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ABSTRACT: This report describes the first examples of unassisted C(sp)-C(sp?) and C(sp)—C(sp’) bond oxidative addition reactions
to give thermodynamically favorable products. Treatment of a diiron complex supported by a geometrically and electronically
flexible macrocyclic ligand, (*PDL)Fex(u-N2)(PPhs), ([Fe;N:]°), with stoichiometric amounts of various 4,4’-disubstituted
diphenylacetylenes (Ar*-C=C-Ar*; X = OMe, H, F, CF;) yielded C(sp)-C(sp?) bond oxidative addition products. When Ph—-C=C-R
substrates were used as substrates (R = Me, Et, 'Pr, ‘Bu), products of either C(sp)-C(sp?) or C(sp)-C(sp®) bond activation were
obtained, with the less sterically encumbering alkynes exclusively undergoing C(sp)-C(sp’) bond activation. Treatment of the C-C
activation species with either H, or HBpin were found to form products of C—C o-bond hydrofunctionalization. In both the
hydrogenation and hydroboration schemes, the diiron species was observed to return to [Fe,N;]°, thereby completing synthetic cycles

for C-C o-bond functionalization.

The selective cleavage and functionalization of C—C c-bonds
are highly attractive, yet challenging, chemical transformations
of interest for targets as varied as complex molecule synthesis,
biomass conversion, and petrochemical processing.'> The
activation of these bonds is, however, generally disfavored
compared to C-H bond activation due to several factors,
including the relative inaccessibility of C—C o* orbitals and the
lower driving force for C—C activation at a transition metal
center. Several methods are known to assist C—C bond cleavage
(Figure 1, top). These include anchimeric and chelation effects,®
the formation of conjugated systems on activation,® B-carbon
elimination,*’ and, most notably, the use of strained 3- and 4-
membered rings that are predisposed to undergo activation due
to internal ring strain.®'> However, the unassisted oxidative
addition of strong C—C o-bonds continues to pose a challenge
as a result of unfavorable kinetic and thermodynamic profiles.'*
' Considering the prevalence of C-C o-bonds, the
development of methods for performing unassisted C—C o-bond
activation, ideally with regiochemical control under mild
conditions, remains a topic of significant academic and
industrial interest.

Alkynyl-aryl connections are particularly resistant to
unassisted activation and functionalization. While a few
systems are known that generate products of C(sp)-C(sp?) bond
functionalization, this chemistry uses precious metals and
occurs through mechanisms that do not involve direct C(sp)—
C(sp®) bond activation.!®!® The direct oxidative addition of
C(sp)—C(sp?) bonds has only been reported at a family of (cis-
L,)Pt’(n*-alkyne) (L = phosphine, amine) complexes (Figure 1,
middle).'> 22 These require the use of photochemical
conditions to access endergonic Pt! products that, in turn,
thermally revert to the Pt’(w*-alkyne) starting materials.
Computational studies have been used to support the proposal
that these systems undergo C—C bond cleavage following initial
photoisomerization to a Pt-arene adduct.” The
photochemically driven formation of an arene adduct is then
thought to explain the exclusive cleavage of C(sp)-C(sp?)

bonds when in the presence of weaker C(sp)-C(sp’) o-bonds.
What’s more, no examples have been provided in the literature
of functionalization of the Pt-based oxidative addition products.
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Figure 1. Overview of strategies for assisted and unassisted C—C
o-bond activation by transition metal complexes.
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Herein, we disclose our findings that a macrocycle-supported
diiron complex is competent for direct C(sp)—C(sp’) and
C(sp)—C(sp’) bond oxidative addition reactions under thermal
conditions (Figure 1, bottom). The C—C activated products are
then shown to be intermediates in synthetic cycle for C-C o-
bond hydrofunctionalization schemes.



