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Abstract: The identification of catalysts that promote chemical reactions is a critical challenge 
in the production of pharmaceuticals. One of the main bottlenecks in this process is the synthesis 15 
of vast libraries of precatalysts, although assessing catalyst effectiveness can be rapidly 
conducted through high-throughput experimentation. The rational design and development of 
high-performing precatalysts can circumvent this challenge and lead to important advances. In 
this study, we apply the transformer-based Kernel-Elastic Autoencoder (KAE) equipped with a 
conditioned latent space, enabling the targeted generation of ligands with desired steric and 20 
electronic properties. Our KAE model has facilitated the identification of a monodentate 
alkynylphosphine, dubbed MachinePhos A, as an effective precatalyst for forming carbon-carbon 
bond. Its utility was demonstrated experimentally in the Mizoroki-Heck reaction, using a variety 
of nitrogen-rich arenes pertinent to pharmaceutical applications.  

One-Sentence Summary: Unanticipated ligand discovered with the generative model guided 25 
exploration 
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Main Text:  
 The discovery of new catalyst systems for specific organic reactions has led to important 
advances in organic synthesis (1, 2). In reactions catalyzed by transition-metals, precatalysts 
typically require modulation through the addition of suitable ligands (3–5). The most common 
methods for identifying new ligands are either experimental screening, via high-throughput 5 
experimentation (6, 7), or rational design, guided by calculated transition state structures (8–10). 
These approaches have resulted in considerable advances in organic synthesis. However, artificial 
intelligence (11–14) now appears ready to assist identifying promising ligand candidates. Here we 
demonstrate that generative modeling, by sampling from a latent-space, allows us to identify such 
ligands starting from desired properties rather than well-known structural motifs. The advantage 10 
of this approach is the emergence of unconventional structures that might not have been considered 
or investigated otherwise.  

 

Fig. 1. Pd-Catalyzed Mizoroki-Heck Cross-Coupling Reaction and the Model-Enabled 
Generation of New Ligands  15 
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Our generative model, featuring a structured latent space, has enabled us to discover remarkably 
diverse ligand structures. This approach has particularly highlighted a series of monodentate 
alkynylphosphines (MAPs), a class of ligands previously overlooked, now revealed to have 
desirable catalytic properties. We synthesized and tested the prototype MAP in the Mizoroki-Heck 
reaction, and found it consistently achieved high yields on various pharmaceutically relevant 5 
heterocyclic substrates. 

 The Mizoroki-Heck reaction has seen widespread application to the synthesis of fine 
chemicals and materials (15). In small molecule synthesis, the intramolecular variant has permitted 
the synthesis both of sterically congested materials as notably demonstrated by Shibasaki (16) and 
Overman (17), and the formation of heterocyclic styrenes as shown in Figure 1A (18). Mechanistic 10 
study, ligand development, and exploration of the scope of this transformation have all served to 
advance its use in multistep synthesis (19, 20). The emergence of advanced artificial intelligence 
(AI) technologies is set to further enhance the versatility and efficiency of this widely used reaction. 
To discover new phosphines that could be broadly applicable in the Mizoroki-Heck reaction, we 
employed a machine learning (ML) approach, as outlined in Figure 1B.  15 

ML-based generative models represent a unique, extremely useful area of artificial 
intelligence (21). The Generative Pre-trained Transformers (GPT) method, utilizing the Large 
Language Model (LLM) framework, is renowned for its multi-disciplinary achievements (22, 23). 
In the broad category of chemistry research, molecules can be effectively represented as strings of 
text (24). One common format is the Simplified Molecular-Input Line-Entry System (SMILES). 20 
Variational Autoencoders (VAEs), which can take SMILES strings as inputs, have gained growing 
attention (25). Leveraging LLM capabilities allows for the retrieval of SMILES-represented 
molecules with essential chemical properties from well-trained generative models. These models 
are applied across chemistry and can propose candidate structures with customized properties (26). 
The Kernel-Elastic AutoEncoder (KAE) applies a modified Maximum Mean Discrepancy (MMD) 25 
loss combined with a weighted reconstruction loss, differing from the KL-divergence used in 
VAEs (27). The advantage of KAE over VAE lies in its higher success rate in proposing new 
(valid) molecules, and its precision in identifying significant molecules within its latent space 
(reconstruction), facilitating clear unambiguous interpretation of each latent vector. 

