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ABSTRACT: C-H metalation is the most efficient method to prepare aryl-zinc and —aluminum complexes that are highly
useful nucleophiles. Virtually all C-H metalation routes to form Al or Zn organometallic reagents require stoichiometric,
strong Brensted bases with no base-catalyzed reactions reported, to our knowledge. Herein we present a catalytic C-H
metalation process to form aryl-zinc and aryl-aluminum complexes that uses only simple amine bases (e.g., EtsN) in
sub-stoichiometric quantity (10 mol%). Key to this approach is coupling an endergonic C-H metalation step using a
[(B-diketiminate)M—NR3]* (M = Zn or Al-Me) electrophile with a sufficiently exergonic dehydrocoupling step between
the acidic ammonium salt by-product of C-H metalation ([(RsN)H]*) and a Zn-H or Al-Me containing complex. This
step, forming Hz/MeH, makes the overall cycle exergonic while also generating more of the key cationic metal
electrophile. Mechanistic studies supported by DFT calculations revealed metal-specific dehydrocoupling pathways,
with the divergent reactivity shown to be due to the different metal valency (which impacts the accessibility of amine-
free cationic complexes) and steric environment. Notably, dehydrocoupling in the zinc system proceeds through a
ligand-mediated pathway involving protonation of the -diketiminate C, position. In this step the magnitude of the key
barrier is dependent on the steric bulk of the spectator ligand, with bulkier ligands actually affording lower barriers.
This catalytic approach to arene C—H metalation has the potential to be applicable to other main group metals and

ligands, thus will facilitate the synthesis of these important organometallic compounds.
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Catalyzed C—H functionalization is ubiquitous in synthesis as it is a highly efficient way to increase molecular
complexity.! In this field, (hetero)arene C—H borylation using transition metal catalysts is particularly powerful,”> while
catalytic C—H silylation has also been developed into a useful synthetic tool (Fig. 1a).> In comparison, catalytic
(hetero)arene C—H functionalization processes that install more electropositive main group elements are extremely

under-developed.*

Zinc- and aluminum-based organometallics are desirable to form as they are more nucleophilic than organo-boranes/-
silanes and are widely used in synthesis,> with arylzinc reagents ubiquitous due to the Negishi cross-coupling reaction.®
Furthermore, both zinc and aluminum are Earth-abundant metals with high permitted daily exposure limits.” To date,
methods that convert C—H bonds directly into C-Zn and C—Al bonds are dominated by the use of at least one equivalent
of a strong Brgnsted base combined with a zinc/ aluminum electrophile (Fig. 1b).3° In contrast to stoichiometric
methods, catalytic C—H zincation/alumination is extremely rare despite the higher efficiency of this approach (Fig. 1c)
relative to stoichiometric (in base) processes. To our knowledge the only reports on catalytic (hetero)arene C—H
zincation and C—H alumination use a (B-diketiminate)ZnH'® and a (B-diketiminate)AlH>,"" respectively, as the starting
materials, with Hz formed as the only by-product. Pd catalysis was crucial in these processes as < 5% C—H metalation
is observed in the absence of a Pd catalyst. Notably, transition metal-free catalytic C—H zincation/alumination has not
been reported to our knowledge, despite this representing an attractive addition to established methods.
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Figure 1. (a) Catalytic C—H borylation/silylation. (b) C—H zincation/alumination using stoichiometric base. (c) Catalytic
C—H zincation/alumination using a Pd-catalyst. (d) This work, catalytic in amine heteroaryl C—H zincation and C—H

alumination.
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In developing new Al/Zn catalytic C—H metalation routes, it is instructive to consider the more established area of
catalytic C—H borylation. In transition metal-free C—H borylation reactions frustrated Lewis pairs (FLPs) are often used
to effect C—H functionalization.'”” During this process an electrophilic borane forms the C—B bond while a basic
component (e.g., R3N) is protonated. The resultant Brensted acid (e.g., [(RsN)H]*) then can react with a hydroborane
forming Hz (termed dehydrocoupling herein). This step can enable the process to be catalytic as it can regenerate the
reactive boron electrophile and the base. With the correct borane and base both the C—H borylation and
dehydrocoupling steps are exergonic.'> Any analogous chemistry using Zn or Al electrophiles must overcome the
problem of weaker (vs. C—B) C—Zn and C—Al bonds, which results in the crucial C—-H metalation step being endergonic.
Building on studies using Zn- and Al-based FLPs,'* we postulated that combining an endergonic FLP-mediated C—H
metalation step with a subsequent exergonic dehydrocoupling step (between [(Base)H]* and [Zn]—H/[Al]-H) would
lead to an overall exergonic process. With correctly designed systems this would enable catalytic (sub-stoichiometric
in base) C—H metalation as more of the key electrophilic metal complex will be formed post dehydrocoupling (e.g., Fig.
1d). Precedence for this approach is extremely limited, with a study from Roesky and co-workers on the alumination
of two activated N-heterocycles using an FLP the closest relevant work."” Their calculations indicated that
dehydrocoupling was key to the overall reaction being exergonic (Fig. 2, top). While this process is stoichiometric (in
hindered base), it indicated that transition metal-free catalytic C—H metalation is feasible provided the energetics of

C—H metalation and dehydrocoupling are appropriate.
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Figure 2. Top: Previous work on [Al]-FLP-mediated C—H alumination. Bottom: [Zn]/NR3 and [Al]/NRs C—H metalation

using sub-stoichiometric [(R3N)H]*.

Herein we report that sub-stoichiometric quantities of simple amines (added as ammonium salts) enable the catalytic
C—H zincation/alumination of heteroarenes using metal hydrides/alkyls (Fig. 2 bottom) with Hz/MeH the only by-
product. Notably, the dehydrocoupling step in the C—H zincation process is only feasible due to ligand non-innocence.
Combined, this work introduces a transition metal-free, catalytic approach to make C—Zn and C—Al bonds directly from

the heteroarene.
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RESULTS AND DISCUSSION
C-H Zincation Studies

As part of our recent C—H borylation work we demonstrated that the reaction of NacNacZnH (NacNac = {(2,6-
Pr2C6H3)N(CHs3)C}2CH) with an anilinium cation, [(DMT)H]* (DMT = N,N-dimethyl-4-toluidine), to form H: and
[NacNacZn(DMT)]* is exergonic.*c Initial computational studies indicated that DMT can be displaced from zinc by
a heteroarene. The resultant Zn-(heteroaryl-H) complex and free DMT were then calculated to effect C—H zincation with
feasible barriers (for solution reactivity). While this FLP-type C—H zincation was calculated to be significantly
endergonic, coupling it with a dehydrocoupling step (between NacNacZnH (1) and [(DMT)H]*) was explored as a route
to make the C—H zincation process exergonic overall. Initially, 1 and equimolar 2-methyl-thiophene, 2a (selected as the
model substrate given its propensity to undergo C—H borylation using boron-based FLPs),12 were combined with 10
mol% [(DMT)H][B(CeFs)4]. This led to 41% conversion to the C—H zincation product 3a after heating at 60 °C for 15 h
in chlorobenzene (PhCl, Table 1, entry 1). Under identical conditions in the absence of the ammonium salt no C-H

metalation was observed (entry 2).

