Late-stage ligand functionalization via the Staudinger reaction
using phosphine-appended 2,2’-bipyridinet
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The ability of a phosphine-appended-2,2’-bipyridine ligand
((PhaP);bpy) to serve as a platform for late-stage ligand
modifications was evaluated using tetrahedral (Ph,P),bpyFeCl,. We
employed a post-metalation Staudinger reaction to install a series
of functionalized arenes, including those containing Brgnsted and
Lewis acidic groups. This reaction sequence represents a versatile
strategy to both tune the ligand donor properties as well as directly
incorporate appended functionality.

Access to ligand architectures featuring diverse steric and
electronic properties is a key strategic approach that underpins
most coordination catalyst optimization.
Although most commonly achieved through early-stage (pre-
metalation) routes, diversification by late-stage
functionalization offers a modular approach to build complexity

chemistry and

from a single platform. Late-stage functionalization reactions
can be used to introduce additional moieties into a ligand
scaffold, altering the ability to direct reactivity by using a
combination of primary as well as secondary coordination
sphere interactions.! The most common strategies to modify a
metal complex after metalation are through addition or
subtraction of Brgnsted or Lewis acids which, in some instances,
provide
metalation functionalization routes.?

The need for late-stage ligand modification is apparent for
ligands containing appended Lewis acids. In such cases, ligand
lone pairs can form quenched acid/base adducts often
providing an inert adduct.3 For borane-appended Lewis acids, a
common strategy to overcome this challenge is via late stage
hydroboration.3® However, implementing an alternative late
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acid would be complementary to existing protocols and enable
access to a broader ligand chemical space.

One late-stage functionalization route is the assembly of
iminophosphoranes (RsP=NR) from the corresponding
phosphine via the Staudinger reaction. These units are most
commonly encountered as synthetic intermediates,*> and are
also competent ligands.®7 Generation of R3P=NR units from the

corresponding RsP affords ligands with desirable donor

properties: R3P=NR ligands are strong o-donor, weak -
acceptors.8
A bidentate ligand precursor containing accessible

phosphine groups is an ideal precursor for post-synthetic
modification. The ligand 6,6’-diphenylphosphino-2,2’-
bipyridine (Ph,P),bpy contains four ligand donor groups that
cannot simultaneously coordinate to a single metal, leaving PR3
units poised for subsequent Staudinger reactions. Using this
template (Figure 1), we targeted the incorporation of
iminophosphorane moieties (derived from (Ph,P)bpy) to
generate a tetradentate ligand (two pyridine and two
iminophosphorane units) capable of occupying the basal or
equitorial plane in square pyramidal or octahedral complexes,
respectively.
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Figure 1. Conceptual design strategy for late-stage modification via the Staudinger
reaction.

Our group is working to evaluate how the precise structural,
electronic, and cooperative modes in the secondary coordina-
tion sphere can be used to regulate reactivity.?& 10 Although
these secondary-sphere groups are often incorporated at an
early stage, we are developing broadly adaptable synthetic
strategies for both Brgnsted and Lewis acid addition. Herein, we
report the preparation of a 6,6-bis(diphenylphosphanyl)-2,2'-



bipyridyl iron(ll) complex, a versatile late-stage modification
platform, and demonstrate subsequent functionalization
reactions.

Addition of FeCl, to 6,6-bis(diphenylphosphanyl)-2,2'-
bipyridyl ((Ph,P);bpy) in THF afforded an orange complex
(Ph,P),bpyFeCl; (1) in 84% yield after 18 h (Figure 2). The H
NMR spectrum in CD,Cl, exhibits 6 sets of paramagnetically
shifted signals from +75 to =16 ppm (Mess = 5.57, CDCl3). A crystal
of 1 suitable for X-ray diffraction was grown by vapor diffusion
of diethyl ether into a concentrated dichloromethane-THF
solution of 1 at room temperature (Fig. 2). This compound
crystallizes in the space group /2, with two symmetry-
independent molecules (see ESI). The crystal structure reveals a
tetrahedral Fe(ll) center (ty = 0.87)! coordinated to the
(Ph2P),bpy ligand. The metrical parameters of the Fe-ligand
bond lengths in complex 1 are consistent with previously
reported Fe(bpy)Cl, complexes (Fe(1)-N(1) = 2.125 (3) A and
(Fe(2)-N(2) = 2.121 (3) A ; Fe(1)-Cl(1) = 2.2504(8) A and Fe(2)-
Cl(2) =2.2461(8) A).12 The Fe-P distances range from 3.301 to
3.297 A, which is longer than the sum of the covalent radii, but
within the sum of the Van der Waal radii.l® Several
intermolecular interactions (non-classical C-H---Cl, and C-H---C)
connect the molecular units of 1 to form a two-dimensional
array.
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Figure 2. Synthesis and molecular structures (ORTEP, 50 % probability level) of 1.
Hydrogen atoms have been omitted and phenyl groups on phostphorus depicted
in wireframe for clarity. Note that this corresponds to one of two symmetr
independent molecules from the unit cell. Selected bond distances (A): N(1)—Fe(1
= 2.125(3), CI(1)-Fe(1) = 2.2504(8). Selected bond angles (°): CI(1)-Fe(1)—-Cl(1)=
125.12(6), N(1)—-Fe(1)-N(1)= 77.34(16).

