm) and contains
two strongly deshielded components, which are responsible
for the unusual high frequency isotropic shift of the 3P reso-
nances. This property correlates inversely with the metal to
olefin backbonding (M—C=C,p) and J(*'P) decreases with
increasing M—C=C,,,, in the order 9 (6 = 260 ppm) > 7 (0 =
196 ppm) > 6 (0 = 135 ppm) > 3 (0 = -30.9 ppm).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Both phosphanes and alkenes look back on a history of
more than one and a half centuries as ligands in metal coor-
dination chemistry.l' ! Metal complexes with these ligands
have undergone constant development ever since their dis-
covery. The combination of both types of binding sites in
one molecule generates bi- or polydentate ligands and was
achieved in the group of Nyholm in the mid-sixties with the
synthesis of the first chelating phosphane-alkene ligands.[!
The most prominent feature of these chelating ligands is
their hemilabile character: while the phosphane moiety usu-
ally binds quite strongly to a metal center, the olefin is less
tightly attached and thus often prone to dissociation. Many
different potentially chelating phosphane-olefin ligands
have been prepared in the past forty years. Scheme 1 shows
selected examples.

Acyclic alkenylphosphanes are the most obvious type of
chelating phosphane-alkene ligands and mono, di- and tri-
alkenylphosphanes (I, IT and III) have been synthesized and
characterized some decades ago.l®! Their coordination be-
haviour towards Mo®,[*l WO 51 gl [0 PtII7] and Rh!®] was
investigated. Depending on the size of the resulting chelate
ring, alkenylphosphanes act either as monodentate phos-
phanes or as multidentate chelating ligands, specifically
with short chains (n < 2) the alkenyl group remains uncoor-
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dinated. Chemical transformations of the alkenyl group (hy-
drogenation, nucleophilic attack) were observed. Dialkenyl-
phosphanes II often bind with one alkenyl group only to
the metal center, i.e. they do not serve as tripodal ligands
in the electronic ground state structures of the complexes.
A large number of ortho-alkenylphenylphosphanes (IV, V)
have been prepared® and VO,l'% Cr® Mo® and WO ['1] Mn!
and Re',['?! Fe® and Ru®,[131 Rh!,[14 P4 151 and Pt!, 1161 Cy!
and Ag'l'”l complexes were prepared and structurally char-
acterized. Bidentate coordination of the ligands IV was es-
tablished in all complexes. The ligands were prone to ad-
dition and isomerization reactions, e.g. hydrogenation or
migration of the double bond.

Difurylphosphanes VI were applied in the cobalt-cata-
lyzed homologation of methanol and conversions of up to
70% and ethanol selectivities of up to 50% were
achieved.['®] The mixed anhydrides of diphenylphosphinous
acid and acrylic acids VII may coordinate via the acrylic
double bond (observed with Rh'[']) or via the oxygen atom
of the carbonyl group (observed with Ru"?%). Binding of
the double bond in Rh! complexes is weak and degradation
occurred.”'T A ligand of type VII was found to be active
in the Rh'-catalyzed hydrogenation of acrylic acids.[*?l The
bidentate phosphane-alkene ligand VIII obtained from the
condensation of chlorodiphenylphosphane with diallyl-
amine was reported recently. The ligand coordinates to W°,
Ru'", Rh!, Pd" and Pt and both, k"> and «'-coordina-
tion, were observed.l??]

For Rh' complexes with type I, III, IV and V ligands,
trigonal bipyramidal (TBP) structures were observed.*#
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Scheme 1. Mono-, di- and triolefin phosphanes.

This form should be especially favoured by tetradentate tris-
(alkenyl)phosphanes like III and V. While X-ray diffraction
studies show that Rh! complexes have the P-donor in the
axial and the three C=C donors in the equatorial plane,
NMR spectroscopic studies revealed that the latter are flux-
ional on the NMR time scale and likely dissociate.[>’!

The phosphane cht;P IX (cht = cycloheptatrienyl) was
synthesized by Herberhold and co-workers in 1994.2%1 Due
to the boat conformation of the seven-membered cht rings,
this phosphane is preorganized for binding to a transition
metal center by the P-donor and the opposite C=C bonds
and stabilization of TBP structures can be expected. How-
ever, rotation around the P—C bonds, facile inversion of the
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boat conformation of the cht ring, and additional coordina-
tion of metals through the C=C bonds adjacent to the P-
atom make the ligand fluxional and complicate its coordi-
nation chemistry. Indeed a variety of coordination modes
are observed in complexes which do not show a special
preference for TBP structures, such as Vo7 (x!), Cr®, Mo?,
WO,28 Mn! 291 Fe® and Ru’P% complexes (k!-, k':n>- and
k'm*-coordination). With Rh! and Ir! the expected trigonal
bipyramidal complexes were isolated and these are quite
stable, indeed, and it needed other polydentate ligands to
displace cht;P IX.B A bidentate coordination mode is ob-
served for IX in fluxional Pd" and Pt dichloride com-
plexes,??! but the abstraction of one chloride leads to cat-
ionic [MX(chtsP)]* complexes with TBP structures.[33] In
complexes with Cu' and Ag', ligand IX binds via the P-
atom and small but detectable interactions with the oppo-
site C=C bonds of the cht rings were discussed on the basis
of solid-state structure data (distances of the metal center
to the centroids of the coordinated C=C double bonds in
the range of 2.6-3.0 A were observed34:3%).

In parallel to the work of Herberhold et al., we started
about 10 years ago the investigation of (5H-dibenzo[a,d]cy-
clohepten-5-yl)phosphanes X as ligands, which we named
tropp (from dibenzotropylidenylphosphane). The trivial
name dibenzotropylidenyl (= trop) will be used throughout
this paper instead of 5H-dibenzo[a,d]cyclohepten-5-yl.3]
The annelated benzo groups make these compounds espe-
cially rigid with the phosphanyl substituent in 5-position
residing in the energetically preferred endo-conformation. A
concave binding site results, which is perfectly pre-orga-
nized for transition metal binding. A large number of struc-
turally different ligands based on the trop platform!®*” and
a variety of complexes with Rh! and Ir',[*8] Pd!l, Pd°, Pt
Pt037a-37¢37¢ Cyl, Ag! and Au'l* as metal centers were
prepared. Noteworthy is the ability of the tropp-type li-
gands to stabilize complexes with transition metal centers
in formally low oxidation states, that is the first stable para-
magnetic Rh® and Ir® complexes could be isolated. !

In the continuation of our work, we report here the syn-
thesis of the ligand tris(5H-dibenzo|a,d]cyclohepten-5-yl)-
phosphane (tropsP, 1) and the synthesis of various transi-
tion metal complexes. The coinage metals only exert weak
(if any) interactions with the olefinic double bonds, while
with Rh!, Ir" and Pd" trigonal bipyramidal complexes are
obtained in which the C=Cy,,, groups are tightly bound
and tropsP acts as tetrapodal ligand.

Results and Discussion

Synthesis and Structural Characterization of trops;P (1)

The phosphane trop;P was obtained by treating tris(tri-
methylsilyl)phosphane with 3.5 equiv. of tropCl. The prod-
uct precipitated from the solution as its hydrochloride salt
after the addition of methanol to the reaction mixture and
was easily isolated. Further work-up under standard condi-
tions led to the final product (Scheme 2). TropsP can be
stored without special precautions on air for at least two
2655
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Scheme 2. Synthesis of tropsP (1) and trop;P=S (2).

years and in substance is not oxygenated by 1 atm of O, at
room temperature. The structure of 1 was determined by
X-ray diffraction. Figure 1 and Figure 2 show the molecule

Figure 1. ORTEP plot of tropsP (1) (thermal ellipsoids at 50%
probability). View along the threefold symmetry axis of both the
molecule and the crystal. Sum of bond angles at P1: 295.5°.

Figure 2. ORTEP plot of tropsP (1) (thermal ellipsoids at 50%
probability, hydrogen atoms omitted for clarity). View perpendicu-
lar to the threefold symmetry axis. Selected bond lengths [A] and
angles [°]: P1-Cl: 1.9015(22); C4-C5: 1.330(4); CI-P1-Cl”:
98.50(9). Torsion angles [°]: C1'-P1-C1-C7: 45.14(21); C31-P1-
C1-C2: 89.98(20).
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from two different angles; selected bond lengths and angles
are given in the Figure caption, pertinent crystal data are
given in Table 4. The threefold symmetry axis of the cubic
unit cell coincides with the C; molcular symmetry axis.
There are no mirror planes in the crystal due to the slight
twist of the trop moieties and the space group is chiral
(P43n), that is the crystals exist in two enantiomorphic
forms. The prominent structural feature of 1 is the endo-
endo-endo conformation of the trop,P substituents at each
individual seven-membered ring, which all have a boat con-
formation. NMR spectra indicate that this highly symmet-
ric structure is also present in solution. Hence, 1 is a highly
pre-organized rigid ligand for tetradentate binding in TBP
structures with a typical sum of bond angles at the P-atom,
2°(P) = 295.5°.

