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Alkali metal adducts of an iron(0) complex and their synergistic
FLP-type activation of aliphatic C—X bonds

Hendrik Tinnermann?, Simon Sung*, Daniel Csokas, Toh Zhi Hao, Craig Fraser and Rowan D. Young*
Department of Chemistry, National University of Singapore, 3 Science Drive 3, Singapore 117543

ABSTRACT: We report the formation and full characterization of weak adducts between Li* and Na* cations and a neutral iron(0)
complex, [Fe(CO)s(PMes)2] (1), supported by weakly coordinating [BArfzo] anions, [1+M]/BArfx] (M = Li, Na). The adducts are
found to synergistically activate aliphatic C—X bonds (X = F, CI, Br, I, OMs, OTf) leading to the formation of iron(Il) organyl
compounds of the type [FeR(CO)s(PMes)2][BArfx], of which several were isolated and fully characterized. Remarkably,
[1-M][BArFx] is able to activate dichloromethane under mild conditions. Stoichiometric reactions with the resulting iron(I1) organyl
compounds show that this system can be utilized for homo-coupling and cross-coupling reactions and the formation of new C-E
bonds (E = C, H, O, N, S). Further, we utilize [1-M]/BArfx] as a catalyst in a simple hydrodehalogenation reaction under mild
conditions to showcase its potential use in catalytic reactions. Finally, the mechanism of activation is probed using DFT and kinetic
experiments that reveal that the alkali metal and iron(0) centre cooperate to cleave C—X via a mechanism closely related to intramo-

lecular FLP activation.

Introduction

The transfer of organyl groups from halides to metals is a key con-
cept in organic synthesis and carbon-element bond formation. The
transfer formally reduces the organyl group, transforming its nature
from electrophilic to nucleophilic, and thus enabling the organyl
moiety to be used in coupling chemistry. In most instances, the use
of highly reducing metals, such as elemental lithium, magnesium
or zinc, or the use of noble metals, such as rhodium or palladium,
is required for such transformations to take place.! This require-
ment renders reactions either highly expensive (when using noble
metals), or highly dangerous (when using highly reductive metals).
To circumvent these limitations, there has been a recent push to
utilize base metals for the activation and functionalization of or-
ganic halides.?

In this respect, electron rich ferrates have been successful for the
activation of strong aliphatic-halide bonds allowing both reductive
homo-coupling and cross-coupling reactions (Figure 1, A).® Such
ferrates are typically supported by s-block cations, most commonly
magnesium fragments, arising from precatalyst activation with Gri-
gnard reagents, or alkali metal counter-ions. In most of these sys-
tems counter-cations are thought to play little role in C-X bond ac-
tivation and are often mechanistically ignored unless they are in the
coordination sphere of iron.

In contrast, distinct synergistic effects for C—H activation/deproto-
nation have been observed for multiple ferrate/s-block metal com-
binations (Figure 1, B).* For example, Mulvey and Hevia have
shown that combinations of ferrates with sodium counter ions are
able to deprotonate arene hydrogen positions,**? Jouikov and Mon-
gin used a putative lithium ferrate to deprotonate arenes in situ for
subsequent electrophilic functionalization,* and Knochel was able
to metallate arene C—H positions through the combination of an
iron(I) diamide, lithium chloride and magnesium chloride used in
situ.*d To date, the ferrate components employed in both C-H and
C—X activations are both highly basic and highly reducing, so must
be handled under inert conditions. Activation of C—X or C—H bonds
by non-ferrate iron systems is extremely rare.*

Herein, we report on the use of robust and stable components in the
synergistic activation of strong aliphatic C—X bonds by well-char-
acterized cationic iron(0)-alkali metal adducts (Figure 1, C). We
demonstrate their potential use in synthesis through stoichiometric
homo-coupling reactions, stoichiometric cross-coupling reactions
and catalytic hydrodehalolgenation reactions. Finally, we explore
the mechanism of C—X activation through a combination of kinetic
and DFT studies to elucidate the origin of the unexpected synergis-
tic reactivity.

