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M Check for updates

Given the urgent need to develop new methods of CO,/CO utilization,
understanding the mechanism of acetyl-CoA synthase (ACS)—a primordial
nickel-containing enzyme that converts these gases into a source of cellular

energy—is crucial; however, conflicting hypotheses and a dearth of well-
characterized bioorganometallic intermediates have hindered a proper
understanding of its mechanism. Herein, we report a functional model system
that supports several organometallic intermediates proposed for ACS,
including the long sought-after Ni(methyl)(CO) species, and promotes all key
reaction steps during catalysis: methylation, carbonylation, and thiolysis. Our
investigations provide the following key mechanistic insights that are directly
relevant to ACS: (i) the binding of a second CO molecule to the Ni center
promotes migratory insertion, (ii) both paramagnetic and diamagnetic Ni
intermediates are involved, (jii) one-electron oxidation of the Ni'(acetyl)
(thiolate) species drives a fast reductive elimination, and (iv) arandom binding
order of the methyl and CO groups to the Ni center is feasible.

The microbial nickel-containing enzyme acetyl-CoA synthase (ACS)
constitutes a pivotal component of the Wood-Ljungdahl Pathway
(WLP), and together with carbon monoxide dehydrogenase (CODH)
fixes atmospheric CO,/CO into the global carbon cycle'. In the pre-
sent context of the ever-increasing imbalance of these gases in the
atmosphere, an in-depth understanding of this enzyme pathway is
essential to devise new strategies for CO,/CO fixation into synthetically
useful chemicals®. Specifically, the mechanism of ACS has parallels to
the industrial Monsanto and Cativa processes for acetic acid synthesis,
albeit they operate under harsh conditions and employ precious Rh
and Ir catalysts”®. ACS catalyzes the synthesis of acetyl-CoA in the final
step of the WLP through the condensation of CO (supplied from CODH
via a gas channel), a methyl group (transferred from the methylcoba-
lamin of a corrinoid iron-sulfur protein), and coenzyme A via several
organometallic Ni intermediates (Fig. 1a)’. In certain microbes, the
WLP can operate in the reverse direction, wherein acetyl-CoA is
metabolized into CO, and methane. The first step in this process is
carried out by a related Ni enzyme acetyl-CoA decarbonylase/synthase
(ACDS) that reversibly cleaves the acetate C-C bond via a Ni-based
decarbonylation reaction'". The A cluster in the active site of ACS
consists of a dinuclear Ni cluster bridged by two p,-thiolates: one of the
Ni centres (the distal Nig) has a square planar geometry, while the other

Ni centre (the proximal Nip) adopts an unusual 3-coordinate geometry
and is bridged to a [Fe,S4]™ cluster via another p,-thiolate (Fig. 1d)™. It
is commonly accepted that the 3-coordinate Nij, center is the site of
substrate binding in the A cluster. Nevertheless, conflicting hypotheses
and a dearth of well-characterized bioorganometallic intermediates
have hindered a proper understanding of the mechanism of ACS. A
Ni(methyl)(CO) intermediate, which has both the methyl and CO
groups directly bound to the Ni center, has been proposed to be
involved in the enzyme mechanism®, yet it has never been observed’.
This conundrum is exacerbated by the fact that no such intermediate
has been isolated in any synthetic model of ACS'". Due to the pre-
sence of a CO alcove near the active site, and with the recent discovery
of a two-CO bound state at the Ni, center'®”, the role of excess CO on
the mechanism of ACS is also not well understood. Although it is
known that the enzyme needs a reductive activation from its inactive
Ni" state to enter the catalytic cycle?, the precise oxidation states of
the catalytically relevant intermediates are ambiguous'*?. Finally, the
order of binding of the methyl and CO groups to the Ni center, whether
ordered or random, has also been debated (Fig. 1a)*

Synthetic models that mimic the structure and/or the function of
ACS are useful to establish molecular principles governing its
mechanism. Several organometallic Ni complexes have been
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a The proposed mechanism of acetyl-CoA synthase (ACS) ¢ Reported routes to access thioesters with synthetic models
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Fig. 1| Acetyl-CoA Synthase and models. a The proposed mechanism for acetyl-
CoA synthase (ACS) showing substrate binding at the proximal Nij, site. Ni inter-
mediates involved can either be paramagnetic (Ni'/Ni'") or diamagnetic (Ni%/Ni").
The two possible substrate binding routes are shown: CO binding followed by
methyl (top pathway) and methyl binding followed by CO (bottom pathway). The
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Highlights
Isolation and reactivity of the Ni'(CH,)(CO) intermediate