Figure 3. ORTEP plot of trop;P=S (2) (thermal ellipsoids at 50%
probability, solvent molecules omitted for clarity). Selected bond
lenghts [A] and angles [°]: P1-S1: 1.9409(9); P1-Cl: 1.9181(14);
mean C=C (double bond): 1.333(2); S1-P1-C1: 112.42(5); C1-P1-
C1’:106.37(5). Sum of bond angles of the three carbon substituents
at P1: 319°. Torsion angle ¢(S1-P1-Cl—ctl): 73.2°.
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In order to test whether the phosphorus atom can be
involved in a chemical reaction, 1 was treated with Sg
(Scheme 2). After stirring in THF at 60 °C for about five
days, tropsP=S (2) precipitated and could be isolated
(higher reaction temperatures led to decomposition). A plot
of the structure obtained by X-ray diffraction is shown in
Figure 3 (selected bond lengths and angles are given in the
Figure caption, pertinent crystal data are given in Table 4).
In contrast to 1, the trop substituents in 2 are considerably
more twisted. This is indicated by the torsion angle ¢ = X—
P1-Cl—ctl = 73.2° in 2 vs. ¢ = 23.0° in 1 where X stands
for the phosphorus lone pair or a substituent and ct for the
centroid of the C=Cy,,, unit (ideally Cs, with ¢ = 0°, that
is the C=Cy,,, group is orthogonal to the P-X vector). As
expected, the sum of the C-P-C angles at the phosphorus
atom increases to 319° upon sulfurization. Noteworthy is
the slight lengthening of the P—-C bonds in 2 [1.918(1) A]
with respect to 1 [1.902(2) A] while usually a shortening is
observed upon increasing the formal oxidation state at the
phosphorus center to PY.

Metal Complexes of trop;P

The coordination chemistry of tropsP (1) was investi-
gated through the synthesis of complexes containing the d'°
noble metal ions, Ag' and Au', and the d® valence electron
configured metal ions, Rh', Ir' and Pd". The first two metal
ions are expected to bind weakly, the latter strongly to the
C=Ciop units. The coordination to the C=C,, bonds can
be evaluated by NMR spectroscopic data and inspection of
the molecular structures. Low-frequency '*C NMR reso-
nances for the significantly shielded C=C,,,, carbon nuclei
and torsion angles ¢ close to 0° are expected when the ole-
finic units are tightly bound.

Silver and Gold

Despite its low solubility, AgCl is dissolved completely
when stirred in a CH,Cl, solution of phosphane 1 at room
temperature. After about 20 h [AgCl(tropsP)] (3) is quanti-
tatively obtained (Scheme 3). The silver salts AgOTf and

4a: X = OTf
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6
4b: X = PFg / Au
Ag |
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Scheme 3. Synthesis of trops;P transition metal complexes.
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[Ag(MeCN),4]PF¢ reacted rapidly with 1 to give the com-
plexes [Ag(tropsP)]JOTf (4a) and [Ag(trop;P)]PF4 (4b),
respectively. Crystals of the compounds 3, 4a and 4b were
grown and investigated by X-ray diffraction. We were un-
able to refine the data sets of compounds 4a, 4b likely be-
cause of severe disorder of the OTf and PFs anions. The
structure of 3 was solved and a plot of the structure is
shown in Figure 4 (see the Figure caption for selected bond
lengths and angles and Table 4 for pertinent crystal data).
As expected, P1 and Cl1 coordinate to the Ag center in an
almost linear fashion (P1-Agl-Cl1: 173.1°). The structural
data give no indications for coordination of the C=C.,,
bonds. The mean distance between the Ag atom and the
double bond centroids, ct, is approximately 3.2 A, the
C=Cp bonds are not elongated in 3 [C=C,,,, 1.328(1) A]
with respect to the free phosphane 1 [C=C, 1.330(4) Al,
and the torsion angle ¢ (Agl-P1-Cl—ctl) = 27(7)° remains
large.

n Cl

Figure 4. ORTEP plot of [AgCl(trops;P)] (3) (thermal ellipsoids at
30% probability, hydrogen atoms and solvent molecules omitted
for clarity, only one of two independent molecules shown). Selected
bond lenghts [A] and angles [°]: Agl-P1: 2.3677(21); Agl-Cll:
2.3528(23); mean Agl-ct: 3.16(12); mean C=C (double bond):
1.328(12); P1-Agl—Cl1: 173.10(3). Sum of bond angles of the three
carbon substituents at P1: 305°. Mean torsion angle p(Agl-P1-
Cl—ctl): 27(7)°.

These conclusions are supported by NMR spectroscopy.
The element silver consists of two NMR-active isotopes,
107A¢g (51.84%) and 'Ag (48.16%) with I = 1/2. Due to
weak coordination and rapid exchange processes, *'P NMR
spectra of silver phosphane complexes often display a single
broad resonance signal at room temperature, which some-
times can be resolved at low temperatures. The silver com-
plex 3 is persistent even at room temperature and the two
couplings 'J('Ag,3'P) and 'J(!°°Ag3'P) are clearly re-
solved in the 3'P NMR spectrum (Figure 5).

A H,'Ag HMQC spectrum was measured in order to
search for indications of Ag—(CH=CH,,,) interactions
(Figure 6). The sizeable Ag-H coupling of 9.0 Hz to the
benzylic protons (easily observed in the standard '"H NMR
spectrum) gives rise to strong cross peaks in the two-dimen-
sional spectrum. None of the other protons couple strongly
enough to generate cross peaks that are detectable above
2658

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J(Ag, P) = T13 Hz
1

J(®Ag, ¥'P) = 822 Hz

——

-34 35 -36 -37 -38 -39 -40 -41 -42 -43 ppm

o1

5%" P)

Figure 5. 3'P NMR spectrum of [Ag(trop;P)]JOTf (4a) at room tem-
perature. Coupling to the two almost equally abundant silver iso-
topes '"7Ag and '"Ag is clearly resolved.

the noise level. In a second experiment, the Ag—H coupling
constants were measured by means of a 3'P, '"H HMQC
spectrum (Figure 7). Additional nuclei besides *'P and 'H
in the spin system will cause a doubling of the resonances
in the 2D spectrum. Furthermore, a diagonal displacement
of the cross peaks will be observed, which corresponds to
the coupling with the additional nuclei. This is clearly vis-
ible for the benzylic hydrogen atoms, which do couple with
the '7Ag and '“Ag nuclei and give eight diagonally dis-
placed cross peaks. Note that from this spectrum individual
3J(19°Ag,'H) and 3J('’Ag,'H) coupling constants can be
obtained as a consequence of the resolution in the 3'P do-
main. Furthermore, the signs of 3Jag 1 and 'Ja,p are the
same. For the olefinic protons, only four cross peaks can be

3
Jro - 680
N - 700

T

oN
& - 720

1
3 - 740
o(H) 4.8 47 ppm

Figure 6. Section of the 'H,'Ag HMQC spectrum of 4a. Cross
peaks with the benzylic protons.

o
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Figure 7. Section of the 'H,>'P HMQC spectrum of 4a. Ag-H
couplings are visible for the benzylic and for the olefinic protons.
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recorded, but there is in fact a tiny shift of —0.5 Hz in the
'"H NMR dimension. To the best of our knowledge this is
the second coupling constant between a silver nucleus and
an olefinic proton that could be measured.*! Its small mag-
nitude indicates a very weak and likely dynamic interaction
between the C=C,,,, double bonds and the Ag atom. We
note that although the unlike signs of 2J(Ag,Hgefinic) and
*J(Ag,Hpenzyiic) are in agreement with such an explanation,
we cannot exclude a coupling mechanism involving just the
olefinic proton and extended lone pairs on silver, similar to
the ones often encountered in fluorine chemistry. In any
case, our data give no indications of metal-to-olefin,
Ag—C=C,p, m-back-donation and if there were a silver—
olefin interaction, this would consists in an olefin to metal,
C=Cyop—>Ag, o-donation within the Dewar—Chatt-Dun-
canson terminology. This view is fully supported by inspec-
tion of the '*C NMR spectroscopic data of the C=Cyp
carbon nuclei (see Table 2 and the discussion below).

