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The very widely exploited Suzuki biaryl coupling reaction typically requires

catalysts based on palladium, but there is anincreasing desire to replace
this metal with a more sustainable, less expensive alternative, with catalysts
based onironbeing a particularly attractive target. Here we show that a
simpleiron-based catalyst with an N-heterocyclic carbene ligand can be used
to excellent effect in the Suzuki biaryl coupling of aryl chloride substrates
with aryl boronic esters activated by an organolithium reagent. Mechanistic
studies suggest the possible involvement of Fe(l) as the lowest oxidation
state on the catalytic manifold and show that the challenging step is not
activation of the aryl chloride substrate, but rather the transmetallation
step. These findings are likely to lead to a renaissance of iron-catalysed
carbon-carbon bond-forming transformations with soft nucleophilic

coupling partners.

The Suzuki cross-coupling reaction'™ (Fig. 1) represents a powerful
method for the synthesis of compounds containing a biaryl motif and
assuchiswidely exploited in commercial applications. These include
the synthesis of o-tolyl benzonitrile (OTBN)—an intermediate for the
production of a number of sartan hypertension drugs, for example
valsartan—and Boscalid—a broad-spectrum fungicide used in crop
protection’. The overwhelming majority of Suzuki biaryl coupling
reactions employ palladium-based catalysts; however concerns exist
regarding the cost, sustainability and toxicity of this metal in coupling
reactions, and therefore a drive exists to replace palladium catalysis
with more sustainable approaches®’.

The most extensive advances in this regard have so far been with
nickel-based® ™ and copper-based™ " catalysts, although cobalt is
proving increasingly useful® 2>, Iron represents the ideal first-row
transition metal for replacing palladiumin Suzukibiaryl cross-coupling
reactions asit is very cheap, widely available and relatively non-toxic.
While the iron-catalysed Suzuki coupling of alkyl-based electrophiles
has been reasonably widely investigated®**, the equivalent biaryl
cross-coupling remains elusive, although a reaction performed at
15,000 bar has been described™. Indeed, aside from claims that we
have subsequently shown to be unfounded®**, currently reported
iron-catalysed Suzuki biaryl cross-couplings under synthetically

reasonable conditions require either an activated heteroaryl sub-
strate’ or the use of substrate-directed C-X activation®~°.

Herein we demonstrate that the elusive iron-catalysed Suzuki
biaryl cross-coupling of simple aryl chloride substrates with aryl
boronic esters is indeed achievable. Mechanistic investigations sug-
gest the lowest oxidation state ontheironin the manifoldis likely Fe(I)
and that oxidative addition of the aryl chlorides to Fe(l) is facile. By
contrast, transmetallation appears to be the challenging step in the
potential manifolds investigated.

Results

Optimization studies

In the first instance we investigated the coupling of chlorobenzene
(1a) with 2a, the aryl boronate formed by reaction of the correspond-
ing parent aryl boronic ester with ‘BuLi (‘Bu, tert-butyl). We previously
found that some N-heterocyclic carbene (NHC) ligands worked well
in iron-catalysed substrate-directed Suzuki biaryl coupling® so we
screened their performance with FeBr; as theironsource (selected data,
Fig.2b; full data, Supplementary Tables 2 and 3). In most cases, 10% or
less of the desired cross-coupled product 3a was obtained; however,
when1,3-dimesitylimidazol-2-ylidene (IMes) was exploited, amodest
24% of 3aresulted, albeit accompanied by a considerable amount of
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homo-coupled by-product 4a.Replacing FeBr; with otheriron sources
gave apoorer performance (Supplementary Table 5), whileavery poor
performance was obtained with phosphine ligands in place of IMes
(Supplementary Table 4). A solvent screen (Supplementary Table 7)
revealed a 1:1 mixture of 1,4-dioxane/2-methyl tetrahydrofuran to be
optimal out of the solvent systems tested, in part due to the higher
reaction temperature (100 °C) this mixture allowed. An appropriate
halide additive is essential for activity, with MgBr, faring best out of
those tested (Supplementary Table 9).

Reaction profiles obtained during the catalytic studies (for
example, Fig. 5c below) showed the presence of aninduction period
of around 30-45 s; we reasoned this may be due to either deproto-
nation of the NHC precursor or a reduction of the resultant iron
pre-catalyst. Accordingly, we investigated the effect of adding a
catalytic quantity of activators that might accelerate one or both of
these processes (Supplementary Table 8) and found that MeMgBr
(1 equiv. per Fe) worked best. Mechanistic studies (below) suggest
that the role of the Grignard reagent is to deprotonate the ligand
precursor, rather thantoreduce theiron pre-catalyst. Other additives
such as NMP (N-methylpyrrolidone), TMEDA (1,2-(dimethylamino)
ethane) and PEG (polyethylene glycol) that were previously found
to give increased performance in iron-catalysed cross-coupling
reactions®” ** proved to be ineffective here (Supplementary
Tables 10 and 11). Finally, the loading of 2a was adjusted (Supple-
mentary Table 12), which furnished the optimized conditions out-
lined in Fig. 2c.

Substrate scope

With the optimized conditions in hand, we next turned our attention
to examining the scope and limitations of the transformation. In all
cases, we obtained varying amounts of by-products 4, furnished by
competitive homo-coupling of the nucleophilic coupling partners 2,
butin almost all cases this could be readily removed from the desired
cross-coupled products 3 by column chromatography. Figure 3 sum-
marizes the successful coupling of a range of aryl chlorides 1and aryl
boronates 2. Unsuccessful coupling reactions are detailed in the Sup-
plementary Methods (Supplementary Figs.1and 2), as are coupling
reactions with other aryl halides and pseudohalides, which tended to
give little of the desired products (Supplementary Table 1).