In the context of ligand design, various methods have been developed for the enumerating 30 
potential ligands motifs. A notable advancement is a data-driven approach for ligand screening 
utilizing the Kraken database with a vast collection of organophosphorus compounds (28). Most 
state-of-the-art approaches for de novo catalyst design use molecular fragments to generate and 
evaluate catalyst candidates (29). In contrast, in this work, over 300,000 ligands from the Kraken 
database were used to train the KAE with multiple targeted objectives (conditions) of interest, so 35 
that the model could learn to propose novel structures with desired properties. This methodology 
eliminates the need for manual search for candidate structures, a step which is traditionally 
followed by the calculation of a relevant property of interest (30). Consequently, human evaluation 
is guided by model-generated suggestions, free from potential biases that might be associated with 
naive chemical intuition (31, 32). 40 

In this work, candidate ligands based on desired properties of interest based on 
experimentally limiting factors. Specifically, the Kraken database of phosphines encoded as 
SMILES was taken and post-labeled with calculated buried volumes to train our model. 
Considering that certain steric (%Vbur, 33, 34) and electronic (Mulliken charge at phosphorus) 
properties could serve as predictive indicators of ligand performance, we produced a collection of 45 
bulky phosphine ligands labeled with these descriptors. The additional application of a conditioned 
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latent-space allows for the generation of sets of molecules predicted to have those desired 
properties (Figure 1B). Surprisingly, the monodentate alkynylphosphine motif emerged as an 
unconventional ligand in any context to promote catalytic cross-coupling reactions (35). The 
model contradicted our prior assumption that a sterically large ligand should not have a small 
substituent, such as the alkynyl group, that may itself coordinate to Pd. The revelation has led us 5 
to explore its potential in catalytic cross-coupling. This includes its ability to coordinate in an h3 
fashion (36), the possibility of alkyne pre-complexation followed by coordination to phosphorus, 
and likely reactivity under catalytically relevant conditions to attain a productive speciation of 
palladium. These possibilities were intriguing and merited further experimental investigation. 

 10 

Fig. 2. Ligand Selection and Evaluation. A. Generated ligands with diverse architectures 
considered for evaluation. B. A variety of MAPs were considered for ligand synthesis. C. 
Evaluation of a MAP alongside several other commonly employed phosphines in the Mizoroki-
Heck reaction. 
 15 

Standard electronic structure methods, such as Density Functional Theory (DFT), are 
computationally demanding for analyzing large datasets of molecules on the order of 105 as 
necessary for training LLMs. Classical force field approaches, while suitable for large datasets, 
fail to account for electronic structure information and dispersion interactions, such as π-stacking, 
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that can significantly influence reaction outcomes. Therefore, the highly efficient semi-empirical 
GFN2-xTB method (37), which preserves essential electronic structure information, was used to 
derive molecular properties. RDkit (38, 39) was utilized to prepare geometries of the ligand-
substrate complexes (see SI for details). These geometries were optimized using GFN2-xTB, and 
the buried volume was calculated with the Morfeus library (40). A high-throughput script was 5 
created to optimize the geometry of over 300,000 phosphine ligand candidates, incorporating an 
automatic recognition and expulsion of failed optimizations, such that structural, energetic, 
electronic and bonding data were efficiently processed for training and testing of the model. 

With this model in hand, we found that the unusual ligand candidate structures shown in 
Figure 2A were suggested. These phosphines were analyzed based on their computed buried 10 
volume and partial atomic charges on the phosphorous atoms. The generated candidates exhibited 
mean %Vbur and Mulliken charge that correlate to the desired conditions (see SI Figure S1 and S2). 
In addition, these ligands were assessed based on their presumed synthetic accessibility, their 
expected air-stability, and their structural novelty. Common ligand types were excluded, 
particularly those resembling well-known classic ligands such as triaryl phosphines, e.g. P(o-tol)3, 15 
or Buchwald-type biphenyl-containing phosphines (e.g. XPhos).  Setting these aside, we focused 
on exploring the entirely novel ligand structures. 