Results and Discussion
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Figure 1. (A) Iron ferrates are known to activate sp? and sp® C—X bonds
(X =ClI, Br, 1).2 (B) Iron amides and s-block metals are reported to syn-
ergistically deprotonate sp? C—H bonds.* (C) This work describes syn-
ergistic activation of sp*> C-X bonds (X = F, Cl, Br, I, OMs, OTf) using
an iron(0) complex with lithium and sodium salts.

Synthesis and characterization of adducts
Mixing of [Fe(CO)3(PMes3)2]° (1) with non-solvated lithium or so-
dium salts of the weakly coordinating borate anion [BArFx]
{BAIrF2 = B(CsFs)4}, results in the formation of adducts of the em-
pirical form [1sM][BArF2] (M = Li, Na) (Scheme 1).

Crystals of [1sM][BAr2] (M = Li, Na), grown from layering
fluorobenzene solutions of [1:M][BAr 2] with n-hexane, reveal
the solid state structures of the adducts (Figure 2). Compound 1 has
been utilized as a Lewis base previously in frustrated Lewis pair
(FLP) chemistry® and in metal-only Lewis pairs (MOLP) with both
transition metals and main group metals,” allowing the direct for-
mation of Lewis acid-iron bonds. In contrast, 1 binds hard Lewis
acidic alkali metals through its carbonyl oxygen atoms (i.e. hard
Lewis bases). Alkali metal adducts with iron carbonyl ligands are
known, but only in ferrate complexes where a strong electrostatic
interaction stabilizes the interaction.®

The molecular structure of [1-Na][BArF20] reveals three separate
molecules of 1 bind sodium cations through their carbonyl oxygen
atom (k-O), with a further five coordination sites on the sodium
cation being occupied by fluorine atoms of [BArF2o]- counter ani-
ons. Thus, a 2D-coordination polymer network is established via
sodium-carbonyl coordination (Figure 2).

In the lithium adduct [1-Li][BAr"2], only two carbonyls bind each
lithium atom with the remaining three coordination sites occupied
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Scheme 1. Formation of adducts [1sM][BArF5] (M = Li, Na).

viewed along ¢

Figure 2. (A) Molecular structure of [1sLi][BAr"y], asymmetric unit. Se-
lected bond distances (A): Li1-O1, 1.952(6); Fe1-C1, 1.739(3). (B) Mo-
lecular structure of [1sNa][BAr,], asymmetric unit. Selected distances
(A): Na1-01, 2.331(5); Fe1-C1, 1.752(5). (C) Packing for [1+Li][BArFy]
viewed along b-axis. (D) Packing for [1sNa][BAr"y] viewed along c-axis.
Hydrogen atoms omitted from all structures.

by fluorine atoms of the anions. Thus, a dimeric structure is estab-
lished with respect to lithium/carbonyl coordination, although a co-
ordination polymer structure is still present, but formed between
the lithium cations and the [BArF2o]- anions.® The change in struc-
ture is likely resultant from a lower coordination number restriction
arising from the smaller ionic radius of lithium (90 pm) as com-
pared to sodium (116 pm).*0

Structural differences between the lithium and sodium adducts in
the solid state are supported by infrared spectroscopy. A nujol mull
FTIR spectrum of [1-Li][BArF2] displays two carbonyl bands at
1834 cm and 1819 cm! (c.f. compound 1 vco = 1879 cm™), while
that of [1sNa][BAr"20] shows two bands at 1871 cm and 1849 cm-
1 indicating a weaker Fe—CO---M interaction. This is reflected in
the molecular structures of [1sM][BArF20], where the comparative
Fe—CO---Na distances {ranging from 2.331(5) to 2.732(5) A} and
Fe—CO---Li distances {ranging from 1.952(6) to 2.031(5) A} are
well beyond the difference in ionic radii between lithium and so-
dium (26 pm).1°

Solution studies of [1-M][BAr™20] (M = Li, Na) indicate that a de-
gree of association is maintained between the alkali metals and 1
(Table 1). ESI-Mass spectrometry of solutions of [1+M][BArF20] re-
veals signals at 591.0312 m/z and 607.0123 m/z corresponding to
the adducts [12M]* (M = Li, Na) respectively. 3P NMR spectros-
copy of [1sM][BAr"20] (M = Li, Na) shows a very slight upfield
shift (<1 ppm) of the PMes signals from 1 (dp 38.4), as well as

Table 1. Possible speciation of [1sM][BAr",] in solution.

