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ABSTRACT: The synthesis and characterization of an analog of the Xantphos ligand
that is geometrically incapable of coordination of the xanthene bridging oxygen atom is
reported. This new ligand, XL-Xantphos, ((9,9-dimethyl-9H-xanthene-4,5-diyl)bis(4,1-
phenylene))bis(diphenylphosphane), was studied in homogeneous, catalytic reactions
for comparison with Xantphos. The XL-Xantphos ligand performed essentially
identically to Xantphos in Rh-catalyzed hydroformylation of 1-octene, which suggests
that the high regioselectivity for linear aldehyde is due to the large bite angle of these
ligands and is not influenced by oxygen coordination to the metal. The Pd-catalyzed
amidocarbonylation of 4-bromoanisole with dimethylhydroxylamine hydrochloride
similarly showed no difference between Xantphos and XL-Xantphos. Computations
on Pd(II) phosphine complexes at the DLPNO−CCSD(T) level of theory indicated
that these ligands have different preferences for cis and trans coordination modes. The
XL-Xantphos ligand has a thermodynamic preference for trans-chelated structures,
whereas the cis-[(Xantphos)PdCl2] isomer was calculated to be thermodynamically
more stable than its trans isomer. Given the key role of d8 square planar Pd intermediates in many catalytic cycles, the greater
preference of Xantphos to form cis chelates may indeed be a factor which has made this ligand particularly effective.

■ INTRODUCTION

Chelating ligands have played a prominent role in the
development of homogeneous, transition metal catalysis.
Diphosphines, in particular, are important for a variety of
late transition metal catalytic processes, including asymmetric
hydrogenation, hydroformylation, and cross-coupling reac-
tions. Compared to monodentate phosphines, diphosphine
ligands allow more precise control of metal to phosphine ratio
in catalytic intermediates. In addition, through appropriate
design of the linking structure, diphosphines can provide
control of coordination geometry, or P−M−P bite angle,
which has been found to be important in a variety of catalytic
reactions.1 The effects of diphosphines with large bite angles
have been studied extensively, especially in rhodium-catalyzed
hydroformylation. Xantphos, the most important of these
ligands, was designed by van Leeuwen to adopt structures with
large bite angles that place the two phosphorus atoms in the
equatorial plane of five-coordinate intermediates in the
hydroformylation catalytic cycle.2 This coordination mode
imparts very high selectivity for linear aldehyde and has led to
Xantphos becoming one of the most widely utilized ligands for
regioselective hydroformylation.
Xantphos is a privileged ligand that has shown utility in a

wide variety of catalytic reactions in addition to hydro-
formylation.3 It is a particularly effective ligand for α-arylation
of ketones,4 amide arylation,5 carbonylation of aryl bromides,6

and olefin hydroamination.7 In addition to the wide bite angle
adopted by Xantphos in metal complexes, the oxygen atom in
the xanthene bridge is capable of coordination to the metal
center to form tridentate P−O−P pincer complexes. Initially,
the ability of ether-bridged “POP” ligands, such as Xantphos,
to coordinate in a tridentate fashion was not widely
recognized.8 On the basis of analysis of data from the
Cambridge Structural Database, a correlation between large
P−M−P bite angles and short M···O distances was reported
recently by Williams et al.9 Such correlation is expected since a
large, trans P−M−P angle should result geometrically in close
proximity of the oxygen atom to the metal. The possible
catalytic importance of a hemilabile interaction between the
Xantphos oxygen atom and a metal center has been raised
previously.10 For example, in rhodium-catalyzed hydroformy-
lation, stabilization of four-coordinate intermediates could
potentially be stabilized by a coordination of the Xantphos
bridging oxygen atom. Xantphos has been found to be more
conformationally flexible than originally expected, and both cis
and trans coordination modes have been observed. Indeed, this
flexibility to adopt a variety of geometries during a catalytic
cycle is often invoked as an explanation for the widespread
utility of Xantphos.
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We describe a mechanistic probe of coordination of the
oxygen atom in Xantphos in transition metal catalyzed
reactions. The new diphosphine, XL-Xantphos, was designed
to be identical to Xantphos in bite angle and ligand basicity but
precluded from interaction of the xanthene oxygen atom with
metal centers. The synthesis of this new ligand and its
performance in rhodium-catalyzed hydroformylation and
palladium-catalyzed arylation chemistry are presented. Com-
putational studies of the potential differences in coordination
geometry between these two ligands are also reported.

