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ABSTRACT: The C-H functionalization of silyl ethers via carbene-induced C-H insertion represents an efficient synthetic disconnection
strategy. In this work, site- and stereoselective C(sp*)-H functionalization at a, y, § and even more distal positions to the siloxy group has been
achieved using donor/acceptor carbene intermediates. By exploiting the predilections of Rho(R-TCPTAD), and Rhz(S-2-Cl-5-BrTPCP); cat-
alysts to target either more electronically activated or more spatially accessible C-H sites, respectively, divergent desired products can be formed

with good diastereocontrol and enantiocontrol. Notably, the reaction can also be extended to enable desymmetrization of meso silyl ethers.

Leveraging the broad substrate scope examined in this study, we have trained a machine learning classification model using logistic regression

to predict the major C-H functionalization site based on intrinsic substrate reactivity and catalyst propensity for overriding it. This model

enables prediction of the major product when applying these C-H functionalization methods to a new substrate of interest. Applying this model

broadly, we have demonstrated its utility for guiding late-stage functionalization in complex settings and developed an intuitive visualization

tool to assist synthetic chemists in such endeavors.

Introduction

To maximize the applications of C-H functionalization in synthe-
sis, one needs to develop a synthetic logic akin to that of classic ret-
rosynthetic disconnections.' Many classic reactions exploit carbonyl
chemistry to access products with defined patterns of functional
groups, such as 1,3-heteroatom disconnections using C-H bond
forming aldol (or Mannich) reactions® and 1,5-disconnections via
Michael additions.” Indeed, these patterns are so ingrained into the
logic of organic synthesis that computationally-guided programs are
available for identifying such disconnections.* In contrast, the rap-
idly developing field of C-H functionalization does not follow the
same logic. Elegant advances have leveraged appropriately posi-
tioned directing groups to control which C-H bond is functional-
ized, including selective C(sp*)-H activation at ortho, meta, or para
positions® and C(sp*)-H functionalization at specific positions
along a hydrocarbon chain.® A complementary and more versatile
approach would be the development of catalyst-controlled C-H
functionalization without prior substrate coordination. This tactic
diverges from both directed C-H functionalization and classic dis-
connection strategies in that particular patterns of functional groups
are no longer required for formulating an effective retrosynthesis.’”
Instead, the challenge is developing catalysts capable of precisely
and predictably reacting with specific C-H bonds in complex set-
tings.

In this context, considerable recent progress has been achieved in
designing small molecule® and enzymatic’ catalysts for site-selective
C-H functionalization. In particular, one of our labs has developed
a wide range of dirhodium catalysts that enable selective intermolec-
ular C-H functionalization via donor/acceptor carbenes.'” Recent

highlights include the ability to selectively functionalize unactivated
primary, secondary, or tertiary sites by choosing the appropriate cat-
alyst to override the innate reactivity profile of the substrate."! We
have also previously demonstrated how carbene-induced reactions
at activated C-H bonds can be considered as surrogates to classic
reactions, such as the aldol reaction,'> Mannich reaction,’® Claisen
condensation,'* Michael addition,”® Claisen rearrangement,'* vi-
nylogous Mukaiyama reaction,'* and vinylogous Michael addition."”
Herein, we describe how site-selective C—H functionalization of al-
kyl silyl ethers, a traditionally problematic substrate class (vide in-
fra), can affect either 1,3, 1,5-, or 1,6-disconnections depending on
catalyst choice (Scheme 1). This chemistry relies on suitable chiral
catalysts that can control where C-H functionalization will occur. A
sterically unencumbered catalyst would be expected to react at the
a-position to the siloxy group, which is the electronically preferred
position, leading to the equivalent of a 1,3-disconnection. In con-
trast, a bulkier catalyst would be expected to react at a less crowded
distal position, leading to the equivalent of a 1,5- or 1,6-disconnec-
tion through a selective reaction at the most accessible methylene or
methine C-H bond.