We were especially interested in the synthesis of a mono-
phosphane gold complex, possibly with an additional labile
ligand. Therefore we reacted tropsP (1) with [Au'(MeCN),]-
PF¢, which was obtained by electrolysis of a gold wire in an
acetonitrile solution containing the PFs~ anion.[*!421 Upon
mixing a suspension of 1 in MeCN with a MeCN solution
of [Au'(MeCN)4]PF,, immediate dissolution of 1 was ob-
served. The product [Au(trop;P)(MeCN)|PF (5) was sub-
sequently precipitated by adding toluene (Scheme 3). The
structure of 5 is displayed in Figure 8 (see the Figure cap-
tion for selected bond lengths and angles and Table 4 for
pertinent crystal data obtained by X-ray diffraction). The
gold center is coordinated by the phosphorus atom of the
trop;P ligand and a nitrogen atom of the MeCN ligand in
a linear coordination sphere (P1-Aul-N1 176.3°). The

C46

C47

Figure 8. ORTEP plot of [Au(trop;P)(MeCN)]PF¢ (5) (thermal el-
lipsoids at 30% probability, hydrogen atoms and counteranion
omitted for clarity). Selected bond lenghts [A] and angles [°]: Aul—
P1:2.2343(9); Aul-N1: 2.043(4); mean Aul-ct: 3.14(6); mean C=C
(double bond): 1.33(3); PI-Aul-N1: 176.30(13); Aul-N1-C46:
175.5(5). Sum of bond angles of the three carbon substituents at
P1: 309°. Mean torsion angle p(Aul-P1-Cl—ctl): 24(7)°.
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Aul-P1 and the Aul-N1 distances are in good accordance
with reported bond lengths.[*3] The long distances between
the gold atom and surrounding C=C., groups (average
3.139 A) and the twist of the C=Cyyop units (average ¢ =
24.4°) exclude any significant interaction. This is also cor-
roborated by the '*C NMR shifts of the C=C,,, units,
which again show high frequency shifts upon coordination
(see Table 2 below).

Thus, in d'° valence electron configured silver and gold
complexes, 1 behaves as extremely bulky monodentate
phosphane ligand (cone angle approx. 250°)“# and the re-
sulting complexes are kinetically inert.

Rhodium, Iridium, and Palladium

When [Rh,(p-Cl),(cod),] was treated with 1 in THF at
60 °C, quantitative conversion to the desired product
[RhCl(tropsP)] (6) was observed after 30 h (Scheme 3).
Complex 6 precipitated directly from the reaction solution
and was isolated as yellow powder by simple filtration.
Concentrations higher than 0.03 M should be avoided, be-
cause partial decomposition of the ligand with formation of
bi(dibenzo[a,d|cyclohepten-5-yl), trop,, was observed. The
structure of 6 was determined by X-ray diffraction. Figure 9
shows a plot, selected bond lengths and angles are listed in
the Figure caption, and in Table 4 pertinent crystal data are
given. Complex 6 has an almost perfect trigonal bipyrami-
dal structure with the P- and Cl-atoms in the apical and the
three C=C,, units in the equatorial positions; the P1-
Rh1-CIl angle is 179° and the ct-Rh-ct angles vary be-
tween 119.2° and 121.4°. Clearly, the C=C4,,,, double bonds
are coordinated: The averaged Rh-ct distances are short
(2.15 A), the C=C bonds are elongated to 1.40 A, and the
torsion angles ¢ are smaller than 10°. This leads to an al-
most perfect parallel stacking of the benzo rings of neigh-
bouring trop groups at distances of about 3.2 A. The struc-
tural data of 6 very closely match the ones reported for the
complex [RhCl(cht;P)] by Herberhold et al.,* only the
Rh-C distances are marginally shorter by about 1%.
Table 1 gives a compilation of selected structure parameters
for both compounds.

The iridium complex [IrCl(tropsP)] (7) was prepared in
about 70% yield when 1 was treated with [Ir,(p-Cl,)(coe)s]
for 3d at 60 °C in THF. The reaction is somewhat more
sluggish than in the case of the synthesis of 6 but after re-
moval of impurities, 7 is obtained as bright white powder
(Scheme 3). Crystals of 7 showed merohedral twinning and
we were unable to refine the structure satisfactorily. How-
ever, the gross structural features were determined and
show that 7 has as expected, a structure analogous to the
rhodium complex 6.

[PACI,(PhCN),] reacted with 1 in CH,Cl, at room tem-
perature to form an n?> complex, likely [PdCl,-
(tropsP)(PhCN)] with only one double bond of one trop
substituent coordinated, while the phosphorus center and
the other two C=C,, bonds remain uncoordinated, which
is indicated by the rather low-frequency 3'P NMR reso-
2659
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Figure 9. ORTEP plot of [RhClI(trop;P)] (6) (thermal ellipsoids at
50% probability, hydrogen atoms and solvent molecules omitted
for clarity). Selected bond lenghts [A] and angles [°]: Rh1-PI:
2.1413(8); Rh1-Cl1: 2.4601(8); mean Rhl-ct: 2.150(9); mean C=C
(double bond): 1.401(7); P1-Rh1-Cl1: 179.06(3). Sum of bond
angles of the three carbon substituents at P1: 320°. Mean torsion
angle p(Rh1-P1-Cl-ctl): 7.1(4)°.

Table 1. Comparison of structural parameters.

Bond/Angle [RhCl(tropsP)] (6) [RhClI(cht;P)]@!
Rh-P 2.1413(8)PA 2.153(1) A
Rh-ClI 2.4601(8) A 2.460(1) A
Rh=C 2.265(3) A 2.283(2) A
2.244(3) A 2.282(2) A
2.274(3) A 2.279(2) A
2.248(3) A 2.280(2) A
2.280(3) A 2.2952) A
2.254(3) A 2.287(2) A
P-Rh-ClI 179.06(3)° 178.9(1)°

[a] Data from ref.*3. [b] Standard deviation.

nance at 6 = —48.1 ppm. Performing the reaction in THF
or acetonitrile as solvent and heating the reaction mixture
to 60 °C for 24 h caused vanishing of the initial yellow color
and a red solid started to precipitate. This compound
showed a 3'P NMR shift at § = 263.8 ppm and was iden-
tified as [Pd(tropsP)CI]Cl (8) (Scheme 3). Exchange of the
chlorides by triflate anions using AgOTf was a straightfor-
ward reaction and gave an intense ruby red solution (Anax
= 497 nm). From this solution, very dark crystals of the
composition [Pd(tropsP)(H,O)](OTf), (9) were obtained
which were subjected to a X-ray diffraction study. The di-
cation [Pd(trop;P)(H,O)]** has a TBP structure with the P-
atom of the trops;P ligand and an oxygen atom of a water
molecule in the axial positions (Figure 10, see the Figure
caption for selected bond lengths and angles and Table 4
for pertinent crystal data). The three C=C,.,, units are
bound in the equatorial positions at about 2.3 A. This dis-
tance is significantly longer (ca. 0.13 A) than the one in
the Rh' complex 6. The less pronounced Pd—C=C,,, 7-
backbonding also leads to shorter C=C,,, bonds (average
1.383 A) when compared to the Rh' complex 6. The
averaged torsion angle ¢ is again smaller than 10°. The
Pd1-O1 bond length [2.142(4) A] is very similar to Pd-O
distances found in structures of tetracoordinate planar Pd!
aqua complexes, while 9 seems to be the first structurally
characterized pentacoordinate Pd"" aqua complex.
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Figure 10. ORTEP plot of [Pd(trop;P)(H,0)](OTf), (9) (thermal
ellipsoids at 50% probability, hydrogen atoms, counter anions and
solvent molecules omitted for clarity, only one of two independent
molecules shown). Selected bond lenghts [A] and angles [°]: Pd1—
P1: 2.1736(14); Pd1-Ol: 2.142(4); mean Rhl-ct: 2.28(5); mean
C=C (double bond): 1.383(20); P1-Pd1-O1: 177.21(11). Sum of
bond angles of the three carbon substituents at P1: 322°. Mean
torsion angle p(Rh1-P1-Cl—ctl): 9.5(8)°.

NMR Spectroscopy

Selected 3'P, 'H, and '3C solution NMR spectroscopic
data of trop;P (1), [AgCl(tropsP)] (3), [Au(tropsP)(MeCN)]-
PFs (5), [RhCl(tropsP)] (6), [IrCl(tropsP)] (7), and [Pd-
(tropsP)(H,0)](OTf), (9) are listed in entries 1-6 in Table 2.