The work described here makes use of a diiron bridging
dinitrogen  complex  (*PDIy)Fex(u-N)(PPhs),  ([Fe:N»]%)
supported by a pyridyldiimine (PDI)-based macrocyclic ligand,
’PDL.** This species is composed of two Fe'' centers bound
within a *PDI, ligand that contains four electrons’ worth of
electron density in its m*-manifold, as determined by
characteristic bond lengths in the ligand backbone.?>*
Treatment of a THF solution of [Fe;N;]° with 1.0 equiv of
diphenylacetylene at room temperature results in a gradual
color change from red to green over 16 h that corresponds to the
formation of a C(sp)—C(sp?) bond oxidative addition product,
(*PDL)Fe(u-C=CPh)(Ph)(PPh;) (1", Scheme 1). 'H and
3P {'"H} NMR spectra of the reaction mixture revealed complete
consumption of the starting material and clean formation of 1%
and free PPhs. Two distinct sets of signals were observed that
encompass the characteristic pyridyl, imine-methyl and tert-
butyl protons of the PDI ligand fragments of 1%, indicative of a
diamagnetic product with a desymmetrized ligand scaffold. One
SIP{'H} NMR spectral resonance (60.9 ppm) was observed in
addition to that of free PPhs, indicating that one PPh; remained
bound to a metal center.

Scheme 1. Synthesis and proposed reaction pathway for the
formation of 1* from [Fe;N;|’ and diphenylacetylenes.
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A crystallographic analysis of 1% revealed a Ci-symmetric
species (Figure 2), in which a u-x':n’-phenylacetylide ligand
spanned two metals and a terminal phenyl ligand was bound to
a phosphine-free Fe center (Fe2). The C=C bond length of
1.272(9) A is elongated compared to free diphenylacetylene
(1.198 A), consistent with a modest amount of n-backbonding
via the n* interaction with Fe2. The ligand adopts a “folded”
conformation, which provides for an Fe—Fe distance of
2.765(1) A that is in the range of other known Fe-Fe single
bonds. Along with the change in geometry, the crystallographic
data were consistent with a *PDI, ligand that contains three
electrons’ worth of electron density in its ©* system, indicating
that 1% contains a net charge distribution of (*PDI)*:(Fe,)*"
within a set of covalent Fe-PDI and Fe—Fe interactions. As
observed by Chirik and co-workers for the Fe-mediated
oxidative addition of a strained C(sp?)-C(sp’) bond,’ the
present system appears to use both metal- and ligand-based
electron density during the 2e” oxidative addition process.

Figure 2. Crystal structure of 1%, Hydrogen atoms are omitted for
clarity. Selected bond length: Fel-Fe2 = 2.765(1) A, Fel-C1 =
1.872(6) A, Fe2—C1=2.115(5) A, Fe2-C2 =2.257(6) A, Fe2—C3
=2.014(6) A.

Various 4,4 -disubstituted diphenylacetylenes (Ar*CCAr¥;
X = OMe, F, CF;) were similarly found to undergo oxidative
addition at their C(sp)-C(sp?) o-bonds to yield products (1%,
Scheme 1, see Supporting Information) that are isostructural to
1", The relative rates of the reactions to form 1* indicated that
the electron-rich derivatives react faster than the electron-poor
ones (X = OMe >> CF;; see Supporting Information).
Monitoring the reaction by 'H NMR spectroscopy revealed, in
all cases, the rapid formation of a diamagnetic intermediate, 2%,
with a 2:1 alkyne:*PDI, stoichiometry that converted to 1¥ over
time. Use of the electron-deficient alkyne Ar°*>*CCAr" led to
the successful isolation and structural characterization of 2°¥
as a diiron dialkyne adduct (*PDI)Fes[u-(Ar“F*CCArc?)],
(Scheme 1), in which the ligand adopts an ‘“unfolded”
conformation and two alkynyl units are bound in u-n'm?
binding modes to either side of the macrocycle. While
thermolysis of 2" in the presence of added PPh; produced a
mixture of unidentified products, treatment of 2" with
[Fe2N:]° cleanly formed 2 equiv. of the C—C activation product
1" in high yield (92 %). No intermediate was observed via 'H
and *'P{'H} NMR spectroscopy during this latter conversion.
These data are consistent with an energy landscape that involves
the kinetically facile formation of 2%, which undergoes
reversible, endergonic loss of alkyne to generate a species that
is able to cleave a C—C bond to form 1¥. A transient mono-
alkyne adduct, (*PDL)Fes[u-(Ar*CCArX)](PPh;) (AX, Scheme
1), is thus proposed as an immediate precursor to C—C bond
cleavage.

