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The reaction of Pt(COD)Cl2, where COD is 1,5-cyclooctadiene, with one equivalent of a diamidato-
bis(phosphino) Trost ligand ((R,R)-2 = N,N0-bis(2-diphenylphosphino-1-benzoyl)-(1R,2R)-1,2-diaminocy-
clohexane, (R,R)-3 = N,N0-bis(2-diphenylphosphino-1-naphthoyl)-(1R,2R)-1,2-diaminocyclohexane, or
(±)-4 = N,N0-bis(2-diphenylphosphino-1-benzoyl)-1,2-bis(aminobenzene)) in the presence of base affor-
ded square planar diamidato-bis(phosphino) platinum(II) complexes (R,R)-2-Pt, (R,R)-3-Pt, (±)-4-Pt. Char-
acterization of all complexes included the solution and solid state structure determination of each
complex based on multinuclear NMR and X-ray analyses, respectively. Stability of the complexes in acid
was examined on addition of HCl to (R,R)-2-Pt in chloroform and compared to the unreactive nature of the
similar diamidato-bis(phosphino) complex 1-Pt (1 = 1,2-bis-N-[20-(diphenylphosphino)benzoyl]diamino-
benzene) in the presence of acid. Protonation of the bound amidato nitrogen atoms of (R,R)-2-Pt was
observed along with decoordination of the nitrogen atoms from the platinum(II) center producing (R,R)-
2-PtCl2 in quantitative yield by NMR analysis. Confirmation of the product was made on comparison of
the NMR spectra to that of authentic (R,R)-2-PtCl2 prepared on reaction of Pt(COD)Cl2 with (R,R)-2 in
CH2Cl2 and characterized by single-crystal X-ray diffraction analysis and NMR spectroscopy. Results
add to the knowledge of rich coordination chemistry of bis(phosphino) ligands with late transition metals,
metal–amidato chemistry, and has implications in catalysis.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Our group is interested in ligands that contain amide-N atom(s)
with the potential to participate in metal binding. Broad interest in
these ligand systems stems from the intriguing properties [1] that
metal-amidato complexes boast in areas such as catalyst develop-
ment [2], medicinal chemistry [3], and bioinorganic chemistry
[4–6]. In nature, metal–amidato coordination complexes play sig-
nificant roles in the oxidized form of the P-Cluster of nitrogenase
[4], the A-Cluster of CODH/acetyl Co-A synthase [5], and the mono-
nuclear Fe- or Co-containing active site of nitrile hydratase [6].
Based on such findings, continued investigation into the coordina-
tion chemistry and reactivity of metal amidato systems remains of
considerable interest. We have investigated the chemistry of the
Trost designed diamidato-bis(phosphino) series of ligands (Fig. 1:
Ligands 2, 3, and 4), which has been widely used in palladium cat-
alyzed asymmetric allylic alkylations [7]. Our interest stemmed
ll rights reserved.

: +1 619 260 2211.
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from the structural similarities of Trost–metal complexes, with
the Trost ligand bound in a tetracoordinate diamidato-bis(phos-
phino) fashion, to the backbone structure of the distal nickel center
in CODH/acetyl Co-A synthase; containing two carboxamido nitro-
gen atoms and two phosphine units which are substitutes for the
two native thiolate groups found in the enzyme [5]. Interest in
these ligands is broadened since bis(phosphino) ligands have re-
ceived much attention over the last several decades owing in major
part to their use in coordination chemistry [8] and enantioselective
catalysis [9]. Of note, both palladium- [7,10] and platinum-phos-
phino [11] complexes have been shown to be highly successful cat-
alysts for numerous organic transformation reactions. We [12] and
others [13] reported on the coordination versatility of the Trost li-
gand in palladium(II) complexes, being capable of binding either in
a bidentate bis(phosphino) fashion or a tetradentate diamidato-
bis(phosphino) fashion (Fig. 1: Complex B, e.g. (R,R)-2-Pd). The
latter species is significant in Trost–palladium catalyzed allylic
alkylation reactions as it shuts down the catalytic cycle as a cata-
lytically inactive species. In comparison to its palladium chemistry,
the platinum chemistry of the Trost ligands is less well known with
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mailto:cjdaley@sandiego.edu
http://dx.doi.org/10.1016/j.ica.2010.12.056
http://www.sciencedirect.com/science/journal/00201693
http://www.elsevier.com/locate/ica


Fig. 1. Structures of the Süss-Fink (1) and Trost ligands ((R,R)-2, (R,R)-3, and (±)-4) (top) and their reported Pd and Pt complexes (bottom).
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only one crystallographic report on (R,R)-2 coordinating not in its
tetradentate form but rather its bidentate bis(phosphino) form at
room temperature with platinum(II) as (R,R)-2-PtCl2 (Fig. 1: Com-
plex C) [14].

More recently, it was reported that the coordination chemistry
of Trost ligand on palladium(II) complexes contrasts that of the
versatile ligand 1,2-bis-N-[20-(diphenylphosphino)benzoyl]diami-
nobenzene (Fig. 1: Ligand 1), an asymmetric analog of the Trost li-
gand, developed by Süss-Fink and co-workers [15]. Ligand 1 is
reported to form 1-PdCl2 (Fig. 1: Complex A), where 1 coordinates
solely in its bidentate form as a trans-spanning ligand with palla-
dium(II) at room temperature even in the presence of excess base,
which is unlike the Trost complexes [15a]. It was later determined
that with heat in the presence of K2CO3, the amide protons can be
deprotonated and the tetradentate diamidato-bis(phosphino) pal-
ladium(II) complex 1-Pd forms (Fig. 1: Complex B) [15b]. However,
in contrast to its palladium chemistry, 1 is reported to form solely
the tetracoordinate diamidato-bis(phosphino) platinum(II) com-
plex 1-Pt (Fig. 1: Complex B) even in the presence of excess acid
as noted by an unchanging 31P{1H} NMR when HCl was added
[15a]. The latter complex again contrasts that reported for the
Trost ligand set where (R,R)-2-PtCl2 (Fig. 1: Complex C) is observed
under similar reaction conditions used to prepare 1-Pt.