Both paramagnetic & diamagnetic Ni species observed in the key

reaction steps

Evidence for random order binding of CO & CH; to the Ni center

Binding of a 2" CO molecule promotes migratory insertion

1800-fold enhancement in rate of thioester formation upon one-

electron oxidation of Ni''(acetyl)(thiolate) species

crystal structure of the monomeric form of ACS obtained from Carboxydothermus
Hydrogenoformans (PDB: 1IRU3) is shown in the background. b Reported functional
models of ACS that promote formation of thioesters. ¢ Synthetic routes to access
thioesters with the reported synthetic functional models of ACS. d Present work:
mononuclear functional models for the Ni, site of ACS.

developed over the years as models for ACS (Fig. 1b), however, they
only showcase a limited set of the proposed enzymatic catalytic steps
(Fig. 1c)"*'**%°_ Recently, Shafaat and coworkers have reported a
modified azurin protein containing a mononuclear 3-coordinate Ni
center as a model for ACS that provided insights into the nature of
several proposed organometallic intermediates”*°2,

Herein, we report a comprehensive study of a synthetic functional
mimic of ACS that enables the exploration of most of the organome-
tallic intermediates proposed for the catalytic steps involved in the

ACS mechanism. A series of Ni complexes supported by the tridentate
macrocyclic ligand 1,4,7-triisopropyl-1,4,7-triazacyclononane (‘Prstacn)
have been synthesized and their organometallic reactivity was inves-
tigated in detail (Fig. 1d), including a very rare Ni'(methyl)(CO) inter-
mediate. In addition, our investigations provide key mechanistic
insights that are directly relevant to mechanism of ACS (Fig. SD): (i) the
importance of a second CO molecule binding to the Ni centre to drive
the CO migratory insertion step, (ii) the relevance of both diamagnetic
and paramagnetic Ni intermediates during the catalytic steps, and (iii)
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the feasibility of a random binding order of the methyl and CO groups
to the Ni center. Finally, we show that (iv) the reductive elimination of
the thioester product from the Ni'(acetyl)(thiolate) species is ~1800
times faster upon one-electron oxidation, thus likely proceeding via a
Ni" intermediate. Importantly, the mechanistic studies described
herein could be adapted to probe the mechanistic details of the ACS/
ACDS enzymes.

Results and discussion

A synthetic model for the methylated state of ACS

While ‘Prstacn does not model the sulphur-rich coordination environ-
ment of the Nij, site in the A cluster, it does provide a three-coordinate
geometry akin to that of the enzyme. Moreover, the bridging u,-thio-
lates binding to the Nij, site are weaker in terms of electron donating
properties than a classical thiolate, an aspect which the stronger o-
donating N-based ‘Prstacn attempts to mimic. The solvent-bound
oxidized Ni" state of ACS (known as A,,) is known to be inactive and
needs a reductive activation to a reduced state (known as A,eq) to enter
the catalytic cycle®. Accordingly, the previously reported bis-solvento
Ni complex [(Prstacn)Ni"(NCMe),](PF¢), (1) was chosen to model the
Aox state of ACS™. Its Ni"/Ni' redox couple (-1.20 V vs F¢'/Fc, —0.56 V vs
NHE) compares well to the experimentally estimated redox potential
for the Ni" (Aoy)/ Ni'-CO (Anirec) couple of ACS (-0.50 to —0.54V vs
NHE)** or the computed value for the Ni'" (Ao )/Ni' (Aeq) couple
(-0.67 V vs NHE)*, as well as to that of the Ni"/Ni' redox couple for the
Ni-substituted azurin model of ACS*. These comparable redox
potentials support a similarity between the model complex 1 and the
biological system, especially as related to the reduction of the A,y state
of ACS. Accordingly, the one-electron reduction of 1 by cobaltocene
(CoCp,) or KCg generates the Ni' complex [(Prstacn)Ni'(n>-NCMe)]PF,
(2), which thus is viewed as a model of the catalytically active reduced
state A,eq Of ACS, although there are inherent differences in the nature
of reductants employed in the synthetic model and the biological
system’,