Table 1. C—H zincation of 2-methyl-thiophene.?

F_N/Dipp 10 mol%
R
Dipp 2
1 2a
Bronsted Acid n Yield (%)®
1 [(DMT)H][B(CsFs)4] 1 41
2 - 1 0
3 [(DMT)H][B(Arcr3)4] 1 45
4 [(EtsN)H][B(ArcF3)4] 1 68
5 [(EtsN)H][B(CsFs)4] 1 60
6 [(DET)H][B(CéFs)4] 1 31
7 [2,4-Br2CeH3-NMezH][B(CeFs)4] 1 14
8 [(PhsP)H][B(CeFs)4] 1 0
9 [(EtsN)H][OTf] 1 0
10 [(DMT)H][OTf] 1 0
11 [(DMT)H][NTf] 1 0
12 [(EtsN)H][B(Ar¢F3)4] 2 78
13 [(EtsN)H][B(ArcF3)4] 3 87
14¢ [(EtsN)H][B(ArcF3)4] 2 88
154 [(EtsN)H][B(Arcr3)4] 2 82

a1 (0.1 mmol, 1.0 equiv.), 2a (n equiv.), and Bregnsted acid (0.01 mmol, 0.1 equiv) in PhCl (0.6 mL). " Yield by tH NMR
spectroscopy versus CH2Br; added as internal standard at the end. ¢ Reaction carried out for 24 h. 4 Reaction carried

out at 70 °C.
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With the feasibility of catalytic in DMT C—H zincation confirmed, we screened several other Brgnsted acidic salts. From
this, better conversions were achieved using [(EtsN)H]* salts, while there was minimal difference switching between
the two fluorinated aryl-borate anions (entries 1, 3-5, B(Ar¢F3)4 = B{3,5-C¢H3(CF3)2}4). EtsN is more basic and bulkier
than DMT (pKa [(DMT)H]* = 10.8, [(EtsN)H]* = 18.5, all pKa's are in acetonitrile)'®. From reactions using two other
ammonium salts and a phosphonium salt (entries 6-8, DET = N,N-diethyl-4-toluidine, [(DET)H]* pKa = 14.2, [2,4-
Br2CeHs-NMezH]* pKa = 8.3, [(PhsP)H]* pKa = 7.14) we found using the conjugate acid of a base that is both bulky and
highly Brensted basic leads to more effective catalytic C—H zincation. Robust, weakly coordinating anions, such as the
fluorinated borates are essential, since more coordinating anions ([OTf]- and [NTfz]-) inhibit the catalytic process
(entries 9-11). Finally, using two equivalents of heteroarene, and slightly longer reaction times led to the yield of the
C—H zincation product 3a improving to 88% (entry 12-15). This demonstrates for the first time that C—H zincation

catalytic in simple base is feasible and can be high yielding.

Subsequently, we surveyed a range of heteroarenes in this C—H zincation process (Table 2). Replacement of Me with Ph
on thiophene led to 3b forming in 97% yield. C3-Substituted thiophenes also were amenable, producing 3c and 3d.
While 3-methyl-thiophene gave both 2-zincated and 5-zincated products (in 16% and 55% yield, respectively), the
bulkier 3-phenyl derivative produced only the single isomer shown. The more nucleophilic thiophene 3,4-
ethylenedioxy-thiophene underwent faster C—H zincation and gave 3e in 72% yield within 1 h. 2,2’-Bithiophene and
thiophene also underwent regioselective oo C—H zincation to form 3f and 3g in good yield. This zincation methodology
also could be applied to furans to provide C—H zincation products 3h-3i in moderate yield, with unreacted starting
material making up the mass balance. Pleasingly, even the significantly less activated heteroarenes 2-Br-thiophene and
benzothiophene (Mayr N value = -2.6)!'” were amenable, although C—H zincation required a higher temperature for good
conversion to 3j and 3Kk. Note, the benzothiophene C2 and C3 positions have similar reactivity in SgAr, with C2
substitution leading to the thermodynamic product (note, an analogous outcome was observed in electrophilic C-H
borylation).'® Attempts to C—H zincate N-Me-pyrrole and N-Me-indole did appear to proceed, however, conversions
were always < 40% and sufficiently clean samples to permit unambiguous characterization of the products could not

be obtained.

An N,N-disubstituted aniline derivative led to minimal reaction (e.g. < 15% of a compound tentatively assigned as 31)
even after prolonged heating. Furthermore, there was no C—H zincation of haloarenes, including those with relatively
low pKa values (e.g., C¢FsH) in contrast to the Pd-catalyzed process.® Thus, this C—H zincation is dependent on

heteroarene nucleophilicity and not heteroarene pKj, consistent with an SgAr-type mechanism.

Next, another NacNac ligand was explored, the smaller N-mesityl derivative, MesNacNacZnH. Using this led to 60% of
the zincation product, 4 (inset bottom Table 2) under the standard conditions. Monitoring the reaction in-situ revealed
it was slower than the zincation of 2-methyl-thiophene using 1, presumably due (atleast in part) to the lower solubility
of MesNacNacZnH in PhCI (relative to the PiPPNacNac congener). We would note that NacNacZn-Aryl complexes have
been shown previously by Crimmin and co-workers to be effective sources of aryl nucleophiles in Negishi cross-

coupling and in allylation reactions.1?
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Table 2. Scope of C—H zincation of heteroarenes.?

Dipp 10 mol%
=N, g [(EtsN)H][B(Ar°F3)4]
e (T SN
- x— -~z PhCI, 60 °C, 24 h
\D' -Hy
|
=[Zn] PP (X=0,8)
1 (1:2) 2a-l 3a-l
Me Ph
I R O 5 R 5
Me™ Ng” [zn] Ph™ g ™Zn]  Ng”(zn) s~ [zn]
3a, 88% 3b, 97%P 3¢, 55%°¢ 3d, 57%P
[Zn]
DT Oy we L
[Zn] s [Zn] MeT N T (zn]
3e, 72% 3f, 85% 3g, 75%° 3h, 40%
'Pr\ JPr
/O\[Z”I BrD\Ian 3\ B\[Zn] ©
[Zn]
3i, 43%° 3j, 85%f 3Kk, 50%f 31, < 15%°
/Mes
—=N
Znﬂ Compound 4,
N S 60%
\
Mes

a1 (0.1 mmol), 2a-1 (0.2 mmol), and [(EtsN)H][B(Arc)4] (0.01 mmol) in PhCI (0.6 mL) at 60 °C for 24 h unless otherwise
stated. Yield by 'H NMR spectroscopy versus CHz2Brz added as an internal standard at the end of the reaction. b at 80 °C
for 24 h. < 16% zincation at C-2 position also was observed. dat 60 °C for 1 h. ¢ at 80 °C for 48 h.fat 100 °C for 24 h.