PMe;
\CO
OC—FIe ‘\CO oligomers/larger clusters
F;Me3 [12 MyIIBAr" 2],
“M[BArFZO] AMB A"on]u
PMe; [BAr 5] PMe; M. PMe; |[BArf 5]
RYelo) 1 .wco”  ~oc,
OC—Fe "™~ <= |0C—F Fe—CO
P co M ™ co oc” |
PMe; PMe; PMe;
[1*M][BAr 5] (12 MI[BArF 5]
species diffusion rate species  observed
(10 m?2 %) by ESI-TOF-MS
1 11.20 (1) -
1+ Li[BAr ] 7.37(1) [1-Li]*, [12°Li]*
1 + Na[BAIFy] 8.93 (1) [1eNa]*, [12Na]"
1+ K[BArTy] 10.93 (1) [1-K]*

1+ Na[BAI’F24]
Na[BArFQA]

8.04 (1), 5.74 (BAI )

[1-Na]*, [12*Na]*
6.47 (BArF24) -

broadening of the signals, indicating that dynamic alkali metal ex-
change likely occurs. Indeed, an equilibrium between coordinated
and ‘free’ alkali metal ions was established by the addition of 0.5,
1.0 and 2.0 equivalents of Na[BArFz] to 1, resulting in a shift of
the 3!P resonance from &p 38.3 to 38.0 to 37.8.

'H DOSY NMR experiments also establish that 1 and M[BAr*2]
(M = Li, Na) are strongly associated in solution. For example, the
'H NMR signal of PMes in a sample of 1 in 1,2-DFB corresponds
to a diffusion coefficient of 11.20 x10-1° m? 51, while addition of 1
equiv. of M[BAr"] to the sample reduces the signal’s diffusion
coefficient to 7.37 x10"2° m? s (Li) or 8.93 x10-1° m? s (Na). Ad-
dition of K[BArFz] provides only a minor reduction in diffusion
coefficient to 10.93 x10-1° m? s, consistent with our inability to
isolate and characterize [1-K][BAr"20] in the solid state, although
mass spectrometric data also indicated a concentration of
[1-K][BAr20] in solution (Table 1). Given the relative size of the
alkali metals, the DOSY NMR data suggest that adduct formation
is favored with the preference Li>Na>K resulting in the observed
average diffusion coefficients.

Lithium and sodium salts of the related borate anion [BArFa]-
{BArf; = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate} were
found to form similar adducts with correlating spectroscopic and
spectrometric data. DOSY H NMR spectra of Na[BAr24] added
to 1 also show a decrease in the diffusion coefficient to 8.04 x10%°
m? sL. Further, the diffusion coefficients of the [BArF24]  anion aryl
protons are reduced from a sample of pure Na[BAr"2] in 1,2-DFB
(see Table 1), suggesting that the anion is also interacting with 1.
Indeed, calculations indicated complete dissociation of the
[BArF2]  anion from [1+Na]* to be endogonic by 8.2 kcal mol* and
that the alkali metal is likely supported by the anion in solution.
We also attempted to establish the relative thermodynamic stability
of possible adducts in solution using DFT. However, these calcula-
tions showed that many permutations of [1x*Nay][BArFzo]y (and
their solvates) are possible within computational error (i.e. + 2 kcal
mol). Although these spectroscopic, spectrometric and computa-
tional data cannot explicitly establish the precise speciation of
[1-M][BAr"20] in solution, they do imply that significant interaction
between 1 and the alkali metal is persistent, and that the interaction
follows the order of Li>Na>K.