The versatile and controllable coordination of ligands such as
the Süss-Fink ligand 1, favoring one coordination mode depending
on the metal center (Pd versus Pt) and temperature used, is of fur-
ther interest in catalysis where the catalytic activity of a species is
dependent on the coordination mode of the ligand. As example, 1-
Pd (Fig. 1: Complex B) has been reported as the probable catalyt-
ically active species for palladium catalyzed Suzuki-Mayaura
cross-coupling reactions [15b] while the analogous Trost complex
(R,R)-2-Pd is catalytically inactive in allylic alkylation reactions
with its bidentate bis(phosphino) ligation mode, without
metal-amidato bonding, being the active species [16]. As such,
synthesizing and investigating coordination complexes of Trost
and related ligands has broad appeal. Thus, based on the interest-
ing and versatile coordination properties of 1, and on the limited
platinum chemistry of the Trost ligand set, we set out to prepare
and investigate a series of platinum(II) Trost complexes to further
understand the nature of these intriguing systems. Herein we re-
port on the coordination versatility of (R,R)-2, (R,R)-3, and (±)-4
through the direct synthesis and characterization, in both solution
and solid states, of three tetracoordinate Trost-based diamidato-
bis(phosphino) platinum(II) complexes. Furthermore, we report
on the stability and reactivity of the Trost diamidato-bis(phos-
phino) platinum(II) complex in the presence of acid and compare
it to that of 1-Pt.
2. Experimental

2.1. General

All chemicals were ACS reagent grade or better and used with-
out further purification unless otherwise stated. Solvents methy-
lene chloride, diethyl ether, acetonitrile and THF were obtained
from an Innovative Technology solvent purification system and
were de-oxygenated prior to use. All reactions were carried out
under a dry nitrogen or argon atmosphere, unless specified other-
wise. All NMR data was obtained on either a Varian Mercury
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(300 MHz) or an Inova (500 MHz) NMR spectrometer. 1H and
13C{1H} NMR chemical shifts are referenced to tetramethylsilane
(TMS) at 0.00 ppm. 31P{1H} NMR chemical shifts are referenced
to 85% H3PO4 at 0.0 ppm.

2.2. Syntheses

2.2.1. Synthesis of (R,R)-2-Pt
To a 25 mL flask were added (R,R)-2 (0.150 g, 0.217 mmol) and

Pt(COD)Cl2 (0.0815 g, 0.218 mmol) dissolved in THF (10 mL). NaH
(0.0203 g, 0.508 mmol, 60% in oil) was weighed into a 50 mL side
arm flask and THF (10 mL) was added. The solution containing
the ligand and Pt(COD)Cl2 was transferred via cannula to the flask
containing the NaH. The yellow solution was heated at 50 �C. The
solution continued to stir for 24 h. After this time a white solid
had precipitated out of solution. The solution was inverse filtered
to yield (R,R)-2-Pt (0.068 g, 0.077 mmol) in 35% yield. X-ray crys-
tals were obtained by dissolving (R,R)-2-Pt in CH2Cl2 and perform-
ing a diethyl ether vapor diffusion. 1H NMR (CDCl3, 500 MHz)
d 8.47 (dd, 2H), 7.48 (t, 2H), 7.35 (m, 4H), 7. 26 (dd, 4H), 7.18 (m,
6H), 7.13 (m, 4H), 7.08 (m, 4H), 6.67 (dd, 2H), 3.69 (m, 2H), 2.65
(br d, 2H), 1.61 (m, 2H), 1.54 (br q, 2H), 1.31 (br t, 2H). 13C{1H}
NMR (CDCl3, 126 MHz) d 167.7 (m), 144.8 (m), 133.6 (m), 133.5
(m), 131.9 (m), 131.6 (s), 131.3 (m), 131.1 (s), 130.8 (s), 129.4
(m), 128.8 (m), 128.7 (m), 128.4 (m), 125.6 (m), 125.1 (m), 68.0
(s), 31.5 (s), 26.4 (s). 31P{1H} NMR (CDCl3, 202 MHz) d 5.4 (1JP–Pt =
3150 Hz).

2.2.2. Synthesis of (R,R)-3-Pt
In a glove box, (R,R)-3 (0.299 g, 0.378 mmol) and NaOMe

(0.085 g, 1.57 mmol) were dissolved in THF (6 mL) in a 20 mL sam-
ple vial. In a separate vial, Pt(COD)Cl2 (0.141 g, 0.377 mmol) was
dissolved in THF (5 mL). The solutions were stirred for 10 min then
the mixture of (R,R)-3 and NaOMe was added to the platinum com-
plex solution. The resulting solution was stirred for 2 h. The solu-
tion was transferred to a 50 mL sidearm flask, removed from the
glove box, and placed on a Schlenk line. The stirred solution was
refluxed for 14 h. No significant precipitate was noted after this
time. The solvent was removed under vacuum and the residue
was re-dissolved in minimal methylene chloride, filtered through
a Celite plug, and the solvent was again removed under vacuum.
The resulting crude product was loaded onto a Biotage Isolera
automated column system and purified by running 12 column vol-
umes in a 1:1 ethyl acetate:hexanes and then changing gradient to
2:1 ethyl acetate:hexanes. The pure product (R,R)-3-Pt was isolated
in 5.3% yield (0.0198 g, 0.0201 mmol). 1H NMR (CDCl3): d = 8.45 (br
d, 2H), 7.75 (m, 4H), 7.63 (br d, 2H), 7.44–7.48 (m, 6H), 7.29 (m,
2H), 7.24 (m, 4H), 7.20 (m, 2H), 6.89 (br s, 8H), 6.37 (br t, 2H),
3.70 (m, 2H), 3.36 (br d, 2H), 1.70 (m, 2H), 1.48 (br t, 2H), 1.22
(m, 2H). 13C{1H} NMR (CDCl3, 126 MHz) d 176.7 (m), 146.8 (m),
135.9 (t), 135.2 (s), 133.4 (t), 131.9 (s), 131.1 (m), 130.7 (s), 128.7
(t), 128.5 (t), 128.3 (m), 128.1 (s), 128.0 (s), 127.9 (s), 127.5 (s),
125.9 (m), 68.7 (s), 31.4 (s), 26.2 (s). 31P{1H} NMR (CDCl3,
202 MHz) d 2.1 (1JP–Pt = 3130 Hz).