The feasibility of using NacNacZnEt in place of the zinc hydride 1 also was explored, targeting a “transfer zincation”
(Scheme 1) related to the recently reported catalyzed transfer borylation.!” However, no zincation of 2-methyl-
thiophene was observed with either the N-Dipp or N-Mes derivatives (5a/b) using 10 mol% of several ammonium salts.
At =120 °C the formation of NacNacZnArF (6a-d, ArF = CeFs or 3,5-CeH3(CF3)2) in ca. 40% yield was observed, from
decomposition of the anion (see Fig. S71-S78). This is likely due to the decomposition of a species such as [NacNacZn—

NR3][B(ArF)4] at = 120 °C as [(RsN)H][B(ArF)4] salts are stable under these conditions.

Ar 10 mol%

=N F
! RsN)HI[B(Ar
ot » [\ _(ReNHIB(AC

=N S PhCI, 120-140 °C

\
Ar R3N = DMT or Et;N

5alb 6a-d, 40%

Ar = Dipp/Mes

= CgFs, 6a Ar = Dipp, 6b: Ar = Mes
rF = CgH3(CF3), 6¢: Ar = Dipp, 6d: Ar = Mes

Scheme 1. Attempted C—H zincation with NacNacZnEt.
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C—H Alumination Studies

With an effective C—H zincation process in hand we explored the feasibility of extending this approach to another main
group metal. Aluminum was selected partly due to the factors discussed in the introduction, but also as aluminum is
distinct from zinc in multiple ways (particularly in valency and coordination number of the NacNacM-R1/2 complexes).
If the same approach of coupling endergonic C—H metalation (using a [Al]-NRs3 cation in this case) with exergonic

dehydrocoupling also was successful with Al it would indicate broad (in terms of metal) scope.

Initial attempts using NacNacAlHz (7) in place of the zinc-hydride led to the formation of complex intractable mixtures.
Therefore, the use of NacNacAlMe: (8) was explored in place of 7. While NacNacZnEt was not viable in C—H metalation,
we hypothesized that the greater polarization of Al-Caixy bonds, relative to Zn—Cay (based on Ay between M and C)*
could lead to a lower barrier in any Al—alkyl protonolysis step. Pleasingly, the catalytic C-H metalation of 2a using 8
and 10 mol% [(EtsN)H][B(CeFs)4] proceeded cleanly to give aryl aluminum 9a as the major product on heating to 80 °C
(Table 3, entry 1). Importantly, in the absence of [(EtsN)H][B(CesFs)4] no C—H alumination was observed (entry 2). This
process thus represents the first report of catalytic transfer alumination. A comparison study then was performed using
the two [(R3N)H][Anion] salts that performed best as activators in C—H zincation. With 8, better conversions were again
achieved using [(EtsN)H][B(CéFs)4] compared to the [(DMT)H]* salt. The poor performance of salts with [B(ArcF3)4]-
anions (entry 4 and 5) in this case is notable, with in-situ reaction monitoring revealing the formation of several new
fluorinated compounds (by °F NMR spectroscopy). The difference in C—H alumination using [B(Ar¢3)4]- and
[B(CeFs)4], is consistent with the considerable fluorophilicity of aluminum cations that presumably leads to Al-F bond
formation by fluoride abstraction from the sp3-CF3-containing anion (note, this is not observed with the zinc congeners

at 80 °C, consistent with the lower fluorophilicity of Zn relative to Al).

Table 3. C—H alumination of 2-methyl-thiophene.2

Dipp

=N Me @\ Bronsted Acid
et 87 TPnoi 807G, tme 4
\Dipp - CH,4
8 2a
Entry Bronsted Acid Time Yield
(h) (%)*
1 [(EtsN)H][B(CéFs)4] 20 80
2 - 18 0
3 [(DMT)H][B(CéFs)4] 20 54
4 [(DMT)H][B(Ar¢F3)4] 20 0
5 [(EtsN)H][B(ArcF)4] 20 0
6 [(EtsN)H][B(CsFs)4] 24 84

28 (0.1 mmol), 2a (0.1 mmol) and Brensted acid (0.01 mmol) in PhCl (0.6 mL). ? Yield by 'H NMR spectroscopy versus

CH2Br; added as an internal standard at the end.
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Table 4. Scope of C—H alumination of heteroarenes.®

N/Dipp = Al 10 mol%
=N Me N [(EtsN)H][B(Cer)d [Al]
e 7 K
,N/A'\M; (X\/I[\Vx:’ PhCI, 80 °C, 24 h j
\Dipp ~CH,
g8 (1) X=S,0,N) 9a-i
Me
/ /3 Z_\)\
J Me/Q\[AI] Ph/Q\[AI] 5~ IAl
9a \ 9a, 84% 9b, 93% 9c, 47%"
/A /A /A i/ \
Q\[AI] Me/Q\[AI] Et/Q\[AI]Q\[AI]
9d, 40%° 9e, 70% of, 91% 9g, 41%°
[A] [A]]
Do
N N
TIPS Me
oh, 46%® 9i, 91%
9i

a8 (0.1 mmol), heteroarene (0.1 mmol), and ammonium salt (0.01 mmol) in PhCl (0.6 mL) at 80 °C for 24 h. Yield by 'H
NMR spectroscopy versus CHzBrz added as an internal standard.? at 80 °C for 48 h. ¢at 100 °C for 24 h.

To determine the scope of this catalytic C—H alumination methodology, a range of heteroarenes was explored (Table
4). Similar to observations from C—H zincation, 2-substituted thiophenes (to form alumination products 9a and 9b) and
3-substituted thiophenes (forming 9¢) were amenable to C—H alumination. In this case, 3-methyl-thiophene underwent
regioselective C—H alumination to provide only the 5-substituted product, 9¢, in contrast to the zinc system where both
o-metalated isomers are formed. a-Selective C—H alumination was confirmed for 9a by single-crystal X-ray diffraction
studies (inset top Table 4). This C—H alumination process also was applicable to thiophene, although its lower
nucleophilicity!” meant higher reaction temperatures were required. The less activated heteroarenes 2-Br-thiophene
and benzothiophene did not undergo any C—H alumination at 100 °C. These observations are again consistent with an
SeAr-type mechanism. The absence of C—H alumination for the two less nucleophilic heteroarenes indicates a higher
turnover limiting barrier for these two substrates with aluminum relative to the zinc system. Nevertheless, catalytic
C—H alumination worked well for O/N-containing activated heterocycles. For example, furans showed good reactivity
(forming 9e-g), while C—H functionalization of N-TIPS-pyrrole proceeded at the C3-position in moderate yield (46%
9h, in 48 h). N-Me-indole underwent selective C—H alumination at the most nucleophilic C3-position to give an excellent
(91%) yield of the product, 9i. The formation of the C3-metalated isomer 9i was confirmed by single crystal X-ray
diffraction studies (inset bottom Table 4). The C3 functionalization of N-Me-indole under these conditions is also
consistent with an SgAr-type process and is in contrast to the C—H alumination of N-Me-indole under the previously
reported Pd-catalyzed conditions which proceeded selectively at the C-2 position.1! This further highlights the distinct

