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ABSTRACT: Insight into the factors controlling the site-selectivity of transition metal-catalyzed C-H bond functionalization
reactions is vital to their successful implementation in the synthesis of complex target molecules. The introduction of fluorine
atoms into substrates has the potential to deliver this selectivity. In this study we employ spectroscopic and computational
methods to demonstrate how the “ortho-fluorine effect” influences the kinetic and thermodynamic control of C-H bond acti-
vation in manganese(I)-mediated reactions. The C-H bond activation of fluorinated N,N-dimethylbenzylamines and fluori-
nated 2-phenylpyridines by benzyl manganese(I) pentacarbonyl [BnMn(CO)s] leads to the formation of cyclomanganated
tetracarbonyl complexes (2a-b and 4a-e), which all exhibit C-H bond activation ortho-to-fluorine. Corroboration of the ex-
perimental findings with DFT methods confirms that a Kkinetically controlled irreversible 6-CAM mechanism is operative in
these reactions. The addition of benzoic acid results in a mechanistic switch so that cyclomanganation proceeds through a
reversible AMLA-6 mechanism (Kinetically and thermodynamically-controlled). These stoichiometric findings are critical to
catalysis, particularly subsequent insertion of a suitable acceptor substrate into the C-Mn bond of the regioisomeric cy-
clomanganated tetracarbonyl complex intermediates. The employment of time-resolved infrared spectroscopic analysis al-
lowed for correlation of the rates of terminal acetylene insertion into the C~-Mn bond with the relative thermodynamic stabil-
ity of the regioisomeric complexes. Thus, more stable manganacycles, imparted by an ortho-fluorine substituent, exhibit a
slower rate of terminal acetylene insertion, whereas a para-fluorine atom accelerates this step. A critical factor in governing
C-H bond site-selectivity under catalytic conditions is the generation of the regioisomeric cyclomanganated intermediates,
rather than their subsequent reactivity towards alkyne insertion.

Keywords: C-H bond activation, catalysis, manganese, site-selectivity, alkynes, pyridines

INTRODUCTION

The transition metal-mediated functionalization of carbon-
hydrogen (C-H) bonds is an important method for struc-
tural elaboration. Controlling the regioselectivity of such
processes ensures that a specific C-H bond within a sub-
strate of interest is activated, especially when the reactions
are applied to the synthesis of complex target molecules.! A
common solution to controlling the regiochemical outcome
of the reaction is to employ Lewis basic directing groups
which control the coordination of the substrate to a transi-
tion metal, ensuring site-specific C-H bond activation.z Al-
ternative strategies, without use of metal-directing groups,
can influence regioselectivity and provide an alternative
route to control chemical synthesis.3

The unique properties of the fluorine atom offer interesting
opportunities to alter the inherent regioselectivity in C-H
bond activation. Fluorinated aromatic (organic) systems of-

ten show an increased preference for metal-mediated acti-
vation of aromatic C-H bonds ortho with respect to fluorine
substituents, and this effect is commonly referred to as the
“ortho-fluorine effect”.* The ortho-fluorine effect has been
observed for many transition metal-mediated transfor-
mations, both with5 and without® supplementary directing
groups.

There is currently no clear mechanistic consensus on the
origin of the ortho-fluorine effect and the proposals often
change with the reaction system. Studies by Eisenstein, Clot
and Perutz have shown that the C-M bond strength was
stronger ortho to the fluorine substituent in a series of or-
tho-selective transition metal mediated (M = Re, Rh, Ir, Nij,
Pt, Ta and W) C-H bond activation of fluorobenzenes.éc In
the C-H bond cyclometallation (M = Rh, Ir) of meta-substi-
tuted 1-phenylpyrazoles, Davies and Macgregor found no
correlation between the observed ortho/para-selectivity
and the C-M bond lengths of the resulting metallacycles.5
Eisenstein and Perutz have also reported, for Pd-mediated
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C-H bond arylation of fluorobenzenes, that the observed or-
tho-preference arises from a lower activation barrier for C-
H bond activation.6d

In our previous study with Perutz on Pd-mediated C-H
bond activation of fluorinated benzylamines (Scheme 1) we
showed that the starting Pd-complex, and thus mechanism
of C-H activation, had a major impact on the resulting regi-
oselectivity.>d Li;PdCls (SeAr) exhibited complete para-se-
lectivity, while Pd3(0Ac)s (CMD/AMLA-6) yielded close to
the same amount of both regioisomers. Davies and Mac-
gregor additionally revealed that the extent of an inherent
ortho-preference in the direct C-H bond cyclometallation
(M = Rh, Ir) of meta-fluorinated 1-phenylpyrazoles de-
pended on whether the reaction was under kinetic or ther-
modynamic control.52 The same effect has also been re-
ported by Jones and Perutz in the Rh-mediated C-H bond
activation of fluorobenzenes, where the kinetic and thermo-
dynamic products could be generated depending on reac-
tion temperature.te

There are few studies probing the nature of fluorine-in-
duced regioselectivity in 3d-metal-catalyzed C-H bond
functionalization reactions. One notable exception is the re-
port by Chirik and co-workers on the borylation of fluori-
nated arenes by a cobalt pincer complex, which demon-
strated that the Co-C bond was exceptionally sensitive to
ortho-fluorine incorporation and provided a thermody-
namic driving force for the observed catalytic selectivity.”
This increased sensitivity offers the potential for 3d-metals
to have a greater intrinsic selectivity for C-H bond activa-
tion on the introduction of fluorine into a given substrate.

