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Abstract:

Achieving substrate generality in asymmetric catalysis is a long-standing goal, particularly for
the selective construction of chiral heteroatoms. Compared to carbon, sulfur, phosphorus and
silicon stereogenic centers, the methods for their boron and germanium congeners remain very
scarce. Chiral (hetero) spirocycles are of relevance in several research domains. Methods
effective for constructing carbon-centered chiral spirocycles do not translate to boron and
germanium, leaving these chiral centers unexplored. We describe a unified strategy for
constructing carbon, boron, and germanium-centered chiral spirocyclic skeletons via
enantioselective hetero [2+2+2] cycloaddition of a bis-alkyne with a nitrile. A chiral designer
Ni(O)NHC complex enables the required long-range enantioinduction. The resulting enantio-
enriched spirocycles feature a pyridine motif, making them exploitable for ligand design and
functional materials featuring attractive photophysical and chiroptical properties.

One sentence summary: A chiral designer Ni(0)-NHC complex catalyzes enantioselective
hetero [2+2+2] cycloadditions in a unified approach to construct carbon, boron, and
germanium-centered chiral spiro skeletons.

Main Text

Introduction: Developing substrate generality is a central aim and grand challenge in
asymmetric catalysis, (1, 2) particularly in constructing quaternary stereogenic centers and
analogous main group heteroatom-stereogenic centers. Methods for their assembly have gained
great attention due to their intriguing chemical, physical, biological, and stereoelectronic
properties (Fig 1A). (3) For instance, carbon, boron, and germanium-centered chiral
spirocycles are frequently found in chiral ligand design, (4) biologically active compounds, (5)
and materials (Fig 1B). (6-10) Typically, accessing different chiral central elements requires
distinctive synthetic strategies. In contrast to the recent advances to catalytically construct
sulfur, (11) phosphorus (12) and silicon (13) stereogenic centers, methods to access other
hetero-element stereocenters, namely boron (14) and germanium (15, 16) remains so far largely
underdeveloped due to unique synthetic challenges. For instance, tetracoordinate boron
compounds possess a dative bond resulting in distorted tetrahedral geometry (17) and has
potential lability. The longer as well as more labile germanium-carbon bonds in organo
germanium compounds feature an enlarged tetrahedral geometry (Fig 1A). (18) These
differences render most current strategies for the constructing of C, S, P, and Si stereogenic
centers inapplicable for their B and Ge congeners. Despite considerable efforts to explore the
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structural diversity of C, B, Ge centered spirocycles, it remains notoriously difficult to
construct these chiral spirocyclic skeletons, particularly in a unified strategy or in an
enantioselective manner. Methods to construct carbon-centered chiral spirocycles typically
involve direct bond formations at the spirocenter. An enantioselective construction is achieved
by differentiating functional groups near the spiro carbon atom via proximal stereocontrol (Fig.
1C). (19, 20) The performance of the chiral catalysts is generally restricted to specific
quaternary chiral spiro centers, often resulting in limited scope and reduced applicability. There
are additional drawbacks in the construction of scaffolds featuring multiple functionalities
where stereochemical information extends far from the spirocenter. (21, 22) Accessing such
elaborate chiral spirocyclic skeletons usually require lengthy routes such as modifying
synthesized prochiral spirocycles, (20) or racemate resolution via chiral high-performance
liquid chromatography (HPLC). (23) Moreover, established strategies cannot simply be
extended to access chiral spirocycles with different central hetero atoms such as boron and
germanium due to their unique and different reactivities (Fig. 1A & 1C). Obtaining these
enantioenriched products rely on nucleophilic substitutions and racemate resolution via chiral
HPLC. (24, 25) Therefore, the enantioselective construction of boron and germanium-centered
chiral spiro skeletons remains a formidable challenge.