C-X activation chemistry

Compound 1 and the salts M[BAr 2] (M = Li, Na, K) are separately
stable in halogenated alkane solvents and in the presence of alkyl
halides. However, the adducts [1sM][BAr"20] were found to acti-
vate a variety of aliphatic C—X bonds under surprisingly mild reac-
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Table 2. Qualitative activation of C—X substrates. Selected reactions
from Table S2, see SI.

entry  substrate salt time/temp  conversion

1 BnCl Li[BArf,g  5h/25°C  100%
2 BnCl Na[BAr ] 72h/25°C 65%
3 BnCl Na[BArfx] 4h/80°C  100%
4 BnCl K[BArTy] 24 h/25°C <5%
5 BnClI none 16 h/80°C <5%
6 BnBr Li[BAfx]  5h/25°C  100%
7 p-ToICF,H  Li[BArf,]  1h/25°C  100%
8 BnOMs Na[BAr ] 1h/25°C 100%
9 MeOTF Na[BArfx] 1h/25°C  100%
10 t-BuCl Li[BAIFy] 1h/25°C 100%
11 n-OctF Li[BAIF] 24 h/25°C  24%
12 neo-PentCl  Li[BArTy] 16 h/25°C  100%
13 CH.Cl, Li[BAIFy] 3h/60 °C 100%
14 CH,Br, Li[BAIF] 16 h/25°C  100%
15 PhCI Li[BAIF] 24 h/80°C <5%
B-hydride TM%aO )
elimination 0C—Feh L'E'H4
OC pume ’ l
PMe3 ® [1 _H]+ 8
RAX | «co .
(1-M][BA 5] = OC—Fe—R LiBH, or [NEt,][BH,] ]
OC ppe, -RH
[1-RI" PMe; ®
M = Li, Na +RX, -R | \CO| LiBH,
R = alkyl, benzyl, allyl h\m;g OC7I|=e—X T, LiX
X =F, Cl, Br, |, OMs, OTf OC Pye,

[1-X]* (X = Cl, Br)
Scheme 2. Reactivity of [1sM][BAIF,] (M = Li, Na) with alkyl, benzyl
and allyl halides. In the case of alkyl halides with an a-hydrogen, B-
hydride elimination led to [1-H]". In the case of benzyl and allyl chlo-
rides and bromides, homocoupling lead to [1-X]" (X = CI, Br). Iron or-
ganyl, hydride and halide complexes could be reduced to the starting
material (1) with borohydride reductant. Anions omitted for clarity.

tion conditions. For example, benzyl chloride was completely con-
sumed by [1<Li][BArF20] at room temperature in less than 5 hours
to generate [1-Bn][BArFxo] (Table 2, entry 1). Similarly,
[1sM][BAr"20] (M = Na, K) were found to activate benzyl chloride,
albeit more slowly than [1<Li][BAr"20] (entries 2-4, Table 2 and
Figure S10, see SlI). However, in the absence of any alkali salt,
compound 1 was found to be completely unreactive with benzyl
chloride, even with prolonged heating (entry 5, Table 2).
Qualitative reactions between [1sM][BAr"20] (M = Li, Na, K) and
a number of organyl halides and pseudohalides were undertaken to
assess their reactivity patterns (Table 2 and Table S2, see SI). In
summary, the adducts [1-M][BArF20] efficiently activated primary,
secondary and tertiary aliphatic halides, and allylic and benzylic
halides. Alkyl fluorides, chlorides, bromides, iodides, mesylates
and triflates were activated by [1sM][BAr 2] (M = Li, Na) but aryl
halides possessing an sp?> C-X bond did not react, even at elevated
temperatures.

Astoundingly, [1sM][BArf2] (M = Li, Na) was found to react with
dichloromethane (DCM) at room temperature to generate [1-
CH2CI][BArF2] over a matter of days. At elevated temperatures,
full conversion could be achieved in 3 hours (Table 2, entry 13).
This is noteworthy, as although the activation of DCM by noble
metals is well established,** C-Cl cleavage of DCM by iron (or
other first row transition metals) is extremely rare and exemplifies
the enhanced synergetic reactivity of [1sM][BAr"20].1?