Manganese carbonyl complexes are of considerable current
interest due to their applications in redox-neutral catalytic
processes for C-H bond functionalization.? Following Chen
and Wang’s ‘breakthrough’ study in 2013 on Mn(I)-medi-
ated C-H bond alkenylation of 2-phenylpyridines,® these
species have demonstrated a significant potential and ver-
satility as Earth-abundant metal catalysts for applied chem-
ical synthesis.1® The catalytic chemistry is founded in the
stoichiometric organometallic chemistry of manganese
which has been studied for >40 years and have included ex-
tensive work on directed cyclomanganation of aromatic C-
H bonds!?12 and subsequent reactivity of the resulting man-
ganacycles.1213

Manganese carbonyl complexes have been utilized in the
study of fluorine-induced regioselectivity. For example, in
1978 Bruce reported an apparent ortho-fluorine effect in
the Mn-mediated C-H bond activation of fluorinated azo-
benzene derivatives, generating exclusively the ortho-com-
plex.5b Liebeskind found a relatively strong ortho-prefer-
ence in the C-H bond cyclomanganation of meta-fluorinated
acetophenones (4.5:1, ortho/para), where other substitu-
ents exhibited weaker ortho-selectivity (OMe, 2.1:1, or-
tho/para) to selective formation of the para-complex (Me,
CF3, CN).132 An ortho-fluorine effect has also been reported

in Mn(I)-mediated alkenylation of 2-phenylpyridines,
where only the C-H bond functionalization ortho to fluorine
was seen for a meta-fluorinated 2-phenylpyridine.?

In a recent series of studies, we have described how mech-
anistic studies on reactions catalyzed by Mn(I) carbonyl
complexes can provide unique insight into transition metal-
mediated bond activation and formation pathways.'* Con-
necting complementary information from time-resolved in-
fra-red spectroscopy on a picosecond to microsecond (ps-
us) timescale, with measurements by NMR and in situ IR
analysis on in operando reactions and calculations using
density functional theory (DFT), have enabled the obtention
of a comprehensive picture of the steps underpinning C-C
bond formation, catalyst activation and deactivation path-
ways. This approach also allowed for the first experimental
observation of the steps underpinning the Concerted Meta-
lation Deprotonation (CMD) reaction to be directly ob-
served.!s
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What factors govern C-H activation site-selectivity?

1) mechanism and reversibility of cyclomanganation
2) modification of 1) through additives and understanding
3) impact of site-selectivity on reactivity of C—-Mn bond (in catalysis)

Scheme 1. Cyclometallation examples where there is a regi-
ochemical choice impacted by fluorine substituents in C-H
bond activation and functionalization processes.
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Scheme 2. Cyclomanganation of fluorinated benzylamines and 2-phenylpyridines.

These methods offer an opportunity to rationalize the ki-
netic and thermodynamic control exerted by the incorpora-
tion of fluorine into substrates for Mn-catalyzed C-H bond
functionalization.

Herein we describe the ortho-selective C-H bond meta-
lation of meta-fluorinated benzylamine and 2-phenylpyri-
dine derivatives, where we aim to:

e Measure the extent of the fluorine-induced regioselec-
tivity in relevant aromatic systems.

o Assess the origin of the ortho-fluorine effect in a 3d-
metal system through understanding of the reaction
mechanism and the properties affecting activation of C-
H bonds, including the role of additives.

RESULTS AND DISCUSSION

Two sets of substrates were selected to investigate the na-
ture of the ortho-fluorine effect in cyclomanganation reac-
tions. Meta-fluorinated benzylamines were chosen as they
enable comparison with other Mn(I)-mediated reaction sys-
tems using different substituents (Me, OMe),5cas well as our
previously reported results on the corresponding cyclopal-
ladation processes.>d The reaction can either react to form
the C-Mn bond at the 2 or 6 position of the arene (Scheme
2) which will be referred to as ortho and para respectively,
i.e. ortho or para to the substituent (i.e. the directing group).
Due to the extensive use of 2-phenylpyridines in Mn(I)-cat-
alyzed C-H bond functionalization891216 and our previous

mechanistic studies into these reaction systems,41517 the
cyclomanganation of fluorinated 2-phenylpyridines 3a and
3b were investigated (Scheme 2). Related studies on ligands
with a pyrrolidine directing group are reported in the Sup-
porting Information.

The cyclomanganation of monofluorinated benzylamine de-
rivative 1a was performed using BnMn(CO)s as the manga-
nese precursor in hexane at reflux for 16 hours (Scheme 2).
The 1°F NMR spectrum of the crude reaction mixture re-
vealed that only one regioisomer of the manganacycles was
generated in substantial quantities, with the minor regioi-
somer only being present in trace amounts (< 1%). Follow-
ing purification (55% yield of isolated material) and subse-
quent characterization, it was determined that the major re-
gioisomer in the reaction was ortho-complex 2a. Single
crystal X-ray diffraction (XRD) analysis was utilized to pro-
vide further support for the structural assignment. Thus,
the reaction exhibited similar ortho-preference as reported
for the cyclomanganation of fluorinated azobenzenes.> Re-
peating the cyclomanganation on difluorinated derivative
1b yielded ortho-complex 2b as the major product (99:1, or-
tho:para). The yield of the reaction (52%) was also compa-
rable to 1a, showing that the additional fluorine substituent
had a limited effect on both the selectivity and efficiency of
the reaction.
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Figure 1. (a) Solvent screen for the cyclomanganation of 3a. (b) In situ 1°F NMR study of the cyclomanganation of 3a using
CeHsCF3 as internal standard. Key: blue/red lines = 4a using 1.0 (blue) and 1.5 eq. (red) 3a and orange/black lines = 4b using
1.0 (orange) and 1.5 eq. (black) 3a. (c) In situ 1°F NMR study of the cyclomanganation of 3b. Key: blue/red lines = 4c using 1.0
(blue) and 1.5 eq. (red) 3b and orange/black lines = 4d using 1.0 (orange) and 2.0 eq. (black) 3b.