Both electron-withdrawing and electron-donating groups in the
paraposition ofthearyl chloride were well tolerated and typically gave
higher yields of the desired products (3b-3j) than the unsubstituted
variant (3a). Fromthisinformation alone, itis not possible to draw any
clear mechanistic conclusion, but this will be returned to in the mecha-
nistic sections below, where data for linear free energy relationships
are presented. Similarly, no clear conclusions can be drawn about the
effect of meta substitution on performance. Theintroduction of steric
bulkinto the ortho position does not unduly impact activity (3r, 3t and
3u), however the 2,6-dimethyl phenyl substituent leads to reduced
yield of the cross-coupled product 3v. Amide and ester functions were
tolerated on the aryl chloride substrates, but ketonic or aldehydic
groups were not (Supplementary Fig.1). Aryl chlorides with secondary
or tertiary amino groups coupled well (products 3i, 3j and 3q), but a
primary aniline did not give the desired product (Supplementary Fig.1);
likewise unprotected phenol-based and thiophenol-based substrates
were not tolerated.

Varying the para substituent of the activated aryl boronic ester
againgave noreadily identifiable electronic trend for the reaction; but
this subject will be returned to in an analysis of the linear free energy
(below). A range of heteroaryl chlorides also couple well under the
optimized conditions, and the results from this study are summarized
in Fig. 4. By contrast, heterocyclic functionality on the nucleophilic
coupling partner was not tolerated, with none of the desired products
obtained with boron esters based on 3-pyridyl, 4-pyridyl, 2-thiophenyl,
7-quinolinyl or 2-benzofuryl substrates (Supplementary Fig. 2).

a
7\ 7 N\ cat 7 N
X + B(OR), ——> /,
R= = Gase) A=/ N\ Fm
X = halide,
pseudohalide
CN
O~ .
OTBN © Boscalid
o— N
N=

Fig.1| The Suzukibiaryl coupling reaction. a, The general catalytic coupling
process. cat, catalyst. b, Selected commercial applications with the bond formed
by Suzuki coupling highlighted.

Confirmingthe active role of iron

Ironis essential for the reaction, with only trace activity observed when
FeBr; was omitted from the reaction mixture (Supplementary Sec-
tion 5.1 and Supplementary Table 13). Typically, 98.5% purity FeBr,
was employed for the majority of the studies, with material sourced
from three different suppliers. FeBr, (98%+) gave a slightly reduced
yield (53% of 3a) compared with the tribromide, but its use allowed
acomparison of the kinetic profiles obtained with 98% and 99.995%
FeBr,, which gave essentially indistinguishable performances (Sup-
plementary Table 13 and Supplementary Fig. 3), indicating that trace
impurities in the iron precursor are unlikely to be responsible for the
observed activity. Similar results were also obtained when samples of
FeCl; 0f 98% and 99.99% purity were used under the reaction condi-
tions (Supplementary Fig. 3). The undetected presence of substantial
amounts of palladium in Suzuki cross-coupling has led to misplaced
claims* that were subsequently corrected*®*, Accordingly, addressing
the levels of palladium impurities was specifically targeted by using
inductively coupled plasma mass spectrometry (ICP-MS), employing
arobust digestion protocol (Supplementary Methods for details).
The level of palladium impurities in dried samples of reaction mix-
tures catalysed by the 98% and 99.995% purity FeBr, were found to
be relatively high at between 1 and 2 ppm (Supplementary Methods
for data). Examination of the palladium in samples of 98.5% purity
FeBr; and 98% and 99.995% purity FeBr, showed they contain levels
well below these values; triplicate studies on 100 mg samples gave
ranges of 230-390 ppb, 23-200 ppb and 76-281 ppb, respectively.
Therefore, the iron salts contribute only minor amounts (-1% or less)
tothetotal palladiumimpurities; indeed ICP-MS analysis of areaction
mixture without added iron bromide showed a palladium loading of
3 ppm, confirming that the main source of palladium is one or more
of the other reaction components. Of criticalimportance, the almost
complete absence of catalytic activity in the absence of the iron salts
shows that the palladium impurities present are not responsible for
the observed catalysisin the presence of iron. Animportant side note
toresearchers examining potentialimpurities by ICP-MS is the obser-
vation of the wide variability of the ICP-MS data for the same sample
of iron salts; it seems that the palladium impurities can be somewhat
heterogeneously distributed throughout the sample, and therefore
testing multiple samplesisimportant, as is the amount of the sample
used, with a noticeable increase in variability observed on reducing
sample size from100 mg to 10 mg (Supplementary Methods and Sup-
plementary Table 14 for details).

Determining the lowest oxidation state of the catalyst

Movingontotheiron catalysis, akey question with any cross-coupling
reaction is what the lowest relevant oxidation state obtained in the
catalytic manifold is*. The lowest possible oxidation state accessed
by the metal in the presence of the reducing (nucleophilic) coupling
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[
FeBrs (10 mol%),
IMes-HCI (10 mol%),
MgBry-OEt 5 (20 mol%),
MeMgBr (10 mol%)
1a + 2a (2.5 equiv.) 3a (61%) + 4a (35%)

2-MeTHF/1,4-dioxane (1:1),
100°C,2h

Fig.2|Selected optimization data. a, The model reaction employed for

the majority of the optimization studies. b, Effect of varying the five-
membered NHC ligands (introduced as the corresponding HCl salts).