■ RESULTS AND DISCUSSION

Ligand Design and Synthesis. We sought to design a
diphosphine analog which maintained the bite angle of
Xantphos but prevented coordination of the oxygen atom by
insertion of a rigid spacer unit. Figure 1 shows the structures of
Xantphos and XL-Xantphos obtained from density functional
theory calculations at the B3LYP-d/6-31G* level (see the
Supporting Information for complete details of the calcu-
lations). The xanthene backbone of Xantphos places the two
P−Cipso bonds in the same plane with a dihedral angle of 0°. In
addition, the P−Cipso bonds are essentially parallel with P−P−
Cipso and Cipso−Cipso−P angles close to 90°. We hypothesized
that a 1,4-phenyl spacer could be inserted to conceptually
extend this rectangular arrangement and maintain the relative

orientation of the P−Cipso bonds. DFT calculations on the
resulting structure, XL-Xantphos, confirmed this design. The
two P−Cipso bonds of XL-Xantphos were calculated to be
essentially in the same plane with a dihedral angle of 4°, and
the P−P−Cipso and Cipso−Cipso−P angles were very similar to
those calculated for Xantphos. This spacer design is analogous
to that used in the related family of diphosphine ligands based
on 1,8-bis(p-(diphenylphosphino)phenyl)anthracene (L1),11

which were designed to be selective for trans chelation. In this
particular case, the phenyl spacer in L1 excludes the possibility
of C−H activation that results in formation of P−C−P pincer
complexes with L2.12 A related, electron-rich ligand with a 1,3-
phenyl spacer, L3, has also been described and can support
both cis and trans coordination modes.13

XL-Xantphos was synthesized as shown in Scheme 1 from
the known diboronic acid, 1.14 Attempts to perform Suzuki
couplings of 1 with 1,4-dibromobenzene were unsuccessful,
however, use of 1-bromo-4-iodobenzene with 10 mol %
Pd(PPh3)4 and K2CO3 in THF−H2O gave dibromide 2 in
modest yield. Lithium-halogen exchange of 2 followed by
reaction with ClPPh2 gave XL-Xantphos as a white crystalline
solid. The 31P{1H} NMR spectrum of XL-Xantphos in CDCl3
exhibited a singlet at δ −6.79. Like Xantphos,15 XL-Xantphos
exhibited virtual coupling of many of the aromatic signals in its
13C{1H} spectrum as a result of through-space coupling of the
phosphorus atoms. Simulation of the ipso 13C resonances as an

Figure 1. DFT (B3LYP-d/6-31+G*) optimized structures of (a) Xantphos and (b) XL-Xantphos.

Scheme 1. Synthesis of XL-Xantphos
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AA′XX′ system gave JP−C = 12 Hz and JP−P′ = 17 Hz. This
31P−31P coupling constant of XL-Xantphos was significantly
smaller than the 31P−31P coupling constant of 40−60 Hz
reported by van Leeuwen2 for Xantphos which indicated that
XL-Xantphos has less through-space interaction of its two
phosphorus nuclei. The structure of XL-Xantphos was
confirmed by X-ray crystallography (Figure 2). The P···P

distance in XL-Xantphos (4.42 Å) was significantly longer than
that observed in the structure of Xantphos (4.08 Å)2 and was
consistent with the observed smaller 31P−31P coupling
constant of XL-Xantphos.
Catalytic Studies. The performance of XL-Xantphos and

Xantphos in rhodium-catalyzed hydroformylation of 1-octene
was compared at 70 °C and 100 psi H2/CO using 0.5 mol %
[Rh(CO)2(acac)] as catalyst precursor (eq 1, Table 1). After 1

h under these conditions, Xantphos led to 89% conversion of
1-octene. Complete conversion was observed after 2 h. Gas
chromatographic analysis of the reaction mixture after 2 h
showed a 46.9:1 mixture of linear and branched nonanals

(97.9% linear aldehyde), in close agreement with the 58.2:1
isomer ratio (98.3% linear aldehyde) obtained by van Leeuven
at 80 °C under 145 psi H2/CO.