2.2.3. Synthesis of (±)-4-Pt
To a 100 mL flask were added (±)-4 (0.1503 g, 0.1896 mmol)

and Pt(COD)Cl2 (0.0715 g, 0.191 mmol) dissolved in THF (7 mL).
NaH (0.0167 g, 0.418 mmol, 60% in oil) was weighed into a
100 mL side arm flask and THF (10 mL) was added. The solution
containing the ligand and Pt(COD)Cl2 was transferred via cannula
to the flask containing the NaH. The yellow solution was heated
at 50 �C. After one hour of heating the solid had gone into solution.
The solution continued to stir for �17 h. After this time a brown-
pink solid precipitated. The solution was inverse filtered to yield
(±)-4-Pt (0.062 g, 0.063 mmol) in 33% yield. X-ray crystals were ob-
tained by dissolving (±)-4-Pt in CH2Cl2 and performing a diethyl
ether vapor diffusion. 1H NMR (CDCl3, 500 MHz) d 8.65 (dd, 2H,
e), 7.68 (dd, 4H), 7.45 (m, 8H), 7.32 (t, 4H), 7.15 (m, 10H), 6.79 (t,
4H), 6.68 (dd, 4H), 6.49 (d, 2H), 6.38 (dd, 2H). 13C{1H} NMR (CDCl3,
126 MHz) d 165.2 (m), 143.0 (s), 142.2 (m), 136.2 (m), 133.0 (m),
132.3 (m), 131.9 (s), 131.5 (m), 131.4 (s), 130.1 (s), 128.7 (m),
128.4 (m), 127.8 (s), 127.5 (m), 127.2 (s), 127.0 (m), 126.7 (m),
126.2 (m), 125.7 (s), 66.0 (s). 31P{1H} NMR (CDCl3, 202 MHz) d
4.1 (1JP–Pt = 3120 Hz).

2.3. Reaction of (R,R)-2-Pt with HCl

In an NMR tube, 22 mg of (R,R)-2-Pt was dissolved in CDCl3

(previously de-oxygenated). Both 1H and 31P{1H} NMR analyses
was performed on the sample to ensure it was pure then excess
HCl was bubbled through the solution for 1 min. The HCl was pre-
pared via the reaction of conc. H2SO4 with NaCl in a test tube
equipped with a N2 inlet stream to push the HCl formed through
to a dry ice/acetone trap and finally to a needle that was immersed
in the NMR sample. After the addition, the NMR tube was shaken
by hand for 2 min and then 1H and 31P{1H} NMR spectra were re-
corded immediately. The NMR corresponded to those for (R,R)-2-
PtCl2 reported below.

2.4. Isolation of (R,R)-2-PtCl2

To a 10 mL round bottom flask was added Pt(COD)Cl2 (5.2 mg,
1.4 � 10�5 mol) and (R,R)-2 (9.6 mg, 1.4 � 10�5 mol) and CHCl3

(5 mL). The solution was stirred under N2 for 16 h then solvent
was removed under vacuum. The residue was dissolved in minimal
CH2Cl2 and crystallized via vapor diffusion of Et2O into the solu-
tion. A single crystal of (R,R)-2-PtCl2 was analyzed by X-ray diffrac-
tion and the crystal was then analyzed by 1H and 31P{1H} NMR. The
remaining unused solid (8.1 mg, 8.5 � 10�6 mol, 61%) was also
analyzed by 1H NMR and was shown to be the same as the crystal.
1H NMR (CDCl3, 500 MHz) d 7.97 (m, 4H), 7.78 (d, 1H), 7.40 (m,
11H), 7.22 (m, 5H), 7.08 (m, 2H), 7.01 (dd, 1H), 6.94 (m, 1H),
6.85 (m, 3H), 4.53 (m, 1H), 3.22 (m, 1H), 2.72 (br d, 1H), 2.60 (br
q, 1H), 1.93 (br d, 1H), 1.86 (br d, 1H), 1.64 (m, 1H), 1.46 (m, 1H),
1.31 (m, 1H), 0.82 (br q, 1H). 31P{1H} NMR (CDCl3, 202 MHz) d
11.1 (1JP–Pt = 3880 Hz, 1P), 7.2 (1JP–Pt = 3680 Hz, 1P).