¢, The optimized reaction conditions. Yields of 3aand 4abased on1aand

2a, respectively, determined by GC (dodecane internal standard). Full
optimization study results given in Supplementary Methods. Pr, propyl;

iPr, isopropyl; IPr, 1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene; SIPr,

1,3-bis(2,6-diisopropylphenyl)-4,5-dihydro-2H-imidazol-2-ylidene; SIMes,
1,3-bis(mesityl)-4,5-dihydro-2H-imidazolidin-2-ylidene; IMes™®, 1,3-bis(mesityl)-
4,5-dimethylimidazolidin-2-ylidene; SIXyl, 1,3-bis(3,5-di-methylphenyl)
imidazolidin-2-ylidene; IXyl, 1,3-bis(3,5-di-methylphenyl)-4,5-dihydro-2H-
imidazolidin-2-ylidene; IMe, 1,3-dimethylimidazolidin-2-ylidene; INap,
1,3-bis(2,7-diisopropylnaphthyl)imidazolidin-2-ylidene.

partner places an absolute limit on the thermodynamically accessible
low oxidation state; however, this low oxidation state may not be kineti-
cally relevant to catalysis if the full reduction is too slow.

We have previously shown that FeCl,/IMes canbe reduced to Fe(0)
by the organoboronate Li[Ph(‘Bu)Bpin], 2b (pin, pinacolato; ref. 36),
and in the presence of dvtms (1,3-divinyltetramethyldisiloxane), the
iron(0) complex, 5 (ref. 50), is formed (Fig. 5a). We find here that com-
plex5isalsoproduced by thereduction of FeBr;in the presence of IMes
and dvtmsusing2aasthe reductant (Fig. 5a; Supplementary Methods
for details). The use of IMes-HCl in place of IMes gave the same result
showing that the boronate 2a is sufficiently basic to deprotonate the
NHC under catalytic conditions. Adding MeMgBr (Me, methyl) to
the reaction mixture led to the formation of 5, but when the boro-
nate 2awas omitted, the Fe(0) complex was not observed, suggesting
that contrary to our initial hypothesis, the MeMgBr may not facilitate
pre-catalyst reduction but may simply act as an additional base to
aid deprotonation of the NHC precursor. The presence or absence
of MgBr, does not appear to have an impact on whether or not 5 is
formed. The Fe(0) complex 5 is acompetent pre-catalyst, although it
gaveaslightreductionintheyield of 3a (57%). Asis true with all transi-
tion metal-based homogeneous catalysis, the oxidation state of the
pre-catalyst gives noinformation as to the oxidation states of the active
species on the catalytic manifold.

Clearly theboronate 2ais able toreduce the Fe(lll) precursor all the
way to Fe(0), indicating that it is athermodynamically accessible oxida-
tion state available under the catalytic reaction conditions. However,
this resultdoes not necessarily mean that Fe(0) species are kinetically
relevant during catalysis. The plots of formation of 3a against time
with varying pre-catalyst concentrations make clear that aninduction

period exists in the formation of cross-coupled product (Fig. 5c), while
no such delay is seen in the formation of 4a (Fig. 5d), consistent with
activation of the pre-catalyst being a reductive process, triggered by
reaction with 2a. Figure 5e shows an overlay of the formation of 3a
and 4ain a standard reaction at 8.3 mM pre-catalyst concentration,
with the formation of 4a under the same conditions but with no chlo-
robenzene present. This result makesit apparent that essentially all of
the homo-coupled 4a observed during the first 1.25 min is due to the
reduction of the pre-catalyst mixture. Looking at the maximum rate
of formation of the cross-coupled product, this occurs from 1.25 min
onward, after thebulk oftheironhasbeenreduced to an average oxida-
tion state of Fe(l). Previous work by Norrby and coworkers indicated
a similar reduction to Fe(l) in the iron-catalysed Kumada coupling
of aryl Grignard reagents in the absence of strongly coordinating
co-ligands® =3, Similarly, we have shown that well-defined Fe(l) com-
plexes with chelating bisphosphine ligands can form under catalytic
conditions in the Negishi coupling of aryl zinc reagents™, although it
was subsequently shown that in this case the bisphosphines were not
coordinated to theiron centre during catalysis>. The results obtained
here suggest the lowest oxidation state on the catalytic manifold for
cross-couplingmay be Fe(l); however, this result must be treated with
some caution: the lowest oxidation state may feasibly be Fe(ll),and the
lagininduction may be due to a secondary post-reduction process.
Figure 5f shows the results from a reaction in which the electro-
phile 1a was added 1.75 min after the addition of the nucleophile 2a.
Theironisclearly reduced before the addition of the electrophile, and
aplateau of homo-coupled product 4ais produced that corresponds
with the bulk oxidation state of the iron lying between Fe(I) and Fe(0)
before the electrophile is added, at which point cross-coupling to
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4i: 20% 4j: 18% 4k: 13% 4l: 25% 4m: 12%

Fig.3|Selected substrate scope in the coupling of aryl chlorides. a, Reaction conditions. b, Variation of aryl chloride 1and activated aryl boronate 2. Ac, acetyl.
Yields determined by NMR (1,3,5-trimethoxybenzene as internal standard); isolated yields shown in parentheses. “The results could not be separated from

corresponding compound 4.

produce 3a starts without any further induction period, confirming
that catalystinductionis reductive.

To explore catalyst speciation under kinetically relevant condi-
tions, we undertook a series of investigations trying to trap Fe(0) or
Fe(l) formed during the induction period. A mixture of FeBr;, IMes and
MgBr,-OEt, (Et, ethyl) was reacted with an excess of 2ain the presence
of dvtms, to monitor the formation of Fe(0) under these conditions.
As described above, dvtms acts as a competent trapping agent, coor-
dinating to any Fe(0) generated to produce the well-defined complex
5,aprocess that could be monitored by 'H NMR spectroscopy. A reac-
tionaliquot collected after 5 min of heating showed approximately 7%
conversion of the iron species to complex 5 as determined by 'HNMR
spectroscopy (Supplementary Methods for details). However much of
this could be attributed to a slow background formation of 5 at room
temperature prior to sample acquisition. To exclude the interference

of room-temperature reactivity, an aliquot of the reaction mixture
was isolated after 1 min of heating and stored at =78 °C prior to spec-
trumacquisition. This showed no measurable formation of complex 5,
indicating that reduction by the boronate to Fe(0) can be disregarded.
However, thisis not the only possible route to Fe(0) in the manifold; for
instance disproportionation of Fe(I) to Fe(0) and Fe(II) might occur. We
returntothis subject belowinthesection'Computationalinvestigation
of tentative catalytic cycles'.