mechanisms of these two catalytic C-H alumination methodologies. It also should be noted that a range of phenyl
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derivatives, e.g. N,N-diisopropylaniline, again underwent minimal (or no) C—H alumination using our approach as per
the zinc system. Again, we would note that Crimmin and co-workers have shown previously that NacNacAl-(R)Aryl

complexes are useful sources of aryl nucleophiles in Nickel catalyzed cross coupling reactions with aryl bromides.11¢

Next, we sought to functionalize both the aluminum-methyl groups in NacNacAlMe: (8) by increasing the number of
equivalents of heteroarene used (from 1 equiv. in the reactions in Table 4). The reaction of 8 with 3 equiv. of 2-methyl-
thiophene in the presence of 10 mol% [(EtsN)H][B(CeFs)4] yielded 91% double C—H alumination product 10 after 80 h
(Scheme 2). Compound 10 was characterized by multinuclear and variable temperature NMR spectroscopy. It is
noteworthy that a related NacNacAl(thienyl)z product was synthesized previously using the Pd-catalyzed C—H

alumination approach, however the Pd-catalyzed system required much more forcing conditions (200 °C).?!

Scheme 2. Double C—H alumination.

Dipp 10 mol%

\ \Me O\ [(EtsN)H][B(CeF 5)4]

PhCI, 80 °C, 80 h

D|pp
8

This C—H metalation methodology again could be extended to the less sterically demanding MesNacNac ligand. However,
in contrast to the zinc system, for aluminum it required a change in the ammonium salt used. Specifically, 73% C—H
alumination of 2-methyl-thiophene with MesNacNacAlMez (11, Scheme 3) can be achieved to form 12 using 10 mol%
[(DMT)H][B(CsFs5)4]. In contrast, using 10 mol% [(EtsN)H][B(Ce¢Fs)4] and 11 / 2-methyl-thiophene led to a complex
intractable mixture of products. This indicated that the right combination of NacNacM electrophile and amine base is

essential for effective C—H metalation, with similar observations reported in other FLP-mediated reactions.!2

Scheme 3. C—H alumination with a MesNacNac derivative.
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Synthesis of cationic NacNacM electrophiles and solid-state structures

To gain insight into structure-reactivity relationships we synthesized a number of the NacNacZn salts starting from
NacNacZnH and [(Base)H][Anion]. This afforded 13a-f (Figure 3) as single products (by NMR spectroscopy). Given the
importance to the catalytic process of forming 13 by dehydrocoupling with [(RsN)H]* (as the barrier to
dehydrocoupling directly impacts AG#span, vide infra) these reactions were monitored by in-situ NMR spectroscopy. This
revealed that the more acidic cations, e.g. [([DMT)H]*, resulted in faster dehydrocoupling at room temperature
compared to the [(EtsN)H]* salts (though these also react at room temperature), indicating a lower barrier to
dehydrocoupling using [(DMT)H]*. No intermediates were observed during these protonolysis reactions. In contrast to
the Zn—-H congeners, the NacNacZnEt complexes 5a/5b reacted with [(EtsN)H]* salts only at 50 °C and above, to form
13c¢, 13d (from 5a) and 13f (from 5b), with no reaction observed at room temperature. Thus, there is a higher barrier
for ethane formation relative to Hz formation in this system. This combined with endergonic C-H metalation (vide
infra), explains the lack of heteroarene C-H zincation using the NacNacZnEt compounds 5a/b at temperatures < 120
°C.

The solid-state structures of [NacNacZn(NEt3)][B(Ar¢?)4] (13c), [MesNacNacZn(NEts)][B(Ar¢3)4] (13f), and
[NacNacZn(PPh3)][B(CsFs)4] (13e) were determined (Figure 3B) and all found to contain three-coordinate trigonal
planar zinc centers with effectively planar (< 0.05 A deviation) C3N2Zn metallacycles.2 The Zn1-NEt; bond lengths are
similar (13¢ = 2.008(4) A and 13f = 1.9945(13) A) and as expected are longer than that in three-coordinate (at Zn)
neutral NacNacZn-NR; complexes (where Zn-NR: ~ 1.85 A).2 However, they are shorter compared to those in four
coordinate [NacNacZn(amine)2]*** and the tmepaN-Zn distances in a three coordinate [(TMEDA)Zn-L]* cation.l4e

Combined, this data indicates minimal steric destabilization of the Zn—NEtz bonds in 13c and 13f.

In contrast to the systems containing [BArF]~ anions, reactions between NacNacZnH and [(DMT)H][OTf] afforded
crystals of the dimeric complex {NacNacZn(u-0Tf)}2, 14 (Figure 3C). In this structure each OTf anion is bound to two
zinc centers forming an eight-membered ring reminiscent of dimeric NacNacZn(carboxylate) derivatives.?® In-situ NMR
studies also revealed that DMT does not displace [OTf]” from zinc in 14 in solution (Fig. S142-S145). This suggests the
poor outcomes using [OTf]™ in the catalytic C—H zincation is due to the more coordinating nature of the [OTf] anion
toward zinc (relative to the [BArF]~ anions) which presumably blocks the heteroarene from interacting with the zinc

center.

Stoichiometric reactions of NacNacAlMe: with [(Base)H][B(CesFs)4] also were performed. These afforded the cationic
aluminum complexes cleanly for base = DMT and EtsN via methane elimination (Figure 3D). The protonolysis reactivity
again correlates with the relative Bronsted acidity of the ammonium salts, with 15a forming within 1 h at room
temperature, while the EtsN derivative, 15b, was formed fully only after heating for a prolonged period at 50 °C. No

intermediates were observed during any of these protonolysis reactions.

The solid-state structure of [NacNacAl(Me)(DMT)][B(CesFs)4], 15a (Figure 3D), confirmed the formulation with the four
coordinate aluminum center in a distorted tetrahedral geometry with metrics comparable to other four-coordinate

NacNacAl(Me)-based complexes. 2627

Steric effects in 15a appear minimal as indicated by the Al-Npwmr distance in 15a
(AI1-N3 2.010(6)) being comparable to that in other cationic four-coordinate Al-N(Ph)Me: complexes that have
ligands with less bulky substituents.?® As 15b did not afford single crystals suitable for X-ray diffraction analysis, the

structure of the cationic component was calculated (vide infra for detailed discussions of computational results). This
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calculated structure possessed closely comparable metrics to the structure of 15a indicating minimal differences to the

geometry around aluminum on changing the amine from DMT to EtsN.