For comparison we also list the corresponding data for
analogous cht;P complexes (entries 7-12). The proton and
13C NMR spectroscopic data are remarkably similar in
both series. The proton in B-position (denoted as Hyey,) 1s
little influenced by metal coordination to the P-atom as
long as the complex remains neutral (especially in the rho-
dium and iridium complexes, 6 and 7, respectively). Metal
charge has an influence, that is an increasingly positive
charge of the complex shifts the Hy.,, resonance to higher
frequencies (by 1.63 ppm in the dication 9, by 0.76 ppm in
the mono-cation 5). Metal to C=C,, m-backbonding,
M—C=Cyop, is reflected in the chemical shifts of the 3Coer
and 13C,.,, and to a certain extent in the 'H, s nuclei. In-
creasing m-backbonding causes a low-frequency shift
(shielding) of the '*Cgr resonances of the C=Cy,,, units.
The data clearly show that M—C=C,,,, backbonding in the
silver and gold complexes is negligible as already stated
above, the coordination shifts Ad = (Jcomplex — Orree ligand) AT€
even positive (+7 and +5 ppm for 3 and 5, respectively)
while negative Ad are expected when n-backdonation is sig-
nificant. This is the case in the Pd™ complex 9 (Ad = —15.4),
Rh! complex 6 (Ad = —45.6), and Ir' complex 7 (Ad = -59.4)
and backbonding increases in this order. The increasing
slight shift to lower frequency of the '*C,.,, resonance in
the same order is a consequence of the increasing bending
of the central seven-membered ring upon shortening of the
metal C=C,,, distances. This effect causes a slight decrease
of the sum of the two P-Cy,,,—C and the C-C,,,—C angle
(336.0° in the free phosphane 1; 334° in 9, and 331° in 6).
The 'H, ¢ resonances are also increasingly shifted to low
frequency (by 0.3 ppm in 6, 0.9 ppm in 7) upon increasing
the metal to olefin backbonding, but this effect is counter-
balanced by the formal charge at the metal center and in
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Table 2. Comparison of NMR spectroscopic datal®! for trop;P and cht;P complexes.
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Holet
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Compound Solvent 3IP NMR [ppm] 'H NMR [ppm] 13C NMR [ppm]

olef benz olef benz
trop;P (1) CDCl, -22.4 6.30 4.16 125.0 55.6
[AgCl(tropsP)] (3) CD,(Cl, =27.7 6.54 4.46 132.0 54.4
[Au(tropsP)(MeCN)|PF (5) CD;CN 0.7 6.48 4.92 130.3 542
[RhCI(tropsP)] (6) CD,Cl, 191.7 5.93 3.97 79.4 48.4
[1rCl(tropsP)] (7) CD,Cl, 134.1 5.40 4.15 65.6 44.8
[Pd(tropsP)(H,0)](OTH), (9) CD,Cl, 270.6 7.40 5.79 109.6 51.9
cht;P CDCl, -12.8 6.53 2.32 130.9 36.1
AgCl(cht;P)*! CDCl, 138 6.62 2.92 132.0 36.0
[RhCl(cht;P)]! CDCl, 3253 5.45 1.94 80.9 359
[IrCl(cht;P)]ic! CDCl, 265.2 4.81 1.95 65.4 31.1
[PACI(cht;P)]PFl (CD3),CO 4359 7.13 3.77 110.6 439
[PtCI(chtsP)]PF4 (CD4),CO 353.1 6.37 3.60 92.7 36.5

[a] Table includes only chemical shift data; multiplicities and coupling constants are omitted for simplicity. [b] Data from ref.?’l. [c] Data

from ref.?3],

the Pd" complex 9 H, . is even deshielded by 1.1 ppm. The
same trends are observed in the cht;P complexes (see entries
7-12).

A remarkable feature of the M(tropsP) and M(cht;P)
complexes with M—C=C,,,,, backbonding are the unusual
high frequency shifts of the 3'P resonances. Especially in
the Pd" complexes, the 3'P coordination chemical shifts are
almost 300 ppm for 9 and approx. 450 ppm for [Pd(cht;P)-
CI]*, which shows likely the least shielded 3'P nucleus for a
seemingly “ordinary” phosphane complex.?¥ Interestingly,
this unusual shift to high frequencies becomes smaller when
the M—C=C,,,,, backbonding increases, that is in the order
Pd > Rh > Ir the 3'P resonance frequencies decrease. On
the contrary, for the d!°-metal complexes, especially for the
silver complexes, small coordination shifts of the 3'P reso-
nance are observed.

In order to gain some insight into these unusual 3'P
NMR shifts, we recorded CP MAS spectra of 1, 3, 6, 7,
and 9. The top of Figure 11 shows the spectra obtained for
1 and 3 at a spinning frequency of 8 and 7 kHz, respectively.
On the bottom of Figure 11, the spectra on static powder
samples are displayed. A single sharp resonance with very
small side bands is observed for tropsP (1). The spectrum
obtained with a non-rotating sample is indicative for an ax-
ial chemical shift tensor in complete accordance with the
high symmetry determined in the X-ray diffraction study.
The anisotropy of the chemical shift tensor, expressed in its
span €, is about 19 ppm, which is within the expected range
for free phosphanes. The 3'P CP MAS spectrum of
[AgCl(tropsP)] (3) at 7 kHz shows a sharp doublet, that is
the one bond coupling to silver is resolved under these con-
ditions, but not to the individual 'Ag and '°’Ag isotopes
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(cf. Figure 5). A non-spinning probe showed a typical
rhombic signal of moderate band width with Q = 24 ppm
close to the one of the free phosphane 1.

[AgCl(trop,P)]

trop,P

8000 Hz 7000 Hz

A

307 0 5(P) 0 -20 40 -60 ppm

20 -40 -60 ppm

Figure 11. 202 MHz 3'P{'H} CP MAS spectra of tropsP (1) and
[AgCl(tropsP)] (3) at 8/7 kHz and 0 Hz spinning frequency, respec-
tively.

Figure 12 shows the experimental spectra of [RhCI-
(tropsP)] (6), [IrCl(tropsP)] (7) and [Pd(tropsP)(H,O)]** (9).
At 3 kHz rotation frequency of the samples, the spectra ob-
served for 6 and 7 are not significantly different from the
axial type (skew k¥ > 0.9), but a rhombic spectrum is seen
for 9 (x = 0.87). In all cases two components of the chemi-
cal shift tensor, d;; and d,,, were recorded at frequencies
typical of weak shielding while the remaining, d33, was ob-
served at negative values rather similar for all investigated
compounds 1-9. The largest anisotropy Q = 460 ppm is ob-
tained for the Pd™ complex 9. Clearly, the components J;;
and d,, are responsible for the isotropic high-frequency shift
2661
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Table 3. Compilation of solid state NMR spectroscopic data (ppm) for tropsP complexes.

Compound Jiso o1 05> 033 Oisos Caled. Q
trop; Pl -30.3 -24.0(5) -24.0(5) -43.0(5) -30 19(1)
[AgCl(tropsP)] (3) -30.9 [b] (0] b]

[RhCl(tropsP)] (6)] 196 330(5) 330(5) ~70(5) 197 400(10)
[IrCl(tropsP)] (7)ic! 135 245(5) 245(5) -85(5) 135 330(10)
[Pd(trop;P)(H,0)](OTf), (9 260 425(5) 395(5) -40(5) 260 465(10)

[a] Values determined by line shape analysis at 0 Hz spinning frequency. [b] The contributions of the anisotropies of scalar coupling,
dipolar coupling and chemical shift can not be separated satisfactorily. [c] Values determined by analysis of the experimental MAS

spectrum and then fitting a simulation.

recorded in solution. Simulation of the spectra led to the
chemical shift tensor elements listed in Table 3. The axial
spectra of 6 and 7 allow to conclude that the d33 element is
aligned with the M-P vector and J,; and J,, are conse-
quently orthogonal to M-P and parallel to the equatorial
coordination plane with the metal C=C,,, arrangement.[*!
As Table 3 shows, the deshielding of d;; and J,, decreases
in the order 9 < 6 < 7 as the M—C=C,,, backbonding
increases.

Feo [RhCl(trop,P)]

iso [IrCl(trop,P)]

[Pd(trop,P)(H,O)(OTH),

-100 ppm

100 0

é‘(“‘P) 400 300 200

Figure 12. 202 MHz 3'P{'H} CP MAS spectra of [RhCl(trop;P)]
(6) (top), [IrCl(tropsP)] (7) (middle) and [Pd(trops;P)(H,0)](OTf),
(9) (bottom) at 3 kHz rotation frequency.