Attempts atidentifyingintermediates were also made by employ-
ing liquid injection field desorption/ionization mass spectrometry
(LIFDI-MS) and electron paramagnetic resonance (EPR) spectroscopic
studies (Supplementary Methods for full details). The LIFDI-MS spec-
trum of areaction aliquot collected at 10 min from the catalytic reac-
tion, in the absence of chlorobenzene, showed a peak at a mass to
charge ratio m/z=741.50691, possibly consistent with the mass for
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Fig.4|Selected substrate scope in the coupling of heteroaryl chlorides. a, Reaction conditions. b, Variation of heteroaryl chloride 1. het, heteroaromatic. Yields
determined by NMR (1,3,5-trimethoxybenzene as internal standard); isolated yields shown in parentheses. *The result could not be separated from corresponding

compound 4.

[(IMes,FeBr)-2H]* (calculated m/z = 741.2255) but with an equivocal
isotope distribution pattern due to low peak intensity (Supplemen-
tary Fig.9). Note that catalytic reactions submitted for LIFDI-MS were
performed in either 2-methyl tetrahydrofuran (2-MeTHF) or THF (the
1:1 mixture with1,4-dioxane could not be used here due to freezing of
the sample in the LIFDI emitter in the MS source; see Supplementary
Methods for full details). An X-band EPR spectrum of a sample of a cata-
lytic reaction without the aryl chloride substrate, removed at 1.5 min
andrecordedat130 K, did not show evidence of any spin S = 1/2 species
(Supplementary Fig. 10), but instead showed data consistent with an
S =5/2system, which at this stage has not been analysed further. We
reasoned thataddition of atridentate chelating trisphosphine (triphos)
might lead to the trapping of a low-spin (§ =1/2) intermediate of the
form [FeX(IMes)(triphos)] (X = aryl, halide) analogous to previously
investigated Fe(I) species®***, The spectra shown in Supplementary
Fig.10 show that atleast two S =1/2 species are formed: the major one
of these, which forms more quickly, shows no hyperfine coupling to
phosphorus, while the second grows in more slowly over time, suggest-
ing it is not relevant to catalysis. A brief computational study on pos-
sible candidates for the low-spin Fe(l) intermediates (Supplementary
Methods) did not help in the identification of the observed species.
Therefore, while the observed formation of the major § =1/2 species
is consistent with the formation of a low-spin Fe(l) species, we do not
currently know the exact nature of this complex (beyond it being phos-
phine free), and the fact that its formation appears to be triggered by
the addition of the phosphine ligand may well precludeitsinvolvement
under genuine catalytic conditions.

Summarizing, reduction to Fe(0) by the boronate nucleophile 2a
does not appear to occur fast enough for it to be formed inappreciable
amounts in the induction phase, but this does not, at this stage, rule

out Fe(0) being formed inthe manifold by disproportionation of Fe(l)
(more below). Therefore, while compelling direct evidence of Fe(l)
being the most reduced species formed in a timely manner during
catalyst induction remains elusive, this seems most likely from the
extent of homo-coupling of the nucleophile.

Rate investigations

The initial rates method proved challenging due to the observed
induction periods; accordingly the ‘initial rate’ used in the analysis
was the maximum rate observed immediately after the induction
period. Notwithstanding the possible issues with this approach,
the dependence of rate on catalyst concentration broadly appears
to vary from approximately first-order dependence at lower cata-
lyst loadings to what appears to be zero order at higher loadings
(Supplementary Figs. 14 and 15 and Supplementary Table 16). To
probethis further, we also adopted Burés’s variable time-normalized
analysis®’, which makes use of all the available data. Again, as seen
with the initial rates approach, no single order gave an overlay of
the data (Supplementary Fig. 16); however, the plots at the lowest
catalyst loadings (5, 7.5 and 10 mol%) show a fractional order, with
a good fit for the latter two obtained from a 0.5-order plot, while a
zero-order fit is seen for the plots at 15 and 20 mol% (Supplemen-
tary Figs. 17-20 and Supplementary Table 16). Meanwhile the best
overlay of the data for the formation of homo-coupled product 4a
inthereactions—as measured after the induction periodin order to
avoidissues with the formation of 4aby an alternative process during
pre-catalyst induction—occurs when the data are plotted assuming
afirst-order dependence at all but the lowest catalyst loadings (Sup-
plementary Figs.24-28 and Supplementary Table 16). Clearly, while
the latter suggests a reasonably simple dependence of the rate of
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Fig. 5| Mechanisticinvestigations on pre-catalyst activation. a, Reduction
of FeBr,/IMes and trapping of resultant Fe(0) with dvtms to give complex 5.
b, Reaction conditions employed for determining rates of formation of cross-
coupled (3a) and homo-coupled (4a) products. ¢, Effect of varying catalyst
concentration on rate of formation of 3a. ¢, time. d, Effect of varying catalyst

concentration on rate of formation of 4a. e, Comparison of the formation of
3aand4ainastandard reaction at 8.3 mM pre-catalyst concentration with
the formation of 4a under the same conditions but with no chlorobenzene.
f, Formation of 3aand4ainareactioninwhich the electrophile 1awas added
1.75 min after the addition of the nucleophile 2a.

homo-coupling versus pre-catalyst concentration, the same is not
true for the cross-coupling.