Among the ligand structures that met our basic design criteria, the MAP (Ⅵ) stood out, 
prompting us to refine the output of our model to highlight additional MAPs. We chose to 
synthesize a representative MAP (MachinePhos A, L1) that was readily accessed from 20 
commercially available materials and was adjustable for future design variations, such as aryl-
substituted alkynes for electronic effect tuning and modifiable ortho-substituents on the aryl 
groups linked to phosphorus, aligning with Buchwald's methodologies. Unsurprisingly, we found 
that this structurally simple phosphine had a literature precedent (41); however, its potential in 
catalysis had been overlooked. A recent study has explored pincer tridentate ligands with N,P,N-25 
coordination, incorporating an alkynyl group on phosphorous (42). We examined our 
alkynylphosphine (L1) in the Mizoroki-Heck reaction, and to our knowledge, this is the first 
example of a catalytic reaction being promoted by a MAP. With its bifunctional nature, this 
phosphine provides unique coordination possibly through the alkyne, potentially endowing it with 
novel and interesting properties. 30 

We selected bromobenzene (1a) and tert-butyl acrylate (2a) as model substrates to evaluate 
the alkynyl phosphine ligand (L1). Since the Mizoroki-Heck reaction for this relatively simple 
model reaction had previously been reported in high yield, it served as a proof-of-concept of our 
approach. We assessed a selected set of reaction conditions by altering the solvent, base, 
temperature and reaction time, details of which are available in the Supplementary Material. As 35 
shown in Figure 2C, with t-butyl ammonium acetate in THF at 65 °C, the reaction achieved high 
conversion (79%) in 18 hours, with a yield of 64%. For comparison, various monodentate ligands 
and well-known bisphosphines were also tested under the same reaction conditions. These ligands 
afforded the product with yields ranging from 2%–55%. Moreover, in the absence of a phosphine 
ligand under optimized conditions, the product was only obtained in trace amounts (3%). 40 
Optimization with these alternative ligands would likely enhance the results. 

We quantified the efficiency of the alkynyl phosphine ligand in coupling challenging 
substrates commonly encountered in the Mizoroki-Heck reaction, particularly those containing 
heterocycles with basic nitrogen atoms. These substrate types have often been reported previously 
under various reaction conditions, typically requiring individual optimization. We tested several 45 
nitrogen-containing heterocyclic aryl bromides as coupling partners to gauge the versatility of our 
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optimized conditions. For instance, anilines 3b and 3c were produced with yields of 66% and 62%, 
respectively. Evidently, the more electron-deficient and potentially coordinating aminopyrimidine 
also affords the product successfully, suggesting that the presence of basic groups does not 
adversely affect the yield. Similarly, dimethyl amino pyrimidine (3d) was yielded in similar yield 
(68%). Utilizing 5-bromopyrimidine resulted in the desired product (3e) with a moderate yield 5 
(51%). With 2-bromopyridine as the substrate, low conversion was observed, possibly due to the 
detrimental coordination of adjacent nitrogen atoms to the catalyst. In contrast, 2-bromo-6-
methylpyridine facilitated the reaction smoothly, achieving a 62% yield for product 3f. The 
reaction involving bromopyridazine with an ortho-methyl group yielded a lower yield (3g, 22%), 
likely due to the coordination of the additional nitrogen atom in the heterocycle. Conversely, 10 
reactions with substrates like 3- and 4-bromopyridine, as well as 6-bromoquinoline, were 
successful, producing the desired products (3h–j) in moderate to high yields. However, 2- and 4-
bromoimidazole did not produce the desired product, whereas 5-bromoimidazole was tolerated in 
the reaction, albeit yielding only 14% for product 3k. 

 15 
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Fig. 3. Evaluation of the substrate scope for the optimized conditions. *Reactions were 
performed in 0.2 mmol scale. Isolated yields given. NMR conversion was shown in parentheses 
determined by 1H NMR of the unpurified mixture using CH2Br2 as the internal standard. †The 
reaction was performed under 90 °C. ‡1-Chloro-4-iodobenzene was used. §Isolated yield of the 5 
E-isomer. 
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The scope of substrates was subsequently broadened to include other aryl bromides 

featuring phenyl or electron-rich heterocycles. The 4-chlorophenyl bromide underwent the 
reaction seamlessly, generating product 3l with a high yield of 94%, demonstrating notable 
chemoselectivity for bromine over chlorine. A substrate with a more electron-withdrawing nitro 5 
group also produces the desired product 3m in 87% yield. When evaluating bromophenyl 
substrates containing electron-rich substituents, such as benzyloxy and multiple methoxy groups 
(3n, 3o), the outcomes indicated considerably lower conversion and yield. This suggests that the 
electron-rich groups might elevate the energy of the C–Br σ* bond, therefore hindering the 
oxidative addition step. Sterically hindered substrates, including 2,6-dimethyl-, 2,6-dimethoxy-, 10 
as well as the smaller 2,6-dichloro- and 2,6-difluorophenyl bromide, failed to generate products in 
significant yields (see SI). Conversely, 1-bromonaphthalene which is less hindered sterically, 
facilitated a smooth reaction, leading to product 3p with a remarkable yield of 97%. 