Conclusions

The new phosphane tropsP was synthesized in an unex-
pected simple manner from P(SiMes); and 5-chlorodiben-
zo[a,d|cycloheptene, tropCl. The structure of tropsP is very
rigid and the phosphorus atom is deeply embedded in a
concave pocket formed by the three trop substituents. This
makes the phosphane infinitely stable against oxidation on
air and long reaction times are needed for converting tropsP
into the corresponding thiophosphorane, trop;P=S, or to
bind transition metals into the pocket. In complexes with
d'% valence electron configured metal complexes, tropsP be-
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haves as an extremely bulky monodenate ligand with a cone
angle of approx. 250°. Consequently, complexes of Ag! and
Au' are kinetically stabilized and the isolation of a rare
stable cationic monophosphane acetonitrile complex [Au-
(tropsP)(MeCN)]* (5) was achieved.*”! Although ques-
tionless a silver—olefin interaction exists in compounds like
[Ag(C,H,);]" AI[OC(CF3)5]4,H8 our data do not support
the idea that any significant interaction (in the sense of a
chemical bond formed by orbital overlap) exists in linearily
coordinated ML, complexes where M = Ag™ or Au™, which
have additional olefinic moieties in close proximity. In com-
plexes with d® valence electron configured transition metals,
trop;P serves as tetradentate ligand and trigonal pyramidal
[M(trop;P)] fragments were observed™®’! with M = Rh!, Ir!,
and Pd" to which a fifth ligand X = CI", H,O binds in the
remaining axial position. Structural and NMR spectro-
scopic data suggest that n-backbonding from filled d-orbit-
als at the transition metal center to the n* orbitals of the
coordinated C=C double bonds increases as expected in the
order Pd" < Rh! < Ir!. Remarkably, the 3'P NMR shifts
react most sensitively to this effect and a decrease in
M—C=C,,,, backbonding causes a strong deshielding, that
is shifts to higher frequencies. 3'P CP MAS NMR spec-
troscopy allowed the chemical shift tensor to be determined
and shows that the unusual deshielding of the 3'P nuclei in
the [MX(tropsP)] complexes is caused by large positive d;;
and d,, components, which are in plane with the three coor-
dinated C=Cj,,,, units and the metal center M = Pd", Rh',
It". The third component, Js3, is aligned with the M—P bond
and has similar negative values for all complexes. Under the
assumption that the 3'P NMR shift is dominated by the
paramagnetic shift term, excitations into unoccupied orbit-
als are likely responsible for this phenomenon. We suggest
that these relevant unoccupied orbitals are those which
correspond to an antibonding interaction between a filled
d-orbital at the metal center and the m*-orbital of the
C=Cop bond. A strong M—C=C,,,,, backbonding will sta-
bilize the bonding d(M)-n*(C=C) interaction at low ener-
gies but lift the antibonding d(M)-n*(C=C) interaction to
high energies. Inversely, a weak M—C=C,,,,, backbonding
will create an energetically low lying antibonding d(M)-
n*(C=C) interaction and excitations into this orbital are
made responsible for the exceptional coordination shifts
leading to unusally high-frequency-shifted 3!'P resonances
in the Pd"™ complexes {6(*'P) = 270.6 ppm in [Pd(trop;P)-
(H,O)P**}; [0CG'P) = 435.9 ppm in [Pd(cht;P)(CD)]*]. For
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a detailed explanation of this phenomenon, an in-depth
quantum chemical analysis is needed, which however was
beyond the scope of this study.

Experimental Section

General Procedures: All manipulations of air- or moisture-sensitive
compounds were performed on a standard vacuum line in flame-
dried flasks under an atmosphere of argon. Solvents were distilled
under argon from Na (toluene), Na/benzophenone (THEF, diethyl
ether), Na/benzophenone/tetraglyme (n-hexane), CaH, (CH,Cl,,
chloroform, acetonitrile), P,Os (acetonitrile). Air-sensitive com-
pounds were stored and weighed in gloveboxes. Basic chemicals
were ordered from commercial suppliers and used as received. The
following organic compounds and metal precursors were prepared
according to literature methods: tropCLF% (TMS);P,P! [Ir,(COE),-
(u-CI1),].B? IR spectra were recorded on a Perkin-Elmer Spectrum
2000 FT-IR-Raman spectrometer with the ATR technique. Mass
spectra of organic compounds were recorded on a Finnigan MAT
SSQ 7000 mass spectrometer using electron ionization. Melting
points were determined with a Biichi melting point apparatus and
are not corrected. UV/Vis spectra were recorded on a UV/Vis/NIR
lambda 19 spectrometer in 5-mm quartz cuvettes (200-1000 nm).
Solution NMR spectra were recorded on Bruker Avance 400, 300,
250 and 200 spectrometers. Chemical shifts (J) are measured and
referenced according to IUPACP3 and expressed in ppm. *'P CP
MAS solid state NMR spectra were acquired at room temperature
on a Bruker Avance instrument operating at a 'H Larmor fre-
quency of 500 MHz. Conventional cross-polarization and magic-
angle-spinning techniques were implemented by using 4-mm rotors
with which rotational frequencies of at least 11 kHz were achieved.
The strength of the magnetic field was adjusted such that the '*C
carboxylate resonance of a-glycine appeared at 6 = 176.0 ppm. In
consequence referencing of all isotopes could be achieved as for
the solution NMR using the unified = scale.l*>! Chemical shifts are
expressed relative to H;PO,. CP MAS spectra were simulated by
using the SIMPSON program package.[>¥

Preparation of Tris(5H-dibenzo|a,d]cyclohepten-5-yl)phosphane (1):
TropCl (13.4 g, 59 mmol) was placed under argon in a 500-mL
round-bottom Schlenk flask. It was dissolved in 250 mL freshly
distilled, dry THF. P(SiMes); (4.5 mL, 3.9 g, 16 mmol) was added
dropwise to this solution. The resulting mixture was stirred at room
temperature for several days and the reaction was monitored by 3'P
NMR spectroscopy. The first substitution leading to trop(SiMe;),P
[6C'P) = —148.2 ppm] is quite fast, the second step to trop,-
(SiMe3)P [6(3'P) = ~70.3 ppm] and third step to 1 proceed more
slowly. When the *'P NMR spectrum showed almost complete con-
version to tropsP 1 (after 4 to 6 d), MeOH (2.5 mL, 2.0 g, 62 mmol)
was added and stirring was continued for another 12 h. During this
time a white precipitate formed in the reaction mixture
(tropsP-HCI) [0(3'P) = —45.5 (1Jpy; = 480 Hz) ppm)]. This precipitate
was collected by filtration and washed with THE. The product was
obtained by suspending (trop;P-HCI) in a concentrated NaHCO;
solution and extracting the resulting mixture twice with CH,Cl,.
The combined organic phases were dried with Na,SO,4 and concen-
trated to dryness. The product was dried in high vacuum giving a
fine white powder of high purity. If necessary, 1 can be further
purified by recrystallization from toluene. Yield: 7.54 g (80%). M.p.
247 °C. C4sH;33P (604.72): caled. C 89.38, H 5.50, P 5.12; found C
89.12, H 5.66. IR (ATR): ¥ = 3013 (W, vcy), 1592 (w), 1488 (m),
1453 (m), 1432 (m), 1329 (m), 1287 (m), 796 (s), 781 (s), 728 (s),
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633 (s) em'. MS (EI): m/z 603 (M*), 191 (C;sH;,*). 'TH NMR
(300 MHz, CDCl;, 25 °C): 6 = 4.16 (d, 2Jpyy = 1.8 Hz, 3 H, Hyeny),
6.30 (s, 6 H, Hoep), 6.44-6.51 (m, 6 H, H,y), 6.81-6.87 (m, 6 H,
H,py1), 6.97-7.06 (m, 12 H, H,,y) ppm. *C{'H} NMR (75.5 MHz,
CDCl3, 25°C): 6 = 55.6 (d, 'Jpc = 36.3 Hz, 3 C, Cpeny), 125.0 (d,
Jpc =0.7Hz, 6 C, Cqep), 128.3 (s, 6 C, Cyryr), 128.6 (5, 6 C, Cypy1),
128.6 (d, Jpc = 3.1 Hz, 6 C, Cypy), 131.6 (d, Jpc = 5.7Hz, 6 C,
Cary), 1354 (d, Jpc = 3.5Hz, 6 C, Cypy), 139.3 (d, Jpc = 9.0 Hz,
6 C, Cyry) ppm. >'P{'H} NMR (121.5 MHz, CDCl;, 25°C): 6 =
-22.7 (s) ppm.

