Zirconium Hydride Catalysis Initiated by Tetrabutylammonium
Fluoride

Athenea N. Aloiau?, Briana M. Bobek?, Kelly E. Pearson?, Kendall E. Cherry, Christopher R. Smith, John M. Ketcham, Matthew A. Marx,

and Stephen J. Harwood*

Mirati Therapeutics, 3545 Cray Court, San Diego, California 92121, United States

w%ﬁoa

N/ Me

0/ N tBu 0/ ‘tBu

[PI3KaH1°47R inhibitor]

@O Efl — E%JI

HOZC

room temperature * open to air * catalytic + chemoselective * d|astereoselect|ve « scalable
Substrates: azines ¢ azoles « functionalized terpenes
[Mechanistic Investigation]

ABSTRACT: In our drug discovery campaigns to target the oncogenic drivers of cancers, the demand for a chemoselective,
stereoselective and economical synthesis of chiral benzylamines drove the development of a catalytic zirconium hydride re-
duction. This methodology uses the inexpensive, bench stable zirconocene dichloride, and a novel tetrabutylammonium flu-
oride activation tactic to catalytically generate a metal hydride under ambient conditions. The diastereo- and chemoselectivity
of this reaction was tested with the preparation of key intermediates from our discovery programs and in the scope of sulfinyl
ketimines and carbonyls relevant to medicinal chemistry and natural product synthesis. A preliminary mechanistic investi-
gation conducted into the role of tetrabutylammonium fluoride indicates that formation of a zirconocene fluoride occurs to
initiate catalysis. The implications of this convenient activation approach may provide expanded roles for zirconium hydrides

in catalytic transformations.

[INTRODUCTION]

Chiral amines frequently appear as motifs in biomole-
cules,! alkaloid natural products,? ligands for asymmetric
catalysis,® and in the structures of synthetically derived ac-
tive pharmaceutical ingredients (APIs).* The chiral benzyl-
amine is a particularly common element in synthetically de-
rived therapeutic agents. Four (repotrectinib,5 capi-
vasertib,® fezolinetant,” and iptacopan®) of the 34 small mol-
ecules in 2023° and two (olutasidenib!® and mavacamten!?)
of the 20 small molecules approved in 202212 by the FDA
contained a chiral benzylic amine in their structure. As a re-
sult of their ubiquity, the synthesis of chiral amines is an ac-
tive area of synthetic exploration. In our research to dis-
cover novel therapeutics targeting oncogenic drivers of can-
cer we have encountered multiple bioactive chemical series
that required a chiral benzylamine element.!3 For example,
we developed MRTX0902, a potent, selective, and metabol-
ically stable, clinical-stage inhibitor of the Son of Sevenless
1 (SOS1): KRAS protein-protein interaction (PPI).!* 15 Over
the course of the design and discovery program of
SOS1:KRAS PPl inhibitors (1, Figure 1A), many diverse en-
antiopure benzylamine fragments were prepared for at-
tachment onto to the phthalazine core (2).

We recently disclosed the discovery and biological activ-
ity of a series of pyridopyrimidinone molecules (3, Figure

1B) which also contain a chiral benzyl amine. These com-
pounds were found to selectively inhibit the histidine 1047
to arginine Phosphoinositide 3-Kinase alpha (PI3Ka!1047R)
mutant protein (Figure 1B).1® Wild-type PI3Ko (PI3Ka™T)
plays a crucial role in cellular metabolic processes.!” It is di-
rectly involved in the insulin response and cellular uptake of
glucose. As a result, the PI3K-Akt pathway plays a critical role
in apoptosis, cellular proliferation, and systemic metabolism.
Mutation of the PIK3CA gene is an oncogenic driver in many
cancers.’® The specific point mutation of histidine 1047 to argi-
nine is a hotspot with several tens of thousands of breast, colo-
rectal, and endometrial cancer diagnoses each year as a result
of this singular mutation. These discoveries have made PI3Ka
an attractive target to drug; however, the currently approved
therapy indiscriminately inhibits PI3Ka"™ and the mutant
PI3KaH1%7R 19 Given the significant role in metabolism that this
pathway plays, inhibition of the wild-type protein produces on-
target toxicity in the form of hyperglycemia, eventually leading
to insulin resistance.?® To circumvent these issues, researchers
have begun focusing on molecules capable of differentiating
between the point-mutated protein and wild-type PI3Ka. For all
PI3Kal1047R-specific inhibitor drug discovery programs re-
ported to date, the chiral benzylamine contained in the core
is essential to inhibitor activity and selectivity. It forms an
intramolecular hydrogen bond with the benzoic acid ar-
ranging the acid to directly interact with the point mutated
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arginine residue to drive selectivity for PI3Ka!1947R inhibi-
tion and avoid the on-target toxicities associated with
PI3KaWT inhibition.?!