A key challenge in the development of a unified strategy for the construction of carbon, boron,
and germanium-centered spirocyclic skeletons lies in the identification of a method of
stereocontrol tolerant to distinctive tetrahedral geometries of the spirocyclic center and to
diverse functionalities. A remote desymmetrizing ring closure appeared to us as promising
strategy to construct the targeted chiral spirocycles. Such approach involves introducing an
enantiotopic bis-substitution on the carbon, boron, and germanium-based cyclic substrates. The
enantioselective ring closure involving both enantiotopic substituents selectively create the
spiro stereogenic center at a remote position (Fig 1D). Examples for such strategies for the
asymmetric construction of spirocycles are rare (26, 27) and exhibit largely limited scope. We
looked to transition-metal-catalyzed [2+2+2] cycloadditions (28-30) as exploitable strategy for
the desymmetrizing ring closure via arene formation. Integrating chiral spiro-skeletons
formation with the formation of a pyridine from two alkynes and a nitrile bears significant
value. The pyridine motif substantially enhances utility by an involvement of this group in
downstream applications in ligand or material design. (31, 32) Therefore, we considered an
enantioselective hetero [2+2+2] cycloaddition (33-35) of two distal enantiotopic bis-alkynes
with a nitrile as a promising strategy for constructing chiral spiro-skeletons if three key
challenges could be addressed (Fig 1D). Firstly, the different side reactions of the bis-alkyne
substrates such as alkyne cyclotrimerization or oligomerization needs to be suppressed. (36)
Secondly, since the stereo-differencing element is remote from the hetero [2+2+2]
cycloaddition reaction site, a chiral catalyst with the ability for efficient enantio-discrimination
between the distal enantiotopic alkynes is required. (37) Thirdly, the catalyst needs to
accommodate the distorted and enlarged geometries of the boron and germanium centers as
well as work under mild reaction conditions to ensure survivability of these more fragile bonds.
Leveraging our experience in designing and applying chiral NHCs in asymmetric catalysis, (38,
39) we prepared a Co-symmetric chiral Ni(O)NHC styrene complexes able to selectively
catalyze hetero [2+2+2] cycloadditions assembling carbon-, boron- and germanium-centered
spirocyclic skeletons via a long-range enantioinductions. Mechanistic insights point towards a
heterocoupling mechanism and allow for insight into the enantiodetermining step. Moreover,
the rapid assembly of complex chiral compounds with attractive photophysical and chiroptical
properties underscore the applicability for functional materials.
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Fig 1. Catalytic enantioselective construction of chiral spirocyclic skeletons. A).
Distinctive chemical-physical properties of carbon, boron, and germanium-centered chiral
spiro skeletons. B). Examples of applications of chiral spirocycles in different fields. C).
Established methodologies and challenges for enantioselective construction of chiral
spirocycles. D). Present work: nickel-catalyzed enantioselective hetero [2+2+2] cycloaddition
for remote construction of chiral spirocycles.