As a model for the methylated state (Aye) of ACS, the Ni'-
monomethyl complex [(Prstacn)Ni"(CH5)]PF¢ (3) was synthesized as
a purple solid in 82% yield via a transmetallation reaction of 1 with a
stoichiometric amount of DABAL-Me; (Fig. 2a)”*°. An effective
magnetic moment of 2.88 ug in MeCN was obtained for 1, which
supports a high spin (S=1) Ni" center. The solid-state structure
revealed a distorted tetrahedral coordination environment
(t4=0.64) at the Ni center (Fig. 2c). Notably, tetrahedral high spin
organometallic Ni" complexes are difficult to access, particularly
because the strong field o-donor characteristics of the alkyl group
favors spin pairing?**"*°, Although the Ay state observed in ACS is
low spin’, Shafaat and coworkers showed that a Ni-substituted M121A
azurin can replicate all the proposed steps of ACS from a high
spin tetrahedral Ni" (CHs;) complex”. Interestingly, 3 could also
be generated in 26% yield via a methyl transfer to the Ni' complex
from the methylcobaloxime Co™(dmgBF,),(CH;)(py) (dmg=
dimethylglyoxime, py =pyridine) in the presence of cobaltocene
(CoCp,) as an external reductant. In this case, the methyl radical is
presumably transferred from the reduced methylcobaloxime to the
Ni' center in 2 to form the Ni"-monomethyl complex, analogous to
previous reports*?**, Recent computational studies on the A cluster
have also revealed the possibility of a methyl radical transfer from
methylcobalamin to the A.q (Ni') state of ACS*’. However, other
experimental studies on the enzyme have suggested that a cationic
methyl transfer is more likely, forming a putative Ni"-CH; species****.
According to the inverted ligand field hypothesis proposed for the
Ni-substituted M121A azurin scaffold, the Ni"-CH; species needs a
reduction to the Ni'-CHj; state for further reactions®?. Since a Ni"-CH;
species could not be observed for the (‘Prstacn)Ni system, the results
described herein suggest that a one-electron reduction is needed for
the methyl transfer to occur from a Co"-CH; complex and thus

modeling the methyl transfer step by the methylcobalamin to the
reduced Nij, state of ACS"*.

As a result of its distorted tetrahedral geometry, 3 exhibits an
accessible coordination site, and upon exposure to 1atm CO in CH,Cl,
undergoes an immediate color change from purple to orange. The 'H
NMR spectrum of this reaction mixture shows a paramagnetic-to-
diamagnetic spectral change that displays a singlet resonance at §
0.34 ppm, assigned to Ni-CH; group, and continued exposure to CO
leads to formation of a new singlet resonance at § 2.65 ppm, assigned
to a Ni'- COCH; group, that forms with the concomitant decay of the
initial Ni"-CH; resonance (Figs. S32 and S33). In addition, in situ mon-
itoring by FT-IR reveals an immediate appearance of a peak at ~2000
cm™ (assigned to the CO stretch of a Ni'-CO species), which persists
throughout the reaction and is accompanied by a subsequent growth
of a peak at -1700 cm™, assigned to the CO stretch of a Ni"-COCHj;
species (Figs. S36 and S37). Overall, these observations are in support
of a two-step reaction of 3 with CO: an initial rapid binding of CO to the
vacant coordination site, followed by a slow migratory insertion of CO
into the Ni"-CH; bond to form a Ni"-COCH; species (Fig. 2b). Gratify-
ingly, exposing 3 to 1atm CO at -78 °C enabled the isolation of a rare
complex [(Prstacn)Ni"(CH3)(CO)]PF¢ (4) as an orange, diamagnetic
solid in 90% yield, and single crystal X-ray diffraction analysis reveals a
trigonal bipyramidal geometry at the Ni center (Fig. 2c). The CH; group
occupies the axial position trans to N(1), while CO occupies the
equatorial position, with N(2)-Ni(1)-C(16) and N(3)-Ni(1)-C(16) bond
angles of 135.0(2)° and 139.5(2)°, respectively. Interestingly, the
Ni-CH3 bond remains practically unchanged upon binding of CO to
the Ni center (1.988(3) A vs 1.992(6) A in 3 and 4, respectively). This
Ni(methyl)(CO) complex is a very rare example of an isolated inter-
mediate during the CO migratory insertion into a Ni-methyl complex
and models the elusive Ni(methyl)(CO) intermediate in ACS*"*.
Finally, overnight exposure of a THF solution of 3 to 1atm CO at room
temperature followed by vapor diffusion of pentane led to the isola-
tion of orange crystals of [(Prstacn)Ni"(COCH3)(CO)IPF, (5), with the
X-ray structure revealing a distorted square pyramidal geometry at the
Ni center and confirming the formation of an Ni(acetyl)(CO) species
(Fig. 2¢). Thus, although the Ni"-monomethyl complex (3) has a high
spin configuration, it becomes low spin upon binding of the strong
field CO ligand, which models the low spin configuration of inter-
mediates observed in ACS’.