The alkyl substituents on the amine proved to have limited
impact on the reaction, as when the dimethylamino group
was altered to a pyrrolidine ring, the reaction again gener-
ated the ortho-complexes as the major product in compara-
ble yields (see Supplementary Information). However, the
extent of the ortho-preference was reduced marginally to
93:7, ortho:para, for the monofluorinated derivative. The
cyclomanganation of meta-fluorinated 2-phenylpyridine 3a
was performed using the same manganese precursor,
BnMn(CO)s, in toluene at 80 °C for 16 hours. The crude 1°F
NMR spectrum revealed complete consumption of 3a and
the presence of two new fluorine-containing species. Fol-
lowing purification, both the ortho- (4a, 40%) and para-iso-
mers (4b, 30%) of the manganacycle were characterized.
Due to difficulties in the separation of the regioisomeric
complexes, the ratio of isolated material does not reflect the
true ratio of the reaction (see further details below). Never-
theless, the relatively large quantities of para-complex 4b
presented a marked difference in reactivity and selectivity
as compared to the benzylamines and other ortho-selective
directing groups. The extensive formation of the para-com-
plex was mirrored in the cyclomanganation of difluorinated
2-phenylpyridine 3b, yielding both the ortho- (4c,34%) and
para-complexes (4d, 17%).

Single crystal XRD analysis for manganese(I) complexes 4a-
c (see Supplementary Information) showed no significant
difference in the Car—Mn bond lengths between the two re-
gioisomers (4a =2.0557(18) Aand 4b = 2.0510(17) &), con-
sistent with Davies and Macgregor’s study on ortho/para-
cyclometallated (M = Rh and Ir) 1-phenylpyrazoles.52 This
finding suggested that the relative strength of the C-Mn
bond was not responsible for the observed regioselectivity.
In addition, the Mn-CO bond lengths and relative bond an-
gles were also similar between the two regioisomers. The
two species additionally exhibited similar IR spectra, with
only minor shifts in the metal carbonyl bands (4a = 2077,
1992 (br)and 1934 cm *and 4b =2081, 1995 (br) and 1942
cm ! in CH2Clz at room temperature). The Ca—Mn bond
length was not altered when adding another fluorine sub-
stituent (4¢ = 2.0501(12) A) and no significant change could

be found in the other relevant bond lengths and bond an-
gles.

In situ 1°F NMR reaction monitoring. The unusually small
ortho-selectivity for the 2-phenylpyridine derivatives 3a
and 3b warranted further investigation to determine the ra-
tionale behind the lower selectivity and to understand the
difference in reactivity when other directing groups, such as
the benzylamines, were employed.

Initially, to determine if any effects had arisen from the re-
action solvent, a solvent screen was completed for the cy-
clomanganation of 3a (Figure 1a). The reactions were per-
formed at 80 °C for 16 hours, after which time the crude ma-
terial was analyzed by °F NMR spectroscopic analysis. Both
high boiling point hydrocarbon solvents, toluene and hep-
tane, exhibited complete consumption of 3a and a similar
ortho/pararatio of 7:3 (4a/4b). Changing to a lower boiling
point solvent in hexane led to reduced formation of para-
complex 4b (4.6:1, 4a/4b), though still affording complete
consumption of 3a. A similar reactivity and ortho/para ratio
(4:1) was obtained when the cyclomanganation was per-
formed in 1,2-dichloroethane (1,2-DCE).

A major change in reactivity was observed with MeOH and
extensive manganese degradation was noted, with only mi-
nor quantities of the manganacycles generated with a
strong preference for ortho-complex 4a (14:1, 4a/4b). Tol-
uene was selected as the reaction solvent for the subse-
quent studies due to the high efficiency of the reaction and
relatively large amount of para-complex 4b that was
formed. The reaction kinetics of the cyclomanganation reac-
tion in toluene at 80 °C using monofluorinated substrate 3a
were monitored using in situ 1°F NMR spectroscopic analy-
sis (Figure 1b). The clear difference in chemical shift be-
tween the regioisomers (4a = —86.3 ppm and 4b = -121.4
ppm) allowed for the reaction profile for each product to be
obtained. The ortho/para ratio of 2.9:1 remained constant
throughout the reaction and no significant degradation or
interconversion between the species could be observed fol-
lowing completion of the reaction. The observed rate of for-
mation of both products (ksa=5.1 0.6 107 s™' and ksb = 5.6
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+0.1107°s7!, Table 1) was near identical to the loss of start-
ing material (ksa = 5.20 £ 0.07 107 s™'), which is expected
for parallel reaction pathways in such systems.18

MnBn(CO)s (1 eq.)

PhCO,H (0.1 eq.)