Recently, we shared the development of a convenient
method utilizing Schwartz’s reagent (zirconocene chloride
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Figure 1. (A) Divergent retrosynthetic strategy used in the
SOS1:KRAS PPI drug discovery program. (B) Divergent ret-
rosynthetic strategy used in the PI3KaH1047R drug discovery
program. (C) Research objective to develop a catalytic tac-
tic that would improve both divergent strategies.

hydride, initially reported by Wales and Weingold and de-
veloped by Schwartz and coworkers)?? 23 that was con-
ducted at room temperature and under an ambient atmos-
phere (Figure 1C).2* Schwartz’s reagent proved to be highly
diastereoselective in the reduction of chiral sulfinyl
ketimines derived from Ellman’s auxiliary?® resulting from
its high oxophilicity and bulky cyclopentadienyl ligands.
This hydride also proved to be remarkably chemoselec-
tive2¢ in comparison to many of the conventional metal hy-
drides applied to the reduction of sulfinyl ketimines (in-
cluding sodium borohydride, borane, L-Selectride®, lithium
triethyl borane, lithium aluminum hydride, diisobutylalu-
minum hydride). This chemical tactic is well-suited for drug
discovery programs, like our SOS1 program, that execute

divergent strategies where the chiral benzyl amines are in-
stalled onto the molecular core (2, Figure 1A).27.28 In con-
trast, the PI3KaH1947R program utilized a strategy targeting
a late-stage Csp?-N bond formation. Tactically, this implies
that the synthesis of the chiral benzylamine motif (4) in this
program should be introduced onto the core in the linear
portion of the synthesis— before the first divergent step.
Therefore, we sought to evolve the stoichiometric zirco-
nium hydride methodology into a reaction that would cata-
lytically deploy an inexpensive and bench stable zircono-
cene complex and use a less costly terminal reductant. We
anticipated that utilizing the zirconium catalytically would
maintain the high diastereo- and chemoselectivity and con-
venience previously observed while reducing reaction cost
and metallic waste.?’ The development of a catalytic proto-
col would produce an attractive tactic irrespective of syn-
thetic strategy.

The use of zirconocene complexes as catalysts have
found widespread implementation in Lewis acid catalysis,3°
Zeigler-Natta polymerization,3? and carbometallation
chemistry.32 However, the catalytic use of zirconocene hy-
drides has historically employed strong reductants (alumi-
num hydrides) or strong nucleophiles (organolithium, or-
ganoalanes, and Grignard reagents).33 This has limited the
utility of catalytic hydrozirconations in synthetic chemistry.
An early proof of concept for catalytic reductions using zir-
conocene complexes with less pyrophoric terminal reduct-
ants was reported by Takahashi and Negishi in 1991 (Fig-
ure 2A).34 Using three equivalents of ethyl Grignard relative
to the zirconocene dichloride, it was possible to generate an
activated species proposed to be an alkenyl complex capa-
ble of reducing decene to decane under an atmosphere of
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Figure 2. Inspirational precedence to zirconocene cataly-
sis. (A) Early example of a catalytic hydrozirconation using
a precatalyst activation approach. (B) Utilization of a zirco-
nium fluoride precatalyst and sodium fluoride to accom-
plish catalyst turnover. (C) Recent example of a precatalyst
activation approach using silane as the terminal reductant.
(D) Example using an active complex as the catalyst.
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hydrogen gas. Silane reagents have been employed previ-
ously as the terminal reductant for other group IV metallo-
cene complexes, particularly titanocenes.3 Interestingly,
these early reports utilize metal fluoride metallocene com-
plexes for efficient catalytic activity. In one such recent ex-
ample from Sakai and coworkers, utilizing either a zircono-
cene difluoride or hafnocene difluoride, demonstrated the
reductive coupling of alkynes and arenes to produce stil-
benes (Figure 2B).3¢ This reaction relies on the use and re-
generation of a metal fluoride. Elegant examples deploying
commercially available zirconocene complexes and utiliz-
ing silanes as terminal reductants have begun to emerge in
recent years.3” In 2022, Bayeh-Romero and coworkers re-
ported that a previously described dimeric complex could
be generated in situ and was found to efficiently react with
dimethoxymethyl silane (DMMS) to catalytically generate a
zirconocene hydride for ketone and ester reduction (Figure
2(C).%72 Similarly, in 2022, Donnelly, Cantat and colleagues
described the catalytic use of Schwartz’s reagent (starting
with the requisite hydride ligand) for the catalytic reduction
of esters to silyl ethers and alcohols (Figure 2D).37> These
examples suggested that precatalyst activation and catalyst
turnover require significant consideration in the develop-
ment of transformations employing a catalytic zirconocene
hydride.

[Results and Discussion]

Using the simple model substrate sulfinyl ketimine (5)
derived from acetophenone, we began exploring reaction
conditions to accomplish a diastereoselective reduction cat-
alyzed by a zirconocene dichloride precatalyst (Table 1).

Initial Optimization Efforts

0 Me Cp,ZrCl, (5 mol%) n e

tBu,S\N/ DMMS (3 eq.) tBu,S\N

Et,NH (5 mol%) H

5 THF, rt, 24h 6

Entry Deviation yield?