Development of the enantioselective hetero [2+2+2] cycloaddition: Incorporating rigidity
stemming chiral spirocycles in proximity to exploitable motifs often used for materials such as
fluorene is highly desirable. (40) Thus, fluorene substrate 1a and benzonitrile were selected as
substrates for the targeted hetero [2+2+2] cycloaddition. Employing just 3 mol% of chiral
catalyst Nil with a simple saturated ethylene bridge resulted in the formation of product 7 in
excellent yield but with a very low level of enantioinduction (Fig 2). By installing the
acenaphthylene backbone (Ni2), we observed an improvement in catalysis performance and
product 7 was formed with 70:30 er (Fig 2). Catalyst Ni3 which incorporated fluorine atoms
into the chiral sidearms further enhanced catalyst performance and gave 7 in 95 % yield and a
selectivity of 92:8 er. (Fig 2). To gain a better understanding of how steric and electronic
modulation in nickel-NHC complex influence enantioselectivity, we analyzed the crystal
structures of Nil, (41) Ni2, and Ni3. The chiral-side arm of Nil complex is relatively flexible.
Compared to Ni2 and Ni3, it has a different chiral pocket and less buried volume. However,
we observed no substantial visual differences in the chiral pockets of Ni2 and Ni3. Furthermore,
attempts to improve the design of Ni2, an incorporation of 3,5-dimethyl substituents to enhance
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the steric bulk of the chiral side arm resulted in a substantial drop yield, without improvement
in enantioselectivity (Table S2, L7). Thus, it became evident that simply a more confined
microenvironment is unlikely to improve selectivity. Regarding electronic effects, weak n-nt
stacking was observed between the chiral side arm and the acenaphthylene motif in Ni2
complex (Fig. S1-S4), reducing the flexibility of the chiral sidearm. In total, 6 different
molecules of Ni2 complex appear in the unit cell of the crystal (Fig. S1). These variations at
the distance between the chiral sidearms and the acenaphthylene backbone, indicating that the
flexibility of the chiral side arms might be still relevant (Fig. S2-S4). The electron density of
the chiral sidearm in Ni3 complex was effectively reduced by the introduction of 3,5-difluoro
substituents. This modulation resulted in stronger m-m stacking with the acenaphthylene
backbone establishing a more defined chiral environment as depicted in the crystal structure of
Ni3 (Fig. S5, S6). These findings underscore that a chiral sidearm displaying rigidity and
stability to the C> symmetric chiral environment is of strong relevance for achieving high levels
of enantioinduction. Detailed reaction condition optimizations are available in Table S1-S8.
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Fig 2. Catalyst development for enantioselective construction of chiral spiro-skeleton.
Non-stereogenic hydrogen atoms are omitted for clarity.

Substrate scope of the enantioselective hetero [2+2+2] cycloaddition: With the optimized
catalyst and conditions, we first investigated the reactivity and selectivity of different aromatic
nitriles in the process (Fig. 3). In this respect, both electron-donating groups (-OMe, -NMey)
and electron-withdrawing groups (-CFs, -F) were accommodated, providing the corresponding
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pyridines 8a to 8e in high yields and enantioselectivities. The process is mild and displays a
good functional group tolerance, allowing incorporation of ester, pinacol boryl, chloro-, and
vinyl groups as substituent on the nitriles (8f to 8i). Similarly, reactions with aliphatic nitriles
including acetonitrile, phenyl acetonitrile, valeronitrile, cyclopropanecarbonitrile, and 3-
methoxy propionitrile provided pyridines 8j-8n in high enantioselectivities. X-ray
crystallographic analysis of pyridine 8m allowed determination of its absolute configuration.
Hept-6-ene-nitrile possessing a terminal olefin moiety cleanly gave 8o in 88% yield and a 98:2
er with no chain-walking products involving the olefin detected. (39) Electron-rich
heteroaromatic nitriles such as 3-cyanothiophene and N-Me-2-cyano pyrrole yielded pyridines
8p (90% and 98.5:1.5 er) and 8r (73% and 97:3 er). 2-Cyanopyridine as example for an
electron-poor heterocycle is particularly noteworthy that product 8q features the sought-after
2,2’-bipyridine motif. (32) Cyano ferrocene was also effectively accommodated without
catalyst poisoning or side-product formation. Concerning the alkyne pattern, ethyl substituents
resulted in a similar outcome (8u). The challenging terminal dialkyne produced the desired
desymmetrization product 8t, albeit in somewhat reduced enantioselectivity. Functionalized
bis-1,4-enyne 1i and bis-1,3-enyne 1k engaged in the hetero [2+2+2] cycloaddition yielding
bis-olefin bearing pyridines 8v and 8w that could be exploited for subsequent polymerization
reactions. (42) Variations on fluorene core substituent R include different aryl groups (8y and
8z) and a bis-PMP amino group (8x) that has prominent appearances in spirofluorene
materials.*® Notably, installing a pinacol boryl group at R* gave pyridine 8aa which can act as
broadly diversifiable intermediate via a variety of cross-couplings. Next, we aimed to explore
the suitability of enantioselective hetero [2+2+2] cycloaddition for generating spiro hetero-
atom chirality. In this respect, an extension of the process to chiral tetra-coordinated boron
compounds (10) focusing on the aza-borafluorene was initially followed. Pleasingly, under
same reaction conditions Ni3 displayed a robust performance and delivered pyridine
derivatives 9a and 9b with their boron stereogenic centers in excellent yields and very good
enantioselectivity. A slight erosion of selectivity was found for products 9¢ and 9d which have
a relatively smaller substituent R®. Interestingly, the effect of the distorted tetrahedral geometry
of the boron starting material manifests itself by different selectivities of substrates that are
identical besides having the bis-phenyl amino substituent on the phenyl ring (9¢) or on the
pyridine ring (9b), with the former providing a superior enantiomeric ratio. As for the previous
carbon series, a diverse range of nitriles, including aromatic, aliphatic and heteroaromatic
nitriles, was found to be compatible leading to corresponding chiral spiro boron compounds 9e
to 9g in excellent enantioselectivities. 1-(4-(tBu)phenyl)isoquinoline-based boron dialkyne
substrate 3g displaying a complex steric environment yielded pyridine 9h in 84% yield and
95:5 er. A further extension was reached with N,N’-chelated boron scaffolds. (43) These
pyridyl pyrrolide chelated boron substrates were amenable to the transformation and the
corresponding spirocyclic tetra-coordinated boron compounds 9i and 9j were formed in
excellent yield and moderate to good selectivities. Our focus shifted next to the selective
construction of chiral spirogermanium center. Using germafluorene® 5a (R=Ph) as a starting
material provided spiro germafluorene 10a in 85% yield albeit in virtually racemic form. Since
phenyl as R* substituent was highly selective in the carbon as well as in the boron series, we
attribute this lack of selectivity as direct result of the longer C-Ge bond length and its induced
distortion of the center and altered vector of RY. However, the selectivity of the transformation
was restored with substrate 5b (R=tBu) leading to spiro germafluorene 10b in 91% yield and
80:20 er. Furthermore, the reaction of 5¢ (R*=trityl) yielded compound 10c increased in 95%
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yield and an increased er of 86:14. Surprisingly, exposure of silicon-based analogues 4a and
4b to the reaction conditions caused substrate decomposition and the formation of pyridine