2.5. X-ray crystallography

The crystal data for (R,R)-2-Pt, (R,R)-3-Pt, (±)-4-Pt, and (R,R)-2-
PtCl2 are collected in Table 1. Crystals of (R,R)-2-Pt, (R,R)-3-Pt,
(±)-4-Pt, and (R,R)-2-PtCl2 suitable for X-ray structure determina-
tion were obtained by vapor diffusion of diethyl ether into a con-
centrated solution of the compound of interest in CH2Cl2. Data
were collected on a Bruker X8 APEX ((R,R)-2-Pt and (±)-4-Pt) or a
Bruker Apex II ((R,R)-3-Pt and (R,R)-2-PtCl2) diffractometer with
graphite monochromated Mo Ka radiation at 173 K or 100 K (Table
1). The data were integrated using the Bruker SAINT ((R,R)-2-Pt and
(±)-4-Pt) [17] or SHELXTL ((R,R)-3-Pt and (R,R)-2-PtCl2) [18] software
programs and the structures were solved by direct methods [19].
All refinements were performed using the SHELXTL [20] crystallo-
graphic software package of Bruker-AXS. Neutral atom scattering
factors were taken from Cromer and Waber [21]. Anomalous dis-
persion effects were included in Fcalc [22]; the values for Df0 and
Df00 were those of Creagh and McAuley [23]. The values for the
mass attenuation coefficients are those of Creagh and Hubbell
[24]. Further details specific to each analysis are given below.

2.5.1. (R,R)-2-Pt
A colorless prism crystal of C44H38N2O2P2Pt having approximate

dimensions of 0.12 � 0.12 � 0.25 mm was mounted on a glass



Table 1
Selected crystallographic data for (R,R)-2-Pt, (R,R)-3-Pt, (±)-4-Pt, and (R,R)-2-PtCl2.a

Parameter (R,R)-2-Pt (R,R)-3-Pt (±)-4-Pt (R,R)-2-PtCl2

Formula C44H38N2O2P2Pt C52H42N2O2P2Pt�CH2Cl2 C52H40N2O2P2Pt�CH2Cl2 C44H40Cl2N2O2P2Pt�2CH2Cl2

Formula weight (g/mol) 883.79 1068.83 1066.82 1128.58
a (Å) 9.7335 (3) 11.8905 (15) 11.0681 (2) 10.7943 (3)
b (Å) 17.4583 (6) 13.2544 (17) 19.7119 (4) 19.8851 (5)
c (Å) 21.0741 (7) 28.515 (4) 20.6359 (4) 21.8166 (5)
a (�) 90.0 90.00 90.0 90.0
b (�) 90.0 90.00 95.901 (1) 90.0
c (�) 90.0 90.00 90.0 90.0
V (Å3) 3581.1 (2) 4494.0 (10) 4478.4 (2) 4682.8 (2)
Z 4 4 4 4
Space group P212121 (#19) P212121 (#19) P21/n (#14) P212121 (#19)
Crystal system orthorhombic orthorhombic monoclinic orthorhombic
Dcalc (g/cm3) 1.639 1.580 1.582 1.601
T (K) 173.1 (1) 100 (2) 173.1 (1) 100
l (Mo K) (mm�1) 4.05 3.357 3.37 3.45
Total reflections 47153 20619 44736 18421
2h Range (�) 1.5–27.9 1.69–25.36 2.86–52.76 1.9–28.2
Unique reflections 8536 7767 10711 9920
Parameters 460 559 559 549
Flack v �0.021 (3) 0.004 (4) – �0.009 (5)
R1

b, wR2
c 0.025, 0.044 0.0216, 0.0537 0.045, 0.069 0.045, 0.077

a See CCDC-783095, CCDC-783096, CCDC-783097, and CCDC-783098 structure files for more information.
b R1 = R||Fo| � |Fc||/R|Fo|, I � 2r(I); wR2 = {R[w(F2

o � F2
c )2]/R[w(F2

o )2]}1/2, all data.
c S = {R[w{(F2

o � F2
c )2]/(n � p)}1/2.

R.A. Swanson et al. / Inorganica Chimica Acta 368 (2011) 74–83 77
fiber. The data were collected to a maximum 2h value of 55.8� in a
series of phi and omega scans in 0.50� oscillations with 5.0 s expo-
sures. The crystal-to-detector distance was 38.94 mm. Of the
47153 reflections that were collected, 8536 were unique (Rint =
0.047; Friedels not merged); equivalent reflections were merged.
Data were corrected for absorption effects using the multi-scan
technique (SADABS [25]), with minimum and maximum transmis-
sion coefficients of 0.482 and 0.615, respectively. The data were
corrected for Lorentz and polarization effects. All non-hydrogen
atoms were refined anisotropically. All C–H hydrogen atoms were
included in calculated positions but were not refined. This enantio-
mer was chosen on the basis of the refined Flack parameter [26].
The maximum and minimum peaks on the final difference Fourier
map corresponded to 0.52 and �0.41 e Å�3, respectively.

2.5.2. (R,R)-3-Pt�CH2Cl2
A yellow block 0.35 � 0.37 � 0.38 mm3 in size was mounted on

a Cryoloop with Paratone-N oil. Data were collected in a series of
phi and omega scans using in 0.50� oscillations with 10 s exposures
and was 99.4% complete to 25.00� in h. The crystal-to-detector dis-
tance was 60 mm. Of the 20619 reflections that were collected,
7767 were unique (Rint = 0.0324). The data were scaled using the
SADABS [27] software program. The material crystallizes with one
molecule of methylene chloride in the asymmetric unit. All non-
hydrogen atoms were refined anisotropically by full-matrix least-
squares on F2 (SHELXL-97) [28]. All hydrogen atoms were constrained
relative to their parent atom using the appropriate HFIX command
in SHELXL-97. The compound was determined to be chiral with atoms
C12 and C17 being both R-configuration with a Flack [29] parame-
ter of 0.035(5). The maximum and minimum peaks on the final
difference Fourier map corresponded to 1.003 and �0.793 e Å�3,
respectively.