Theinitial rates method approach was used to determine the influ-
ence of the concentration of the reaction components on the rate of
formation of both the cross-coupled product 3a and the homo-coupled
product 4ain the coupling of chlorobenzene (1a) with the aryl boro-
nate salt (2a). As described above, in all cases an induction period
was observed; accordingly, the initial rates data used in the kinetic
analyses were drawn from rates of conversion after the induction
phase, and the data are summarized in Supplementary Figs.29-36 and
Supplementary Table 16. Fractional order dependencies of the initial
rate on a chlorobenzene (1a) concentration of ~0.7 (saturating at the
highest concentrations) and of -0.3 were, respectively, observed for
the heterocoupled (3a) and homo-coupled (4a) products. The rate of
cross-coupling showed an approximately first-order (0.9) dependence

on[2a], while the rate of homo-coupling of 2asomewhat surprisingly
showed a fractional order (0.4) dependence on [2a]. The fractional
order dependencies of the cross-coupling and homo-coupling reac-
tions are suggestive of complex, interlinked processes. Meanwhile the
weak, but non-zero-order, dependence of the rate of homo-coupling of
theboronate substrate on [PhCl] suggests that while PhClis notincor-
porated into the homo-coupled product 4a, the product's formation
isinfluenced by [PhCI] (Ph, phenyl).

Considering the impact of additives, the rate of formation of
cross-coupling product is essentially independent of the concen-
tration of MeMgBr (Supplementary Figs. 37-40 and Supplementary
Table16). A fractional order (0.3) dependence of the concentration of
added MgBr, on the rate of formation of the cross-coupled product
3ais observed (Supplementary Fig. 42 and Supplementary Table 16)
up to a loading of 25 mol%; beyond this point, further addition is
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Fig. 6 | Linear free energy investigation. a, Reaction conditions. b, Effect of varying the substituents on the aryl chloride 1 on relative rates (aryl boronate, 2b).
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was used throughout; Ad,,mmet = (Giammere 4-R) = (Opammer: 4-Me). kyie, rate with methyl-subsituted substrate; k;, rate with specified substrate.

deleterious. A similar variable dependence of the rate of formation of
the homo-coupled product 4aon[MgBr,] is observed (Supplementary
Fig. 44 and Supplementary Table 16).

Summarizing, the fractional and, inthe case of the catalyst concen-
tration, variable orders observedin the desired cross-coupling reaction
indicate acomplex manifold, possibly with competing pathways and/
or varying nuclearity of catalyticiron intermediates.

Arrhenius plots for the cross-coupling of 1awith 2a and the com-
petitive homo-coupling of 2a (Supplementary Fig. 46) revealed acti-
vation energies of 82and 84 k) mol™, respectively, consistent with the
substantialamounts of homo-coupling observed in the cross-coupling
reactions. Meanwhile Eyring plots gave values for the Gibbs free energy
of the transition state (AG*) at 298 K of 3a and 4a of 93 and 94 k] mol ™,
respectively (Supplementary Fig.47).

Linear free energy studies were also undertaken®®, using the
reactions outlined in Fig. 6a, and the results for the cross-coupling
reactions are summarized in Fig. 6b,c. Figure 6b reveals a positive
Hammett dependence for the rate of formation of the cross-coupled
products 3 on para substitution for all aryl chlorides except for the
most electron-deficient example (p-chlorotrifluoromethyl benzene).
The positive value of the reaction rate constant (p) of 0.7 is rather low
compared with reactions that proceed via oxidative addition of aryl
halides to nickel*’. This suggests that either the build-up of negative
charge ontheipso carbon during oxidative additionis substantially less
pronounced oniron compared with nickel, or that the trend in relative
rates is not a reflection of the C-Cl bond activation, but instead indi-
catestheinfluence of anarylligand—derived from the aryl chloride—on
anFe centre at a later step in the catalytic cycle.

Figure 6¢ shows the variation in rates of cross-coupling against
the Hammett values of the p-substituted aryl boronate salts 2. This
makes clear that a change in the mechanism exists, with the more
electron-rich nucleophiles showing a negative p value (-3.4), while
more electron-deficient substrates show a positive p (0.5). A similar
behaviour is seen in the formation of the homo-coupled products 4
(Supplementary Fig. 57).

Theinfluence of parasubstitution of the aryl chloride on the rate
of homo-coupling of the nucleophile to give biphenyl (4b) proved less

clear-cut. Plotting the log of relative rates against Hammett values gave
ascatter (= 0.29, where ris the correlation coefficient; Supplementary
Fig.53); meanwhile, replacing the Hammett values with Creary values—
a scale derived using a relatively apolar radical reaction®*—gave an
improved butstill poor correlation (©* = 0.45; Supplementary Fig. 54).
Norrby and coworkers found that incorporation of some Hammett
characterinto the ovalues (where ois the Hammett o constant) derived
by Creary—in order to reflect some polar character in radical-based
C-Xbond cleavage—could substantially improve the correlation in
iron-based oxidative addition®. This proved to be the case here, with
values derived from acombination of Creary and Hammett parameters
(3:1) givingamodest correlation (r* = 0.74; Supplementary Fig. 55).

Theappearance of very different linear free energy dependencies
on para substitution of the aryl halides in the formation of 3 and 4
implies quite differentinfluences of the substitution pattern on these
two transformations, with the latter showing some radical behaviour.
Clearly, the aryl chloride plays a role in homo-coupling of the nucleo-
phile, most likely by acting as an oxidant to counter the reductive cou-
pling of the nucleophile.Indeed amass balance study (Supplementary
Methods) on the coupling of 2a with 4-fluorochlorobenzene showed
thatthe amount of 4a produced by homo-coupling of the nucleophile
corresponds approximately to the amount of 4,4’-difluorobiphenyl
produced by homo-coupling of the electrophile, plus the amount
necessary toreduce the Fe(ll) pre-catalyst to Fe(l), indicating that the
two homo-coupling processes are intimately linked.