+
,Ar—|x_ 13a: Ar= Dipp; Base = DMT; X= [B(C6F5)4]
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Figure 3. A, synthesis of 13a-f. B, structures of the cationic components of 13c, e and f. C, synthesis and structure of
14.D, synthesis of 15a and 15b and structure of the cationic component of 15a. Ellipsoids at 50% probability. Hydrogen
atoms are omitted for clarity. Selected bond distances (A) and angles (°) [13c]: Zn1-N1 1.921(4), Zn1-N2 1.897(4),
Zn1-N3 2.008(4), N1-Zn1-N2 103.25(17), N2-Zn1-N3 134.37(17), N1-Zn1-N3 122.38(17); [13e]: Zn1-N1
1.9189(13), Zn1-N2 1.9055(12), Zn1-P1 2.3336(4), N1-Zn1-N2 102.48(5), N2-Zn1-P1 134.64(4), N1-Zn1-P1
122.26(4); [13f]: Zn1-N1 1.9010(12), Zn1-N2 1.8960(12), Zn1-N3 1.9945(13), N1-Zn1-N2 103.02(5), N2-Zn1-N3
130.41(5), N1-Zn1-N3 126.57(5); 14: Zn1-N1 1.9433(17), Zn1-N2 1.9387(17), Zn1-01 2.0072(16), Zn1-03
2.054(2), S1-01 1.4545(17), S1-02 1.407(2), S1-03 1.450(2); [15a]: Al1-N1 1.916(6), Al1-N2 1.907(6), Al1-N3
2.010(6), Al1-C29 1.932(7), N1-Al1-N2 96.9(3), N1-Al1-N3 113.2(3), N2-Al1-C29 112.4(3), C29-Al1-N3 107.3(3).
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Mechanistic Studies:

Firstly, the suspected endergonic nature of heteroarene C—H metalation using [NacNacM-NEts]* (M= Zn/Al-Me) cations
was confirmed. For example, no change in the NMR spectra was observed upon addition of 20 equiv. of 2-methyl-
thiophene to the zinc complex 13c (at room temperature nor at 60 °C, Scheme 4 top). The subsequent addition of
NacNacZnH (1) however still led to the C—H zincation of 2-methyl-thiophene at 60 °C. This is consistent with 1 reacting
with [(EtsN)H]* and thereby driving the C—H metalation forward. On complete consumption of 1 during catalytic C—H
zincation compound 13c again was observed, suggesting that it is an on-cycle species (Fig. S156). Analogous
observations were forthcoming from the reaction of the aluminum complex 15b and 2-methyl-thiophene (Scheme 4,
bottom) e.g.,, no C—H metalation observed in the absence of NacNacAlMe: (8) to scavenge the ammonium cation by-
product from C—H metalation. Consistent with these observations the backwards reaction, i.e. protonolysis of the
NacNacM-thienyl complexes 3a and 9a with [(EtsN)H]*, proceeded to form 2-methyl-thiophene and 13c and 15b,
respectively (Scheme 4 and Fig. S157-5158). Note, the reaction of 9a with [(EtsN)H]* to form 15b was slightly slower
than the reaction of 8 with [(EtsN)H]* to form 15b, indicating a higher barrier for the protonolysis of the Al-thienyl unit

in 9a group relative to the AlI-Me unit in 8.

Scheme 4. Endergonic 2-methyl-thiophene metalation.

— -® no reaction

Di
observed ;{ / PP
y 7z
000 PhCI £n !
S 3 | S
20°C Dipp
+ [ENH] © 3a
@ no reaction
observed Dipp
-N\ Me
+ @\ PhCI A~
S < x'N’ /
60°C Diog>
® Dipp
+[(EtsN)H] 9a

Next, the kinetic isotope effect (KIE) of deuteration at the C5-position of 2-methyl-thiophene was measured in
independent reactions under catalytic conditions. A ku/kp of 1.2 for the C-H zincation of 2-methyl-thiophene was
determined. This low value indicates that C—H bond cleavage is not involved in the turnover-limiting step of C—H

zincation.

Notably, during the catalytic C—H zincation of 5-d-2-methyl-thiophene, 'H and 2H NMR spectra revealed deuterium
incorporation into the C, position of the NacNac ligand (Fig. S162). The protonation of the C, position of NacNacZnH by
[(EtsN)D]* (formed by deprotonation of 5-d-2-methyl-thiophene during C—D zincation) to form a species such as 16
(Scheme 5) would account for deuterium incorporation. While there is precedence for the C, protonation of NacNacM
complexes,?® including a limited number of examples where the Brensted acid is an ammonium salt* it is
unprecedented to our knowledge that protonation of the NacNac backbone proceeds in preference to protonation of a
M—H unit. Although we note, as intermediates are often not observed, without labelling studies this could have been

overlooked previously.
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Scheme 5. Top, the KIE for C—H zincation of 2-methyl-thiophene. Bottom, proposed protonation of the C, position.
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As noted earlier, no intermediates were observed during any of the dehydrocoupling reactions between ammonium
cations and NacNacZnH or between NacNacZnEt and [(EtsN)H]*. However, on investigating the stoichiometric reaction
of NacNacZnEt complexes 5a/b with the more acidic ammonium salt [(DMT)H][B(CesFs)4] at room temperature in-situ
NMR spectra revealed the presence of an intermediate. This intermediate slowly converted to 13a/18 and ethane
(Scheme 6). In these cases, the protonation of the NacNac backbone to form 17a and 17b is proposed, but analysis of
these reactions revealed a substantially broadened y-CHz resonance in the 'H NMR spectra even at low temperature (in

PhC], Fig. S168), precluding definitive characterization of backbone protonation and formation of 17a/b.

Scheme 6. Proposed NacNac backbone protonation by [(DMT)H][B(CeFs)4] (top) and observed protonation by HNTf;

(bottom).
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Seeking definitive evidence for backbone protonation, the reaction of NacNacZnEt with the strong Brensted acid HNTf:
was investigated. This produced a new compound with a singlet at 6 4.29 in 1H NMR spectrum, integrating to 2H and
assigned to backbone C, methylene protons (Fig. S174). This is consistent with the formation of compound 19, a

conclusion supported by the 13C{tH} NMR spectrum containing a resonance for a methylene (y) carbon at § 45.6.3' A
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resonance at § -77.9 in the 1°F NMR spectrum of 19 indicated a non-coordinated NTf2 anion. Combined, this resulted
in the formulation of 19 as a three-coordinate at zinc complex, consistent with the observed solution symmetry for the
NacNacligand. Compound 19 converted into compound 20 at room temperature over time by loss of ethane. Compound
20 has a 1H integral resonance for the y-CH at § 4.91 in the 'H NMR spectrum (the corresponding carbon resonates at
0 95.6 in the 13C{1H} NMR spectrum). The occurrence of backbone protonation prior to dehydrocoupling with the Zn—
H unit while notable does not unambiguously confirm that this is an on-cycle process. Reversible C, protonation
followed by direct protonolysis of Zn—H is also feasible, therefore DFT studies were performed to investigate the

mechanism further (vide infra).