The structural analysis revealed the presence of appended
phosphine groups available for subsequent functionalization via
a Staudinger reaction. Treating an orange THF suspension of 1
with 2 equiv. of phenyl azide in the presence of 1 equiv. NaPFg
afforded a color change to blue-green.!* The resulting product,
2H, was isolated as a microcrystalline solid in 95% yield. Analysis
of the UV-Vis spectrum revealed a new feature at 615 nm (€ =
1791 M1 cm) and at 466 nm (g = 1753 M cm1). The MALDI
mass spectrum of 24 showed incorporation of two N-Ph units
(M-PFs, m/z = 797.577), combustion analysis revealed an
empirical formula of CseH36CIFsFeNsP3, and the solution
magnetic moment was consistent with an S=1 complex (Uess =
2.25; CDCl3). These data support the formation of a new
complex with incorporation of a new phenyl-iminophosphorane
unit. Reactions using para-substituted aryl azides (p-CFs, p-tBu)
in place of Ph-N; afforded products 2X (X = CFs, 'Bu) that
exhibited analogous characterization profiles (see ESI).
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Crystallization of 2H from acetonitrile and diethyl ether
afforded blue-green crystals suitable for X-ray diffraction. The
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Figure 3. Synthesis of 2X. (i) Treatment 1 with two equiv. aryl azide and one equiv.
NaPFs, THF, RT, 18 h. Yields are based on 1. Ellipsoids depicted at 50 % probability.
Hydrogen atoms have been omitted and phenyl groups on phosphorus depicted
in wireframe for clarity.

molecular structure of 2H is shown in Figure 3. Distinct from 1,
the solid-state structure of 2H is best described as square based
pyramidal (ts < 0.05)!> and the basal plane is occupied by the
newly formed iminophosphorane units in addition to the two
pyridine nitrogens. The unit cell contains three molecules, with
two coordination environments: square pyramidal, with the
fifth ligand being the halide, and octahedral, where the sixth
ligand is occupied by MeCN solvent (Fig. S47, Fe—NCCH;3 =
2.285(3) A). Compared to 1, the Fe—pyridine bond lengths in 2"
elongate (2.170(3) and 2.184(3) for Fe-N(1), and Fe-N(2),
respectively) and have similar distances to the newly formed Fe-
iminophosphorane bonds (2.096(3) and 2.178(3) for Fe-N(3)
and Fe-N(4), respectively). The structures of 284 and 2¢F3 are
square pyramidal (Fig. 3), with minimal differences to the
primary coordination metrics. These data are consistent with
distinct ligand donor properties in 1 and 2X.

The electronic influence of each ligand variant was
interrogated by cyclic voltammetry (Figure 4). Complex 1
exhibits a quasi-reversible Fe(ll/111) redox couple (Epa = 442 mV,
Epc = 303 mV; E12 = 373 mV) vs Fc (CH,Cly; 0.1 M TBAPF¢). The
distinct primary coordination environment in complex 2H
affords a reversible Fe(ll/Ill) redox couple at 30 mV, and is
shifted by ~350 mV more negatively than 1. Across the series of
para-substituted arenes, the redox potential underwent
minimal additional tuning, with complex 2t8v at 184 mV and 2¢F3
at 160 mV (Figure 4). Although 2H and 2€F3/2tBu gre shifted by
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~150 mV, we ascribe the larger shift observed for 24 to MeCN
coordination in the crystalline solid (see ESI). To better establish
a difference in the electronic effect imparted by the new aryl
groups, we turned to electronic absorption spectroscopy.