2.5.3. (±)-4-Pt�CH2Cl2
A colorless prism crystal of C52H40N2O2P2Pt�CH2Cl2 having

approximate dimensions of 0.15 � 0.15 � 0.25 mm was mounted
on a glass fiber. Data were collected in a series of phi and omega
scans in 0.50� oscillations with 10.0 s exposures to a maximum
2h value of 55.8�. The crystal-to-detector distance was 38.94 mm.
Of the 44736 reflections that were collected, 10711 were unique
(Rint = 0.053); equivalent reflections were merged. Data were cor-
rected for absorption effects using the multi-scan technique (SADABS

[21]), with minimum and maximum transmission coefficients of
0.448 and 0.603, respectively. The data were corrected for Lorentz
and polarization effects. The material crystallizes with one mole-
cule of methylene chloride in the asymmetric unit. All non-hydro-
gen atoms were refined anisotropically. All C–H hydrogen atoms
were included in calculated positions but were not refined. The
maximum and minimum peaks on the final difference Fourier
map corresponded to 1.05 and �1.04 e Å�3, respectively.

2.5.4. (R,R)-2-PtCl2�2CH2Cl2
A colorless rod crystal of C44H42Cl2N2O2P2Pt�2CH2Cl2 having

approximate dimensions of 0.27 � 0.18 � 0.09 mm3 was mounted
on a glass fiber. Data were collected in a series of phi and omega
scans using in 0.50� oscillations with 10 s exposures and was
99.2% complete to 25.00� in h. The crystal-to-detector distance
was 60 mm. Of the 18421 reflections that were collected, 9920
reflections were unique (Rint = 0.0287). The data were scaled using
the SADABS [27] software program. The material crystallizes with
two molecules of methylene chloride in the asymmetric unit. All
non-hydrogen atoms were refined anisotropically by full-matrix
least-squares on F2 (SHELXL-97) [28]. All hydrogen atoms were con-
strained relative to their parent atom using the appropriate HFIX
command in SHELXL-97. The compound was determined to be chiral
with atoms C8 and C13 being both R-configuration with a Flack
parameter of �0.009(5). The final cycle of full-matrix least-squares
refinement on F2 was based on 9920 reflections, 6 restraints, and
549 variable parameters and converged with unweighted and
weighted agreement factors of: R1 = R||Fo| � |Fc||/R|Fo| = 0.0360;
wR2 = [R(w(F2

o � F2
c )2)/Rw(F2

o)2]1/2 = 0.0734. The maximum and
minimum peaks on the final difference Fourier map corresponded
to 1.227 and �1.058 e Å�3, respectively.
3. Results and discussion

3.1. Synthesis of diamidato-bis(phosphino) platinum complexes

Earlier studies revealed the divergent behavior of the Trost
ligand (R,R)-2 from that of 1 in their palladium(II) complexes



78 R.A. Swanson et al. / Inorganica Chimica Acta 368 (2011) 74–83
where 1 does not form tetradentate 1-Pd in solution at room tem-
perature even in the presence of added base [15a]. Rather, 1-PdCl2

is formed where 1 is coordinated solely through its phosphorus
atoms in a trans-ligating fashion (Fig. 1). Complex 1-Pd is formed
in high yield only on reaction of 1 and Pd(OAc)2 in the presence
of two equivalent of base and heat [15b]. In contrast, we have
shown that the Trost ligands begin to form the corresponding L-
Pd (L = (R,R)-2, (R,R)-3, or (±)-4) complexes at room temperature
in the presence of added base and are isolated in high yields on
heating (16 h, 50 �C, >85% yields) [12]. Further coordination differ-
ences are noted in the platinum chemistry of these ligand systems
where reaction of 1 with Pt(COD)Cl2 in CH2Cl2 produces the tetra-
coordinate 1-Pt complex [15a], while reaction of (R,R)-2 with
Pt(COD)Cl2 under similar conditions is reported to only form the
bidentate bis(phosphano)platinum(II) complex (R,R)-2-PtCl2

(Scheme 1) even in the presence of excess acid [14]. Based on
our palladium work, the Trost ligands deprotonate and appear to
form tetradentate complexes more readily than 1. With this
knowledge, we set out to prepare the Trost-based analogs of 1-Pt
((R,R)-2-Pt, (R,R)-3-Pt, and (±)-4-Pt). The desired complex (R,R)-2-
Pt was prepared by a direct route with molar equivalents of
(R,R)-2 reacting with Pt(COD)Cl2 in the presence of base (2.2 equiv-
alent NaH) in THF at 50 �C overnight, conditions that produced the
analogous palladium complexes in high yields. The product (R,R)-
2-Pt precipitated from solution and was collected by filtration in
a 35% yield. Using similar conditions, (R,R)-3-Pt and (±)-4-Pt were
prepared. Complex (R,R)-3-Pt precipitated from solution and was
collected by filtration in 33% yield. Unlike the other complexes,
(±)-4-Pt did not precipitate from solution and was only obtained
in pure form after column chromatography of the evaporated prod-
uct residue in 5% yield. We note that addition of base and heat
were necessary to prepare the complexes (R,R)-2-Pt, (R,R)-3-Pt,
and (±)-4-Pt. To confirm their structure, (R,R)-2-Pt, (R,R)-3-Pt, and
(±)-4-Pt were characterized both in the solution and solid states
by NMR and X-ray crystallographic methods, respectively.