products was not observed.

I N
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Fig 3. Scope of nickel-NHC-catalyzed enantioselective hetero [2+2+2] cycloaddition of
chiral spiro skeletons construction. PMP = p-methoxy-phenyl.

Synthetic application of the chiral spirocycles: Given the wide-spread usage of bipyridines
and 2-phenyl pyridines as ligands or ligand precursors, we reasoned that the obtained
spirocycles can be connected to a metal center to impart intriguing material properties. (23, 32)
By utilizing products 8q and 8b, we rapidly accessed the chiral variants of widely applied
copper-based light-emitting electrochemical cells (LEC) (44) and platinum-based organic
light-emitting diodes (OLEDSs) (45), 11a and 11b, respectively (Fig. 4). The luminescence
properties of 11a and 11b were analyzed and fluorescence lifetimes and quantum yields
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compared well with literature (Fig. S8-S11, Table S9). (44, 45) To further showcase the utility
of the process with complex molecules displaying intriguing chiroptical properties, we
prepared a chiral Co-symmetric bis-spiro fluorene 11c with a highly conjugated heptacyclic
core in a rapid synthetic sequence. Bis-pyridine 8ab was prepared in 95% yield with an 87:13
dr and >99:1 er by a double enantioselective [2+2+2] heterocyclization of 1,4-dicyanobenzene
with dialkyne 1d. A double pyridine-directed electrophilic borylation gave tetrabromide 8ac.
Subsequent treatment of 8ac with AlMes exhaustively replaced all four bromides by methyl
groups leading to compound 11c in 50 % yield. The photophysical and advanced chiroptical
properties of 11c were measured. (Fig. 4D) The emission spectrum of 11c ranges from 350 nm
to 650 nm, with three prominent maxima, the maximum was blue shifted in solid state by ~2820
cm™. The fluorescence lifetimes of 11c are on a microsecond scale which are similar to the
known thermally activated delayed fluorescence (TADF) materials (Table S9). (46) Notably,
compound 11c exhibited an appreciable CPL activity, with a dissymmetric factor |gum| = 1.5 x
107 at 490 nm (Fig. 4E & Fig. S12). The value of the important dissymmetric factor of 11c is
of similar magnitude than the ones of existing chiral organic dyes as well as helicenes. (47, 48)
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Fig 4. Synthetic applications. A). Synthesis of Cu(l) complex 11a. B). Synthesis of Pt(Il)
complex 11b. C). Synthesis boron compound 11c. D). Corrected excitation (dot line), emission
(plain line), and absorbance (green solid-line, y-right scale) of compound 11c (1uM in CH2Cl>
or solid-state). E) Circular dichroism (CD) and circularly polarized luminescence (CPL)
spectra of 11c (1uM in CH2Cly).