2 Hydroformylation of 1-
octene using XL-Xantphos gave very similar results to
Xantphos with quite high linear regioselectivity. Complete
conversion was observed after only 1 h at 70 °C to give a
34.3:1 ratio of linear and branched aldehydes (97.2% linear).
By comparison, the widely used bis-phosphite ligand,
Biphephos,16 led to 96.1% linear nonanal. Complete
conversion was observed at 0.25 mol % Rh with the Biphephos
ligand.
The similarly high linear regioselectivities for 1-octene

hydroformylation with XL-Xantphos and Xantphos suggested
that these two ligands can adopt similarly large P−Rh−P bite
angles. The inability of the oxygen atom of XL-Xantphos to
interact with the Rh center is strong evidence that a Rh···O
interaction is not involved in the high regioselectivity of
hydroformylation using Xantphos.
We were interested in evaluating XL-Xantphos in Pd-

catalyzed reactions where Xantphos is particularly effective.
Amidocarbonylation of aryl bromides to directly form Weinreb
amides was reported by Buchwald.6 Among all the ligands
screened, Xantphos was found to be optimal and led to high
conversion. The amidocarbonylation reaction of 4-bromoani-
sole with dimethylhydroxylamine hydrochloride under 1 atm
CO in the presence of 2 mol % Pd(OAc)2 and 4 mol %
Xantphos was reported to give Weinreb amide 3 in 89% yield
(eq 2). We found this reaction proceeds in a manner almost

identical to that with XL-Xantphos, leading to an 85% isolated
yield under these conditions. The similar results observed with
use of Xantphos and XL-Xantphos in eq 2 suggests that the
xanthene oxygen plays no role in this chemistry.
A profound difference between Xantphos and XL-Xantphos,

however, was observed in the Pd-catalyzed arylation of
benzamides. Yin and Buchwald found that Xantphos was
particularly useful for this transformation in comparison to
other phosphine ligands.5 The reaction of 4-bromobenzonitrile
with benzamide in THF with Cs2CO3 using 1 mol %
Pd(OAc)2 and 1.5 mol % Xantphos at 45 °C was reported
to give the coupled product, 4, in 93% yield (eq 3). We

repeated this reaction and obtained 4 in 92% yield.
Surprisingly, use of XL-Xantphos under identical conditions
gave 4 in <4% yield by HPLC. In addition, as a catalyst
precursor, isolated complex trans-[(XL-Xantphos)PdCl2] led
to similarly low yield. Given the similar results with XL-
Xantphos and Xantphos for hydroformylation (eq 1) and
amidocarbonylation of aryl bromides (eq 2), the lack of
reactivity of XL-Xantphos in eq 3 is puzzling.
Model complexes were prepared to compare the XL-

Xantphos ligand with Xantphos. The reaction of XL-Xantphos
with [(PhCN)2PdCl2] in CH2Cl2 was monitored by 31P{1H}

Figure 2. Molecular structure of XL-Xantphos. Thermal ellipsoids are
shown at 50% probability.

Table 1. Results from Rhodium-Catalyzed
Hydroformylation of 1-Octenea

ligand
Rh

(mol %) solvent
time
(h)

linear/
branched

% linear
RCHO

Xantphos 0.5 THF 1 48.3 98.0
2 46.9 97.9

XL-Xantphos 0.5 THF 1 34.3 97.2
2 33.3 97.1

Biphephos 0.25 Heptane 1 24.8 96.1

aConditions: 70 °C, 100 psi 1:1 H2/CO, [diphosphine]/[Rh-
(CO)2(acac)] = 2.
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NMR. The resonance for XL-Xantphos disappeared, and two
31P NMR singlets appeared at δ 21.29 and 30.85 in a 93:7
ratio. X-ray quality crystals were grown from a CH2Cl2−hexane
solution of this mixture. The structure of product trans-[(XL-
Xantphos)PdCl2 displayed a distorted square planar structure
with a trans orientation of the two phosphorus atoms and a P−
Pd−P bite angle of 161.1° (Figure 3). The Cl−Pd−Cl bond

angle was 176.4°. Notably, the xanthene oxygen atom was far
outside bonding distance with a Pd···O separation of 6.65 Å.
The ability of XL-Xantphos to adopt a large bite angle in trans-
[(XL-Xantphos)PdCl2 is consistent with the observed high
linear regioselectivity for 1-octene hydroformylation. The
structure of trans-[(XL-Xantphos)PdCl2 was similar to that
of the trans-[(L1)PdCl2] complex of the anthracene bridged
ligand, L1, which also adopts a slightly distorted square planar
geometry.11a However, the anthracene bridge of L1 leads to an
even larger P−Pd−P angle of 168.5° in comparison to that of
XL-Xantphos.