For the C-H alumination of 2-methyl-thiophene, a ku/kp of 2.8 was observed based on independent reactions under
catalytic conditions. In contrast to the zinc system, this indicates that a C-H bond cleavage is involved in the turnover-
limiting step for C-H alumination. Further contrasts between the Zn/Al systems were forthcoming from analysis of the
1H and 2H NMR spectra which revealed minimal deuterium incorporation into the NacNac Cy position during C-H
alumination even after long reaction times (Fig. S181). This suggested a mechanistic divergence in these C-H zincation

and C-H alumination reactions.

Finally, to help benchmark the computational studies (vide infra) an Eyring analysis was performed for the irreversible
reaction between NacNacAlMe: (8) and [(EtsN)H][B(CsFs)4] which forms 15b and methane (Fig. S183). This led to a
AG* = 21.1 (1) kcal/mol for this step (at 298 K).

Scheme 7. Determination of C-H alumination KIE.
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Computational Studies on the Mechanism of C-H Zincation and C—H Alumination

The catalytic C—H metalation reactions were modelled with 2-methyl-thiophene, 2a, as a prototypical substrate using
the full NacNac ligand. Geometry optimizations employed the BP86 functional and a modest basis set (Zn: SDD; Al/S:
SDD with polarization; other atoms: 6-31G**). Electronic energies were then corrected for the effects of solvation (PhCl,
PCM) and dispersion (DFT-D3(B])) and recomputed with the def2-TZVP basis set using the B3PW91 functional. The
thermochemical corrections from the BP86 frequency calculations were then added to give the free energies quoted in
the text. This protocol was selected after extensive functional testing and conformational searching of key stationary

points involving a bound NEt3 ligand (Tables S6 and S7).

The computed profile for the catalytic zincation of 2a is shown in Figure 4(a), where [NacNacZn(NEts)]* (13c*) is taken
as the starting point of the cycle. Overall, the reaction proceeds as postulated, with an endergonic C-H zincation to form
NacNacZn(thiophenyl) 3a and [(EtsN)H]* (AG = +7.7 kcal/mol) being driven forward by exergonic dehydrocoupling
with NacNacZnH, 1, to reform 13c* with loss of Hz (AG = -8.9 kcal/mol). The overall process is therefore exergonic (AG
=-1.2 kcal/mol). The mechanism of C-H zincation initiates with the associative substitution of NEts in 13c* by 2-methyl-
thiophene via TS1CHZn gt +25.9 kcal/mol to form Int1¢HZn at +11.6 kcal/mol. Int1¢HZn shows elongation of the C4+-Cs
thiophene bond (1.43 A cf. 1.38 A in free 2-methyl-thiophene), consistent with the electrophilic activation of the
substrate. Deprotonation by the now free NEt3 base proceeds via TS2¢HZn (+24.8 kcal/mol) to give 3a and [(EtsN)H]* at
+7.7 kcal/mol. Two mechanisms were then characterized for the dehydrocoupling between 1 and [(EtsN)H]*: (i) direct
protonolysis of the Zn-H bond, and (ii) a ligand-assisted process. Of these, the latter proved significantly more
accessible and proceeds through protonation of the y-C position of the NacNac backbone via TS1PHCZn gt +19.7 kcal /mol
to give initially a H-bonded adduct (not shown) from which NEt3 dissociation forms Int1PHCZn, NEt3; coordination at Zn
then gives Int2PHCZn at +16.3 kcal/mol. The ZnN2C3 metallacycle in Int2PHCZn (Figure 4b, bottom) exhibits a boat
structure with a relatively short C-H---H-Zn contact of 2.23 A. Hz loss then proceeds with a barrier of only 9.2 kcal /mol
via TS3PHCZn at +25.5 kcal/mol, that exhibits elongated C-H and Zn-H distances (1.44 A and 1.79 A respectively) and
incipient H-H bond formation (C-H---H-Zn = 1.00 A). The alternative direct protonolysis of the Zn-H bond in 1 entails
a larger barrier of 25.4 kcal/mol via TS4PHCZn gt +33.1 kcal/mol (depicted in grey, Figure 4(a) and Figure 4(b) top).

The reaction profile for the C—H zincation of 2a was next computed with DMT for which the ligand-assisted
dehydrocoupling pathway again has a lower overall barrier (Fig. S188). Comparing the free energy spans shows NEt3
should be better for catalysis compared to DMT, AG*span = 25.9 vs. +27.4 kcal/mol, consistent with the experimental
results. Again, the overall barrier is dominated by two factors: (i) how endergonic the C—H metalation phase is, and (ii)
the magnitude of the dehydrocoupling barrier. With DMT, dehydrocoupling has a lower overall barrier (11.9 kcal/mol)
relative to EtsN (17.8 kcal/mol) consistent with the relative reactivity of 1 and the respective [(RsN)H]* salts. The lower
dehydrocoupling barrier with DMT originates from the y-C protonation of 1 being effectively energetically neutral with
[(DMT)H]* (-0.1 kcal/mol to form the DMT analogue of Int2PHCZn) in contrast to being uphill using the less acidic
[(EtsN)H]*. However, C—H zincation is significantly more endergonic with DMT (+15.5 kcal/mol to form 3a), and this
results in the overall higher AG#span for DMT vs Et3N.
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Figure 4. (a) Computed free energy reaction profile (kcal/mol) for the catalytic C-H zincation of 2-methyl-thiophene
(Method: B3PW91(def2-TZVP, D3(B]J), PhCl)//BP86(Zn: SDD; S: SDD(d); other atoms: 6-31G**). 2a precursor complex
was located at +13.2 kcal/mol; P TS1PHCZn [eads initially to a H-bonded NEt3; adduct at +17.9 kcal/mol that is omitted
for brevity (see supporting materials). (b) Details of selected stationary points (distances in A; ¢ = metallacycle

folding angle, see text for details; NacNac Dipp groups, Me H atoms and NEt3 H atoms omitted for clarity).