3.2. Solution structure

Complex (R,R)-2-Pt was characterized in CDCl3. Amidato coordi-
nation was evident from the lack of an amide proton signal in the 1H
NMR (Fig. 2: top) as well as the presence of a signature peak at
Scheme 1. Reaction scenarios observed on reacting Süss-Fink (1
8.47 ppm (Hf), which was a key indicator of amidato coordination
in the palladium(II) analogs [12]. The 1H NMR shows only 14 unique
proton environments indicating that (R,R)-2-Pt behaves as a C2-
symmetric system in solution. Coordination of the phosphines
and corroboration of the C2-symmetric nature of the complex is
confirmed by 31P{1H} NMR where only one signal is observed at
5.4 ppm (s) with Pt-satellites signals (d, 1JP–Pt = 3150 Hz) at 33%
intensity relative to the central peak owing to the coupling to
135Pt (S = ½). The 1JP–Pt coupling constant is consistent with a cis-
coordinated bis(phosphino) platinum(II) complexes, as 1JP–Pt of
cis-coordination in platinum(II) complexes is reported to typically
be greater than 3000 Hz, while 1JP–Pt of the trans-configuration is
smaller than 3000 Hz [29]. The 1H NMR signals were assigned
(Fig. 2) from NMR analyses including HMQC, HMBC, COSY, NOESY,
and ROESY as well as from comparisons to the assignments of their
palladium(II) analog complexes [12]. A brief overview of some of
the main features is given below. For (R,R)-2-Pt, protons Ha

(3.68 ppm) were identified based both on the chemical shift and
HSQC and the downfield signal for Hf protons (8.47 ppm) was iden-
tified from analysis of the HMBC spectrum of (R,R)-2-Pt as it coupled
to the carbonyl carbon atom (167.6 ppm). The protons on the pen-
dant phenyl groups of the phosphines were assigned based on COSY
and 1H{31P} analyses but it is noted that the assignment of the Ho,m,p

and Ho0 ,m0 ,p0 ring spin systems was arbitrary and may be reversed.
Similarly to (R,R)-2-Pt, complexes (R,R)-3-Pt and (±)-4-Pt were

characterized in solution by NMR analysis; both display C2-sym-
metry in solution based on the number and integration of the 1H
NMR signals (Fig. 2) as well as the single 31P{1H} NMR signals ob-
served for each complex ((R,R)-3-Pt, 2.1 ppm, 1JP-Pt = 3130 Hz; (±)-
4-Pt, 4.1 ppm, 1JP–Pt = 3120 Hz). Furthermore, each complex had
the characteristic downfield 1H signal at �8.5 ppm signaling tetra-
dentate coordination as noted earlier. For (R,R)-3-Pt, the assign-
ment of the naphthyl ring backbone proton signal for H1 was
confirmed by ROESY analysis, where the signal was shown to cor-
relate to the cyclohexyl backbone proton Hc (3.36 ppm). On exam-
ining the structure, the only aromatic proton that is in proximity to
an aliphatic proton is that of H1, this is further supported by the
lack of ROE or NOE cross peaks observed between the cyclohexyl
protons of (R,R)-2-Pt and any of its backbone aromatic protons ow-
ing to the greater distance between the protons in that complex. In
(±)-4-Pt the downfield signal for Hf (8.65 ppm) was confirmed by
: top) and Trost ((R,R)-2: bottom) ligands with Pt(COD)Cl2.



Fig. 2. 1H NMR spectra of complexes (R,R)-2-Pt, (R,R)-3-Pt, and (±)-4-Pt (top to bottom, respectively) in CDCl3.
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the coupling to the carbonyl carbon signal (165.2 ppm) in the
HMBC spectrum analogous to the analysis of (R,R)-2-Pt. Assign-
ments of the backbone substituent phenyl ring protons (Hb0–Hd0)
were made based on the ROE cross peak observed between Ha

(6.49 ppm) and the overlapping signals at 7.45 ppm. The latter
peak contains the signal for Hb0, the ortho-protons, as they are
the only protons of a phenyl group that are in close proximity to
Ha. As was the case with (R,R)-2-Pt, the assignments of the Ho,m,p

and Ho0 ,m0 ,p0 ring spin systems was arbitrary and may be reversed
in both (R,R)-3-Pt and (±)-4-Pt.

In solution, NMR analysis indicates that each complex contains
a C2-symmetric diamidato-bis(phosphino) square planar geometry.
Analysis of the X-ray diffraction data of each complex was per-
formed in order to determine the solid state structures.
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Fig. 3. X-ray crystallographic structures of (R,R)-2-Pt, (R,R)-3-Pt, and (±)-4-Pt (top
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80 R.A. Swanson et al. / Inorganica Chimica Acta 368 (2011) 74–83
3.3. Solid state structure

The products were characterized in the solid state by X-ray
crystallography using crystals obtained via diethyl ether vapor dif-
fusion into a concentrated solution of (R,R)-2-Pt, (R,R)-3-Pt, or (±)-
4-Pt in CH2Cl2 (Tables 1 and 2; Fig. 3). Complexes (R,R)-3-Pt and
(±)-4-Pt co-crystallize with one molecule of methylene chloride
but there is no meaningful interaction between the two molecules
in either case. The complexes are all square planar about the plat-
inum as confirmed by the summation of the bond angles between
the coordinating atoms (P1–Pt–N1 + N1–Pt–N2 + N2–Pt–P2 + P2–
Pt–P1 = 360� ideally for square planar; (R,R)-2-Pt = 360.0�; (R,R)-
3-Pt = 359.6�; (±)-4-Pt = 360.1�). Expressed in another manner,
the atoms Pt1, P1, P2, N1 and N2 are found to be almost coplanar,
with an average deviation of �0.006 Å ((R,R)-2-Pt), �0.006 Å ((R,R)-
3-Pt), �0.057 Å ((±)-4-Pt) relative to the average plane set by the
nitrogen and phosphorus atoms and the metal lies out of this plane
by 0.009 Å ((R,R)-2-Pt), 0.096 Å ((R,R)-3-Pt), 0.029 Å ((±)-4-Pt).
These are similar to the structure of 1-Pt [15a] where the average
deviation was found to be �0.067 Å with the Pt metal outside the
plane by 0.078 Å.