1 no change 6%
2 H,0 (0.5 mol %) 9%
3 H,0 (1.0 mol %) 14%
4 H,0 (2.5 mol %) 13%
5 H,O (5.0 mol %) 22%
6 No Et,NH 23%
7 No Et,NH, H,0 (0.5 mol%) 21%
8 No Et,NH, H,0 (1.0 mol%) 21%
9 No Et,NH, H,0 (2.5 mol%) 22%
10 No Et,NH, H,0 (5.0 mol%) 23%
1 Cp,ZrCl, (10 mol%), Et,NH (10 mol%), 48h  50%
12 LiCI (1 eq.) 32%
13 LiCI (1 eq.), H,0 (0.5 mol %) 36%
14 LiCI (1 eq.), H,0 (1.0 mol %) 31%
15 LiCI (1 eq.), H,0 (2.5 mol %) 41%
16 LiCI (1 eq.), H,0 (5.0 mol %) 44%
17 LiCl (1 eq.), no Et,NH 47%
18 LiCl (1 eq.), no Et,NH, 72h 100%

Table 1. Proof of concept for the catalytic, diastereoselec-
tive reduction of sulfinyl ketimines using zirconocene di-
chloride. a NMR yield.

We expected this reaction would have two significant chal-
lenges to optimization. First, to maintain high diastereose-
lectivity, we anticipated that we would be unable to in-
crease the reaction temperature to accelerate catalysis. Sec-
ond, in using a chiral auxiliary that coordinates the catalyst,
the resulting reduction product is effectively a bidentate lig-
and which could result in product inhibition of the catalyst.

We began our exploration of this transformation using the
conditions reported in 2022 by Bayeh-Romero and cowork-
ers.372 We were excited to find that by increasing the cata-
lyst and amine equivalency to 10 mol% (from 5 mol%) and
switching the solvent to the more coordinative ether, tetra-
hydrofuran (from toluene), resulted in yields up to 50% af-
ter two days at room temperature (Table 1, entry 11). Fur-
ther efforts to optimize these reaction conditions proved
fruitless. Carefully adjusting the catalyst, water, and amine
ratios did not provide improvements in the rate of the reac-
tion. In an attempt to ameliorate any potential product inhi-
bition, lithium chloride was added to the reaction. The in-
troduction of lithium chloride combined with the exclusion
of diethylamine and water, provided a 47% yield of 6 after
24h (entry 17). We found that the catalyst was still active at
this time and extending the reaction to three days resulted
in full conversion of substrate to product (entry 18). These
results inspired a campaign to optimize this transformation
from the ground up.

Discovery of TBAF Activation

0  Me Cp,ZrCly (10 mol%) q e
Bu SN DMMS (3 eq.) tBu,s\N
THF, rt, 24h H
6
Entry Deviation yield?
1 no change 17%
2 LiCl (0.5 eq.) 24%
3 LiCI (1.0 eq.) 47%
4 LiCl (2.5 eq.) 45%
5 LiBr (1.0 eq.) 26%
6 LI (1.0 eq.) N.D.
7 KCI (1.0 eq.) 22%
8 NaCl (1.0 eq.) 20%
9 ZnCl, (1.0 eq.) N.D.
10 TBABr (1.0 eq.) 21%
11 TBAF (1.0 eq.) N.D.
12 TBAF (1 drop), 71%
13 TBAF (0.1 eq.), LiCI (1 eq.) 98%
14ref. 24 Cp,ZrCIH (1.1 eq.), DCM 76%"
15 TBAF (0.13 eq.), LiCI (0.5 eq.), 78%D
DCM/THF (9/1) [1 gram scale] >20:1 dr

Table 2. Identification of TBAF as a critical additive for cat-
alytic activity. 2 NMR yield. b isolated yield. N.D. = not de-

To summarize the results of this second optimization, a
variety of common silane reagents were explored, and it
was found that silyl ethers are particularly effective in this
transformation. The unique reactivity of alkoxysilanes as
terminal reductants in other metal hydride systems has
been previously explored and a similar effect may be in-
volved in the formation of zirconocene hydrides from
silanes.?® In line with previous findings, DMMS was found
to be the most effective reductant (Table S1). Several sol-
vents were found to be effective including dichloromethane
and toluene, however, tetrahydrofuran was found to give
the most catalyst activity and was chosen for early optimi-
zation (Table S2). Furthermore, the reaction appeared to
be relatively insensitive to a range of catalyst loadings and
reaction concentrations (Table S3, S4). A number of addi-
tives were explored including lithium, sodium, potassium
and zinc halide salts. Lithium chloride was found to be the
most effective salt additive, increasing yield in an equiva-
lent-dependent manner (Table 2, entries 2-10). Neverthe-
less, this reaction still took 3 days to accomplish the full con-
version of starting material to product. A breakthrough

3
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came after including tetrabutylammonium fluoride (TBAF)
as an additive. At first, one full equivalent was added leading
to rapid decomposition of the starting material. Subse-
quently, a drop of TBAF (1M in THF) was added to the
model reaction. After 24 hours, the reaction delivered the
desired product in 71% yield (Table 2, entry 12). Combin-
ing a substochiometric quantity of TBAF (0.1 equivalents)
with one equivalent of lithium chloride provided full con-
version to product (entry 13). After refining the solvent
conditions for diastereoselectivity, full conversion to prod-
uct could be accomplished using DCM:THF ratio of 9:1 and
10 mol% of the inexpensive, bench stable zirconocene di-
chloride, 0.13 equivalents of TBAF, and 0.5 equivalents of
LiCl. This reaction was performed on gram scale to obtain 6
in a 78% isolated yield with >20:1 dr.