Carrying out the reaction of [Fe;N;]* with 1.0 equiv. of
diphenylacetylene in the dark did not slow the reaction rate,
indicating that light is not participating in the C—C bond
activation process. Considering this divergence from the
photochemical Pt chemistry for unassisted C—-C o-bond
activation described above, we investigated the reactivity of
[Fe2N:]° towards a series of asymmetric alkynes. Treatment of
[Fe:N:]° with PhCCMe gradually formed the product of
C(sp)—C(sp’) bond cleavage, (*PDI,)Fe,(C=CPh)(Me)(PPh;)
(3", Scheme 2), in good spectroscopic yield. The '"H NMR
spectrum for this product featured a characteristically upfield-



shifted resonance for the Fe-bound methyl group protons at 0.16
ppm (CeDs, 298 K). Treatment of [Fe,N,]° with PhCCEt
similarly generated a product of C(sp)—C(sp®) bond cleavage,
(*PDI,)Fey(C=CPh)(Et)(PPh;) (3%); however, use of PhCC'Pr
and PhCCBu resulted in the exclusive formation of the

C(sp)—C(sp?) bond cleavage products
(*PDI,)Fey(C=C'Pr)(Ph)(PPh;) (4™ and
(*PDLy)Fey(C=C'Bu)(Ph)(PPh;) (4", Scheme 2). While

detailed mechanistic studies are ongoing, it appears both that
the formation of an Fe-arene interaction is not needed as a
direct precursor to C—C activation and that C(sp)—C(sp’)
activation may be thermodynamically preferred over
C(sp)—C(sp?) bond activation; these points are supported by the
results of preliminary density functional theory (DFT)
calculations (see below and the Supporting Information).

Scheme 2. Selective C—C bond activation with aryl-alkyl
acetylenes by [Fe;N;|’.
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A preliminary computational investigation into the reaction
coordinate of C—C bond activation was performed using a
truncated version of the proposed monoalkyne adduct,
(*PDIL,’)Fe(u-PhCCPh)(PMes) (A’, Figure 3, see Supporting
Information). DFT calculations predicted this species to
display an alkynyl unit that bridges symmetrically between the
two metal centers (drere = 2.59 A) in a form that may be best
represented as a doubly deprotonated olefin (dcc = 1.36 A; drec
=1.95,1.96 A). A C—C bond cleavage transition state structure
was identified at +11.4 kcal/mol, at which point the alkynyl unit
“docks” at Fel, forming an n?-adduct with a shortened C-C
distance (1.30 A).  This docking interaction places a
C(sp)—C(sp?) bond in position to generate a 3-membered ring at
Fe2; movement within this 3-membered ring provides most of
the motion through the transition state. Inspection of the IAO-
IBO orbitals for TSap revealed mixing of a {dx, + PDI-n*}
orbital on Fe2 with the C(sp)~C(sp’) c* orbital (Figure 3, inset),
highlighting the capacity of both the metal and the redox-active
PDI ligand to engage in the C—C bond cleavage process.
Following activation, the structure relaxes to a species that
accommodates both the aryl and acetylide units at Fe2 (B”). A
low-energy isomerization process (TSpc) inverts the
orientation of the acetylide to generate C’, which displays a
satisfactory model of the crystallographically characterized
complex 1'% Notably, the Fe-Fe distance was found to expand
during this transformation, first to 2.69 A in TSap, then 2.73 A
in the calculated structure for C’. The ability of the dinuclear
core to accommodate various binding modes both during and
after C—C bond cleavage (see Supporting Information) appears

to impact both the kinetics and the thermodynamics of this
transformation.
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Figure 3. DFT-calculated reaction coordinate for C—C o-bond
oxidative addition. [Inset: Depiction of key IAO-IBO orbital in
TSa-p that facilitates C—C bond cleavage.