Scheme 1. Retrosynthetic disconnections from catalyst-con-
trolled site-selective C-H functionalization of silyl ethers
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Catalyst preferences, however, cannot completely invert sub-
strate reactivity profiles for all conceivable substrates of interest. In
practice, the intrinsic reactivity of each C-H site and the extent of
the bias exerted by the catalyst must both be precisely understood to
develop a more versatile synthetic logic for C-H functionalization.
In this regard, we saw an opportunity to leverage the broad scope
examined in this study to train a machine learning classification
model for site-by-site assessment of intrinsic substrate reactivity'®
and the propensity of catalysts for overriding it. Herein, we demon-
strate the robustness of our model and the accompanying intuitive
visualization tool for predicting how any given C-H functionaliza-
tion reaction may proceed when mediated by two catalysts with dis-
parate properties, Rho(R-TCPTAD)s and Rha(S-2-Cl-5-BrTPCP)..
Finally, we showcase the synthetic utility of our model by applying it
to cholesteryl pelargonate,'®
sites that could potentially be functionalized. More broadly, we an-
ticipate that the complementary synthetic strategies developed, cou-
pled with the visual framework presented for predicting reactivity
with new substrates of interest, will provide the foundational syn-
thetic logic for enabling more widespread application of late-stage
C-H functionalization in increasingly complex settings.

a molecule with many distinct C-H

Results and Discussion

We have previously conducted Rha(S-DOSP);-catalyzed reac-
tions at activated sites alpha to the siloxy group in allylic and benzylic
silyl ethers.”” '** However, our previous efforts to extend the reac-
tion to unactivated silyl ethers were less successful.’” Although
tetraalkoxysilanes were effective substrates, functionalizing silylated
alcohols proved especially problematic.'* Substrate scope was pri-
marily limited to labile TMS ethers, and the esoteric solvent 2,2-di-
methylbutane was required to avoid deleterious reactivity that was
observed in other hydrocarbon solvents. Even under these special-
ized conditions required for achieving site- and stereoselective reac-
tivity for a limited scope, the yields obtained were low (<45%).

Since these earlier studies, we have demonstrated that replacing
methyl esters with trichloroethyl esters as the carbene acceptor
group greatly enhances the efficiency of C-H functionalization reac-
tions at unactivated C—H bonds."” We have also recently developed
a wide range of chiral dirhodium catalysts,*” among which Rha(R-
TCPTAD), and Rhz(S-2-CI-S-BrTPCP); are two of the most nota-
ble. The carboxylate ligands in these catalysts self-assemble to form
relatively rigid bowl shapes that are pseudo Cs symmetric.”* Compu-
tational studies indicate that the reactive dirhodium-carbene is gen-
erated inside the bowl, and that site-selectivity is influenced by the

relative ease of substrate approach for functionalization at different
positions.'™ ! As can be seen in Figure 1, the Rho(R-TCPTAD),
bowl has a wider aperture and larger volume than the Rhy(S-2-CI-S-
BrTPCP). bowl based on “Spatial Molding for Approachable Rigid
Targets” (SMART) analysis.”” This steric influence is a key reason
why Rhy(R-TCPTAD), drives reactions to occur at more congested
tertiary C—H sites, whereas Rhy(S-2- C1-5-BrTPCP). biases reactiv-
ity toward less activated but more accessible sites.
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Figure 1. Chiral catalysts used in these studies and illustrations of their
bowl-shaped structures. The SMART cavity volumes for Rha(R-
TCPTAD)4 and Rhy(S-2-Cl-5-BrTPCP), are 958 and 883 A, respec-
tively. The role of disparate electronic carbene stabilization in their di-
vergent reactivity was also recently highlighted.”?

These recent catalyst and methodological advances prompted us
to re-evaluate the C—H functionalization of unactivated silyl ethers.
We hypothesized that reactions may proceed in higher yields using
trichloroethyl aryldiazoacetates and that catalyst choice could con-
trol site-selectivity. We began by examining the reaction of TBS-pro-
tected butanol (1) with 2,2,2-trichloroethyl-2-(4-bromophenyl)-2-
diazoacetate (2, Table 1). The TBS group was expected to cause
greater steric interference for functionalization alpha to the siloxy
group compared to the previously used TMS group,'**but the result-
ing silylated products would be more readily isolated and purified.

These investigations revealed that reactions mediated by Rha(R-
TCPTAD), in CH2Cl at § °C resulted in good yields and site-selec-
tivity for a-functionalized product 3 (entry 3). In contrast, Rha(S-2-
Cl-5-BrTPCP); gave high site-selectivity for the y-functionalization
product (4, entries 4-5). This divergent reactivity is consistent with
the inherent differences between Rhy(R-TCPTAD)4and Rh(S-2-
Cl-S-BrTPCP), (vide supra), where the latter’s more constrained re-
active site cavity and less electrophilic carbene moiety promotes re-
activity at the most accessible secondary C-H bond. The Rh(S-2-
Cl-S-BrTPCP),-catalyzed y-selective C-H functionalization of 1
could be extended to a series of aryldiazoacetates, resulting in similar
site-selectivity and diastereoselectivity (Table S2).