Mechanistic studies: The hetero [2+2+2] cycloaddition between two alkynes and one nitrile
could proceed either by a) a homocoupling mechanism in which the two alkynes link together
first, or b) a heterocoupling mechanism in which one of the alkynes and the nitrile link together
first. (29) Correlation with a previous report (49) suggests that the heterocoupling path is indeed
operative. To shed some light to the interactions of the chiral Ni(O)NHC complex with the
substrates, we synthesized Ni-nitrile complex Ni4 via complexation of L10 with Ni(COD). and
p-methoxybenzonitrile in 90 % vyield (Fig. 5A). Evidenced by crystal structure analysis, Ni4
exhibits a dimeric structure with planar geometry. Each nitrile binds to two nickel atoms in n*
and n? modes. The R-C-N bond angle is changed from 180° of the former nitrile to 134.12° in
the complex indicating substantial m-back-bonding, in line with a strong d® Ni(ll)
metallaazirene character. (50) Ni4 is a competent catalyst and when used instead of Ni3, an
identical reaction yield and enantiomeric ratio was observed (Fig. S14), suggesting that the
styrene ligands of Ni3 likely have a pure spectator role in the later catalytic cycles. No reaction
occurred between precatalyst Ni3 and p-methoxybenzonitrile (Fig. 5B), indicating that a)
nickel has a stronger affinity to styrene than nitrile. b) coordination of the nitrile is contingent
upon ligand exchange of styrene with alkyne substrate. Exposing Ni4 to styrene did not result
in formation of Ni3, but lead to complex decomposition instead (Fig. 5B). This behavior is
further indicative of the Ni(lIl) character of Ni4 species and suggests that the formation of the
metallaazirene species is irreversible. (49) In the absence of a nitrile, Ni3 cleanly catalyzes
alkyne trimerization. However, in the presence of nitrile, the formation of pyridine is largely
favored. This indicates that pyridine formation proceeds much faster than cyclotrimerization
of alkyne (Fig. 5C). With the heterocoupling mechanism operative, the enantiodetermining
step is the selective migratory insertion of one of the enantiotopic alkynes into the Ni(ll)
metallaazirene. The crystal structure of Ni4 shows that the nitrile substrates are perfectly
sandwiched in the middle of chiral side arms with a planar geometry (Fig. 5), suggesting that
the chiral side arms of the carbene can effectively discern stereochemical information from the
dialkyne substrate to achieve enantioselectivity. In sum, these observations enable us to
propose a mechanism for the enantioselective hetero [2+2+2] cycloaddition (Fig. 5D). To
initiate a first cycle, ligand exchange occurs on Ni3, whereas a dialkyne substrate and nitrile
replace both styrenes yielding intermediate 1. Subsequently, oxidative cyclization occurs,
leading to the formation of a metallaazirene intermediate. An enantiodetermining migratory
insertion of the coordinate alkyne towards the metallaazirene species proceeds. The orientation
of group R of the dialkyne substrate is paramount for the selectivity. The substituent R® on the
nitrile has significantly less impact on the selectivity due to its distance from the chiral sidearm.
The substrate catalyst complex adopts an orientation in which the substituent R? is favorably
placed to the least hindered position leading preferentially to intermediate 11* over the more
congested alternative orientations 112, 113, and 11%. Following the migratory insertion step, the
coordination of the second alkyne moiety leads to intermediate Il11. Subsequent second
migratory insertion leads to the formation of a 7-membered metallacycle 1V. Driven by
aromatization, a facile reductive elimination forms the chiral spirocyclic pyridine matching the
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obtained absolute configuration of 8m. Coordination of the next set of substrates regenerates
intermediate 1 and completes the catalytic cycle.