In substrates with a-hydrogen atoms relative to the C—X bond, B-
hydride elimination of the iron alkyl activation product resulted in

PMeg [BArF 4] PMej

OC_F'e-nCO\ R-X OC—Fe—R R, X = CH,CI, CI (44%)
I ~>co YV /] MEM, CI (54%)
PMe; OC ppe, Me, OTf (63%)

[1*M][BArF 5] (M = Li, Na) [1-RI[BA 5] Bn, OMs (42%)
Scheme 3. Synthesis of isolated compounds [1-R][BAr ;] (R = CH.CI,
Me, MEM, Bn) from reaction between [1sM][BAr ] (M = Li, Na) with
DCM, MEMCI, MeOTf and BnOMs respectively.

c
C4 Fell .

\PZ

A

[1-CH,CI]* [1-MEM]* [1-Me]*
Figure 3. Molecular structures of [1-CH,CI][BAIFy], [1-MEM][BAr 5]
and [1-Me][BAr,]. Hydrogen atoms and anion omitted, thermal ellip-
soids shown at 50%. Selected bond distances (A) and angles (°): for [1-
CH.CI]*, Fel-P1, 2.278(1); Fel-P2, 2.270(1); Fel-C1, 2.081(3); C1-
Fel-C4, 178.5(1); P1-Fel-P2, 175.6(1); for [1-MEM]*, Fel-P1,
2.266(1); Fel-P2, 2.284(1); Fel-C1, 2.078(4); C1-Fel-C6, 176.3(2); P1-
Fel-P2 173.6(1); for [1-Me]*, Fel-P1, 2.263(1); Fel-P2, 2.264(1); Fel-
C1, 2.06(2); P1-Fel-P2 177.3(1).

generation of [1-H][BArF20]® and concomitant formation of alkene
by-product (Scheme 2). Further, in the presence of excess benzylic
halides homocoupling was observed to generate the corresponding
bibenzyl products and iron halide by-products [1-X][BArF20]* (X
= ClI, Br). These complexes were also synthesized independently to
verify their observed data.

As stated above, lithium and sodium salts of the related borate an-
ion [BArf2] provided similar adduct formation and activation
chemistry to M[BAr20] (M = Li, Na) salts. However, no evidence
was observed for adducts between 1 and group 1 metal salts con-
taining less weakly coordinating counteranions ([BF4], [PFe],
[SbFe]", [BPh4],, [OTT], [CIO4]). Nonetheless, combinations of 1
with a variety of alkali metal salts were tested for the activation of
benzyl chloride, with only minor activation products observed (see
S, Tables S2 and S3).

Donating solvents were also found to obstruct activation. For in-
stance the use of neat Et2O, THF, 1,2-DME or MeOH as solvents
hinders the activation of benzyl chloride by [1sM][BAr 2] (M =
Li, Na) (see Sl, Tables S2 and S3). This effect was illustrated by
the addition of 10 equiv. of pyridine to the activation reaction of
BnBr by [1-Na][BAr 2] that quenched the reaction. While the ad-
dition of 10 equiv. of Et20 only slightly reduced the reaction rate
(see Sl, Figure S11). In general, polar arene solvents (PhCI, PhF,
1,2-CeHaF2) provided the best solubility and least interference with
the synergistic activation process.

Compounds [1-R][BArF20] (R = Bn, CH2Cl, Me, MEM {MEM =
CH20(CH2).0OMe}) were isolated and fully characterized to con-
firm the identity of a number of activation products (Scheme 3).
For example, compound [1-CH2CI][BAr 2] could be isolated in
44% vyield and is identified by a triplet signal at 3.36 ppm (3JpH =
8.3 Hz) in the *H NMR spectrum arising from the chloromethyl
ligand and a single 3'P NMR resonance at § 12.9. The chloromethyl
ligand could also be identified in the **C NMR spectrum of [1-
CH2CI[BAr ] as a triplet signal at 32.4 ppm (t, 2Jrc = 14.1 Hz).
FTIR spectroscopy reveals three carbonyl stretching bands at 1990,
2043 and 2095 cm'?, indicative of an iron(ll) centre. The molecular
structure of [1-CH2CI][BArF] displays octahedral geometry and
confirms the activation of DCM, with a chloromethyl ligand ob-
served to occupy an equatorial position with the three carbonyl lig-
ands, while the phosphine ligands remain in the axial positions
(Figure 3).