Radical trap investigations

Supplementary Table 18 summarizes the effect of ‘radical trap’ additives
onthe coupling of 1a with 2a. The addition of 1 equiv. (with respect to
1a) of either 1,4-cyclohexadiene or 1,1-diphenylethylene had essen-
tially no impact on the extent of either cross- or homo-coupling of
the nucleophile, suggesting that free aryl radicals are not formed.
Addition of butylated hydroxytoluene (BHT) reduced both the cross-
and homo-coupling of the nucleophile, while TEMPO suppressed
cross-coupling and increased homo-coupling of the nucleophile, pos-
sibly as a result of oxidation of the Fe facilitating subsequent reduc-
tive coupling. A similar, but more pronounced effect was observed on
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the addition of trityl chloride. Analysing the crude reaction mixtures
obtained with BHT, TEMPO and trityl chloride by gas chromatogra-
phy-mass spectrometry (GC-MS) showed no indication of products
formedby reaction of these species with aryl radicals. Taken together,
the data show that the formation of aryl radicals from either the aryl
chloride or arylboronate substrates during catalysis canbe considered
highly unlikely.

Computational investigation of tentative catalytic cycles
Figure 7a,b summarizes the key steps in simplified, monometallic
catalytic cycles for the cross-coupling reaction that we have investi-
gated computationally, namely oxidative addition to either Fe(l) or
Fe(0) centres followed by transmetallation and reductive elimination,
or transmetallation to Fe(I) followed by oxidative addition and then
reductive elimination. In addition, we briefly explored the possible
involvement of bimetallic intermediates (more below). In all cases,
oxidative addition at either mononuclear or binuclear iron centres was
modelled favourably as a classical two-electron process (discussion
below). While we cannot entirely exclude the possibility that oxida-
tive addition of the aryl chloride occurs via a radical process in one
or more of the pathways described, the radical trap evidence above
suggests this is unlikely.

The proposed cross-coupling manifolds were probed using den-
sity functional theory (DFT) employing the Orca software package®>®.
Geometries were optimized with the BP86 functional® with Grimme’s
D3 dispersion correction with Becke-Johnson damping®, employ-
ing the def2-TZVP basis set on iron and def2-SVP on all other atoms*®°.
Frequency calculations were employed to determine the nature of the
stationary states and extract free energies. The Hessians derived from
the frequency calculations under standard temperature and pressure
were thenused to determine the free energies at reactiontemperature
(373 K). While BP86 gives reliable results for geometry optimizations
for first-row metal complexes, the determination of the electronic
structure of iron, in particular the energetic separation of the vari-
ous accessible spin states, can be challenging for DFT, and also highly
functional dependent. Therefore, to determine the most appropriate
functional for the calculations of interest, we undertook abenchmark-
ing study. The energies of the high, low and (where applicable) inter-
mediate spin states of the representative small model Fe(0)-Fe(lII)
complexes LFe(PhCl), LFeCl(OMe,), LFeCIPh(OMe,) and LFeCl,Ph
(L=N,N'-dimethyl imidazolinylidene) were determined using a local
coupledclusterapproach, based on BP86-optimized geometries. This
was done using the DLPNO-CCSD(T,) approach with improved itera-
tive triple approximations (T,) as implemented in Orca, employing a
two-pointextrapolationto the PNO space limit®”. These results were then
used tobenchmark 14 different DFT functionals (Supplementary Meth-
odsfor full details). This investigation found that the PBEO functional®®
with D3BJ dispersion correction gave the lowest variation from the
energies determined by the local coupled cluster approach (unsigned
variation from average = 5.2 kcal mol™). The main contribution here
for the variationis a poor fit of the energy gap between high-spin (HS,
S=2)and low-spin (LS, S = 0) Fe(ll) obtained by the functional and the
equivalent energy determined by the local coupled cluster approach
(variance =15.2 kcal mol™). This was true for most functionals investi-
gated and appearstobe anissue withmodelling the (highly unlikely for
such low-coordinate species) LS Fe(ll) spin state. By contrast, the vari-
ancebetween the value calculated using PBEO-D3BJ and dlpno-CCSD(T,)
forintermediate spin (IS, S =1) and HS Fe(ll) was less than 1 kcal mol ™.

The final energies of the intermediates modelled in the catalytic
cycles were accordingly calculated at the PBEQ-D3B)/def2-TZVP level
of theory, with implicit solvation effects accounted for by use of a
conductor-like polarizable continuum model (CPCM; full computa-
tional details are in the Supplementary Methods). The key findings
from this study are summarized in Figs. 7 and 8 and Extended Data
Fig.1, with more information given in the Supplementary Methods.

Figure 7c shows the $=1/2, $=3/2 and, where applicable, S =5/2
pathways for an Fe(I)-Fe(lll) manifold in which oxidative addition to
Fe(I) occurs prior to transmetallation. It isimmediately clear that the
S=1/2pathway canbe disregarded as allintermediates and transition
states lie substantially higher in energy than the equivalent species on
the next highest energy manifold.

Displacement of the THF ligands of the HS intermediate "I, by
PhCland subsequent oxidative addition is surprisingly facile. Similarly
reductive elimination has a very low barrier on the S = 3/2 pathway.
Conversely these two redox processes are noticeably more challeng-
ing on the doublet pathway. On all three spin surfaces, it is clear that
reaction of LFeCl,Ph (I¢) with2b-(THF), to give the boronate adduct I,
and LiCI(THF), and subsequent transmetallation via transition state
TSy are the most challenging steps in the calculated cycle. The free
energy values of the transition states for the transmetallation on both
S$=3/2and 5/2 pathways are very close (<1 kcal mol™), with the IS state
marginally preferred, while for the Fe(lll) intermediates (I, I, and I) the
HS state is typically more favourable than the IS state. The calculated
spin crossover between *I. and "I is facile with a readily accessible
minimum energy crossing point (mecpl) between the two surfaces.