As was noted with the analogous Pd complexes, (±)-4-Pt main-
tains pseudo-C2-symmetry in the solid state while the C2-symme-
try is broken in (R,R)-2-Pt and (R,R)-3-Pt as the cyclohexyl
backbone is out of the square plane set by the phosphorus, nitro-
gen, and palladium atoms. The Pt–N1 and Pt–N2 bond lengths
are equivalent (<3r) within (R,R)-2-Pt and (±)-4-Pt as are the Pt–
P1 and Pt–P2 bond lengths within (R,R)-2-Pt and (R,R)-3-Pt. In
the cases of the Pt–N bond lengths of (R,R)-3-Pt (Pt–N: D
�0.02 Å) and the Pt–P bond lengths of (±)-4-Pt (Pt–P: D �0.01 Å)
they are only very slightly dissymmetric. Overall, the bond lengths
in each complex are in the range of those reported for similar
bis(phosphino)-platinum(II) complexes including 1-Pt (Pt–P:
2.243(2) and 2.34(2) Å; Pt–N: 2.035(6) and 2.067(5) Å) [15a].

3.4. Stability of (R,R)-2-Pt in acid

Süss-Fink noted that 1-Pt is unchanged in the presence of ex-
cess concentrated HCl based on 31P{1H} NMR analyses [15a]. Un-
like 1, the Trost ligand (R,R)-2 was reported to form the
bidentate bis(phosphino) platinum(II) complex (R,R)-2-PtCl2 when
directly reacted with Pt(COD)Cl2 in CHCl3 [14]. On slow evapora-
tion of the latter reaction solution, crystals of (R,R)-2-PtCl2 suitable
for single crystal X-ray diffraction analysis were obtained and were
used to confirm its identity. Here, we have reported the prepara-
tion of the tetracoordinate Trost–platinum(II) complexes (R,R)-2-
Pt, (R,R)-3-Pt and (±)-4-Pt, indicating that the Trost ligand system
may be more coordinationally versatile in nature than 1. They ap-
pear to allow more flexibility in coordination mode dependent on
the pH and temperature of the complex under investigation. To
test the versatility, we compared the stability of (R,R)-2-Pt in the
presence of acid to that of 1-Pt, which is unchanged. Based on
Table 2
Selected bond distances (Å) and angles (�) for Complexes (R,R)-2-Pt, (R,R)-3-Pt, (±)-4-Pt, and (R,R)-2-PtCl2.

(R,R)-2-Pt (R,R)-3-Pt (±)-4-Pt (R,R)-2-PtCl2

Pt–N1 2.065(2) Pt–N1 2.070(3) Pt–N1 2.056(3) Pt–Cl1 2.3752(10)
Pt–N2 2.064(2) Pt–N2 2.091(3) Pt–N2 2.051(3) Pt–Cl2 2.3859(14)
Pt–P1 2.2362(8) Pt–P1 2.2361(10) Pt–P1 2.2283(8) Pt–P1 2.2735(15)
Pt–P2 2.2349(7) Pt–P2 2.2362(10) Pt–P2 2.2363(9) Pt–P2 2.2772(11)
N1–Pt–N2 82.41(9) N1–Pt–N2 81.99(12) N1–Pt–N2 82.81(11) Cl1–Pt–Cl2 84.90(5)
N1–Pt–P1 84.07(7) N1–Pt–P1 90.20(9) N1–Pt–P1 89.13(8) Cl1–Pt–P1 89.92(4)
N1–Pt–P2 173.96(6) N1–Pt–P2 169.95(9) N1–Pt–P2 170.73(8) Cl1–Pt–P2 171.14(4)
N2–Pt–P1 166.47(7) N2–Pt–P1 170.69(9) N2–Pt–P1 170.64(8) Cl2–Pt–P1 168.27(5)
N2–Pt–P2 91.61(7) N2–Pt–P2 88.95(9) N2–Pt–P2 88.12(8) Cl2–Pt–P2 86.30(5)
P1–Pt–P2 101.91(3) P1–Pt–P2 98.42(4) P1–Pt–P2 100.07(3) P1–Pt–P2 98.92(5)

and solvates are not shown for clarity.
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the reported isolation of (R,R)-2-PtCl2 [14], it was anticipated that
(R,R)-2-PtCl2 would be formed on addition of HCl to (R,R)-2-Pt.

As the X-ray structure report of (R,R)-2-PtCl2 did not contain
any other characterization data [14], we prepared (R,R)-2-PtCl2 so
as to further characterize it for comparison purposes to the prod-
uct(s) obtained on addition of HCl to (R,R)-2-Pt. It was made on
reacting a 1:1 mole ratio of (R,R)-2 and Pt(COD)Cl2 in CH2Cl2 at
room temperature. Both X-ray diffraction and NMR analyses were
performed on the product crystals (R,R)-2-PtCl2 obtained from a
4.55.05.56.06.57.07.58.08.5

31H

Fig. 5. 1H NMR and 31P{1H} NMR (inset) spectra of (R,R)-2-PtCl2, the reaction product form
by the presence of ten cyclohexyl proton signals in the 0.5–4.6 ppm range.
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Fig. 4. X-ray crystallographic structure of (R,R)-2-PtCl2. Ellipsoids are shown at 50%
probability. Most hydrogen atoms and two co-solvated CH2Cl2 molecules are
omitted for clarity.
vapor diffusion of pentane into the product solution. X-ray analysis
was required to confirm the compound was indeed (R,R)-2-PtCl2

(Tables 1 and 2 and Fig. 4) and is reported here for completeness.
Of note, the earlier reported structure [14] was found to be mono-
clinic (P21/n) and is a CHCl3 trisolvate while the one reported here-
in is orthorhombic (P212121) with a CH2Cl2 disolvate. Overall, the
structures of the main complex (R,R)-2-PtCl2 (ignoring the sol-
vates) are similar in geometry with minor deviations noted in
the metal-ligand bond distances (Pt–P(average): 2.2583(12) and
2.2754(13) Å; Pt–Cl(average): 2.3525(12) and 2.3806(12) Å for the
earlier and new structures, respectively) and the P–Pt–P bond an-
gles (101.15(4)� and 98.92(5)� for the earlier and new structures,
respectively).