"

Toluene, 80 °C, N,

w
=}

N
o

o

Concentration / 10 mol dm™

o
=}

Voo
Je==
0

0.0 25 5.0 5 10.0 125 3 6 ] 12 15
Time/h Time/h

Figure 2. Cyclomanganation of fluorinated 2-phenylpyri-
dine derivatives 3a-b with the addition of PhCO2zH (0.1
eq.), and the kinetic trace obtained by in situ 1°F NMR spec-
troscopy using CsHsCF3 as internal standard. Key: dotted
line = without additive and squares = with PhCO2H added.
(a) Kinetic trace for the reaction using 3a. (b) Kinetic trace
for the reaction using 3b.

The lack of interconversion between 4a and 4b indicated an
irreversible reaction mechanism, which could be affected
by the addition of excess 3a. Thus, the reaction was re-
peated using 1.5 equivalence of 3a relative to MnBn(CO)s
(Figure 1b). The reaction profile and regioselectivity (2.6:1,
4a/4b) was near identical to the reaction with 1 equivalent
(2.9:1, 4a/4b), suggesting a zero-order dependence in 3a
on the reaction and that 3a did not impact the reversibility
of the reaction. Consequently, the apparent irreversibility of
the reaction inferred that the regioselectivity was Kinet-
ically determined and provided an explanation for the ob-
served selectivity between the two regioisomeric com-
plexes even with near identical C-Mn bond lengths.

When the reaction was repeated using two equivalents of
BnMn(CO)s (see Supplementary Information) the observed
rate constant almost doubled (ksa = 9.3 £ 0.5 x 107 s71),
while the ortho/para ratio remained similar (2.2:1, 4a/4b).
This increase in the rate of reaction suggested a first order
dependence of manganese in the reaction, likely derived
from the initial loss of a CO-ligand as being rate-limiting.

The cyclomanganation of 3b (Figure 1c) exhibited a similar
kinetic trace to 3a, with a minor shift in the ortho/pararatio
(2.3:1). Again, no significant interconversion could be ob-
served at longer times following completion of the reaction,
even after 40 hours (see Supplementary Information). Re-
peating the reaction with excess 3b (2 equivalents) again
yielded a similar reaction profile.

Effect of acid additives. We have previously shown that
carboxylic acid additives have a marked effect on the effi-

cacy of Mn(I)-catalyzed C-H bond functionalization reac-
tions,!’¢ enabling ligand liberation from cyclomanganated
2-phenylpyridines.'> Hence, it was hypothesized that addi-
tion of an acid would enable a reversible reaction mecha-
nism for C-H bond activation through a protodemetallation
pathway, in a similar vein to that observed for a half-sand-
wich Rh complex reported by Jones and co-workers.1® The
addition of a carboxylic acid additive could potentially re-
sult in a mechanistic shift for cyclomanganation from o-
Complex-Assisted Metathesis (6-CAM) to a CMD/AMLA-6
mechanism.!”

Table 1. Observed rate constants for the formation of ortho-
complexes 4a and 4c.

Entry | Substrate Kortho / 1075 51 | 0/p selectivity
(eq)
1 3a (1) 51+0.6 2.9
2 3a (1.5) 52+0.1 2.6
3 3a (1) 9.3+0.5 2.2
4 3b (1) 59+0.1 2.3
5 3b (2) 59+0.1 2.5
6 3a (1) 10.1+0.1 17

a 2 equivalence of BnMn(CO)s. » 0.1 equivalence PhCOzH
added (entry 6, highlighted to show acid effect).

The cyclomanganation of 3a with added benzoic acid (0.1
equivalence) resulted in a substantially different reaction
profile (Figure 2a), with ortho-complex 4a formed in a large
excess over 4b (17:1). At no point during the reaction did
the concentration of 4b reach a significant level in compar-
ison to 4a. Unreacted 3a (14%) was observed in the solu-
tion at the end of the reaction, yielding a final 3a/4a/4b ra-
tio of 3:17:1. Addition of benzoic acid (0.1 equivalence) to
the cyclomanganation of 3b (Figure 2b) resulted in an in-
creased selective reaction to afford the ortho-complex 4c
preferentially over 4d (29:1 ratio). A small amount of 3bre-
mained in solution (3%), following completion of the reac-
tion, but in lower quantities than for the monofluorinated
derivative.

The addition of benzoic acid to the cyclomanganation reac-
tions increased the rate of the reaction (k4a = 5.20 = 0.07 x
107 s7! without additives and ksa = 1.01 £ 0.01 x 107* 57!
with 0.1 eq (Table 1). benzoic acid added), consistent with
a shifttoa CMD/AMLA-6 mechanism. Performing the exper-
iments at a range of acid concentrations (0.05-0.20 eq.) led
to a linear increase in the observed rate of C~Mn bond for-
mation (see Supplementary Information). The plot of In(k4a)
vs time yielded a surprising reaction order in acid of 0.44 +
0.02, which likely stems from the operation of both 6-CAM
and CMD/AMLA-6 mechanisms under the reaction condi-
tions.

To further probe the effect of the acid additive, para-com-
plex 4b was heated in toluene and monitored by in situ 1°F
NMR spectroscopic analysis (Figure 3). The reaction
showed no conversion to either 3a or 4a within the first



4.25 hours, consistent with an irreversible reaction mecha-
nism and reveals the high thermal stability associated with
these manganacycles. The addition of benzoic acid (0.5
equivalents) was followed by the rapid depletion of the res-
onance for 4b and liberation of 3a (67%) by protonation of
the Mn-C bond and formation of 4a (31%). Interestingly, 3a
was observed to form, reaching a steady level, prior to the
generation of the ortho-complex 4a. This indicates the pres-
ence of an intermolecular mechanism for interconversion of
the two regioisomeric products. The relatively large amount
of acid added explains why a protonated compound 3a is
formed under the reaction conditions.
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Figure 3. In situ 1F NMR spectroscopic monitoring of the
heating of 4b at 80 °C in toluene, before addition of PhCO:H
(0.5 eq.) after 4.25 h.