We next investigated the reactivity of the C—C activation
products for net hydrofunctionalization of the C—C o-bond.
Treatment of C¢Ds/THF-ds solutions of 1¥, 3%, or 4% with 1 atm
of H; resulted in all cases in a gradual color change from green
to brown. NMR spectroscopic studies revealed formation of the
products of both net C—C o-bond hydrogenation and
hydrogenation of the alkynyl unsaturation, generating
ethylarene/ethylalkane and arene/alkane products in good
yields (Scheme 3). Monitoring these reactions by NMR
spectroscopy revealed the regeneration of [Fe;N;]’, which gave
way to a diamagnetic diiron dihydride complex (*PDL)Fex(u-
H),(PPh;), ([Fe:H:]°, Figure S8 in Supporting Information).
The independent treatment of [Fe,N,]® with H, was found to
form [Fe;H,]° in quantitative spectroscopic yield (Scheme 3),
consistent with the view that the formation of [Fe,H;]° results
from H, activation by [Fe,N;]".

In a related attempt to functionalize a product of C—C c-bond
activation, we treated 3M¢ with 2.0 equiv. of HBpin at room
temperature. Doing so formed E-PhCH=CHBpin, CH3;Bpin
and CH,, along with the diiron species [Fe:N;]’, in modest
yields (Scheme 3). These products constitute the
net hydroboration of a C—C ¢-bond and the semihydroboration
of the alkynyl unit. Unidentified products were present in the
reaction mixture, along with ca. 0.3 equiv of unreacted HBpin,
but return of the diiron species to [Fe;N;]° indicates that this
system, like the hydrogenation chemistry described above, is
able to engage in a synthetic cycle for C-C o-bond
functionalization. We note that HBpin was found to be
unreactive toward [Fe;N;]° under the reaction conditions,
suggesting that the system may be rendered fully catalytic;
however, initial attempts to do so solely yielded vinylboronic
esters without C—C o-bond activation (Z-PhC(Bpin)=C(H)Me
and Z-PhC(H)=C(Bpin)Me in a 73:27 ratio). More work will
need to be done to determine the mechanisms of the
hydrofunctionalization transformations and to develop
strategies for performing them under catalytic conditions.



Scheme 3. Hydrogenation and hydroboration reactivity
with C—C activation complexes.
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This report constitutes the first examples of unassisted
oxidative addition of C(sp)-C(sp?) and C(sp)~C(sp®) o-bonds to
give thermodynamically favorable products. These reactions
were mediated by a macrocycle-supported diiron complex,
whose geometry was found to change significantly through the
course of the reaction, from an “arched” ligand geometry for the
N;-coordinated starting material, to an “unfolded” ligand in a
dialkyne kinetic product and a “folded” ligand geometry
following C—C bond oxidative addition. For the alkynes with
mixed aryl-alkyl substitution patterns, regioselective
C(sp)—C(sp’)/C(sp’) bond activations were achieved,
depending on the identity of alkyl group. Stepwise catalytic o-
bond hydrofunctionalizations of C(sp)—C(sp?)/C(sp’) bonds
were realized on treatment of the oxidative addition products
with H, or HBpin to generate the corresponding hydrogenation
and hydroboration products. Further investigations are
underway to elaborate the scope of C-C bond
hydrofunctionalization chemistry and to understand the
mechanism by which the present diiron system mediates the
reactivity described above.
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