With the NMR characterization of (R,R)-2-PtCl2 obtained, the
reactivity of (R,R)-2-Pt in the presence of acid was followed by
1H and 31P{1H} NMR analyses. First, NMR spectra of (R,R)-2-Pt dis-
solved in CDCl3 were taken, then excess HCl was bubbled through
the solution and the mixture was re-analyzed by NMR to look for
changes. On addition of the acid, there was an immediate change
in both the 1H and 31P{1H} NMR spectra. While the 1H NMR spec-
trum was slightly complicated by the large 1H signal for H2O, the
feature signal of (R,R)-2-Pt at 8.47 ppm disappeared, indicating
likely decoordination of the carboxamido nitrogen atoms. The
identification of the 1H NMR signals for the protonated amide
nitrogens N–H were not observed as expected owing to exchange
with the excess H+/H2O in solution.

Unexpectedly, the loss of C2-symmetry of the product was
noted through the doubling of the number of proton signals as
compared to (R,R)-2-Pt. The 31P{1H} NMR spectrum of the reaction
mixture indicated only one phosphorus containing species was in
solution. It had two broad signals at 11.1 ppm (1JP–Pt = 3880 Hz)
and 7.2 ppm (1JP–Pt = 3680 Hz) with the expected Pt-coupling satel-
lites that are indicative of cis-coordination of the phosphines. Com-
parison of the NMR spectra of the in-situ product of reaction
between (R,R)-2-Pt and HCl with that of the (R,R)-2-PtCl2 crystals
(Fig. 5) showed them to be identical indicating protonation of
(R,R)-2-Pt amidato nitrogens occurs in the presence of HCl (Scheme
2). We note, addition of excess base to the NMR sample along with
heating does show the reformation of the deprotonated (R,R)-2-Pt
ppm1.01.52.02.53.03.54.0

-5051015202530 ppm

1P{1H}

ed in-situ on reaction of (R,R)-2-Pt with HCl in CDCl3. Loss of C2-symmetry is noted



Scheme 2. Protonation reaction of (R,R)-2-Pt with HCl. Product (R,R)-2-PtCl2 was
identified on comparison to an authentic sample of (R,R)-2-PtCl2.
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complex as expected. While the crystal structures of (R,R)-2-PtCl2

indicate the complex is not C2-symmetric in the solid state, analo-
gous to (R,R)-2-Pt and (R,R)-3-Pt, the dissymmetry is maintained in
the solution state (Fig. 5) unlike in (R,R)-2-Pt and (R,R)-3-Pt. In both
crystal structures of (R,R)-2-PtCl2, intramolecular hydrogen bonds
are observed between the N–H groups and the Cl atoms on the
platinum. These interactions are likely maintained in solution
and thus do not allow the fluxional processes necessary to make
the complex C2-symmetric in solution. In contrast, on formation
of the tetracoordinate Trost–platinum(II) complexes (e.g. (R,R)-2-
Pt), these hydrogen bonding interactions are removed, allowing
the fluxional motion of the cyclohexyl rings to occur, making the
complexes C2-symmetric on the NMR timescale.

4. Conclusions

We have shown that the diamidato-bis(phosphino) Trost ligand
systems have versatile coordination geometry with platinum(II)
metal centers. Herein we have demonstrated that they can bind
as tetradentate diamidato-bis(phosphino) ligands in their deproto-
nated form when heated in the presence of base through the
synthesis and characterization of the three complexes (R,R)-2-Pt,
(R,R)-3-Pt, and (±)-4-Pt. The ligands can also bind as neutral biden-
tate bis(phosphino) ligands (e.g. (R,R)-2-PtCl2) as noted from an
earlier report and our 1:1 reaction of (R,R)-2 with Pt(COD)Cl2 in
the absence of base. Based on the acid reactivity studies with
(R,R)-2-Pt, it was determined that (R,R)-2-Pt completely converts
to (R,R)-2-PtCl2 on addition of HCl. This is in stark contrast to the
related Süss-Fink ligand 1, which remains unchanged in the pres-
ence of excess HCl. That 1 is more selective in its binding makes
it excellent for systems that require one specific coordination
mode, assuming 1 adopts the desired mode. The Trost ligands are
coordinatively flexible with the presence of acid or base biasing
the binding mode from neutral bidentate bis(phosphino) coordina-
tion to dianionic tetradentate diamidato-bis(phosphino) coordina-
tion, respectively. This acid/base biasing may be useful in tuning
the reaction systems involving Trost-metal complexes in order to
ensure the appropriate bis(phosphino) or diamidato-bis(phos-
phino) complexes are maintained in solution. The importance of
such coordination control is exemplified by the reports that the
bidentate coordination complex is the active catalytic form [29]
in palladium catalyzed allylic alkylation reactions while the tetra-
dentate diamidato-bis(phosphino) coordination complex is re-
ported to be the likely catalytically active species in 1-Pd
catalyzed Suzuki–Miyaura cross-coupling reactions [15a]. Based
on this work, we are currently preparing to examine the effect of
acid and base on a variety of potential palladium and platinum cat-
alyzed reactions with the Trost ligand set.
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