To assess the intra- vs intermolecular nature of the regioi-
somer interconversion (4b — 4a), a competition experi-
ment between para-fluorinated 2-phenylpyridine 3cand 3a
was performed and monitored using in situ 1°F NMR spec-
troscopy (Figure 4). Initially, 3a was cyclomanganated
without any additives, thereafter 3c (0.6 equivalents) and
benzoic acid (0.5 equivalents) was added to the reaction
(Addition 1). Meta-complex 4e was observed forming fol-
lowing this addition, suggesting the presence of an intermo-
lecular reaction mechanism. The formation of 4e was at the
expense of both 4a and 4b, giving rise to a relative product
ratio of 2.6:1 (4a/4e). Only a minor quantity of para-com-
plex 4b (3%) was present in the solution, and uncoordi-
nated ligand 3a was generated in the reaction because of
the disappearance of 4a and 4b. A further 3.7 equivalents of
3c were added (Addition 2) to the reaction following stabi-
lization of the kinetic traces, leading to 4e becoming the
dominant manganacycle in a 2.7-fold excess over 4a

(0.375:14a/4e). 4b only remained in trace quantities at the
end of the experiment. The ratio between 3a and 3¢ (bound
and free ligand) was 1.8:1 after Addition 1, which changed
to 0.235:1 following Addition 2. The data support an
CMD/AMLA-6 intramolecular protonation reaction, which
is then followed by an intermolecular exchange between
free and coordinated 2-phenylpyridine ligands.
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Figure 4. In situ F NMR spectroscopic study, over the
course of the cyclomanganation of 3a at 80 °C in toluene,
with addition of PhCOzH (0.5 eq.) and 3¢ (0.6 + 3.7 eq.) after
17 and 21.5 h.

The distribution between the different complexes under
these reversible reaction conditions should be determined
by their relative thermodynamic stability. Thus, by compar-
ing the quantity of each complex with the total amount of
the corresponding 2-phenylpyridine derivative in solution,
it was determined that ortho-complex 4a was 1.4-1.6 times
more stable than meta-complex 4e. Due to the small
amounts of para-complex 4b in solution, a value for the rel-
ative stability of this complex could not be obtained. How-
ever, 4b was clearly the least stable complex. The relative
stability of the regioisomeric complexes can be summarized
as 4a > 4e > 4b (ortho > meta > para).

Time-Resolved Multiple Probe Spectroscopy monitor-
ing of C-C bond formation. Having established the relative
kinetic and thermodynamic preference in the C-H bond ac-
tivation in operando, we sought to examine the influence of
the fluorine atom in the organic ligand on further reactivity
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of the regioisomeric manganacycles. Time-Resolved Multi-
ple Probe Spectroscopy (TRMPS) allows for the observation
of light-induced events on picosecond to millisecond time-
scales. We have successfully employed this technique in
studying several Mn(I)-mediated systems in recent
years,141520 including solvent interactions following CO-
loss202 and C-C bond formation with alkynes and other un-
saturated substrates.!* We thus identified TRMPS-IR as a
suitable technique to further explore the stability and reac-
tivity of the regioisomeric manganacycles. TRMPS-IR is a
pump-probe method in which a laser pulse (A = 355 nm) in-
duces the CO-loss from the Mn center and a subsequent IR
pulse allows for the vibrational spectra of the resulting pho-
toproducts to be obtained. The position and intensity of
band due to the remaining CO-ligand provide information
about the speciation and dynamic behavior following irra-
diation. We decided to utilize the alkyne insertion chemistry
previously studied!“ as a probe for a potential kinetic ortho-
fluorine effect in the C-C bond formation event. Changes in
the rate of insertion of a substrate into the C-Mn bond
should be indicative of any effects caused by the presence of
fluorine.

Initially, ortho-complex 4a was dissolved in neat PhCzH and
subsequently irradiated (A = 355 nm) while monitored us-
ing TRMPS-IR. The experiment used pump-probe delays be-
tween 1 ps - 800 us and spectral detection in the region
1850-2100 cmL. The resulting data are presented as differ-
ence spectra (Figure 5), where positive peaks correspond-
ing to the generated photoproducts and negative peaks to
the ground state spectrum of 4a following consumption by
photolysis. The spectroscopic features and band locations
for the various species mirrored those observed for the
non-fluorinated derivatives (Table 2).14 Light-induced loss
of CO is evident at the shortest pump-probe delays em-
ployed (1 ps) and an arene-bound PhCzH complex 5a (1915
and 2016 cm 1), was observed which was assigned on the
basis of our previous work.!* After 1 ns, the bands due to
5a had been replaced by those for alkyne-coordinated com-
plex 6a (1923, 1955 and 2018 cm™1). Evidence for the sub-
sequent insertion of the alkyne into the C-Mn bond to form
7-membered complex 7a was obtained though the bands at
1897,1924 and 2013 cm 1. A minor unknown species (2002
cm 1) also formed in the reaction concomitantly with 7a,
though in minor quantities, which did not seem to affect the
formation of 7a.