Reaction Refinement

ﬂ Me Cp,ZrCl, (10 mol%) (I)I Me
DMMS (2 eq.) :
tBu’S\N/ TBAF (0.13 eq.) tBu’S\H
Me DCM/THF (9:1) Me
7 CN 85%, >20:1 dr 8 CN
Entry Deviation yield? dr

1 No Cp,ZrCl, 25% 4:1
2 No DMMS N.D.

3 DMMS (1.5 eq.) 57% >20:1
4 DMMS (3 eq.) 86% >20:1
5 No TBAF 10%

6 TBAF (0.25 eq.) 46% >20:1
7 Solid TBAF « 3H,0 99% >20:1
8 LiF (0.13 eq.), no TBAF 9%

9 NaF (0.13 eq.), no TBAF 1%

10 KF (0.13 eq.), no TBAF 13%

11 CsF (0.13 eq.), no TBAF 1%

12 LiCl (0.5 eq.) 79% >20:1
13 LiCl (1 eq.) 70% >20:1
14 02M 83% >20:1
15 1.0M 65% >20:1
16 THF (0.5 M) 70% >20:1
17 DCM (0.5 M) 75% >20:1
1gref. 24 Cp,ZrCIH (1.1 eq.), DCM 69%P >20:1
19 500mg scale, DMMS (3eq.)  68%P >20:1

Table 3. Reaction development evaluating fluoride
sources as activating reagents. @ NMR yield. b isolated
vield. N.D. = not detected.

For a final refinement of the reaction conditions, the
more complex model derived from the synthesis of
MRTX0902,'* ketimine 7, was chosen to increase the dy-
namic range of the reaction. A series of reactions exploring
other fluoride salts, reagent equivalency, solvents, reaction
scale, and controls were examined (Table 3). A few inter-
esting observations were made throughout the optimiza-
tion process. A background reaction is present when DMMS
is mixed with TBAF that gives sulfinamide 8 in modest yield
as a 4:1 ratio of diastereomers (Table 3, entry 1).3° Addi-
tionally, when the TBAF is added to a solution of the catalyst
and DMMS, gas evolution is observed. If the order of addi-
tion is reversed; wherein DMMS is added to a solution of the
catalyst and TBAF, then no gas evolution was observed.
Solid TBAF works as well (or better) than commercial 1M
solutions in THF, although this form of the reagent was
found to be less practical for benchtop experimentation due
to its hygroscopic nature (Table 3, entry 7). Other fluoride
salts were found to be ineffective and the amount of TBAF
was highly impactful on reaction yield (entries 5-11). Inter-
estingly, the reduction of 7, in particular, did not benefit
from the inclusion of lithium chloride in the same way the

reaction of ketimine 5 had (entries 12 and 13). From these
observations, we chose to carry forward with two sets of
optimized conditions: one using LiCl and one without LiCl
during the evaluation of the substrate scope. Two and three
equivalents of DMMS were found to be identical on the
model substrates, thus, for reaction robustness, 3 equiva-
lents of the silane was chosen for substrate scope explora-
tion.

With a pair of optimal conditions in hand, we applied
them to our synthetic problem in the diastereoselective and
chemoselective ketimine reduction on the pyridopyrimidi-
none core (9) for our PI3KaH1047R drug discovery program
(Table 4).162 Like many of the electron deficient heteroaro-
matic cores found in inhibitors of this class, the pyri-
dopyrimidinone is highly susceptible to reduction. Early in
our discovery program several hydride reductants were
evaluated for this system. Small, mild reagents like borane
gave minimal diastereoselectivity. Large, strong reductants
like L-Selectride® exclusively reduced the heterocyclic
core. Metal hydrides of moderate reactivity and steric en-
cumbrance, like diisobutylaluminum hydride (DIBAL-H)
gave modest selectivity and moderate yields. As a bench-
mark for the catalytic variant, the stoichiometric reduction
using Schwartz’s reagent provided a 57% yield of our de-
sired product as a single diastereomer (entry 7). We applied
the catalytic reaction (10 mol% Cp2ZrClz, 3 equivalents
DMMS, 0.13 equivalents TBAF, 1 equivalent LiCl, 0.4M
DCM/THF (9:1) at room temperature) and were pleased to
obtain a single diastereomer in 51% isolated yield (entry 8).

Chemoselectivity Profile

(o] (o]
T, "L,
N \Nl oBn [Reductant] \g\fk\Nl OBn
Hlil Me 10
S

N7 “Me
l 9
07" ™ Bu 07" “Bu
Entry Conditions yield® dr
1 NaBH,,-78 °C-rt, THF 37% 25:1
2 BH;*DMS,-78 °C-0 °C, THF 61% 1.7 :1
3 DIBAL-H ,-78 °C-0 °C, THF 52% 21:1
4 RedAl-H ,-78 °C-0 °C, THF core reduction
5 LiEt;BH, -78 °C-0 °C, THF core reduction
6 L-Selectride, -78 °C-0 °C, THF core reduction
7 Cp,ZrCIH (1.05 eq.), DCM, rt 57%b  >20:1
8 Cp,ZrCl, (cat.), DMMS, TBAF, LiCl  51%° >20:1
9 Entry 8, gram scale 47%°  >20:1

Table 4. Evaluation for the chemoselectivity and diastere-
oselectivity of the catalytic reaction applied to the
PI3KaH1047R drug discovery program.2 NMR yield (com-
bined). Pisolated yield.