@

A 'T""\fgo c MEM-Bn
R-l:/ M[|13H4] %%;Fle‘—R [182(;1 22%
>95% - -[1- _
R = CHCl, PMe; | goywgm  BMEN
MEM, Bn, M [1-R]* Bn 81%
B [\‘1“ JR = MEM, Me
MEM-OBz MEM-OAc MEM-SPh Me
86% 67% 29% N O
MEM-N; [MEM-NCzHs|* Me-SPh U
24% 48% 53% 52%

Scheme 4. (A) Reaction of [1-R]* with M[BH,] (M = Li, NEt,). (B) Reac-
tions between [1-R]* and nucleophiles. (C) Reaction between [1-R]* and
benzyl chloride. Anions omitted for clarity. See Sl for details.

The characterization data of compounds [1-R][BArF2] {R = Bn,
Me, MEM} are unremarkable and similar to those of [1-

1/Na[BAr"
2 AI‘/\X [—24]0> Ar\/\AI’
X = Cl, Br PhCI, 2 h, 100 °C
Entry  Substrate Yield Entry Substrate Yield
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Figure 4. Homocoupling of benzyl halides using stoichiometric quanti-
ties of in situ generated [1-Na][BAr",,]. General conditions: 1 (0.04
mmol), Na[BAr"] (0.04 mmol), substrate (0.08 mmol), solvent (0.5
mL). Yields determined by *H NMR spectroscopy.

CH2CI][BArF2], but confirm the installation of MEM, Me and Bn
alkyl groups onto the iron centre in their respective compounds.

Functionalization chemistry and potential use

in catalysis

To demonstrate the synthetic potential of this system, some simple
stoichiometric and catalytic organic transformations were ex-
plored. Complexes [1-R][BArfx], [1-H][BArfx] and [1-
X][BArF2] could be reduced with soluble forms of borohydride
{viz. [NEta][BH4] or Li[BHa]} to cleanly reform 1 with concomi-
tant formation of the corresponding [BArfz]- salts (Scheme 2). In
the cases of [1-R][BAr 2], the alkyl ligand was liberated as the cor-
responding alkane in near quantitative yield (Scheme 4, A). Com-
pounds [1-R][BArf2] (R = Bn, Me, MEM) was also probed with
various nucleophiles to generate cross-coupled products (Scheme
4, B). Concurrent with the reaction with these nucleophiles, com-
pound 1 was generated as the major by-product. Compounds [1-
R][BArfx] (R = MEM, Bn) also facilitated formal reductive cou-
pling with electrophiles, for example reaction of [1-MEM][BAr 2]
with BnClI generated the cross coupled product MEM-Bn in 22%
yield along with [1-CI][BArF2] (Scheme 4, C), while [1-
Bn][BArF4] generated bibenzyl in 81% yield under the same condi-
tions.

The high yield of bibenzyl from reaction of [1-Bn][BArF4] with
BnCl led us to explore stoichiometric reductive homocouplings us-
ing [1-Na][BArF24] with organyl halides (Figure 4).3¢1* Under rel-
atively mild conditions, most benzy! halide substrates gave good to

no catalyst 9%
cat (10 mol %)

Na[BArF ] only 8%
Li[BH,4] (xs), 22h, r.t. 1 only 7%

PhCI:Et,0 (10:1) [1-Na][BAF ] >95%

Entry Substrate Yield Entry Substrate Yield
1 Br 59‘;/0a 5 Br c Br 70%
| >95% F, . >95%2ab
Br.
2 Br 72%°

54%2
% 7 Meo/H?o/\m 95%
(MEMCI)