Conclusion: We reported a nickel-catalyzed pyridine-forming enantioselective hetero [2+2+2]
cycloaddition as a unified approach for constructing chiral carbon-, boron-, and germanium-
centered spiro-skeletons. The required remote stereocontrol is achieved by a designed chiral
bulky NHC-Ni(0)-styrene complex. An electron-poor aryl group as chiral sidearm provides a
strong n-n stacking with the ligand backbone creates a well-defined C>-symmetric chiral pocket
which proved to be pivotal for the induced selectivity of the catalyst. The reaction proceeds via
a heterocoupling mechanism with the migratory insertion of an enantiotopic alkyne towards
the metallaazirene species being the enantiodetermining step. Moreover, the technology is
suitable for rapidly assemble highly complex compounds with attractive and exploitable
photophysical and chiro-optical properties. The outlined method considerably enlarges the
toolbox to assemble chiral functional materials and to construct boron and germanium
heteroatom chirality.

oo -

N----Ni

ot
- Z
Ar Na N 1) BuOK, THF/toluene F’’\"F’<h|“____h|l/>—F"\/'P
+ N
Me - Me 2) Ni(COD),, CyH/n-Hexane |
A\ © ! 3) PMP-CN L10

A

Ar = 3,5 di-F,phenyl Ni4, 90% over 3 steps
L10-HCI

B) c) Pr
Ni3 Pr: Pr h
i Pr—=——pPr 95 9 Ni4, CCDC: 2370295
Ni3 + PMP-CN ——— > no reaction - CyH. 23 °C °
CyH, 23 °C yH. Pr Pr

Ni4 + styrene ———— decomposition PhCN + P —

Pr Pr
N N | Pr Pr. Pr
r Pr > .
CyH, 23 °C ) A CyH, 23 °C \ 0% * < 5% yield
1 equiv. 2 equiv. pr Pr Pr Pr
Pr Pr

D) 3 Ph\/
Ni3 L, R°CN A

ligand exchange

T

R F
R F.
reductive elimination O Nf“
& substrate coordination oxidative cyclization O O O

F. Me M
. e Me,
products R3CN O '\?w F E 7w
O Me " R Me
—Ni--% .
F ul | N\Nl 27/ N=Ni--7/
g N N\ N\
O N R? =2 R k2
2 favored disfavored
R Me Nf\‘ R3 | n 2
A
F
Me
3 N—Ni--L
R/ 'R2
2\ /
R

v

L

R' 1. enantiodetermining

{ migratory insertion disfavored disfavored
2. second alkyne coordination 3 I

1. migratory insertion
2.substrate coordination

https://doi.org/10.26434/chemrxiv-2024-3w4p4 ORCID: https://orcid.org/0000-0001-5740-8494 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-3w4p4
https://orcid.org/0000-0001-5740-8494
https://creativecommons.org/licenses/by/4.0/

Fig 5. Mechanistic studies of Enantioselective Construction of Chiral Spirocycles. A).
synthesis of nickel nitrile complex Ni4, ORTEP drawing of complex Ni4 B). Investigations of
the nitrile coordination behavior in the presence of styrene. C). Comparison of pyridine
formation rate versus alkyne cyclotrimerization rate. D). Suggested mechanism of Ni(O)NHC
catalyzed enantioselective hetero [2+2+2] cycloaddition.
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