Essentially identical data were obtained for the respective
C-C bond forming events for the other manganacycles (4b-
4e), with only minor changes in band position (see Supple-
mentary Information) being observed. However, the pres-
ence of the fluorine substituents in were found to have a dis-
tinct impact on the rate of formation of compound class 7
(Table 1). When the 2-phenylpyridine ligand contained an
ortho-fluorine substituent, the rate constant for the inser-
tion of the alkyne into the Mn-C bond was reduced (e.g. for
ortho-derivative 7a Kinsert = 2.21 + 0.04 x 104 s71; for the non-
fluorinated derivative Kinsert = 1.35 £ 0.09 x 105 s 1.14 The ad-
dition of a second fluorine in 4c and 4d lowered the ob-
served rate constant by factors of 6.1 and 3.1 respectively,
compared to the mono-fluorinated derivatives (4a and 4b).

The location of the fluorine substituents on the arene
strongly influenced the observed rate constant for C-C bond

formation: para-complex 4b (Kinsert = 5.7 £ 0.2 x 10 s™1) re-
acted faster than ortho-complex 4a (Kinsert = 2.21 £ 0.04 x 104
s'1). The rate constant obtained for meta-complex 4e was
located at an intermediate value when compared to the
other two regioisomers (Kinsert = 3.5 £ 0.1 x 10* s'1) and thus
generated a relative reaction trend of 4b > 4e > 4a (Kinsert:
para > meta > ortho), which in reverse mirrored the relative
thermodynamic stability of the complex determined vide su-
pra. These results unambiguously demonstrate the influ-
ence of the fluorine substituent on the rate of carbon-carbon
bond formation with the coordination sphere of Mn(I) com-
pounds.
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Figure 5. Reaction scheme and TRMPS data for the 355 nm
irradiation of 4a in neat PhC:H. (a) Ground state IR spectra
of 4a and IR spectrum over time of the reaction solution. (b)
Kinetic trace for the C-C bond formation step. Red shows
the growth and loss of the alkyne complex 6a and black the
growth of 7a.

Catalytic reaction conditions. To gain further understand-
ing of the influence of the fluorine substituents on the regi-
oselectivity in catalytically relevant systems we studied the
Mn(I)-mediated C-H bond alkenylation of the fluorinated 2-
phenylpyridines. Mn(I)-catalyzed alkenylation processes
have been extensively studied89121417 and we have previ-
ously determined a full mechanism for this reaction.72 Chen
and Wang reported the ortho-alkenylated 2-phenylpyridine
8a as the sole reaction product when 3a was used as a sub-
strate,® and thus suggest that the cyclomanganation steps
may be reversible under the reaction conditions. However,
when we performed the reaction between PhCzH (1 eq.) and
3a (2 eq.) at 80 °C in toluene, using Cy.NH (20 mol%) as
base additive and BrMn(CO)s as pre-catalyst (Scheme 3), we
isolated and characterized both the ortho- (8a, 68%) and
para-alkenylated (8b, 9%) derivatives. The small quantities
of 8b generated in combination with change of solvent and
reaction vessel may help explain the discrepancies in ob-
served product ratio between our and Chen and Wang’s
work.?
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Scheme 3. Mn(I)-catalyzed alkenylation of 3a using PhCzH.

When benzylamine 1a was exposed to the alkenylation con-
ditions no alkene product was generated, only starting ma-
terial was observed and no other products being observed
in the crude 'H and °F NMR spectra.

The strong and distinct IR-spectroscopic reporter ligands
on the manganese allowed for the in situ monitoring of
changes in metal carbonyl peaks under the catalytic condi-
tions, and thus any new Mn-species generated, using a Met-
tler-Toledo ReactIR® instrument with Si-probe. We com-
bined the in situ IR monitoring with ex situ 1°F NMR spec-
troscopy to obtain kinetic profiles, enabling distinction be-
tween different regioisomeric products and complexes with
a 2-phenylpyridine moiety.

Several new manganese carbonyl species were observed to
form during the reaction between PhC2H (1 eq.) and 3a (2
eq.) at 80 °C in toluene solution, using Cy:NH (20 mol%) as
base additive and MnBr(CO)s as pre-catalyst (Figure 6a).
The pre-catalyst had been consumed within the first few
minutes of the reaction and replaced by a new species (7a’,
1943, 1987 and 2071 cm ). The new species was assigned
as the tetracarbonyl derivative of the 7-membered insertion
complex 7a due to its similarity to the non-fluorinated de-
rivative, which we have previously characterized and
shown to be the catalyst resting state.!72 7a' displayed a sin-
gle signal in the 1°F NMR spectra (-115 ppm) which exhib-
ited the same kinetic profile as obtained from the in situ IR
spectroscopy (Figure 6b). A 19F NMR signal corresponding
to para-derivative 7b' was not found, suggesting that the
para-complex is more active towards proton transfer. The
concentration of 7a’ depleted slowly as the organic product
formed; reaction completion was noted when no PhC2H was
left in solution. The remaining 7a" was then rapidly con-
sumed and replaced by ortho-complex 4a via one of the
available protonation pathways. Para-complex 4b was not
observed in the 1F NMR spectra and highlighted a signifi-
cant ortho-preference in the subsequent cyclomanganation
step promoted by the excess 2-phenylpyridine in solution.
It should be noted that the mechanism involving the PhC2H
acting as the acid may yield a different observed selectivity
during the cyclomanganation step.172
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Figure 6. In situ IR and ex situ 1°F NMR spectroscopic moni-
toring of the alkenylation of 3a (2 eq.) using PhC2H (1 eq.),
CyzNH (20 mol%), MnBr(CO)s (10 mol%) and n-Buz0. Key:
see structures above and the gold star/diamonds represent
manganese degradation complexes.