The Fe(lll) intermediate I could also be arrived at viaan alternative
manifoldin whichtransmetallationto Fe(I) precedes the oxidative addi-
tionofthearylchloride, and the S = 3/2 pathway for this transformation
starting again from intermediate "I, is shown in Fig. 7d.

We also explored a mononuclear Fe(0)/Fe(ll) pathway, and the
results are summarized in Fig. 8a and Supplementary Fig. 62. Fig. 8a
shows the S =1and § =2 pathways: transition states on the S = 0 path-
way could not be identified, but key intermediates modelled on this
pathway were far higher in free energy (Supplementary Fig. 62), show-
ing that they could essentially be disregarded. Oxidative addition of
PhCl to Fe(0) shows little dependence on explicit solvation, with the
transition state for oxidative C-Cl cleavage from **I,(20.4 kcal mol™,
not shown) being very close to the free energy of the oxidative addi-
tion transition state TSq,;. Interestingly, it is apparent that oxidative
addition to mononuclear (HS) Fe(0) is considerably more challenging
thanto mononuclear Fe(l). Norrby et al. found a very similar preference
for oxidative addition of chlorobenzene to Fe(l) over Fe(0) (ref. 51).
Comparingour results with this earlier dataindicates that addition of
the NHC ligand to Fe(0) has no real impact on the barrier to oxidative
addition of PhCl, whereasit lowers the barrier substantially for the Fe(I)
intermediates (from ~16 kcal mol*inthe absence of the NHC ligand)*".

After the oxidative addition to mononuclear Fe(0), the S =2 path
ismuch preferred to the S =1path for the Fe(ll) intermediates, and this
pathway canbe accessed by aminimum energy crossing point (mecp3)
of-46.8 kcal mol™ close to the structure of intermediate *I,. Coordina-
tion of the boronate and subsequent transmetallation is challenging
for HS Fe(Il) (51, > "1, > ¥STSy; is 32.8 kcal mol™) but less so than
the equivalent steps for HS Fe(llI) (45.1 kcal mol™; details above). Here
it seems the coordination of the boronate to the Fe(ll) is preferred to
coordination to Fe(lll), although the AG* for the transmetallation to
Fe(1ll) (19.6 kcal mol™) is lower than that for Fe(Il) (23.1 kcal mol™) as
might be anticipated for a more electron-deficient metal centre. By
contrast, reductive elimination is far more challenging on the Fe(0)/
Fe(ll) pathway than the Fe(I)/Fe(1ll) pathways above and requires a spin
crossover from the S=2to the S =1surface. Norrby et al. previously
showed that reductive elimination is prohibitively high energy with
Fe(Il) complexes free of strongly coordinating co-ligands; it appears
here that the addition of the NHC ligand partially alleviates this effect™.

Atthisstage a consideration of energetic spans (6£)*° of the various
proposed alternatives may prove instructive. For the mono Fe(l) path-
way showninFig. 7c, the energetic span broadly corresponds with the
steps ™I > > "STS,,, (6E =45.1 kcal mol™); for the transmetallation-first
pathway (Fig. 7d), the steps are "I > > "TS;, (§E=17.8 kcal mol™),
and for the mononuclear Fe(0)/Fe(ll) pathway, they are "I, > > TS,
(6E =32.8 kcal mol™). The second of these accords reasonably well
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Fig. 8| Alternative calculated pathways. a, An Fe(0)/Fe(ll) pathway. b, Dimerisation of Fe(I) followed by either disproportionation or oxidative addition.
¢, Comparing alternative fates of the Fe(l) intermediate ®I,.

with the experimental value determined above (albeit with the more  for Iz and Is; S=4 for I;) and then to lower-energy broken-symmetry
electron-richboronate2aandina2-MeTHF/dioxane solvent mixture)  (BS) ground states, with antiferromagnetic coupling observedineach
of 22 kcal mol™, suggesting the Fe(l)/Fe(lll), transmetallation-first  case. The bimetallic oxidative addition transition state "TM,,, was
pathwayis more likely to be operative, at least withmoreelectron-rich  determined to be in the S =3 spin state, and a change in spin state
boronates, than the other two pathways. from¥$TM,,, > 5, will clearly be needed, but this has not been inves-

Next, we briefly considered the involvement of binucleariron  tigated further at this stage. It is clear that dimerization of Fe(l) is a
complexes, and the results from this study are summarized in Fig. 8b.  thermodynamically favourable process, as is m-coordination of the
Thedimericintermediates I, Igand I; were first optimizedtoHS (S=3  arylchloride substrate; as seen withmononuclear Fe(l) species above,
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oxidative addition to dimeric Fe(l) is remarkably facile. Post oxidative
addition, it is conceivable that the catalysis continues via bimetallic
intermediates, but a full investigation of this is beyond the scope of this
current study. Alternatively, the resultant Fe(ll) dimer may potentially
undergo dissociation, and the datain Fig. 8b make clear that this would
preferentially produce Fe(Il) monomers (I, and "1,) rather than give
disproportionation to Fe(I) and Fe(lll) species. We also considered the
possibility of forming the Fe(Il) monomer "I by disproportionation
of the Fe(Il) dimer I, with concomitant formation of one equivalent
of the Fe(0) monomer "I;, not least as a potential route to a viable
Fe(0) catalyst without the need for reduction of the pre-catalyst by
the aryl boronate 2. As can be seen, this is also an energetically acces-
sible pathway.