When dissolved in dichloromethane solvent, complexes 2%
(X = CF3, H, 1Bu) exhibit two absorptions in the visible range. All
three exhibit broad bands near ~600 nm and ~470 nm (2¢F3: 593,
454 nm; 2M: 615, 466 nm; 2tBu; 630, 478 nm) with
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Figure 4. Cyclic voltammograms of 1 and 2°F3: 0.1 M [BuyN][PFg], CH,Cl,, 100 mV/s.

extinction coefficients between 1000-3500 M-tcm!, consistent
with metal to ligand charge transfer transitions.1® These bands
are sensitive to the para-substituent of the newly installed N-
bound arene; we obtained linear correlations between the
Hammett o, values'” and the energies of the absorbance bands
(R2 > 0.94). Complex 23 has the highest energy transitions
(16900, 22000 cm-?) followed by 2H (16300, 21500 cm-1) and 2tBu
(15900, 20900 cm-1). These data indicate a systematic shift to
higher energy as the para-substituent becomes more electron
withdrawing.18

After establishing the Staudinger reaction as a robust
strategy to install aryl groups on 1, we targeted variants of 2
that contain either Brgnsted or Lewis acidic pendent groups.
Brgnsted-acidic appended groups were incorporated by
allowing either 2- or 3-OH-phenyl azide to react with 1 to afford
220H and 23-0H in 90% and 75% yield, respectively. Although 23-
OH exhibits similar spectroscopic features to the rest of series of
2X (Amax = 606 nm; € = 2273 M1 cm1), Ey, = 25 mV). However,
220H displayed distinct features in the UV-vis spectrum (690
nm), voltammetry (E1/2 = —465 mV), as well as the MALDI-TOF
MS (792.405 m/z = 22OH-HCI- PF¢"). These results are consistent
with a primary sphere containing Fe-OPh coordination, rather
than Fe-Cl, formed via deprotonation of the appended —OH
groups. Boron Lewis acids were installed using Bpin-
functionalized phenyl azides. Although weakly Lewis acidic, BPin
units have been shown to interact with metal-coordinated
substrates when spatially predisposed.?® Lewis acid appended
groups were incorporated by allowing either 2-BPin or 3-BPin-
phenyl azide to react with 1. The products, 22-BPin gnd 23-8pin
exhibited similar spectroscopic characteristics as the series of 2%
(228Pin: ) x=596 nm; £=1127 M1cmL, Apax =439 nm; € = 1615

M1cecmd, Eyp = 178 mV; 23-BPin; )\ =628 nm; € = 1255 M1 cm-
1, Amax = 474 nm; € = 1127 M1 cm™?, E1/> = 239 mV) consistent
with an isostructural primary coordination sphere.

Vapour diffusion of diethyl ether into acetonitrile solution of
23-BPin afford blue-green crystals amenable to an X-ray
diffraction experiment. The molecular structure of 23-8Pin (Fig 5)
is commensurable to the series of 2%, with similar Fe-ligand
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Figure 5. Structures of 2%BPin and 23-BPin. Molecular structure (ORTEP, 50 %
probability level) of 23®Pin. Hydrogen atoms, BPin and phenyl groups on

sphorus depicted in wireframe for clarity, and counter ion omitted. Selected
ond distances (A): N(1)—Fe(1) = 2.152(2), N(2)—Fe(1) = 2.152(2), N(3)—-P(1) =
1.604(2), N(3)=Fe(1) = 2.102{2), N(4)—P(2) = 1.604(2), N(4)-Fe(1) = 2.105(2),
Cl(1)—Fe(1) = 2.3723(8).

bond lengths and geometry around the Fe(ll) center (ts =0.111).
The boron atoms in the BPin unit are planar (£ > 359°),
consistent with an unquenched Lewis acid. Although the BPin
units appear unquenched in 23-BPin gnd 22-BPin \ye anticipate that
they may engage in Lewis acid/base interactions with an
appropriate Lewis basic substrate. Overall, the preparation of 2X
containing appended —OH and —Bpin units establishes the
viability of this late-stage functionalization approach.

In conclusion, we report that 1, a tetrahedral iron complex
with appended diphenylphosphine units is amenable to late-
stage functionalization via Staudinger reactions. Addition of aryl
afforded a series of five-coordinate Fe(ll)
iminophosphorane compounds, 2X. These modified complexes
exhibit distinct ligand electronic and steric properties, and
importantly the electronic properties are tunable as a function
of para-substitution. This ligand modification methodology
enabled late-stage functionalization with both Brgnsted and
Lewis acids, and we anticipate these or related complexes may
ultimately be exploited as metal ligand cooperative platforms.

azides
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