In ACS, acetyl-CoA formation is known to proceed via a reversible
CO binding/migratory insertion at the Ni center, while ACDS is known
to reversibly cleave the C-C bond of acetate via formation of acetyl-
CoA, followed by a metal-based decarbonylation reaction'*". In this
context, crossover/exchange studies were carried out with isotopically
labelled complexes, and addition of 3 to a solution of [(Prstacn)
Ni"(®CH5)(®*CO)]PF¢ (4b) in CD,Cl, under N, led to the formation
of the mono-labelled species [(Prstacn)Ni"(*CH3)(*CO)]PF, (4a)
(Figs. 2d and S47), suggesting that the CO molecule can hop from one
Ni"-Me complex to another and thus supporting a reversible initial CO
binding to 3. UV-vis titration experiments reveal a large equilibrium
constant of ~10*atm™ for the CO binding to 3 (Figs. S18 and S19).
Introduction of *CO to a solution of 5 in CD,Cl, led to C enrichment
at the Ni-bound CO position, but also at the carbonyl carbon of the
acetyl group, all three complexes 5a, 5b, and 5¢ being detected by *C
NMR (Figs. 2e and S50). This exchange of the acetyl carbonyl with free
CO provides strong evidence that the migratory insertion of CO into
the Ni"-CH; bond in 4 is also reversible. Additional support for the
reversibility of migratory insertion was obtained from 'H NMR,
wherein it was observed that under static vacuum a solution of 5 slowly
converts to 4 (Fig. S35).

The CO migratory insertion is a fundamental organometallic
transformation and has been suggested in some studies to be the rate
determining step of the entire catalytic process in ACS*. A recent
discovery of a CO alcove near the active site of ACS presumably allows
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for CO saturation conditions during migratory insertion*s. This is
particularly relevant given the recent spectroscopic identification of
two CO molecules bound to the Nij, site”. In this context, it was
observed that 4 undergoes migratory insertion only in the presence of
excess CO. Monitoring by UV-vis of the conversion of 4 to 5 under
1atm CO reveals a first-order growth of an absorption peak at 340 nm,
corresponding to the near complete formation (> 95%) of the Ni-acetyl
complex 5 (Fig. S34), along with a concomitant decay of the absorption
peak at 253 nm (Fig. 3a). A rate constant k,,, of 1.26 +0.01x107s™
(corresponding to a 2nd order rate constant k, of
1.957 £0.01x 10" Ms™) could be extracted for this process at room
temperature by monitoring the peak at 340 nm. Interestingly, k,,; was
found to increase linearly with an increase in CO concentration
(Fig. 3¢). This supports a reaction that is first order in CO and indicates
an associative binding of CO occurring at or before the rate deter-
mining step. An Eyring analysis of this process at various temperatures
yields the following activation parameters: AH*=7 +1kcal/mol and
AS*=-38+2cal/mol K (Fig. 3d), and a free energy of activation
AG*=18 +1kcal/mol (298 K). Importantly, the large negative value for
AS* further supports an associative mechanism for the CO migratory
insertion step, as the binding of the second CO molecule leads to a
decrease in entropy due to a more ordered transition state.