Manganese degradation complexes, such as Mn-clusters,
were observed forming in the reaction in a similar fashion
as observed in the non-fluorinated system.!’= The exact
structural identity of these Mn-clusters have not success-
fully been determined. A band at 2047 cm ! was tentatively
assigned as Mnz(CO)10, which we have previously observed
under catalytic conditions,7¢ though the extensive spectral
overlap did not allow for observation of the other spectro-
scopic bands corresponding to this species.

The kinetic profiles obtained by 1°F NMR spectroscopy (Fig-
ure 6¢) showed that ortho-derivative 8a was generated in
9-times excess over para-derivative 8b. The shape of the
curves was similar to that of the cyclomanganation reaction
without acid additives (Figure 1b), though with a larger or-
tho-preference, suggesting an intrinsic formation of the or-
ganic products. This was further supported by the compar-
ison between the normalized reaction profiles and an IR de-
formation band (970 cm™) corresponding to the alkene
products (Figure 6d). The identical shape of the normalized
reaction profiles demonstrates that the product ratio re-
mained constant throughout the reaction and was not de-
termined by secondary isomerization processes.



Table 2. TRMPS data and rate constants for the C-C bond formation step in the photolysis of the manganacycles in neat PhCzH.
Scaled DFT-predicted vibrational modes are shown in italics. AG#z9s.15%° is equivalent to the energy of TSe7 (Scheme 4) and
AG°298.15% the energy of 7. In both cases, the energy of the respective complex 6 is taken as the reference energy. All energies

are free energies at 298.15 K at the D3(B])-pbe0/def2-TZVPP//bp86/sv(p) level of theory.

x X X S I [ = Ph
| _N | ZN | =N N AN N ‘ €O
Mn(CO) Mn(CO), Mn(CO), Mn(CO), Mn(CO), Mn(CO)q | Q I\‘/In\co
Lo ] co
F F F F F !
F F F !
Mn(2-ppy)(CO)4 4a 4b 4c 4d 4e ' 6 7
Entry | Compound 6 /cm? 7 / cml Kinsert / 10*s" | AG*29815 / K] | AGtos15 / K] | AG®20815 / K]
1 mol-l exp mol-l calc mol-l calc
1 Mn(2-ppy)(CO)+ | 2009 2010 | 2008 2003 | 13.5+0.9 44 29 -91
1944 1941 | 1922 1925
1912. 1899
1915 1893
2 4a 2018 2018 | 2013 2005 | 2.21 +0.04 48 37 -83
1955 1950 | 1924 1925
1923 1897
1922 1895
3 4b 2013 2012 | 2011 2003 | 5.7 +0.2 46 35 -94
1948 1942 | 1920 1925
1912. 1897
1917 1895
4 4c 2020 2020 | 2021 2006 | 0.86 +0.01[a | 51 43 -75
1968 1952 | 1925 1927
1925 1897
1923 1896
5 4d 2015 2013 | 2013 2005 | 1.86 + 0.05 49 39 -88
1953 1944 | 1921 1926
1917 1895
1918 1896
6 4e 2014 2013 | 2012 2003 | 3.5+0.1 47 37 -90
1950 1944 | 1923 1926
1916 1898
1918 1896

aData treated with a 6-point smoothing function.

Therefore, the selectivity was likely set by the cyclomanga-
nation step within the catalytic cycles, as the C-C formation
step favors the generation of para-product 8b. It was also
possible that the protonation step would define the selec-
tivity, but the lack of observation of the 7-membered cata-
lyst resting state 7b' likely means that the protonation was
either favored for the para-isomer or similar between the
two regioisomers

Computational work. Insight into how the incorporation
of fluorine into the 2-phenylpyridine ligands affected both
the kinetic and thermodynamics of complex formation was
obtained through Density Functional Theory (DFT). The ge-
ometry of the complexes was optimized at the bp86/sv(p)
level of theory and were used in subsequent single-point en-
ergy calculations at the D3(B])-pbe0/def2-TZVPP level.
Thermal corrections (298.15 K) from the bp86/sv(p) level
were then applied to obtain Gibbs free energies. This has
proved to be a robust method to probe the chemistry of Mn-
carbonyl compounds.141517.20

A series of isodesmic reactions were modelled (Scheme 4a)
to assess the thermodynamic effect of fluorine incorpora-
tion in the ligands. In this case, the change in Gibbs energy
for substituting the parent 2-phenylpyridine by a range of
fluorine-containing analogues (3a-k) was calculated.?!
Some general trends may be drawn from these data. Firstly,
there is a thermodynamic preference for cyclomanganation
at sites with an ortho-fluorine (3a and 3b, blue arrows, 3f,
3g, 3i-k, Scheme 4b) which results in a ca. 10 k] mol-! stabi-
lization compared to the hydrogen-substituted analogue.
Secondly, there is a small meta-fluorine effect which pro-
vides additional stabilization (e.g. 3g and 3h). Thirdly, the
introduction of a para-fluorine (e.g. 3a purple arrow, 3h)
does not appear to affect the overall stability. Although
some of these changes in energy are relatively small, they
are consistentacross this series, and also the corresponding
benzylamine analogues show an identical trend (see Sup-
porting Information).