We next evaluated a representative group of sulfinyl
ketimines as the substrate scope for this transformation
(Figure 3). In comparison to the stoichiometric use of
Schwartz’s reagent, this catalytic reduction exhibited simi-
lar characteristics of high functional group tolerance, high
chemoselectivity, and high diastereoselectivity.?* Protic
functionalities such as the free aniline (11) and phenol (12)
were well-tolerated — providing higher isolated yields than
the stoichiometric use of Schwartz’s reagent. Substituting
the methyl group on ketimine 5 for an ethyl group (13) was

4
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inconsequential on reaction performance; however, substi-
tution for the bulkier isopropyl group led to a reduction in
yield and diastereoselectivity (14) consistent with the pre-
viously reported stoichiometric transformation results.
Aryl halides at the ortho-, meta-, and para- positions (15-
17) are well tolerated. Sensitive 2-bromo and 2-chloro-
pyridine substrates (18, 19) undergo smooth reduction to
provide high sulfinamide yields and stereoselectivity with-
out protodehalogenation. The results of unsubstituted pyr-
idines (20-22) proved interesting. When the ketimine is in
the 2-position diastereoselectivity is significantly impacted
without lithium chloride (67% isolated yield, 11:1 dr).

Sulfinyl Ketimine Scope

Cp,ZrCl, (10 mol%)

o DMMS (3 eq.) &
LiCl (0.5 eq.) S.
tBu's\N » tBu” "NH
| TBAF (0.13 eq.) o
R; R, DCM/THF (9:1), 24h Ry R;
o) o)

S<
tBu tBu” “NH
“"Me

1
S<
7 ““NH
e /©)
H,N HO

1 12
81% yield, >20:1 dr 90% vyield, >20:1 dr?

S
tBu” “NH
©)"1R

6 Me 78% vyield, >20:1
13 Et 80% yield, >20:1 dr
14 iPr 56% yield, 1.3:1 dr?

o)
o) I o)
g tB 'S\NH E
tBu” " “NH Y tBu” " “NH
o~ X o
AN 'Me | Me X 'Me
| . N = |
/\ ~
| Br N
cl

15 o-, 63% yield, >20:1 dr?
16 m-, 85% yield, 15:1 dr?
17 p-, 81% yield, >20:1 dr

18
77% yield, >20:1 dr

(o]

19
72% vyield, >20:1 dr?

N i i
e N\ tBu” “NH Bu” > “NH
E\\)j.:Me | SN "'Me 7 I "'Me
NZ NN s—N

20 2-, 80% yield, >20:1 dr
21 3-, 79% yield, >20:1 dr
22 4-, 80% yield, >20:1 dr

23
59% yield, 6:1 dr

24
83% vyield, 8:1 dr°

ﬂ [o}
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Figure 3. Substrate scope for the diastereoselective reduc-
tion of sulfinyl ketimines. Common azines, azoles, protic
groups, and electrophilic functionality are all tolerated. 2no

LiCl.»1 eq. LiCl. <48h.

Adding half an equivalent of lithium chloride increased
both the yield and selectivity of this reaction, providing 20
in 80% isolated yield with >20:1 diastereoselectivity. This
resultis recapitulated in the reduction of substrates bearing
apyridazine (23) and isothiazole (24) where an sp2-hybrid-
ized nitrogen atom is three atoms from the center of reduc-
tion. In comparison to the reduction using stoichiometric
Schwartz’s reagent, this is a meaningful difference in

functional group tolerance and is worth consideration in
synthetic planning. It is likely that this observation is a re-
sult of augmented substrate (or product) coordination to
the catalyst. Diastereoselectivity in the reduction of isothia-
zole 24 was found to benefit substantially from the inclu-
sion of lithium chloride. In the stoichiometric reaction this
product was isolated in 36% yield in >20:1 dr. In compari-
son, the reaction without lithium chloride provided 24 in a
66% yield with a moderate 4.4:1 diastereoselectivity. Add-
ing half an equivalent of lithium chloride improved the yield
and selectivity to 74% yield with an 8:1 dr. Further increas-
ing the amount of lithium chloride to a full equivalent im-
proved the yield of 24 to 83% while maintaining an 8:1 dr.
Electrophilic functionality such as esters (25) and nitriles
(8) are well tolerated. Unsaturated ketimine (26) under-
went smooth 1,2-reduction to provide allylic sulfinamides
in high yields with reasonable diastereoselectivity (identi-
cal to the stoichiometric use of Schwartz’s reagent). Alkyl
ketimines are also viable substrates, although, the hindered
ketimine 27, bearing an adamantyl group, reacted slowly
(48 hours) and in lower yield (57%) in comparison to the
stoichiometric variant (80% yield). The impact of steric hin-
derance is also observed in 14 and 15 where the catalytic
reaction was unable to match yield of the stoichiometric
transformation at 24 hours. In summary, the catalytic use of
the inexpensive and air stable bis(cyclopentadienyl)zir-
conocene dichloride in the diastereoselective reduction of
sulfinyl ketimines provides the desired sulfinamides in
yields comparable or higher than the stoichiometric variant
with similarly high stereoselectivity. However, results from
the reduction of hindered ketimines and heterocycles with
Lewis basic nitrogens bearing the ketimine in the 2-position
may be improved using the stoichiometric conditions.