The computed profile for the C—H alumination of 2a is shown in Figure 5(a). Starting from the 4-coordinate cationic
NEt3 adduct [NacNacAl(Me)(NEts)]+, 15b+, the reaction proceeds via the dissociative substitution of NEt3 by 2a to form
the electrophilically activated adduct Int2CHAI gt +6.8 kcal/mol. Deprotonation of this species by free NEts then gives
9a, plus [(EtsN)H]* at +4.2 kcal/mol. This endergonic C—H alumination is followed by an exergonic dehydrocoupling
between 8 and [(EtsN)H]* to reform 15b* along with CH4 (AG = -15.1 kcal/mol). The overall catalytic cycle is therefore
exergonic (AG = -10.9 kcal/mol). Calculation of the ligand-assisted protonolysis pathway for Al revealed that while
protonation at the NacNac y-C is kinetically accessible via TS2PHCAl gt +19.4 kcal/mol, the subsequent CHs elimination
via TS3PHCAljs much higher at +36.1 kcal/mol. However, in this case direct protonolysis is more accessible via TS1PHCAl
(at +24.9 kcal/mol), with this corresponding to a Me-abstraction involving a near-linear Al---CHs---H---NEt3 unit
(Figure 4(b) top). Binding of Et3N to Al then occurs in a separate step to reform 15b*. It is noteworthy that protonolysis
(methane loss) and amine binding occur in separate steps in this pathway due to the accessibility of the amine-free
cation, [NacNacAl-Me]* (note, this cation has been previously reported).2” In contrast, in the zinc system forming the
amine-free cation, [NacNacZn]*, results in high energy intermediates (>30 kcal/mol, see Fig. S187), precluding a

comparable pathway involving direct Zn—H protonolysis followed by a separate amine binding step.
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Figure 5. (a) Computed free energy reaction profile (kcal/mol) for the catalytic C-H alumination of 2-methyl-
thiophene (Method: B3PW91(def2-TZVP, D3(BJ), PhCl)//BP86(Al/S: SDD(d); other atoms: 6-31G**). a TS2PHCAl [eads
initially to a H-bonded NEts adduct at +17.5 kcal/mol that is omitted for brevity (see supporting materials for details).
(b) Details of selected stationary points (distances in A; ¢ = metallacycle folding angle, see text for details; NacNac

Dipp groups, Me H atoms and NEt3 H atoms omitted for clarity).

The computed reaction profiles in Figures 4 and 5 capture many of the key reactivity patterns seen experimentally.
Both C—H zincation and alumination reactions are endergonic and the metalated products are trapped through
exergonic dehydrocoupling. The computed barrier for the protonolysis of 1 to form 13c* (17.8 kcal/mol) is lower than
that for 8 to form 15b* (20.7 kcal/mol), consistent with the relative solution reactivities. Furthermore, the computed
barrier for the dehydrocoupling of 8 with [(EtsN)H]* (20.7 kcal/mol) is in good agreement with the experimental value
of 21.1 (*1) kcal/mol, and this barrier is lower than that for the protonolysis of 9a, albeit only by 0.2 kcal/mol. The last
comparison is clearly subtle, and this extends to the interpretation of the experimental ku/kp KIEs. Thus, the low KIE
of 1.2 for the catalytic zincation of 2a (Scheme 5) is consistent with the computed rate-limiting transition state, TS1¢HZn,
that corresponds to associative NEt3/2a substitution. In contrast, TS3CHAl js computed to be rate-limiting for catalytic
alumination and this does involve C—H bond cleavage, aligning with the larger KIE of 2.8 (Scheme 7). More generally,
however, both cycles involve several high energy transition states of varying character that are close in energy, and for
which the relative energetic ordering is functional dependent. The B3PW91 functional was chosen as it performs
qualitatively the best over the range of available experimental mechanistic data; a more quantitative interpretation of

the computed profiles would be challenging.

While both the C-H zincation and alumination reactions follow the same general pattern of sequential C-H
activation/dehydrocoupling, these two processes do differ in the details. In some cases, this reflects the valency of the
metal centers; NEts/2a substitution is an associative substitution at the 3-coordinate Zn in 13c*, whereas starting from
the 4-coordinate Al complex 15b* substitution proceeds via a dissociative process. Furthermore, direct protonolysis of
the Zn—H bond in 1 involves approach of [(EtsN)H]* from above the coordination plane in TS4PHCZn, with concerted
Zn—H bond cleavage and Zn—NEts bond formation necessary to avoid the intermediacy of the high energy two

coordinate [NacNacZn]* cation. In contrast, such an approach is not found for the direct protonolysis of the Al-Me bond
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in 8 and instead [(EtsN)H]* engages in an essentially linear Me abstraction via TS1PHCAL This is presumably due to the
higher coordination number (four in 8 vs. three in 1) and the fact that the amine-free cation [NacNacAl-Me]* is

energetically accessible.26 27

Notably, the barrier to ligand-assisted Hz loss from Int2PHCZn (AG* = 9.2 kcal/mol) is much lower than that for ligand-
assisted CHs loss from Int1PHCAl (AG* = 21.7 kcal/mol). This significant difference combined with the ubiquity of
NacNacM complexes in chemistry®? means the factors impacting the barrier to dehydrocoupling via the ligand assisted

pathway warrant further discussion. Two main factors appear to underpin this barrier:

(i) H atom transfer is facilitated by the isotropic H 1s orbital that facilitates overlap in the transition state, whereas Me
group transfer involves distortion of the more directional sp3 hybrid (as indicated by NBO analyses on these two
systems, Figure 6 and S197).% This difference may be enhanced to some extent by the dominant Zn 4s character in the
Zn-H bond in Int3PHCZn; in contrast the Al contribution to the Al-Me bond in Int1PHCAl has more directional sp!-2
character (consistent with the relative energy of the 4s vs. 4p orbitals for zinc and the 3s vs. 3p orbitals for aluminum,
with the Zn 4p orbitals being relatively high in energy).2° The residual Al---Me interaction is further undermined in

TS3DHCAl compared to the Zn---H interaction in TS3PHCZn,

0.34(100% s) 0.76(100% s Q/Q
0.66(sp37) 0.24(94% s) g i
H H
NEts ,\/Q\NEta
—N
|nt2DHCZn Ts3DHCZn

0.34(100% ) 29 02 (sp%%)
0.66(sp37) 0.18 sp' 2)
H
——N —
—N

Int1PHCAI Ts3DHCAI

Figure 6. Coefficients and hybridization of the ozn-n NBO in Int2PHCZn, the ga-me NBO in Int1PHCAl and the oy-c-n NBOs.

The impact on orbital overlap in the corresponding transition states is shown schematically (see also Figure S197).

(ii) the degree of pre-organization into a boat-like conformation in the precursor complexes, quantified by ¢, the
metallacycle folding angle between the NMN (M = Zn, Al) and CyCpCp planes that define the ‘bow’ and ‘stern’ of the boat.
In Int2PHCZn ¢ = 91.7°, resulting in a short H---H contact of 2.23 A, and this distortion decreases (¢ increases to 97.9°) in
TS3DHCZn, [ contrast, Int1PHCAl has ¢ = 114.6° (C---H = 3.16 A) and the distortion increases to access TS3PHCAI (¢ =
106.9°). Notably, larger spectator ligands (defined as Y, Table 5) at the metal promote the ligand-assisted Hz or CH4 loss
reactions by increasing the distortion (decreasing ¢) of the precursor complexes (vide infra).