A solution of 5 is stable only under 1atm CO and slowly converts
to 4 when CO is removed from the headspace of the reaction vessel.
The kinetics of this process was followed via UV-vis to reveal a slow
first order decay in the peak at 340 nm and a concomitant increase in
the peak at 253 nm (Fig. 3b), corresponding to a rate constant for the
deinsertion of CO from 5 of 2.03+0.02 x10™*s™, the CO deinsertion
step thus being an order of magnitude slower than the CO migratory
insertion. More mechanistic insights were obtained from >CO labelling
experiments wherein it was observed that the introduction of *CO to a
solution of 4 led to the incorporation of CO at all possible sites of the
Ni"(COCH3)(CO) complex (5a, 5b, and 5c, Fig. S49). This rules out (a) a
direct insertion of the incoming CO into the Ni"-CH; bond and (b) a
zero-order process involving an initial CO migratory insertion followed
by CO binding, as these two pathways would exclusively lead to the
formation of 5b and 5a, respectively. Furthermore, the relative frac-
tions of 5a and 5b stay nearly equal throughout the reaction
(Figs. S51-S53), implying that 5a and 5b should arise from a common
intermediate. These results are suggestive of an initial binding of CO to
the Ni center in 4 to form a transient [LNi"(CH5)(CO),]" species, prior to
one of the two CO groups migrating into the Ni-methyl bond (Fig. 3e).
This is consistent with the large negative value of AS* obtained from
the Eyring analysis, and also parallels the CO migratory insertion for a
phosphine-Ni" complex proposed to operate via a five-coordinate
intermediate formed upon coordination of a second CO molecule to
the Ni center prior to migratory insertion®. Modelling the conversion
of 4 to 5 by a two-step reversible process enables the determination of
the equilibrium constant for the CO migratory insertion to be
11.9 + 5.3 atm™ (pages S74 and S75), which is three orders of magnitude
lower than the equilibrium constant measured for the CO binding to 3
(Fig. 2b). Overall, the equilibrium constant for the conversion of 3 to 5
is determined to be ~10°atm™%; by comparison, the equilibrium con-
stant for the CO binding/migratory insertion reaction in ACS is esti-
mated to be 10* atm™"’,

A synthetic model for the carbonylated Ni' state of ACS

The Ni'(CO) intermediate, Airec, is the most well characterized state in
ACS**°, however, there have been questions regarding its involve-
ment in the enzyme catalytic cycle’* In an attempt to model this
species, exposure of the Ni' complex 2 to 1atm CO at =78 °C led to an
immediate change in the EPR spectrum to yield an axial signal with
8x=8,=2.183 and g,=2.015, along with superhyperfine coupling to
two N atoms in the g, direction (A,n=14 G, Figs. 3f and S57). Use of
BCO instead of ?CO led to the appearance of additional coupling in the

g, direction from the ®C (1=V%) nucleus (Ac =14 G), thus confirming
the formation of a Ni'(CO) intermediate. Density functional theory
(DFT) calculations reproduce the pseudo-axial g tensor and the
superhyperfine coupling constants of the putative [(Prstacn)Ni'(CO)
(NCMe)]* complex 6, with both CO and MeCN bound to the Ni center
(Tables S22 and S23). The spin density plot reveals that the unpaired
electron resides mainly on the Ni center (90% of total spin density, and
73% on the d,? orbital), with small contributions from the N atom of
iPrstacn, the coordinated CO, and the N atom of the bound acetonitrile
(Fig. 3f, inset). Notably, a five-coordinate Ni-isocyanide complex sup-
ported by the same ligand framework has been reported recently®,
suggesting that such five-coordinate Ni' complexes with suitable 1t
acceptors can be stabilized with ‘Prstacn. Further confirmation for the
formation of a Ni'(CO) species was obtained from FT-IR, which reveals
a CO stretch at 1984 cm™ that red-shifts to 1938 cm™ when *CO is used
(Fig. 3g). This shift is consistent with a molecule of CO bound to Ni, as
confirmed by DFT calculations (Fig. S104); the extent of CO activation
achieved in this model system is comparable to the Ni'(CO) state in ACS
(Veo=1996 cm™)>, and also to that in the Ni'(CO) azurin model of ACS
(Vco=1976 cm™)*°,