We next explored the scope of carbonyl reduction (Fig-
ure 4). Reductively labile halides (28-30) and 2-ha-
lopyridines (31) are unsurprisingly tolerated under the re-
action conditions. Enones and enals are reduced in a 1,2-
fashion (32). Lastly, seeking to leverage the remarkable ste-
ric constraints of the zirconocene hydride catalyst, we im-
agined it could be possible to selectively reduce molecules
bearing multiple carbonyl functionalities in a chemoselec-
tive transformation. To test this hypothesis, three commer-
cial steroids bearing commonly found sites of oxidation
were reacted under these conditions. Progesterone, bear-
ing three positions for reduction (1,2- and 1,4-reduction of
the enone and reduction of the C20 ketone) was selectively
reduced to provide the major allylic alcohol isomer 33 in
61% isolated yield. Similarly, 11-oxoprogesterone and
adrenosterone, each with four potential sites of reduction,
gave 1,2-reduction of the enone providing major allylic al-
cohol isomers 34 and 35 in 50% and 58% isolated yield, re-
spectively. This tactic compares favorably to the multi-step
approach previously developed to accomplish this transfor-
mation.#® This highly chemoselective reduction is per-
formed at room temperature without the need for inert con-
ditions or exclusion of oxygen. The zirconocene hydride is a
unique reagent for reduction. It follows the conventional
steric approach control model*! for cyclic ketone reduction
and follows the coordinative stereochemical model for
ketimine reduction.*? This zirconocene system also displays
the selectivity of large, reactive hydrides and the selectivity
of coordinative, mild hydrides depending on substrate con-
text. As a mild and selective transformation, this catalytic
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reaction presents an opportunity for late-stage reductions
of poly-carbonyl intermediates in natural product synthesis
and semi-synthetic drug discovery campaigns. 43

Carbonyl Scope

Cp,ZrCl, (5 mol%)
o DMMS (2.5 eq.) o

ag

TBAF (0.05 eq.) R "R,
THF, rt, 24h

28 o-, 74% yield
29 m-, 76% yield
30 p-, 79% yield

31 32
71% yield 85% yield

from progesterone,
33
61% yield, 5.6:1 dr

from 11-oxoprogesterone,
34
50% yield, 3.5:1 dr

Me

Me0 H o] from adrenosterone,
35
HO 58% yield, 3.8:1 dr
H |!| H previously 4 steps'ef 40

Figure 4. Substrate scope for the chemoselective reduction
of ketones.

We sought to understand the critical role of TBAF in this
system (Figure 5A). As a reagent, tetrabutylammonium flu-
oride is more sophisticated than its name implies. It is un-
stable in its anhydrous form; thus, commercial solutions
typically contain ~5% water, and as a solid, it is sold as a
hydrate. In addition to being a source of highly nucleophilic
fluoride, TBAF is a weak base, a phase transfer catalyst ca-
pable of solubilizing inorganic ions into organic solvents,
and may contain alkyl amines resulting from tetrabu-
tylammonium decomposition.** To untangle the role of
these variables and gain insight into the mechanism of this
diastereoselective reduction we first initiated 'H NMR spec-
troscopic studies (Figure S1). Zirconocene dichloride dis-
solved in THF-ds was exposed to increasing concentrations
of TBAF. A reaction was observed and excess TBAF lead to
the appearance of unligated cyclopentadiene signals. This is
consistent with the observation that an unequal ratio of cat-
alyst to TBAF leads to a loss in catalytic activity (Table 3,
entry 6). We next conducted a series of experiments using
9F NMR spectroscopy in THF-ds (Figure 5B). Tetrabu-
tylammonium fluoride (1.0M in THF) was diluted in THF-ds
and a broad signal was found at -151.63 ppm (spectrum 1).
When excess dimethoxy(methyl)silane (DMMS) was re-
acted with TBAF, a sharp singlet appeared at -94.94 ppm
(spectrum 2), indicating that a reaction occurred and a new
species was formed, presumably to produce fluorosilicate
36 (Figure 5A).%5 Zirconocene difluoride was prepared ac-
cording to procedure outlined by Sakai and colleagues by
reacting Cp2ZrClz with two equivalents of trimethyltin fluo-
ride.35h In THF-ds, this species exhibited a sharp singlet at
28.70 ppm on the °F channel (Figure 5B, spectrum 3).
When treated with 20 equivalents of DMMS, a sharp singlet

appeared in just a few minutes at -139.66 ppm (spectrum
4). This is direct evidence that a metathesis reaction be-
tween a zirconium fluoride and a silyl hydride can occur.
This observed signal is distinct from the fluorosilicate 36
and is instead, likely a silicon fluoride species (such as 37;
Figure 5A). Next, bis(cyclopentadienyl)zirconium dichlo-
ride was mixed in an equal molar ratio with TBAF and this
mixture was quickly evaluated through 1°F NMR. An observ-
able singlet at 66.11 ppm appeared, and the characteristic
broad singlet of TBAF at -151.63 ppm is notably absent
(Figure 5B, spectrum 5). Upon exposing this mixture to ex-
cess DMMS the peak at 66.11 ppm disappeared and the pre-
viously observed characteristic singlet at -139.56 (Figure
5B, spectrum 6) emerged! This data is consistent with the
hypothesis that a fluorinated zirconocene species is formed
upon the reaction of Cp2ZrCl; and TBAF, and that this com-
plex is distinct from Cp2ZrF2. We propose the observed sig-
nal at 66.11 ppm corresponds to the mixed halide 38 which
is primed to undergo a metathesis reaction with the silyl
ether and enter catalysis.