B
8 pPh 22%32°

Figure 5. Catalytic reduction of aliphatic halides using 10 mol % of
[1-Na][BAr,]. General conditions: 1 (0.01 mmol), Na[BAr,] (0.01
mmol), substrate (0.1 mmol), PhCI (0.5 mL), Et,O (0.05 mL), Li[BH]4
(0.5 mmol). Yields determined by *H NMR spectroscopy. * Reaction
performed at 60 °C. ® Both bromides reduced. ¢ CF;CH(OH)CF; used
in place of Et,0.
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excellent yields of their corresponding bibenzy!l products (Figure 4,
entries 1-7). Allylic bromides also produced homocoupled products
in low yields (Figure 4, entry 8), however, for substrates containing
a-hydrogen atoms (relative to the halide position), fast B-hydride
elimination generated the iron hydride [1-H][BAr 4], and pre-
vented the homocoupling reaction.

Finally, given that the elements of C—X activation and reduction of
activation compounds [1-R][BArz] to reform 1 have been demon-
strated above, we developed a simple catalytic reaction allowing
for hydrodehalogenation of alkyl halides (Figure 5).° In the ab-
sence of [1eM][BArF20] (M = Li, Na), Li[BH4] acts as a poor re-
ductant for aliphatic halides, as evidenced by the direct reaction of
benzyl bromide and Li[BH4] giving less than 10% yield of toluene
after 22 hours at room temperature. In contrast, the addition of cat-
alytic amounts of [1sNa][BAr 2] reduces benzyl bromide quanti-
tatively under the same conditions (Figure 5). In these reactions, a
small amount of Et2O was added to assist dissolution of Li[BH4],
however, it was found that higher concentrations of Et2O disrupted
synergistic cooperation between 1 and Na*, and hindered C—X ac-
tivation.

A brief substrate scope assay showed that a range of alkyl halides
(benzylic and non-benzylic) could be catalytically reduced in mod-
erate to good yields, with aliphatic chlorides proving more difficult
than aliphatic bromides as would be expected (Figure 5). More im-
portantly, this reaction exemplifies the synthetic potential of this
mild synergistic system, and we are currently developing other cat-
alytic reactions using [1sM][BAr"2] (M = Li, Na) focused on C-C
and C-E (E =N, O, S) coupling reactions.

Mechanistic insight into C—X activation

We postulated that coordination of the alkali metal (Li or Na) to the
alkyl halide position likely reduces the barrier for Sn2 attack by 1,
in a mechanism reminiscent of FLP activation of alkyl fluorides.®
A series of kinetic experiments were performed to support our hy-
pothesis. Initial rates experiments between BnBr, 1 and Na[BAr 2]
reveal that the reaction is first order with respect to 1, BnBr and
Na[BAr 0] (Figures S3-8, see Sl). These data suggest an Sn2 type
activation involving [1°Na][BAr 2] rather than larger dimetallic
species such as [12°Na][BAr 2], which would be expected to fol-
low a second order rate in 1.
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Figure 6. Calculated reaction profile for the nucleophilic activation of
BnBr by 1 with and without M* (M = Li, Na, K) assistance (wB97X-
D/Def2TZVPP/IwB97X-D/Def2SVP(SMD), kcal mol™). Calculated
structures for TS-1 included as insets with bond distances given in A.

Evidence for a Lewis acid assisted Sn2 mechanism was also
obtained from a Hammett plot from the activation of various benzyl
bromides (Figure S13). The Hammett plot provided a p-value of -
2.2, indicative of modest electron flow away from the benzyl
aromatic ring in the transition state. This is consistent with
coordination of a Lewis acid to the benzyl bromide position in the
transition state. In contrast, Sn1 type activations have p-values
below -4, and radical benzyl addition to iron is reported to have a
positive p-value.t

To further rule out the possibility of a radical pathway for the acti-
vation of benzyl halides, 10 equiv. of the radical scavenger 1,4-
methylcyclohexadiene (1,4-CHD) was added to a reaction between
BnBr and [1+Na][BAr 20]. The presence of 1,4-CHD made no dif-
ference to the rate of reaction or yield of [1-Bn]* (see SI, Table
S2).18 However, 1,4-methylcyclohexadiene was found to signifi-
cantly reduce the yield of the reductive homocoupling reaction for
BnBr (Table S3, see Sl), implying that reaction of BnBr with [1-
Bn]* does proceed via a radical mechanism.3¢