Unlike the trans geometry of the XL-Xantphos ligand in
[(XL-Xantphos)PdCl2], [(Xantphos)PdCl2] was reported to
exhibit a cis orientation with a P−Pd−P bite angle of 101.2° in
the solid state.17 However, other examples of cis and trans
coordination modes have been reported that illustrate the
flexible coordinating ability of Xantphos. Both cis and trans
structures of the iodo analog, [(Xantphos)PdI2], which
adopted P−Pd−P bite angles of 100.2 and 154.7°, respectively,
were reported by Grushin.18 The trans isomer exhibited a 2.55
Å separation between Pd and the xanthene oxygen; the
corresponding distance in the cis isomer was 3.10 Å. Several
additional complexes with Xantphos chelated in a trans
orientation have been structurally characterized, including
proposed catalytic intermediates resulting from oxidative
addition of aryl halides. For example, [(Xantphos)Pd(CH3)Cl]
was found to adopt a trans geometry in the solid state (P−Pd−
P = 152.6°, Pd···O = 2.66 Å).19

Since Xantphos and XL-Xantphos are both triarylphos-
phines, these ligands were expected to be very similar in their
electron-donating properties. This was confirmed by compar-
ison of the IR stretching frequencies of their Mo(CO)4
complexes. XL-Xantphos was reacted with Mo(CO)6 in
toluene at reflux to form cis-[(XL-Xantphos)Mo(CO)4].
Infrared spectra of cis-[(XL-Xantphos)Mo(CO)4] and cis-
[(Xantphos)Mo(CO)4]

20 exhibited carbonyl absorbances at
2018 and 2013 cm−1, respectively. For comparison, the A1

carbonyl band of cis-[(PPh3)2Mo(CO)4] is at 2023 cm−1.21

Computational Study. To better understand why
Xantphos and XL-Xantphos differ in the geometries of their
dichloropalladium(II) complexes, we performed a series of
single point energy computations on Pd phosphine complexes
at the DLPNO−CCSD(T)/def2-TZVPP level of theory using
the ORCA program package.22 Initially, geometries were
optimized with the B3LYP-d method and LANL2TZ(F) basis
set on palladium and 6-31G* on all other atoms. Further
details on the methods, structures computed, coordinates, and
energies are provided in the Supporting Information.
Calculations were first performed on cis and trans isomers of

Pd(II) complexes of monodentate phosphine ligands to
evaluate the thermodynamic preference in the absence of any
geometric constraints imparted by a chelate backbone (Table
2). Results for these gas-phase calculations on [(Ph3P)2PdCl2]
showed the trans isomer was more stable than the cis complex
by 4.0 kcal/mol, in excellent agreement with recent DFT
calculations for this complex.23 Likewise, [(Me3P)2PdCl2] was

Figure 3. Molecular structure of trans-[(XL-Xantphos)PdCl2].
Thermal ellipsoids are shown at 50% probability.

Table 2. Comparison of Calculated Energies in Gas Phase and Selected Structural Features of cis and trans Isomers of
(Phosphine)PdX2 Complexesa

complex relative E (kcal/mol) favored isomer Pd···O distance (Å) P−Pd−P angle (deg) Cl−Pd−Cl angle (deg)
(PPh3)2PdCl2 cis 4.0 trans na 106.5 90.0

trans 0.0 na 162.9 177.6
(XL-Xantphos)PdCl2 cis 4.2 trans 6.83 104.2 87.6

trans 0.0 6.73 159.3 178.3
(Xantphos)PdCl2 cis −4.2 cis 3.18 101.2 89.5

trans 0.0 2.77 148.6 168.4
(Xantphos)PdI2 cis −4.2 cis 3.20 99.3 86.7

trans 0.0 2.70 150.5 154.2
(Triptyphos)PdCl2 cis 5.5 trans Pd···H−C = 3.14 108.3 86.0

trans 0.0 Pd···H−C = 2.39 146.2 171.8

aRelative energies are the difference between pairs of cis and trans isomers.
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calculated to favor the trans isomer over the cis by 6.9 kcal/
mol, again in agreement with previous calculations.24