Preparation of Tris(5H-dibenzo|a,d|cyclohepten-5-yl)phosphane Sul-
fide (2): In a Schlenk flask, tropsP (240 mg, 0.40 mmol) and Sg
(14 mg, 0.44 mmol) were suspended in THF (20 mL). This mixture
was heated to 60 °C and stirred for several days. Conversion was
about 20% after 17 h and about 40% after 40 h. After five days, a
white precipitate had formed, which was collected by filtration and
washed with THE. The filtrate still contained about 50% starting
material. The collected product was dried in high vacuum to give
a microcrystalline white solid. Yield: 35 mg (14%). M.p. 212 °C.
CysH33PS (636.78): caled. C 84.88, H 5.22, P 4.86; found C §4.43,
H 4.91. IR (ATR): v = 3017 (W, vcn), 2972 (W, Ven), 2852 (W, ven),
1494 (m), 1456 (m), 1432 (m), 1160 (m), 1065 (m), 803 (s), 779 (s),
769 (s), 726 (s), 687 (s), 615 (m). '"H NMR (300 MHz, CD,Cl,,
25°C): 6 = 5.39 (d, 2Jpy = 16 Hz, 3 H, Hyepy), 6.34 (br. s, 6 H,
Hoer), 7.10-7.25 (m, 12 H, Hypy), 7.25-7.40 (m, 6 H, H,yy), 7.40-
7.50 (m, 12 H, H,yy) ppm. 3C{'H} NMR (75.5 MHz, CD,Cl,,
25°C): 6 =59.5(d, Wpc =23.5Hz, 3 C, Cyeny), 127.3 (s, 6 C, Cyiep)s
128.8 (s, 6 C, Cyry1), 129.9 (s, 6 C, Cypy), 131.7 (d, Jpc = 6.5Hz, 6
C, Cyury), 133.2 (s, 6 C, Cypy1), 135.8 (s, 6 C, Cyryiquar)s 136.0 (s, 6
C, Carylquay) PP *'P{'H} NMR (121.5 MHz, CD,Cl,, 25 °C): §
=79.5 (s) ppm.

Preparation of Chloro|tris(5 H-dibenzo|a,d]cyclohepten-5-yl)phos-
phane]silver(I) (3): Aqueous solutions of AgNO; (2.0 g, 12 mmol)
and NH,CI (1.0 g, 19 mmol) were aggregated to precipitate AgCl.
This precipitate was collected by filtration, washed with water, eth-
anol and diethyl ether and dried on air. tropsP 1 (158 mg,
0.26 mmol) and an excess of the freshly precipitated AgCl (123 mg,
0.86 mmol) were combined in CH,Cl, (20 mL). This mixture was
stirred for 16 h. The remaining AgCl was removed by filtration and
washed with CH,Cl,. The filtrate was concentrated to dryness.
Then the product was washed with small amounts of pentane and
dried in high vacuum. The product was obtained as a bright white
microcrystalline solid. Yield: 135 mg (69 %). M.p. 251-260 °C (de-
composition). CysH33AgCIP (748.04): caled. C 72.25, H 4.45, P
4.14; found C 71.98, H 4.58. IR (ATR): ¥V = 3017 (W, vcn), 1594
(w), 1486 (m), 1455 (m), 1434 (m), 1334 (m), 1296 (m), 798 (s), 785
(s), 729 (s), 637 (s) cm™'. '"H NMR (300 MHz, CD,Cl,, 25 °C): 6 =
4.46 (dd, 2Jpy = 12 Hz, 3J a1 = 7.8 Hz, 3 H, Hyeny), 6.54 (s, 6 H,
Hoie), 6.56 (d br, 3Jypy = 7.2Hz, 6 H, H,y), 7.01 (dd, 3y =
72Hz, “Jyn = 1.8Hz, 6 H, H,y), 7.16 (ddd, *Jyu = 7.2 Hz,
7.2Hz; *Jyu = 1.8 Hz, 6 H, H,,y), 7.20 (dd br, 3Jyy = 7.2 Hz,
72Hz; 6 H, H,y) ppm. “C{'H} NMR (75.5 MHz, CD,Cl,,
25°C): 6 = 54.4 (dd, Jpc = 5.7Hz, 2Jpaoc = 1.5Hz, 3 C, Cheny),
126.7 (d, Jpc = 1.7Hz, 6 C, Cyry), 129.2 (s, 6 C, Cyryp), 129.4 (d,
3Jpc = 4.6 Hz, 6 C, Cypy), 129.5 (d, Jpc = 1.7Hz, 6 C, Cypyp), 132.0
(dd, 4JP,C = 5.3 Hz, IJAg’C = 2.0 Hz, 6 C, Colef), 135.0 (d, JP,C =
4.6 Hz, 6 C, Cyryiquar)s 136.0 (d, Jpc = 3.3 Hz, 6 C, Cypy1 quar) PPM.
STP{'H} NMR (121.5 MHz, CD,Cl,, 25 °C): d = -27.7 (d, J197ap
=669 Hz, 'Jig9ap = 771 Hz) ppm.

Preparation of [Tris(5H-dibenzo|a,d]cyclohepten-5-yl)phosphane]sil-
ver(I) Trifluoromethanesulfonate (4a): In a Schlenk flask, trop;P 1
(480 mg, 0.79 mmol) was dissolved in THF. AgOTf (204 mg,
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0.79 mmol) was added to this solution and the resulting mixture
was stirred for three days. Any precipitates were removed by fil-
tration through celite. The filtrate was concentrated to about one
third of its volume and left at 20 °C for crystallization. The pre-
cipitated product was collected by filtration and dried in high vac-
uum. The product was an off-white powder. Yield: 360 mg (53%).
M.p. 223-228 °C (decomposition). Due to the light sensitivity of
the compound, we were not able to obtain reliable elemental ana-
Iytical data. IR (ATR): ¥ = 3362(br., via0), 3020 (W, vep), 1594
(w), 1489 (m), 1455 (m), 1434 (m), 1330 (m), 1265 (s), 1234 (s),
1156 (s), 1027 (s), 802 (s), 788 (s), 763 (s) 732 (s), 635 (s) cm™'. 'H
NMR (300 MHz, CDsCN, 25°C): 6§ = 4.78 (dd, 2Jpyy = 13 Hz,
3Jagn = 9.0Hz, 3 H, Hpen,), 6.56 (s, 6 H, Hopep), 6.71-6.78 (m, 6
H, H,y), 6.92-6.99 (m, 6 H, Hy,y), 7.10-7.19 (m, 12 H, H,)
ppm. *C{'H} NMR (75.5 MHz, CDsCN, 25°C): § = 52.9 (dd,
Upc =5.6 Hz, 2J oy c = 3.6 Hz, 3 C, Cpeny), 126.6 (d, °Jpc = 1.5 Hz,
6C, C,), 129.2(d, *Jpc = 1.7Hz, 6 C, Cy,), 129.6 (d, *Jpc = 4.6 Hz,
6 C, C),129.9 (s, 6 C, Cp), 131.2 (dd, *Jpc = 6.0Hz, Up,c =
1.7Hz, 6 C, Cyp), 134.1 (d, 3Jpc = 45Hz, 6 C, C,), 135.6 (d,
2Jpc =2.7Hz, 6 C, Cp) ppm. PF{'H} NMR (188.3 MHz, CD;CN,
25°C): 6 = -79.2 (s) ppm. 3'P{'H} NMR (121.5 MHz, CD5CN,
25°C): 6 =383 (d, Vig7aepr = 713 Hz, ig9aep = 822 Hz) ppm.
109Ag{'H} NMR (13.4 MHz, CDsCN, 25°C): 6 = 717 (d, Jagp =
822 Hz) ppm.