Table 1. Selected Catalyst Optimization Studies

HWY o H CeHa(p-Br) (FQZO%%) CoHa(p-B) C?)6H4(pBr)
+ Ny Troc ¥ Troc
Me OTBS Troo C’ﬂ;ﬁ:ﬂ%ﬂ?” ) Me OTeS Me OTBS
) 2 4AMms. 3 4
(a-C-H) (-C-H)
En- L Temp.  Yield r.r. drt ee
try (°C) (%) (3:4) (%)
1 S-DOSP 22 75 90:10 94:6 23
2 R- 22 70 92:8 >95:5 44
TCPTAD
3 R- S 82 >95:5  >95:5 64
TCPTAD
4 S-2-Cl-5- 22 95 8:92 88:12 90
BrTPCP
S S-2-Cl-5- S 92 7:93 89:11 90
BrTPCP

®Reaction conditions: 1 (0.600 mmol), 2 (0.200 mmol), RhaLs catalyst
(1 mol%), 3 h slow addition time of 2 under a nitrogen atmosphere.
®)Combined crude 'H NMR yields of all regioisomers using trichloro-
ethylene as internal standard. “YRegioselectivity and diastereoselectiv-
ity determined from crude 'H NMR. (YDiastereoisomeric ratio of major
regioisomer. (Enantiomeric excess determined from chiral HPLC
traces.

Having established Rhy(R-TCPTAD). as the optimal catalyst for
a-C-H functionalization, we proceeded to test a range of silyl ethers
to generate products with oxygen functionality in a 1,3 arrangement
(Scheme 2). The reactions of 2 with linear alkyl silyl ethers (5-8)
catalyzed by Rhy(R-TCPTAD), afforded the a-C-H functionaliza-
tion products 11-14 with excellent site- and diastereoselectivity
(>95:5 r.r., >95:5 d.r.). The enantioselectivity was variable (59-
89%), however, with the highest ee among linear substrates obtained
for 11.

Scheme 2. a-Selective functionalization of silyl ethers
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Me
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14 76% yield 15: 91% yield 16:  24% yield
*>95:5 rr, >95:5 dr, 59% ee *>95:5 1, >95:5 dr, 93% ee " >05:5 rr, 68% ee

(@ Reaction conditions: silyl ether (0.600 mmol), 18 (0.200 mmol), Rhy(R-TCPTAD), (1 mol %),
~200 wt% of 4 A mol. sieves, 3 h reaction time under a nitrogen atmosphere at 5 °C. Indicated
yields are isolated yields.

The influence of substrate branching on enantioselectivity is evi-
dent for isobutyl silyl ether 9, from which 15 is generated in excellent
yield (91%) and selectivity (>95:5 r.r., >95:5 d.r,, 93% ee). In the
case where the silyl ether features a tertiary C-H bond alpha to the
siloxy group (10), C-H functionalization is still observed when us-
ing the less bulky trimethylsilyl (TMS) protecting group, but the re-
action is less efficient, as 16 was obtained in only 24% yield.

Beyond reactivity patterns for secondary C-H bonds a versus y
to a siloxy group, we next probed competition between a y—tertiary

site and a a-secondary site. For 3-methylbutyl silyl ether 17, the -
tertiary site would not be suitable for functionalization with a bulky
catalyst such as Rhy(S-2-CI-5-BrTPCP).. Thus, the less hindered
Rhz(R-TCPTAD); catalyst was examined. At the outset, it was un-
certain which site(s) in 17 would be reactive because Rhy(R-
TCPTAD), is capable of functionalizing either the tertiary C-H
bond or the electronically activated methylene site alpha to the si-
loxy group. We were pleased to observe that highly site-selective re-
actions occurred for all diazo precursors examined with 17, favoring
v-methine C-H functionalization to form 1,5-products 18-23 with
a quaternary center at the y-position (Table 2). Furthermore, enan-
tioselectivity was high for a range of aryldiazoacetates (84-96% ee),
albeit lower for unsubstituted phenyldiazoacetate (63% ee).

Table 2. y-methine selective functionalization

Ar

HY H Ar Rh,(R-TCPTAD), )
Me Me OTBS * N2=< CH,Cl, (0.1M Troe”
Troc 520(; (30h,- ) Me Me OTBS
17 4 A mol. sieves 18-23
Product Ar Yield I.I. e.e.
(%)° (3:4) (%)
18 CsHs 67 >95:5 63
19 p-Br(CeHs) 89 >95:5 96
20 p-1(CsHs) 66 >95:5 96
21 p-CF3(CeHs) 59 >95:5 90
22 p-OTf(CsHa) 62 >95:5 84
23 p-Ph(CsHs) 44 >95:5 84

@Reaction conditions: 17 (0.600 mmol), aryldiazoacetate (0.200
mmol), RhyL catalyst (1 mol%), 3 h slow addition time of aryldiazoace-
tate at 5 °C under a nitrogen atmosphere.