The activation of C—X bonds by [1sM][BAr"2] was also interro-
gated computationally using DFT. As a model system, we focused
on the activation of benzyl bromide to generate [1-Bn]*. Although
a number of mechanistic possibilities were considered (see SI, DFT
studies, alternative pathways), we focused our attention on the re-
action pathway involving Sn2 attack of BnBr by 1 in the presence
and absence of alkali metal cations. The reaction profile was calcu-
lated with a number of functionals (viz. ®B97X-D, M06, MO6L),
and anion and solvation effects were also modelled (see S, Figures
S71-77). However, similar trends and activation barriers were con-
sistently observed regardless of the functional employed.

Figure 6 exemplifies the observed reaction trend in the presence
and absence of M* (M = Li, Na, K). In the absence of any alkali
metal cation, the barrier to C—Br activation is kinetically inaccessi-
ble (>30 kcal mol). However, the inclusion of Li, Na or K lowers
the transition state barrier by 15.0 to 11.3 kcal mol (relative to the
ground state) with the activation barriers following the order
Li<Na<K. This result was corroborated with experimental kinetic
data that showed the activation of BnBr by [1sM][BAr 2] (M = Li,
Na, K) followed the reaction rate order of Li>>Na>K (see Sl, Fig-
ure S10).

The inclusion of the alkali metal transforms the reaction from en-
dogonic to exogonic, providing thermodynamic drive for the for-
mation of [1-Bn]*. In addition, precipitation of metal halide salt
from activation reactions aided formation of [1-Bn]*, which is not
captured with these computational results.

Notably, calculations predict that C—X activation by [1sM]* pro-
ceeds via an intramolecular FLP type transition state (TS-1, with
the alkali metal supported by the carbonyl ligand during the activa-
tion step. This transition state is reminiscent of calculated structures
involved in the intramolecular FLP type activation of Hz by
(LiP'Bu2)n,'® and is distinct from reactions employing Collman’s
Reagent that are hindered by coordinated alkali metals.3

The computed free energy data lend strong support to our mecha-
nistic proposal that the reaction proceeds via an ‘assisted’ Sn2
mechanism wherein the M* alkali metal cation contributes to a pro-
nounced reduction in activation barrier height, mimicking FLP type
reactivity. Such a mechanism is a distinct departure from oxidative
addition, nucleophilic and radical processes more commonly ob-
served in first row transition metal alkyl halide activation.320

Summary

In summary, we have found that in the absence of any competing
base, lithium and sodium cations form weak adducts with 1
{[1-M][BArF2] (M = Li, Na)} bonding through the carbonyl oxy-
gen atoms. The cations in [1-M][BArF2] (M = Li, Na) are further
supported by their weakly coordinating [BAr 0] counter anions in
the solid state, forming a coordination polymer, but likely exist as
a dynamic mixture of adducts in solution. The introduction of ali-
phatic halides to solutions of [1sM][BAr 2] (M = Li, Na) results in
C—X activation (X = F, Cl, Br, I, OMs, OTf), and the formation of
iron(I1) organyls of the type [1-R][BAr"2]. The remarkable en-
hanced reactivity afforded to 1 by the coordinated alkali metals
means that their role in other iron mediated C—X activation reac-
tions should not be overlooked.

It is shown that installed organyl ligands on compounds [1-
R][BArf2] (R = CHzCl, Me, Bn, MEM) can undergo subsequent
functionalization through cross-coupling and homocoupling reac-
tions, resulting in the formation of new C-H, C-C, C-O, C-S and
C-N bonds. The catalytic potential of [LsM][BArF20] (M = Li, Na)
is demonstrated through hydrodehalogenation reactions with
Li[BH4]. The expansion of potentially useful functionalization re-
actions using this synergistic system is still under investigation.
Finally, the mechanism of our reaction was revealed through DFT
analysis and Kinetic experiments. These predict an intramolecular



bimetallic cooperative FLP type pathway, which represents a clear
departure from conventional metal mediated C—X activations.
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