Preparation of [Tris(5H-dibenzo|a,d]cyclohepten-5-yl)phosphane]sil-
ver(I) Hexafluorophosphate (4b): A solution of trop;P 1 (195 mg,
0.33 mmol) in THF was added dropwise to a solution of [Ag-
(MeCN),]PFy (110 mg, 0.33 mmol) in THF. The reaction mixture
was left overnight under strict exclusion of light for crystallization.
The precipitated product was collected by filtration and dissolved
in acetonitrile. Impurities were removed by filtration and the filtrate
was concentrated to dryness. Recrystallization from THF and dry-
ing in high vacuum yielded the product as a slightly off-white
microcrystalline powder. Yield: 131 mg (47%). M.p. 198-202 °C
(decomposition). Due to the light sensitivity of the compound, we
were not able to obtain reliable elemental analytical data. IR
(ATR): ¥ = 3057 (W, vcpn), 1595 (w), 1490 (w), 1455 (w), 1434 (w),
1330 (w), 1295 (w), 834 (s), 803 (s), 788 (m), 765 (m), 734 (m), 637
(m) cm™. 'TH NMR (300.1 MHz, CDsCN, 25°C): § = 4.76 (dd,
2Jen = 129 Hz, 3Jpen = 9.0 Hz, 3 H, Hyeny), 6.55 (s, 6 H, Hojep),
6.71-6.78 (m, 6 H, Hypi), 6.92-6.99 (m, 6 H, Hy,y), 7.12-7.21 (m,
12 H, H,,yy) ppm. PF{'H} NMR (188.3 MHz, CDsCN, 25 °C): §
= -72.8 (d, Ypr = 706 Hz) ppm. 3'P{'H} NMR (121.5 MHz,
CDsCN, 25°C): 6 = =379 (d, Yig7aer = 715Hz, Vigongp =
825 Hz, trop;P), —144.5 (hept, 'Jpy = 706 Hz, PFs) ppm.

Preparation of (Acetonitrile)[tris(5H-dibenzo|a,d]cyclohepten-5-yl)-
phosphane]gold(I) Hexafluorophosphate (5): Due to the strong oxid-
izing potential of Au! this synthesis was carried out under inert
conditions. The precursor complex [Au(MeCN),]PF4 was synthe-
sized using a slightly modified published procedure.* [Au-
(MeCN),]" is generated by oxidation of a gold wire in an electroly-
sis apparatus. The anode consisted of a coiled gold wire, whereas
for the cathode a coiled silver wire was used. The three compart-
ments were separated by two anion-selective membranes. [Ag-
(MeCN),]PFs  (1.67 g, 4.99 mmol) and MeyNPFs (1.29 g,
5.9 mmol) were dissolved in acetonitrile (50 mL) and transferred
into the cathodic compartment. The bridge compartment was filled
with Me4NPF (1.33 g, 6.1 mmol) dissolved in acetonitrile (30 mL).
To neat acetonitrile (50 mL) in the anodic compartment, 0.5 mL of
a solution of EtyNI (6:10* M, 3:10* mmol) were added (the re-
sulting solution was 6-10°° m in Et,NI). The iodide catalytically ac-
tivated the surface of the gold wire. After the electrolysis the prod-
uct solution in the anodic compartment was separated by cannula
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filtration from colloidal Au® precipitates and used immediately af-
terwards. Separately, tropsP 1 (0.19 g, 0.31 mmol) was suspended
in freshly distilled acetonitrile (50 mL). Then the decanted solution
of [Au(MeCN),]PFq in acetonitrile was added dropwise until the
reaction mixture became clear (about 15 mL). Toluene was added
until some precipitate started to form. Leaving the mixture at room
temperature overnight gave cubic shaped crystals suitable for X-ray
diffraction (50 mg, 16%). Further product was obtained by concen-
tration of the solution and was collected by filtration. The slightly
yellow micro-crystalline powder was washed with toluene and dried
in high vacuum. Yield: 236 mg (76 %). M.p. 208-212 °C (decompo-
sition). TR (ATR): ¥ = 3021 (w, vep), 1491 (m), 1455 (m), 1433
(m), 1334 (m), 1301 (m), 834 (s), 797 (s), 763 (s), 734 (s), 641 (m)
cm™'. '"H NMR (300 MHz, CD;CN, 25°C): § = 4.92 (d, 2Jpy =
15Hz, 3 H, Hyen,), 6.48 (s, 6 H, Hyep), 6.67-6.73 (m, 6 H, Hyy),
7.02-7.07 (m, 6 H, H,y)), 7.18-7.30 (m, 12 H, H,,;) ppm. *C{'H}
NMR (75.5 MHz, CD;CN, 25 °C): 6 = 54.2 (d, 'Jpc = 25 Hz, 3 C,
Chrenz)s 127.3 (d, Jpc = 2.0 Hz, 6 C, C,,y), 129.3 (d, Jpc = 2.1 Hz,
6 C, Cary), 129.5 (s, 6 C, Cypy), 130.3 (d, *Jpc = 6.4 Hz, 6 C, Coyep),
131.7 (d, Jpc = 2.2 Hz, 6 C, Cyy), 134.5 (s, 6 C, Cyryiqua), 135.1
(d, Jpc =4.5Hz, 6 C, Cyry1quar) ppm. F{'"H} NMR (188.3 MHz,
CD;CN, 25°C): § = -72.8 (d, 'Jpr = 706 Hz, PF,) ppm. 3'P{'H}
NMR (121.5 MHz, CD;CN, 25°C): ¢ = 0.7 (s, tropsP), —144.5
(hept, WJpr = 706 Hz, PF4) ppm.

Preparation of (Chloro)|tris(5H-dibenzo|a,d]cyclohepten-5-yl)phos-
phane]rhodium(I) (6): In a Schlenk flask [Rh,(p-Cl),(COD),]
(201 mg, 0.41 mmol) and tropsP 1 (493 mg, 0.82 mmol) were sus-
pended in THF (12 mL). This orange suspension was stirred at
60 °C. Upon heating, all solids dissolved. After 30 h of stirring at
60 °C, a pale yellow precipitate had formed and the 3'P NMR spec-
trum showed almost complete conversion. The mixture was left at
—20 °C overnight in order to complete crystallization. The precipi-
tate was collected by filtration, washed with THF (5 mL), and dried
in high vacuum. The product was a light yellow powder. Yield:
424mg  (70%). M.p. 320°C (starting decomposition).
C4sH33CIPRh (743.08): caled. C 72.74, H 4.48, P 4.17; found C
72.64, H 4.74. IR (ATR): ¥ = 3017 (W, vcp), 1937 (w), 1599 (w),
1574 (w), 1483 (m), 1451 (m), 1417 (m), 1325 (w), 1286 (m), 743
(s), 731 (s), 643 (m) cm™'. MS (EI): m/z 742 (M™), 191 (CsH,;%).
'"H NMR (300 MHz, CD,Cl,, 25 °C): 6 = 3.97 (d, 2Jpy; = 13 Hz, 3
H, Hpens), 5.93 (s, 6 H, Hyyep), 6.50 (d, *Jy 1 = 7.2 Hz, 6 H, Hy,y),
6.77 (dd, 3Jun = 7.2Hz, 7.2 Hz; 6 H, H,,y), 6.86 (dd, 3Jypn =
7.2Hz, 7.2 Hz; 6 H, Hyp), 7.02 (d, 3Jyn = 7.2 Hz, 6 H, Hyy)
ppm. BC{'H} NMR (75.5 MHz, CD,Cl,, 25 °C): 6 = 48.4 (d, 'Jpc
=21.7Hz, 3 C, Cyeny), 794 (d, 2Jpc = 6.3 Hz, 6 C, Crep), 126.7 (s,
6 C, Cyry1), 127.1 (d, Jpc = 7.2 Hz, 6 C, Cypy), 127.5 (s, 6 C, Cyry),
130.5 (s, 6 C, Cyry1), 133.7 (d, Jpc = 5.1 Hz, 6 C, Cpy), 135.6 (5, 6
C, Cuy) ppm. ¥P{'H} NMR (121.5 MHz, CD,Cl,, 25°C): ¢ =
191.7 (d, "Jrnp = 147.5 Hz) ppm.