Scheme 4. (a) Isodesmic reaction used to probe the effect of
fluorine incorporation into 2-phenylpyridine ligands (b)
Calculated free energy changes at 298.15 K for the reaction
shown in (a). The arrow shows the site of cyclomanganation
(c) Reaction profile for the intramolecular C-H bond activa-
tion at Mn through a 6-CAM mechanism. (d) Calculated
pathway for the insertion of PhCzH into Mn-C bonds. Col-
lated data are in Table 2. All energies are free energies at
298.15 K at the D3(B])-pbe0/def2-TZVPP//bp86/sv(p)
level of theory.

The experimental data indicate that the reaction of
MnBn(CO)s with 3a shows only a small, kinetically con-
trolled, ortho-fluorine effect with a 4a:4b ratio of 7:3 in tol-
uene solution. Insight into this process was obtained by

modelling the two regioisomeric C-H bond activation path-
ways for 3a by MnBn(CO)s (Scheme 4c). The computational
model was based on coordination of 3a to a “MnBn(C0)3”
fragment through the nitrogen of the pyridyl directing
group and a C-H agostic interaction.22 Two isomeric states
9a (taken as the reference state) and 9b were identified that
differed only in the site of the agostic interaction. The C-H
bond activation proceeds through TSo-10 in which the hy-
drogen atom is transferred to the benzyl ligand through a o-
CAM-type mechanism

In both cases, the barrier for this process is low indicating
the mode of C-H bond activation is facile and would not be
rate controlling. The energetic span for the formation of cy-
clomagnated complexes 10a and 10b is greater for 9b (31
k] mol) compared to that for 9a (23 k] mol!) (assuming
that 9a and 9b do not interconvert through a lower energy
pathway) indicates a marginal kinetic preference for the
formation of the ortho-fluorinated species. As with the cal-
culations on the isodesmic reactions, 10a containing an or-
tho-fluorine was located at lower energy than the para-sub-
stituted analogue 10b (—60 k] mol! vs —49 k] mol-1).

The insertion of PhCzH into the Mn-C bond of 6 was also
evaluated using DFT methods, again giving good agreement
with the experiment outcomes (Table 2). In this case, the
calculations indicated that the incorporation of fluorine into
any position of the cyclomanganated phenyl ring increased
the energy of the respective TSe.7 (Scheme 4d) (and thus
AG¥298.15%I¢) compared to the non-fluorinated analogue. The
predicted change in free energies of activation span is 14 K]
mol! and so care must be taken in their interpretation. Of
note there is essentially a linear correlation between the
DFT-predicted barriers and those determined experimen-
tally through time-resolved infra-red spectroscopy. This
supports the interpretation that the incorporation of an or-
tho-fluorine atom decreases the rate of insertion. In addi-
tion, the substrates with the lowest rate of insertion also
have the least negative calculated AG®298.15¢I¢ (that is the rel-
ative energy of 7 when compared to 6). This may be inter-
preted as a further manifestation of the ortho-fluorine ef-
fect. In the case of complexes such as 4a and 4c, the for-
mation of the respective complexes 7 results in the loss of a
cyclomanganated atom with an ortho-fluorine, resulting in
a lower the thermodynamic driving force for the reaction.
This may be viewed as the ortho-fluorine stabilizing 6 which
resulting in a higher kinetic barrier to insertion. If the inser-
tion reaction is best viewed as an intramolecular nucleo-
philic attack on the coordinated alkyne and the presence of
the ortho-fluorine may result in the phenyl group being a
poorer nucleophile.

CONCLUSIONS

Controlling the site selectively of C-H bond activation in
complex substrates is key to unlocking the potential of di-
rect C-H bond functionalization methods. As recently high-
lighted by Davies and Macgregor, to draw robust mechanis-
tic conclusions it is vital to understand if the selectivity of
such a process is under kinetic or thermodynamic con-
trol.52¢ Through this study we have revealed the presence
and varying strength of the ortho-fluorine effect in catalyti-
cally-competent Mn(I)-mediated C-H bond activation reac-
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tions of fluorinated arenes. The irreversible reaction mech-
anism, and thus kinetically determined selectivity, under
the standard reaction conditions afforded the ortho-com-
plex of the benzylamine derivatives in near complete selec-
tivity (1a and 1b), while the para-complexes were more
prevalent for the 2-phenylpyridine directed examples (3a
and 3b). By addition of benzoic acid, the mechanism could
be altered to a reversible CMD/AMLA-6 mode of C-H bond
activation and thereby ensuring the selectivity is deter-
mined thermodynamically. The relative thermodynamic
stability determined by experimental and computational
methods revealed an ortho > meta > para stability trend,
which was the reverse of that observed for their reactivity
towards C-C bond formation (para > meta > ortho), i.e. al-
kyne insertion into the C-Mn bond, as studied by Time-Re-
solved Multiple Probe Spectroscopy (TRMPS). In combina-
tion with the single crystal XRD analysis it was determined
that the inherent reactivity of the manganese(I) carbonyl
complexes stems from their relative thermodynamic stabil-
ity rather than other processes, such as their relative C-Mn
bond strength.

The knowledge obtained was translated into the study of
Mn(I)-catalyzed C-H bond alkenylation of 2-phenylpyri-
dines, where the minor para-isomer 8b was identified for
the first time forming in minor amounts. The preference for
ortho-isomer 8a in the reaction was set by the cyclomanga-
nation step within the catalytic cycles rather than by the
para-favored C-C bond formation of the protonation step
within the catalytic cycles. The outcome points to this being
the most important step within the reaction mechanism if
reactivity is to be altered to afford different regioselectivi-
ties or more efficient catalytic processes, i.e. lower Mn cata-
lyst loadings.
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