Comparing electron-rich heterocyclic substrates with electron-deficient nitrogen-
containing ones, the 2- and 3-bromofuran and corresponding thiophene substrates without the 15 
fused arene ring could produce modest yield (3q–t). Notably, 3-bromothiophene produced 3t in 
significantly lower yield compared to 2-bromothiophene, likely due to the electron-rich 3-
substituent interfering with the oxidative addition and migratory insertion processes. The 
introduction of an additional methyl substituent to the thiophene (3u, 3v) did not markedly affect 
the yield either positively or negatively. When using generally more electron-deficient benzofuran 20 
or benzothiophene substrates, higher yields were achieved (3w–z) in comparison to their 
monocyclic counterparts 3q–t. In a different evaluation using 4-bromophenylethylamine, 
substrates with Boc-protected primary amines yielded product 3aa in a moderate yield of 41%, 
whereas a more electron-rich piperazine substrate resulted in a lower yield of 12% for product 3ab. 

In the coupling reactions involving other alkene coupling partners, the combination of two 25 
electron-donating partners, 2-bromo-5-methylthiophene and para-MeO styrene resulted in product 
4a in 47% yield. Electron-neutral and electron-deficient styrenes were also effective in the reaction, 
producing 4b and 4c in 47% and 42% yield, respectively. The use of 2-vinylpyridine as a coupling 
partner afforded the product 4d in low yield, indicating that the nitrogen atom in pyridine might 
engage in unproductively coordination with the catalyst. Employing a more reactive substrate, 1-30 
chloro-4-iodobenzene, led to a significantly improved yield of 80% for product 4d. The reaction 
between 1-chloro-4-iodobenzene and acrylonitrile yielded product 4e in 74% yield, predominantly 
in the E-isomer form. The lower stereoselectivity (4.2:1 E/Z) is likely due to the small size of the 
cyano group, whereas other examples depicted in Figure 3, exclusively produced E-isomers. Vinyl 
phosphonate and vinyl sulfone served as effective coupling partners, delivering products 4f and 4g 35 
in moderate yields. However, the challenging substrate methyl cinnamate did not yield the desired 
product, likely due to the difficulties associated with migratory insertion. 
 This class of MAP ligands is expected to complement other frequently used ligands due to 
its straightforward synthesis and remarkable performance with many nitrogen-rich substrates, 
which are traditionally challenging in cross-coupling reactions. Many aspects of the mechanism 40 
are still being excavated under this complex system (43); however, a plausible pathway was 
explored using density functional theory (DFT). Through this approach, the potential binding 
modes of our MAP ligand type were examined with DFT, indicating that this ligand could 
participate in the reaction in mono- or bidentate modes. 
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Fig. 4. Changing coordination mode of the alkynylphosphine motif as examined by Density 
Functional Theory in the cationic and neutral oxidative addition adducts with comparison to the 
migratory insertion transition state of the neutral pathway.  
 5 

In the alternative cationic catalyst system, a distinct h3-binding mode was observed, 
characterized by the involvement of the phosphorus center and both carbon atoms of the alkyne 
bonding to the metal. The calculated structure of the cationic complex [Pd(Ar)L1], reveals a Pd–
P distance of 2.49 Å, with the alkyne bonding evidenced by distances of 2.21 Å to the proximal 
carbon and 2.54 Å to the distal carbon. This h3-binding mode is reminiscent of that found in 10 
analogous all-carbon propargyl palladium complexes (44). The coordination of a bromide ion, 
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shown in Figure 4 (45–48). Structures initially coordinated to the alkyne convert to the h1-P-bound 
form upon optimization (49). Similarly, the coordination of the alkene coupling partner also results 
in a transition from the h3- to h1-binding of the MAP ligand (see SI). The concept of ligand 15 
hemilability, significant in catalysis (50), includes the adaptability of flexible bidentate ligands 
and the equilibration of propargyl palladium complexes. The shifting binding in this system may 
be apropos to other catalytic transformations. 

At the design stage, these intricate mechanistic variabilities were not a concern, which 
highlights the advantage of employing a model trained on simple descriptors. In a system of such 20 
complexity, traditional physical organic approaches might be impractical, yet the machine learning 
method discussed here clearly remains capable for valuable insights. 
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