Figure 8ccompares the free energies of various fates that can befall
the Fe(l) intermediate "1,. Clearly, dimerization, coordination of the
boronate or coordination ofthearyl chloride are all thermodynamically
reasonable, and distinguishing between pathways is challenging. For
instance, the reaction of "I, with either boronate 2b or another equiva-
lent of itself essentially comes down to the probability of collision. This
fits well with the observation of a V-shaped Hammett dependency of
relative rate with change in boronate electronics: with unsubstituted
2b, multiple pathways are clearly competitive on the calculated mani-
folds. Therelative population of these manifolds with changing boro-
nate substitutionis to be anticipated from the computational results.
Furthermore, the computed close-lying energetics of mononuclear and
binuclear pathways accords with the observed nonlinear dependence
of rate of reaction with varying pre-catalyst concentration.

The production of the Fe(ll) intermediate LFeCl,(THF), ("1,
by (at least) two distinct processes on the dimerization manifold in
Fig. 8b provides at least one simple way in which the observed aryl
chloride-dependent homo-coupling of 2 might occur, viatwo sequen-
tial transmetallations followed by reductive elimination from the
resultant LFePh, species. The calculated pathway for this process is
shown in Extended Data Fig. 1. This makes clear that the first trans-
metallation to an iron(ll) dichloride centre is marginally easier than
the second one to an Fe(II)CIPh centre.

Summarizing the calculated catalytic pathways makes it clear
that with the unsubstituted aryl boronate 2b, more than one catalytic
manifold is energetically accessible, and indeed competitive under
the reaction conditions. This is in accord with both the V-shaped
Hammett dependence of relative rates on changing substitution pat-
tern and the nonlinear dependence of rate on pre-catalyst loading.
In general, oxidative addition of aryl chlorides to Fe(l) species is far
easier thantoFe(0) centres. In allmononuclear pathways examined,
the calculated energetic span of the reaction corresponds to the
coordination of the boronate to the Fe centre and the subsequent
transmetallation, with this becoming more energetically demanding
with increasing oxidation state from Fe(I) through to Fe(lll). Future
investigations will focus on exploring the roles of mononuclear versus
polymetallic pathways further from both experimental and compu-
tational perspectives.

Conclusions

We have described the iron-catalysed Suzuki biaryl coupling of sim-
ple aryl chlorides with aryl boronic esters activated by an organo-
lithium reagent. While issues remain associated with competitive
homo-coupling, the results reported here demonstrate that this syn-
thetically challenging—foriron—yet highly desirable transformationis
achievable and can accommodate a good range of coupling partners.
Furthermore, the results clearly highlight the direction that future
studies must take: first, the effective decoupling of the homo- and
cross-coupling processes and second, the use of simpler activating
agents for the aryl boronic ester substrates. This latter point s par-
ticularly important in view of the air and moisture sensitivity of the
activated aryl boronates 2.

Methods

Fullexperimental details are provided in the Supplementary Methods.

General procedure for in situ preparation of lithium tert-butyl
arylboronates

In a Schlenk flask, the appropriate aryl boronic ester (0.62 M, 1.25 or
2.5 mmol) was dissolved in THF or 2-MeTHF (3 or 6 ml). The solution
was cooled to—40 °C (acetonitrile/liquid N, bath) and tert-butyl lithium
(1.0 equiv., 1.7 M in pentane) was added dropwise. The solution was
stirred for 30 min and then warmed to room temperature and stirred
for a further 45 min. This resulting solution was used immediately
after preparation. Further details arein the Supplementary Methods.

General procedure for iron-catalysed Suzukibiaryl coupling

In an argon-filled glove box, IMes-HCI (17.1 mg, 0.05 mmol), FeBr;
(14.8 mg, 0.05 mmol), MgBr,-OEt, (25.8 mg, 0.1 mmol) and the appro-
priate aryl chloride 1(0.5 mmol) were added to a dried Schlenk tube
containingastirrer bar, followed by 1,4-dioxane (3.0 ml). Inaseparate
dried Schlenk tube, the appropriate aryl boronate 2 (1.25 mmol) was
dissolvedin2-MeTHF (3.0 ml). Both Schlenk tubes were sealed, taken
out of the glove box, attached to a Schlenk line and heated to the
appropriate temperature (2-MeTHF, 80 °C and 1,4-dioxane, 100 °C)
while being stirred. MeMgBr (0.05 ml, 1.0 M, 0.05 mmol) was added
to the Schlenk tube containing the pre-catalyst mixture, and the
resultant mixture was stirred for 5 min. The aryl boronate-containing
solution was then added quickly to the Schlenk tube containing the
pre-catalyst mixture, and the resultant mixture was stirred and
heated at 100 °C (external temperature) for 3 h. The resulting mix-
ture was cooled to room temperature and quenched with 1.0 M HCI
(5.0 ml). The organics were extracted with CH,Cl, (3 x 10 ml); the
combined organic layers were dried over MgSO, and filtered. Some
1,3,5-trimethoxybenzene (internal standard, 84.1 mg, 0.5 mmol) was
added, and an aliquot was taken for analysis by 'H NMR spectroscopy.
The volatiles were then removed under vacuum. The crude mixture
was purified by flash column chromatography (gradient elution,100%
hexanes to 25% ethyl acetate in hexanes) to yield the desired biaryl
cross-coupled product 3.

Data availability

EPR data; NMR data for boron-containing starting materials,
cross-coupled products and the mechanistic investigations into the
relevance of Fe(0); infrared data for new cross-coupled products; MS
data for new cross-coupled products; and xyz coordinate files for cal-
culated structures are freely available at https://doi.org/10.5523/bris.
1yz60sm90qq072rutpo77foapu. All other data are available from the
authorsuponreasonable request.
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Extended Data Fig.1| Representative homocoupling pathway. The free energies of a representative modelled (monometallic) homocoupling reaction involving
sequential transmetallation to Fe(Il) centres followed by reductive elimination.
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