Importantly, the Ni'(CO) species 6 is competent for methylation
with the methylcobaloxime Co"(dmgBF,),(CHs)(py) in presence of
CoCp, as the reductant, with complex 4 being formed in 46% yield and
subsequently leading to formation of 5 upon continued exposure to
CO (Fig. 3h). Analogous to the methylation of the Ni' center in 2, a
methyl radical transfer from the reduced methylcobaloxine to the Ni'
center in 6 is the most likely pathway to form 4'“*, while the dis-
sociation of the CO ligand from 6 to revert back to the Ni' precursor 2
prior to methylation seems unlikely (Figs. S63 and S64). Overall, these
results suggest the intermediacy of the same Ni"(CH3)(CO) species 4,
irrespective of the order of addition of CO and CHj; to the Ni center,
and provide strong support for the proposed random binding order of
CO and CH; to the ACS active site?.

Thiolysis of the synthetic models of ACS

In ACS there is no unambiguous evidence of how CoA binds to the Ni
center to promote acetyl-CoA formation™**. To probe this aspect,
complex [(Prstacn)Ni"(CH5)(SPh)] (7) was synthesized from 3, using
thiophenolate as a model for CoA. Upon exposure of 7 to 1atm CO at
-78 °C, spectroscopic signatures corresponding to a Ni-bound acetyl
group were observed (*H NMR: § 2.12 ppm, and IR: v¢p 1628 cm™),
consistent with the formation of the [(Prstacn)Ni"(acetyl)(SPh)] com-
plex (8, Fig. 4a)>***, Warming up the above solution to room tem-
perature led to the disappearance of the Ni-acetyl peak and
concomitant formation of S-phenyl thioacetate in 77% yield.

Since CoA is proposed to be the final substrate in the catalytic
cycle of ACS?, a more faithful synthetic route was employed in which 4
was reacted with PhSNa in THF-dg at —78 °C in the absence of excess CO
(Fig. 4b, top), leading to the formation of the same species 8, as shown
by 'H NMR and FT-IR, and eventual formation of S-phenyl thioacetate
in 48% yield (determined by 'H NMR) at room temperature; this reac-
tivity suggests thiolates behave in a manner similar to CO by driving
the CO migratory insertion step. Moreover, the yield of the thioacetate
product increases to 77% in the presence of 1atm CO (Fig. 4b, condi-
tion b), and this trend is conserved across a range of aryl and alkyl
thiolates with varying electronic and steric preferences (Fig. 4b).
Interestingly, the flexible coordination behavior of ‘Prstacn allows it to
adopt a ¥ geometry upon binding of the thiolate to the Ni" center in 4,
and computational studies on the A cluster of ACS suggested a similar
de-coordination of one of the p,-thiolates upon the binding of CoA to
the Nij, site’”. Finally, thiolysis of complex 5 with either aryl or alkyl
thiolates also leads to the formation of thioesters in high yields
(Fig. 4b, condition c).

Excitingly, a sequential synthetic strategy was employed, starting
with the Ni" precursor 1 that is activated via reduction to the Ni' species
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Fig. 4 | Thiolysis of the model Ni complexes. a Synthesis of [(Prstacn)Ni"(CHs)
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representation of 7 shown with ellipsoids drawn at 50% probability. b Generation
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thiolates under the three conditions are shown. ¢ One-electron oxidation of 8 by
NOPF leads to a >1800-fold rate enhancement for the reductive elimination step.
d Crossover experiments between [(Prstacn)N"(COCD5)(SPh)] and [(Prstacn)
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2, followed by methylation with Co"(dmgBF,),(CHs)(py) in presence of
areductant (CoCp,), carbonylation under 1 atm CO, and thiolysis with
thiophenolate led to the formation of S-phenyl thioacetate in 61% yield
(Table S4), while switching the order of addition of CO and methyl
groups also led to the formation of the product in 34% yield (Table S5).
The above example of thioester formation via reductive activation of a
Ni" center and independent addition of methyl, CO, and thiolate
groups reproduces all key steps of the proposed catalytic cycle for
ACS. Importantly, one-electron oxidation of the in situ generated 8 by
NOPF leads to a > 1800-fold increase in the rate of thioester formation
at -25°C (Fig. 4c). Additionally, a negligible amount of crossover
products are formed when a 1:1 mixture of [(Prstacn)Ni"(COCD3)(SPh)]