These factors were explored further by computing the ligand-assisted dehydrocoupling step in a series of model
complexes (Table 5). [H-NacNacZnH(NEt3)]* (i.e. Int3PHCZn) and the Me-analogue, [H—-NacNacZnMe(NEt3)]* (Entry 1
vs. 2), show similar ¢ values, and the higher barrier to CHs loss is consistent with the detrimental directionality effect
associated with alkyl transfer. This is fully consistent with C-H zincation using NacNacZn-Et not being successful due

to the larger AG#span produced by this effect (see Fig. S190). Similarly, CH4 loss from [H-NacNacAlMez]* (Int1PHCAl) jg
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harder than Hz loss from the corresponding dihydride [H—NacNacAlHz]* (Entry 3 vs. 4). However, this comparison is
complicated by large differences in ¢, with [H-NacNacAlMe:]* showing a much greater distortion to aboat
conformation (¢ = 114.6° cf. 145.7°). The isomers of the mixed H/Me species confirm the spectator ligand effect:
[H-NacNacAl(H)Me]* (Me spectator) shows a large distortion (¢ = 113.5°) that lowers the barrier to Hz loss compared
to [H-NacNacAlHz]* (Entry 4 vs. 5); the alternative [H—NacNacAl(Me)H]* isomer (H spectator) shows a low distortion
(6 = 139.0°) and CH4 loss is harder than [H—NacNacAlMez]* (entry 3 vs. 6). Introducing a bulkier tBu spectator group
(Entry 7) reiterates this effect, increasing the distortion (¢ = 102.7°) and reducing the barrier to Hz loss even further to

11.3 kcal/mol (See Fig S194).

Table 5. Computed barriers (kcal/mol) for loss of Hz/MeH from the direct precursor (e.g., Int2PHCZn or [nt1PHCAI) and
geometric distortions (quantified by the interplane angle ¢), in model Zn and Al complexes. Values of ¢ are for

precursor/transition state.

@
H Me/H {H-NacNacM}
H*C/ \M complexes
y\\\ / \Y
\Cﬁ N Y = spectator ligand
. < M=2Zn,Y =NR;
Co '\Q"N M=AlLY=R/H
¢
Precursor Complex AGH o9
1 [H-NacNacZnH(NEt3)]* 9.2 91.7/97.9
2 [H-NacNacZnMe(NEts)]* 16.0 92.8/90.3
3 [H-NacNacAlMez]* 21.7 114.6/106.9
4 [H-NacNacAlHz]* 16.7 145.7/105.0
5 [H-NacNacAl(H)Me]* 14.1 113.5/104.7
6 [H-NacNacAl(Me)H]* 25.1 139.0/96.3
7 [H-NacNacAl(H)'Bu]* 113 102.7/104.2
8 [H-NacNacZnH(NMes)]* 11.4 94.2/99.2
9 [H-NacNacZnH(NH3)]* 13.9 106.6/100.3

Arelated effect is observed in the zinc system on varying the amine spectator ligand: replacing NEts with smaller amines
(NMes and NHs, compare Entries 8 and 9 to Entry 1) decreases the distortion in the precursor (higher ¢) and leads to
higher barriers to Hz loss.34 It is also notable that the closest Al/Zn pairs, in terms of steric demand of the spectator
ligand (entries 7 and 8 and entries 5 and 9), have extremely similar barriers to Hz loss (11.3 vs. 11.4 and 14.1 vs. 13.9
kcal/mol), indicating that in these systems the steric bulk of the spectator ligand plays a greater role in determining the
barrier to dehydrocoupling than the identity of the metal and the nature of the M—Y interaction. It is notable that the
kinetically most accessible dehydrocoupling reactions (Entries 1 and 7) involve H: loss in the presence of the bulkiest

spectator ligand explored; the latter pre-organizes the system to such an extent that ¢ actually increases (i.e., the
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distortion decreases) in the transition state. This significant effect (up to 5 kcal/mol SAG# in the series studied herein)
has implications for the design of NacNacM catalysts, as it suggests that increasing the steric bulk around the metal

center can actually be desirable for lower barrier protonolysis processes via a ligand-assisted mechanism.

Conclusions

By coupling an endergonic C—H metalation step with a subsequent exergonic dehydrocoupling step we have developed
the first catalytic transition metal-free heteroarene C—H zincation/ C—H alumination requiring only sub-stoichiometric

base. This process uses readily accessible NacNacM complexes and simple amines, such as EtsN, as the base.

The properties of the base are crucial for an effective process since it fulfils multiple roles: coordination to M and
deprotonation of the [M-(heteroaryl-H)]* complex, with the resultant [(Base)H]* then key for protonating the
Zn—H/Al-Me containing complex. Initial guidelines for selecting an appropriate base include: (i) sufficiently low
nucleophilicity towards M to enable displacement by an incoming heteroarene; (ii) sufficient basicity to deprotonate
the resultant [M-(heteroaryl-H)]* complex. Furthermore, combining (i) and (ii) needs to produce a C—H metalation
phase that is not too uphill energetically. This is crucial as a significantly endergonic metalation phase will increase the
overall energy span of the process once the barrier in the second half of the catalytic cycle, the dehydrocoupling phase,
is taken into account, potentially making it too high to proceed. Given that C—H metalation is endergonic, the

dehydrocoupling step needs to have a relatively low barrier pathway for the overall cycle to be energetically feasible.

Notably, with NacNac ligands there is a degree of mechanistic flexibility in the dehydrocoupling step due to the
possibility of direct protonation of the M—H/M—Me unit or ligand non-innocence (backbone protonation) mediating
subsequent dehydrocoupling. Computational analysis of both pathways revealed the lowest energy route is
predominantly dictated by (i) the accessibility of the amine-free [NacNacM]* complex and (ii) the degree of steric-
derived distortion towards a boat conformer upon backbone protonation. For example, with the aluminum system an
amine-free cation ([NacNacAlMe]*) is energetically accessible enabling protonolysis to proceed in a separate step to Al-
amine bond formation. However, for the zinc system no amine-free cation ([NacNacZn]*) is energetically accessible,
precluding a stepwise Zn—H protonation-amine binding process, resulting in an alternative mechanism that proceeds
via ligand non-innocence. With other ligands backbone protonation may not be feasible therefore careful selection of
the organometallic complex is essential to avoid high energy intermediates/barriers during dehydrocoupling that
would therefore preclude catalytic C—H metalation. Based on the insights afforded from this initial study, and the fact
it is applicable to two disparate metals (Zn and Al) we believe that multiple other main group metals and other ligand
sets will be amenable to this transition metal-free, catalytic in base, C—H metalation approach. Thus, it has the potential

to facilitate the synthesis of a range of important organometallic reagents.
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