Preparation of (Chloro)|tris(5H-dibenzo|a,d]cyclohepten-5-yl)phos-
phaneliridium(I) (7): Because [Ir,(u-Cl),(coe),] is very air- and
moisture-sensitive, the reaction was carried out under strictly inert
conditions. In a Schlenk flask [Iry(u-Cl),(coe)s] (232 mg,
0.26 mmol) and 1 (314 mg, 0.52 mmol) were suspended in THF
(18 mL). This orange suspension was stirred at 60 °C. Upon heat-
ing, all the solids dissolved and the color darkened. After 70 h of
stirring at 60 °C the solution was dark brown and the *'P NMR
spectrum showed about 70% conversion to the product. The reac-
tion mixture was filtered over Celite and the filtrate was concen-
trated. Leaving the sample at —20 °C overnight allowed to crys-
tallize the product in form of fine white needles. These were col-
lected by filtration. To remove residual iridium metal, the product
was dissolved in CH,Cl, and filtered over a short silica gel column
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(R¢=0.3). The product was precipitated with n-hexane and dried in
high vacuum to give a white microcrystalline powder. Yield: 115 mg
(53%). M.p. 340 °C (starting slight decomposition). C,sH33CIIrP
(832.39): caled. C 64.93, H 4.00, P 3.72; found C 64.72, H 4.03. IR
(ATR): v = 3014 (W, vcp), 1600 (w), 1575 (w), 1483 (m), 1403 (w),
1286 (m), 746 (s), 732 (s), 644 (m) cm™'. MS (EI): m/z 832 (M™),
191 (C;sH ;). '"H NMR (300 MHz, CD,Cl,, 25°C): 6 = 4.15 (d,
2Jpu = 13 Hz, 3 H, Hyepny)s 540 (s, 6 H, Hye), 6.46 (d, 3Jpp =
6.9 Hz, 6 H, H,), 6.70-6.84 (m, 12 H, H,y), 7.02 (d, 3Juu =
69Hz, 6 H, H,y) ppm. *C{'H} NMR (75.5 MHz, CD,Cl,
25°C): 6 = 44.8 (d, 'Jpc = 21.7 Hz, 3 C, Cpenp), 65.6 (s, 6 C, Corep),
126.4 (s, 6 C, Cyry), 127.6 (d, Jpc = 7.5Hz, 6 C, C,y), 127.8 (d,
Joc = 1.2Hz, 6 C, Cyy), 131.7(d, Jpc = 1.6 Hz, 6 C, C,,y1), 133.4
(d, Jpc = 5.1 Hz, 6 C, Cyy), 135.7 (s, 6 C, Cyry) ppm. *'P{'H}
NMR (121.5 MHz, CD,Cl,, 25 °C): 6 = 134.1 (s) ppm.

Preparation of (Aqua)|tris(5SH-dibenzo|a,d]cyclohepten-5-yl)phos-
phane]palladium(II) Trifluoromethanesulfonate (9): In a Schlenk
flask, [PdCl,(MeCN),] (166 mg, 0.43 mmol) and 1 (262 mg,
0.43 mmol) were suspended in acetonitrile (12 mL). This orange
suspension was stirred at 60 °C. Upon heating, the suspension be-
came red. After 24 h of stirring at 60 °C a dark red precipitate had
formed and the 3'P NMR spectrum showed complete conversion.
The mixture was left at —20 °C overnight in order to complete
crystallization. The precipitate was collected by filtration and dried
in high vacuum. The filtrate was evaporated to dryness and the
residue dissolved in THF. A further crop of product was precipi-
tated with n-hexane, collected by filtration, and subsequently dried
in high vacuum for 24 h. 3'P NMR spectroscopy showed that this
material consisted in majority of [PdCl(tropsP)]Cl [6('P) =
263.8 ppm] and some [Pd(tropsP)(MeCN)]CL, [6(*'P) = 256.1 ppm].
Subsequently, this product mixture (134 mg, 0.17 mmol) was dis-
solved in CH,Cl, (15mL) and AgOTf (133 mg, 0.52 mmol) was
added. The resulting suspension was stirred for 16 h. The color
changed from dark red to dark ruby red. The suspension was fil-
tered through Celite, concentrated, and the product was precipi-

tated with n-hexane. After washing with pentane, the dark ruby
powder was dried in high vacuum. Yield: 162 mg (92%). M.p. 166—
171 °C (decomposition). Cy4;H35F¢O,PPdS, (1027.29): caled. C
54.95, H 3.43, P 3.02; found C 54.71, H 3.65. IR (ATR): ¥ = 3048
(W, ven), 1599 (w), 1507 (w), 1457 (m), 1431 (w), 1221 (s), 1159 (s),
1025 (s) 747 (s), 632 (s) em™!. UV (CH,CL): /max = 497 nm. 'H
NMR (300 MHz, CD,Cl,, 25°C): 6 = 5.79 (d, 2Jpy = 11 Hz, 3 H,
Hpeny), 6.96-7.03 (m, 6 H, Hyyy1), 7.05-7.13 (m, 12 H, Hyy), 7.16—
7.22 (m, 6 H, H,y), 7.40 (s, 6 H, Hyp) ppm. *C{'H} NMR
(75.5 MHz, CD,Cl,, 25°C): 6 = 51.9 (d, Jpc = 16.0Hz, 3 C,
Chenz)s 109.6 (s, 6 C, Coep), 128.5 (d, Jpc = 1.4 Hz, 6 C, Cyy),
128.7 (d, Jpc = 8.6 Hz, 6 C, Cypy), 129.4 (d, Jpc = 5.1 Hz, 6 C,
Cary), 129.6 (d, Jpc = 1.5Hz, 6 C, Cypy1), 1313 (5, 6 C, Cyry1), 135.6
(d, Jpc = 1.1 Hz, 6 C, Cyyry) ppm. "’F NMR (188.3 MHz, CD,Cl,,
25°C): = -78.1 (br. s, 3 F), =77.9 (s, 3 F) ppm. 3'P{'H} NMR
(121.5 MHz, CD,Cl,, 25 °C): ¢ = 270.6 (s) ppm.

X-ray Crystallography: Crystals of 1 were grown from a THF solu-
tion that was layered with hexane. Crystals of 2 were obtained by
slow cooling of a saturated toluene solution. Crystals of 3 grew
from a reaction mixture of 4a and nBuyNCl in acetonitrile. Crystals
of 5 were obtained by layering an acetonitrile solution of the com-
pound with toluene. Crystals of 6 and 9 were grown by slow evapo-
ration of THF and CH,Cl, solutions, respectively. Data collection
for the X-ray structure determinations were performed on Bruker
SMART 1 K and SMART APEX platforms with graphite-mono-
chromated Mo-K,, radiation (/. = 0.71073 A). The reflex intensities
were measured by CCD area detectors. The collected frames were
processed with the proprietary software SAINTPS and an absorp-
tion correction was applied (SADABSP?)). Solution and refinement
of the structures was performed with SHELXS-97%71 and
SHELXL-9758 respectively. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms were
placed in their idealized positions and allowed to ride on the re-
spective carbon atoms. Associated crystallographic data and other
experimental details are summarized in Table 4.

Table 4. Crystal data and refinement for compounds 1, 2, 3, 5, 6 and 9.

1 éjﬁcgf 2 3-3CH,CN 5 6-2THF 2 9:3CH,Cl,
Empirical for- CysHisP Cyg.13H33PS CosH75Ag,CLN;P,  Cy7H;36AuF¢NP, Cs3Hy49CIO,PRE Cy7H74ClF,0,4P,Pd,S,
mula
Formula mass 604.68 674.34 1619.17 987.67 887.25 2309.26
Crystal system cubic trigonal monoclinic orthorhombic monclinic triclinic
Space group P43n P3 P2,/c Pbca P2;/n PI
a[A] 18.8014(6) 12.9046(3) 20.08(2) 16.8961(9) 11.9029(6) 15.4752(13)
b [A] 18.8014(6) 12.9046(3) 12.045(14) 20.4423(11) 23.5360(12) 16.7033(14)
c[A] 18.8014(6) 11.9912(4) 32.24(4) 23.0917(13) 15.8534(8) 21.8310(18)
a[°] 90 90 90 90 90 71.5240(10)
AN 90 90 106.32(2) 90 111.7970(10) 70.0620(10)
7 [°] 90 120 90 90 90 65.0040(10)
VA3 6646.2(4) 1729.35(8) 7485(15) 7975.8(8) 4123.7(4) 4708.0(7)
z 8 2 4 8 4 2
F(000) 2544 706 3320 3904 1840 2332
Crystal size [mm] 0.58 X 0.45X0.40 0.30x0.28x0.23 0.56xX0.29 X 0.25 0.61 X0.52x0.50 0.30x0.28 X 0.03 0.38X0.33x0.12
Pealed. [gem ] 1.209 1.295 1.437 1.645 1.429 1.629
uem™] 0.114 0.175 0.690 3.833 0.561 0.763
T [K] 298 200 298 298 200 200
Rflns. collected 40979 15090 51917 69728 29373 23022
Unique rflns. 2283 2693 13039 8160 7028 16360
Flack parameter  0.10(19) - - - - -
GOF on F? 1.234 1.048 1.045 1.023 1.101 1.018
[1§1>‘2VcsR(21)] 0.0545, 0.1577 0.0414, 0.1066 0.0315, 0.0795 0.0321, 0.0799 0.0374, 0.0863 0.0561, 0.1429

Ry, wR, (all data)

0.0579, 0.1626

0.0499, 0.1126

0.0504, 0.0909

0.0469, 0.0890

0.0466, 0.0902

0.0958, 0.1675
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CCDC-622887 (for 1), -622888 (for 2), -622883 (for 3), -622884 (for
5), -622886 (for 6) and -622885 (for 9) 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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