and [(‘Prstacn)Ni"(COCH5)(SPhP")] are oxidized with NOPF¢ under an
inert atmosphere (Fig. 4d), strongly suggesting that one-electron oxi-
dation drives a rapid, concerted reductive elimination reaction from a
transient Ni" intermediate (Fig. S83). The Ni' species generated during
this process is likely trapped by the NO product from NOPF¢ reduction,
to form the previously reported [(Prstacn)Ni"(NO)]" species
(Fig. S83)*; this one-electron oxidation during the thiolysis step can
thus be a plausible pathway to regenerate the active catalyst as a Ni'
species, and thus close the reaction cycle and avoid the formation of
dead-end Ni° species. Importantly, in ACS a ferredoxin is proposed to
act as an electron shuttle that promotes electron transfer steps at both
the activation and methylation steps, as well as at the thiolysis step to
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form the thioester product and regenerate the active Ni' species®®.
Thus, based on these model studies we propose Nature may have
devised a judicious way to channel an electron to oxidize the
Ni"(acetyl)(SCoA) intermediate to a Ni" species that undergoes rapid
reductive elimination to regenerate the active Ni' species (Fig. 4e).

Described herein is a series of (Prstacn)Ni complexes that are
functional models of the Nij, site in ACS and can replicate all key steps
in the proposed catalytic cycle of ACS. In addition to isolating the
elusive Ni'(methyl)(CO) intermediate, we have demonstrated the
chemical competence for both the methyl and CO groups being the
first substrate to bind to the Ni' center and provided insights into the
nature of the various organometallic Ni intermediates and the plau-
sible oxidation states of the Ni center during the catalytic mechanism
of ACS. Kinetic studies suggest that binding of a second CO molecule
to the Ni center can drive the CO migratory insertion step, suggesting
that ACS might follow a similar process to promote rapid migratory
insertion and the subsequent reductive elimination. The entry point
into the catalytic cycle seems to be a Ni' species that needs suitably
timed electron transfers at the methylation and thiolysis steps to form
the thioester product, likely via a Ni"" species that then regenerates the
active Ni' species in the process. We acknowledge that the mono-
nuclear model described herein does not include the role of the FeS
cluster and the Nig site in the A cluster of ACS. We envision the Niq site
is controlling the geometry and tuning the redox potential of the Ni,
site via the bridging p,-thiolates, while the FeS cluster might act as a
temporary electron storage site that, in conjunction with ferredoxin,
aids in the electron shuttling events that we propose to be essential for
the the reduction, methylation, and the thiolysis steps needed to
complete a catalytic cycle. Overall, we hope that the mechanistic
insights obtained from these studies will enable the exploration of the
various proposed enzymatic mechanisms, and that the experiments
described herein will inspire new enzyme mechanistic studies to gain a
better understanding of the function of ACS and ACDS.

Methods

Synthesis of [(Prstacn)Ni"(CH;)]PF, (3)

In a N; filled glovebox maintained at <1 ppm O, levels, a 20 mL vial
equipped with a magnetic stir bar was charged with [(Prstacn)
Ni"(NCMe),](PF¢), (200 mg, 1 equiv, 0.291 mmol) and 5 mL 2-MeTHF. A
second 20 mL vial was charged with the bis(trimethylaluminum)-1,4-
diazabicyclo[2.2.2]octane adduct, DABAL-Me; (41.1mg, 0.55 equiv,
0.160 mmol) and dissolved in 5mL 2-MeTHF. Both solutions were
cooled to —35°C and the solution of DABAL-Me; was added dropwise
to the suspension of [(Prstacn)Ni"(NCMe),l(PF¢), in 2-MeTHF. The
reaction mixture was allowed to warm to room temperature and stir-
red overnight. The reaction mixture was then filtered to separate a
purple precipitate, which was extracted several times with THF to yield
apurple solution. The extraction was performed to remove a grey solid
that is presumably a byproduct derived from the aluminium reagent.
This resulting purple solution was concentrated under vacuum and
precipitated by the addition of excess pentane to yield a purple solid
(114 mg, 82% yield). Crystals suitable for X-ray diffraction were
obtained on cooling a saturated solution of 3 in 2-MeTHF (- 5 mg of
complex dissolved in 4 mL of solvent) at —35°C. 'H NMR (CDsCN,
500 MHz) & (ppm) 10.85 (br), 62.74 (br) 87.14 (br). UV-Vis, MeCN: A,
nm (g, M'em™): 527 (90), 349 (501), 255 (2602). Evan’s method:
Hetr = 2.8831g (MeCN). EA: calculated for CygH3¢F¢N3NiP: C 40.53% H
7.65% N 8.86%; found: C 40.28% H 7.46% N 8.69%.