We next evaluated several known and commercial zirco-
nium complexes that potentially serve as precatalysts in
this ketimine reduction to further explore this transfor-
mation (Figure 5C). First, in the absence of catalyst we had
previously observed a background reaction (entry 1).In the
absence of TBAF and catalyst, the silane reductant is unable
to generate product (Figure 5C, entry 2). Entry 3 is the
standard reaction to provide context. Adjusting the ratio of
zirconocene dichloride, we observed empirically that the
ratio of TBAF to catalyst is critical. Reducing the catalyst
loading (to 5 mol%) gave an 11% yield; however, reducing
the TBAF equivalency to match this lower catalyst loading
brought the yield up to 53%. These results further corrobo-
rated the spectroscopic data and suggest that TBAF inter-
acts with the zirconium center (entries 3-5). Wanting to
rule out any phase-transfer behavior of tetrabutylammo-
nium or any possible productive alkylammoium decompo-
sition pathways, we examined several organic salts in lieu
of TBAF (entries 6-10). The only two salts that produced
any measurable product were the fluoride-containing tetra-
fluoroborate and hexafluorophosphate alkyl ammonium
salts. It has been previously observed that BF4 salts can pro-
duce zirconocene complexes with fluoride ligands and we
propose this reactivity likely explains the observed results
through either silicon activation or zirconocene activa-
tion.*¢ Using Schwartz’s reagent (Cp2ZrClH) as the catalyst
provided the desired product in 60% yield. This complex al-
ready contains a nucleophilic hydride as a ligand. We did
not expect this active species to require precatalyst activa-
tion. Exposing ketimine 7 to a catalytic amount of
Schwartz’s reagent in the presence of DMMS as the terminal
reductant without the addition of TBAF we observed full
conversion of the starting material to sulfinamide 8 (Figure
5C, entry 12). This result is consistent with the proposed
role of TBAF and the reaction mechanism in Figure 5A.
Next, we synthesized the bis[chloridoid(cyclopentadi-
enyl)zirconium] oxide [(CpzZrCl)2u-O] bimetallic complex
and subjected it to a series of control reactions (entries 13-
16).#7 It has been previously proposed that this complex,
prepared through the reaction of an amine base with water,
can serve as an active species in carbonyl reduction.372 Com-
mercial solutions of tetrabutylammonium fluoride can con-
tain both water and an amine base. Using this dimeric
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complex, we see that the standard reaction, including TBAF,
yields 39% desired product (entry 13). Furthermore, add-
ing lithium chloride significantly improves the performance
of this precatalyst (entry 14), while the exclusion of TBAF

(entries 15 and 16) led to significantly decreased yields.
From these findings, we conclude that although TBAF is a
source of a weak base and adventitious water, in this cata-
lytic system, it is likely serving a distinct role unrelated to