Calculations on [(XL-Xantphos)PdCl2] showed that like
monodentate phosphine ligands the trans isomer is thermody-
namically preferred over the cis isomer by 4.2 kcal/mol with a
P−Pd−P angle of 161.1°. This result is consistent with our
observation of the trans isomer of this complex in the solid
state. As expected, the calculated Pd···O distance is extremely
long at 6.73 Å and compares favorably with the 6.65 Å distance
found in the crystal structure.
The Triptyphos ligand was designed, like Xantphos, to adopt

large P−M−P bite angles.25 Bidentate structures of Tripty-
phos, as well as tridentate, pincer complexes from C−H
activation of the bicyclic bridge have been reported. The
crystal structure of [(Triptyphos)PdCl2] showed a trans
orientation of the phosphorus atoms with P−Pd−P =
151.4°. In agreement with this reported structure, our
calculations showed the trans isomer of [(Triptyphos)PdCl2]
to be 5.5 kcal/mol lower in energy than the cis isomer. The
reported trans crystal structure exhibited a relatively short
distance (2.29 Å) between Pd and the bicyclic C−H atom
which was also observed in our computations (2.39 Å). The cis
isomer was calculated to have a longer distance between Pd
and this hydrogen atom (3.14 Å), as expected.

Xantphos, unlike XL-Xantphos and Triptyphos, is unusual in
that we calculated the cis dichloropalladium(II) isomer to be
4.2 kcal/mol lower in energy than the corresponding trans
isomer. The lower calculated energy of the cis isomer was
consistent with the three crystal structures that have been
reported for cis-[(Xantphos)PdCl2]. No crystal structures of
the corresponding trans isomer have been reported. The Pd···
O distance in the cis isomer of [(Xantphos)PdCl2] was
calculated to be 3.18 Å, in close agreement with reported
crystal structures and significantly longer than the correspond-
ing 2.77 Å Pd···O distance in the trans isomer. We also
calculated the relative energy differences between cis- and
trans-[(Xantphos)PdI2], which were structurally characterized
by Grushin.19 Our calculations showed the difference in energy
of the isomeric iodo complexes were identical to the energy
difference calculated for cis and trans isomers of [(Xantphos)-
PdCl2] which was inconsistent with Grushin’s observation of
both isomers of the PdI2 complex of Xantphos.
In the absence of geometric constraints imparted by a ligand

backbone, multiple factors favor cis arrangements of two
phosphines in square planar d8 complexes.24 Polar solvents
preferentially stabilize the cis isomers of [Pd(PR3)2Cl2]
complexes which have larger dipoles than their trans isomers.
This effect accounts for the common observation of both cis
and trans isomers in solution for complexes of this type, even
when only one isomer is found in the solid state.26 van
Leeuwen proposed a possible mechanism for interconversion
of cis and trans Xantphos isomers which proceeded through a
cationic intermediate where the xanthene oxygen atom
occupied a vacant coordination site (Scheme 2).

Our calculations do not reveal the reason why Xantphos has
a preference for cis-coordination compared to XL-Xantphos or
monodentate phosphines in [Pd(PR3)2Cl2] complexes. Since
our calculations were performed in the gas phase, our
computational results likely overestimated the relative stability
of trans over cis isomers. Single point calculations were also
performed with a continuum solvation model (see the
Supporting Information) and indicated stabilization of cis-
over trans-[Pd(PR3)2Cl2] isomers by typically 3−4 kcal/mol in
benzene and 6−7 kcal/mol in methylene chloride. In addition
to solvent stabilization of the cis isomers, the trans influence
also favors structures with PR3 trans to chloride ligands,
therefore stabilizing the cis-[Pd(PR3)2Cl2] isomer. However,
solvent stabilization and the trans influence should impact all
of the Pd complexes in our study to a similar extent.

■ CONCLUSIONS
XL-Xantphos was designed to bind to transition metals with a
bite angle very similar to that of Xantphos but with no ability
of the xanthene oxygen atom to coordinate. Two important
conclusions can be made from our comparison of Xantphos
with XL-Xantphos. First, coordination of the bridging oxygen
atom of Xantphos is not involved in the Rh-catalyzed
hydroformylation mechanism. The high linear regioselectivity
for hydroformylation is largely a result of the large bite angles
of Xantphos and XL-Xantphos. Our results with Pd-catalyzed
amidocarbonylation also indicated that the oxygen of Xantphos
does not bind to Pd, given the similar results observed with
XL-Xantphos in this reaction. Second, compared to other
diphosphines that were designed to adopt large P−M−P bite
angles, Xantphos has a larger preference toward cis geometries.
It is possible that differences in flexibility of these ligand
backbones influence the relative energies of cis and trans
coordinated structures.
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Scheme 2. Proposed Mechanism for Isomerization of cis and
trans Chelated Complexes of Xantphos via a Four-
Coordinate, Cationic Intermediate20
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