Synthesis of [(Prstacn)Ni"(CH;)(CO)IPF, (4)

In a N; filled glovebox maintained at <1 ppm O, levels, a Schlenk tube
was charged with 3 (60 mg, 0.126 mmol) in 4 mL CH,Cl,. The tube was
taken out of the glovebox and cooled to —78 °C. Excess CO was bub-
bled into the reaction mixture for 1min upon which the solution
underwent an immediate colour change to orange. At such low

temperatures, the migratory insertion reaction of 4 to 5 is very slow
and 4 is the exclusive product obtained under these conditions. The
reaction mixture was then subjected to three freeze-pump-thaw cycles
to remove any excess CO. The solution was then warmed up to room
temperature, concentrated under vacuum and precipitated by the
addition of pentane, and an orange solid was isolated (59 mg, 93%
yield). Crystals suitable for X-ray diffraction were obtained by vapor
diffusion of pentane into a THF solution of 4. 'H NMR (CD,Cl,,
500 MHz) 6 (ppm) 3.20 (sept, 6.5 Hz, 3H), 3.01-2.99 (m, 6H), 2.68-2.66
(m, 6H), 1.44 (d, 6.5 Hz, 18H), 0.34 (s, 3H). *C NMR (CD,Cl,, 125 MHz)
6 (ppm) 179.76, 59.24, 45.21, 19.22, 4.54. UV-Vis, CH,Cl,: A, nm
(g, Mcm™): 450 (424), 286 (4745), 252 (8676). IR (ATR): 2006 cm™ (Ni-
CO). EA: calculated for C;7H3¢F¢N;NiOP-CH,Cly: C 36.83% H 6.52% N
7.16%; found: C 36.89% H 6.52% N 7.68%.

Synthesis of [(Prstacn)Ni"(COCH3)(CO)]PF (5)

In a N, filled glovebox maintained at <1ppm O, levels, 4 (22 mg,
0.044 mmol) was dissolved in 4 mL THF in a vial. The vial was sealed
with a rubber septum, removed from the glovebox, and bubbled with
CO for 10 min to ensure CO saturation of the solution. The vial was
then allowed to stand under the 1atm CO overnight at room tem-
perature. Following this, pentane was allowed to diffuse into this
solution at -35 °C. Orange crystals (15 mg) of 5 were isolated in 64%
yield. 5 is unstable under a nitrogen atmosphere and slowly deinserts
CO to form 4. Hence all NMRs for 5 were recorded under 1atm CO.'H
NMR (CD,Cl,, 500 MHz) & (ppm) 3.34 (sept, 6.5 Hz, 3H), 2.96-2.95 (m,
6H), 2.62 (s, 3H), 2.57-2.56 (m, 6H), 1.44 (d, 6.5Hz, 18H). ®°C NMR
(CD,Cl,, 125MHz) & (ppm) 221.01, 184.15, 59.44, 45.21, 38.10, 18.36.
UV-Vis, CH,Cly: A, nm (g, M*em™): 450 (437), 340 (2983), 286 (3862),
232 (5189). IR (ATR): 2024 cm™ (Ni-C0O), 1709 cm™ (Ni-COMe). EA: cal-
culated for CigH36F¢N3NiO,P: C 40.78% H 6.84% N 7.93%; found: C
40.87% H 6.89% N 8.07%.

Data availability

The X-ray crystallographic coordinates for structures reported in this
study have been deposited at the Cambridge Crystallographic Data
Centre (CCDC), under deposition numbers 2376143 (3), 2376142 (4),
2376140 (5), and 2376141 (7). These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. All data generated and analyzed are included in
the Supplementary Information, including synthetic details, spectro-
scopic characterization of new compounds, mechanistic studies,
computational details, and X-ray crystallographic details. Coordinates
of DFT optimized geometries are provided in the Source Data file.
Source data are provided with this manuscript. All additional data are
available from the corresponding author upon request. Source data
are provided with this paper.
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