A Proposed Mechanism c Precatalyst Investigation
)
TBAF M TBAF Me o Me (o) Me
? @\ e i _ Il Catalyst (10 mol%) TR
- H s Si(OMe), - * - -»>|F—Si(OMe), S_ = S
~ci v Y i 2 A tBu” "N DMMS (2 eq.) tBu” "N
% TBACI i ———— 5l
38 36 Me TBAF (0.13 eq.) Me
. DCM/THF (9:1)
e 7 CN 24h, 1t 8 CN
N\ Si(OMe), H, evolution and L. )
L substrate reduction  Entry  Catalyst & Deviation yield= dr
f 27 f 1 No catalyst 25%  4:1
Si S. S.
[ |]\N/ By | N7 B 2 No catalyst, No TBAF N.D.
| CpZZrCIz
R R CpaZiCll R R, 3 85%  >20:1
4 5% Cp,ZrCl, 1%
5 5% Cp,ZrCl,, TBAF (0.05eq.)  53%  >20:1
ci© 6 No TBAF, 0.13 eq. TBACI trace
DMMS 7 No TBAF, 0.13 eq. TBABr N.D.
8 No TBAF, 0.13 eq. TBAI N.D.
o S c . 9 No TBAF, 0.13 eq. TBABF, 30% 8:1
\ Cp B 10 No TBAF, 0.13 eq. TBAPFg 1%
Bu PN N Cp,ZrCIH
S—n P, tBu\\S,INSA,RL P2 .
/ <y e & 11 60%  >20:1
sRe - Ty ® 12 No TBAF 100% >20:1
(Cp2ZrCl),u-0 (5 mol%)
13 39%  >20:1
cp 14 LiCI (0.5 eq.) 74%  >20:1
o 15 No TBAF 24%  >20:1
Bl 1o 16 No TBAF, LiCl (0.5 eq.) 34%  >20:1
LiCl — o
J <R, CpZrCly
m e 17 N.D.
18 LiCI (0.5 eq.) N.D.
Precatalyst Structures 19 No TBAF N.D,
20 No TBAF, LiCI (0.5 eq. N.D.
@\CI LiAlH, @\m Me;SnF @\F ( :
zr, z, — z, ZrCly(A) or ZrF4(B)
% H cl F 21 A/B trace
22A/B  LiCl (0.5 eq.) N.D.
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2. DMMS + TBAF ‘ |
2870 '
. 3. CpyZrF,
-139.66
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Figure 5. (A) Proposed mechanism for the catalytic reduction of sulfinyl ketimines. (B) 1°F Spectroscopic evidence for the reac-
tion of TBAF with Cp2ZrClz. (C) Control experiments evaluating the competency of several zirconium complexes as precatalysts.
a NMR Yield N.D. = not detected.
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these properties. Based on the 'H spectroscopic results
(supporting information, Figure S2), it could be hypothe-
sized that disassociation of the cyclopentadienyl ligands (in
part, or completely) could produce an active catalyst. Ex-
ploring this idea, cyclopentadienylzirconium trichloride
(CpZrCls), bearing one cyclopentadienyl ligand, was intro-
duced into standard control reactions (Figure 5C, entries
17-20). This complex was found to be inactive in the at-
tempted reactions. Similarly, zirconium (IV) chloride and
zirconium (IV) fluoride (ZrCls and ZrFs, respectively) were
each introduced into control reactions. Neither of these
complexes produced detectable quantities of product.
Lastly, Cp2ZrF2 was evaluated for catalytic competency. In
the standard reaction a very modest 14% yield was ob-
tained (Figure 5C, entry 25). As seen previously with com-
plexes lacking two chloride ligands, introducing lithium
chloride to the reaction improved the yield (entry 26), how-
ever, this was far from matching the optimized results. Re-
moving TBAF from this system had a significant effect on
the catalyst’s performance (entries 27 and 28). Removing
the external fluoride source and introducing lithium chlo-
ride, a 60% yield of a single diastereomer was observed us-
ing 10 mol% of Cp2ZrFz. We conclude that these results are
consistent with the hypothesis that TBAF reacts with
Cp2ZrClz and enables a favorable metathesis reaction be-
tween the zirconium fluoride and silane reductant to pro-
duce an active zirconocene hydride and a stable silyl fluo-
ride (Figure 5A).35f 358

From all our experimental data, it is clear lithium chlo-
ride plays an important role in the reaction. The challenge
of product decomplexation from group IV metallocenes has
been commented on previously.35¢ Currently, we propose a
preliminary mechanism (Figure 5A) based on these results
and literature support whereby after hydride delivery pro-
ceeding through an intramolecular half-chair transition
state, (39, based on our previous studies)?* a 4-membered
zirconocene complex (40) is formed — in accordance with
this metal’s penchant for 3-5 membered rings.*8 This prod-
uct-catalyst complex could become turnover limiting. A free
halide, presumably chloride in this system, could coordi-
nate to the metal center’s available orbital to produce a
transient zirconate (41; d°, 18 electron) thereby facilitating
product decomplexation and metal hydride reformation
(Figure 5A).#° To rationalize the variable benefit of lithium
chloride in these reactions, we propose that metallocyclo-
butanes arising from the reaction of sterically hindered
ketimines (for example, those bearing ortho-substitution)
may be less stable than those arising from less hindered
substrates and, as a result, may benefit less from increasing
the concentration of free halide. Lithium chloride could also
play a role in catalyst activation either directly, or indi-
rectly, through a counterion exchange equilibrium with
TBAF. Further exploration of these possibilities and inves-
tigation into the kinetics of this system are the subject of fu-
ture research.

[CONCLUSION]

In summary, the strategic difference in choreography for
the first divergent step and the introduction of the chiral
benzylamine in our SOS1 and PI3KaH1%47R drug discovery
programs necessitated a methodological improvement for
chiral amine synthesis. Both drug discovery programs expe-
rienced a critical need to access chiral benzyl amines in high

enantiopurities using convenient, functional group tolerant
conditions. To address these challenges, a catalytic reaction
using an inexpensive, bench stable and commercial precat-
alyst was developed where initiation was accomplished us-
ing a substoichiometric quantity of tetrabutylammonium
fluoride. The catalytic generation of a zirconocene hydride
enabled an economical synthesis of the pyridopyrimidinone
inhibitor core for our PI3Ka"%47R program. This catalytic re-
action was tested in the diastereoselective reduction of
ketimines relevant to the pharmaceutical industry and in
the highly chemoselective carbonyl reductions of function-
alized steroid natural products. While selectivities and
yields were generally high and in line with the stochio-
metric reaction, subtle differences in functional group tol-
erance were uncovered. A mechanistic investigation sug-
gests TBAF is a reagent capable of generating a zirconium
fluoride in-situ which promotes active catalyst formation.
We expect that this fluoride activation tactic will facilitate
the development of other catalytic zirconium hydride trans-
formations where a silane is used as the terminal reductant.
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