Selective functionalization of §-C~H bonds was also explored, us-
ing pentyl silyl ether 24 as the model substrate. It was anticipated
that subjecting 24 to catalytic conditions with Rha(S-2-Cl-S-
BrTPCP); would result in selective reactions at the most accessible
methylene site, which in this case would be the § position. This in-
deed was found to be the case, and the reaction was extended to a
variety of aryl and heteroaryldiazoacetates to form products 25-34
in high site-selectivity (>95:5 r.r.; Scheme 3).

Enantioselectivity was dependent on the nature of the aryl group
(72 to 98% ee), and the highest diastereoselectivity was observed
with electron-deficient para-substituted aryl groups (up to 95:5
d.r.). Notably, pinacolborane derivative 31 and heterocyclic deriva-
tives 32-34 can also be readily formed in high d.r. using this chemis-
try. Even though TBS derivatives have been predominately used in
this study, other ethers are also compatible, as illustrated by the for-
mation of phenolic derivative 35. Extension of the §-C-H function-
alization to 4-methylpentyl silyl ether 36 was possible by switching
the catalyst to Rho(R-TCPTAD). (eq 1). The reaction of 36 with 2
under these conditions generated 37 in 60% yield with good site-
and enantioselectivity (90:10 r.r, 87% ee), although there was a
small amount of competing C-H functionalization observed a to ox-

ygen.



Scheme 3. §-Selective functionalization of silyl ether 24
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(3 Reaction conditions: 24 (0.600 mmol), aryldiazoacetate (0.200 mmol), Rh,(S-2-CI-5-BrTPCP),
(1 mol %), ~200 wt% of 4 A mol. sieves, 3 h reaction time under a nitrogen atmosphere at 22 °C.
Indicated yields are isolated yields.
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We next tested the possibility of using C-H functionalization to
achieve the desymmetrization of meso silyl ethers 38 and 39 (eq 2-
3), thereby enabling additional stereocenters to be set in a single
step.” The reaction with 38 explored the competition between two
enantiotopic y-methine sites. The Rhy(R-TCPTAD)4-catalyzed re-
action with 2 furnished the desired product 40 in 70% yield with ex-
cellent site selectivity (>98:2 r.r.) and high enantioselectivity (91%
ee). The diastereoselectivity of the reaction was 75:25 d.r., indicat-
ing that even though the system is acyclic, Rho(R-TCPTAD). is able
to differentiate between the enantiotopic sites. The reaction of 2
with meso silyl ether 39 is more complicated because two sets of di-
astereomers could be formed: one through desymmetrization, and
another because the reaction occurs at a methylene site. In this case,
Rh,(S-2-Cl-5-BrTPCP), was the optimal catalyst, and the reaction
was highly site-selective (>95:5 r.r.). The reaction favored the for-
mation of the major diastereomer 41 in 96% ee, although in total
four diastereomers were observed in a ratio of 76:15:5:4 (see the SI
for details on the stereochemical assignments for 40-41).

2
+ Troc Ar OTMS
M OTMsSH Rh,(R-TCPTAD), © i @
Me=== —"Me I —— Mew= = Me
e o CH,Cl, (0.1M) 5 O "Me
°C,3h
s 5°C,3hr 70%, 91% e.e.
4 A mol. sieves 40: >98:2 r.r.
75:25d.r.
2
+ Me OTBSMe
Me OTBSMe Rhy(S-2-CI-6-BrTPCP), (), Troc
HZ H el @
k i CH,Cl, (0.1M) HAr
22°C,3hr 61%, 96% e.e.
39 4 A mol. sieves 41:>98:2rr,
76:15:5:4 d.r.

The reaction with racemic silylated 2-pentanol 42 was also exam-
ined to determine if the process could be susceptible to kinetic reso-
lution (eq 4). In this case, our interest was the stereochemical out-
come for product 43 rather than enantioenrichment of the starting
material. The reaction with Rhy(S-2-Cl-5-BrTPCP), gave the ex-
pected y-C-H functionalization product with excellent site-selectiv-
ity (>95:5 r.r.). The reaction gave rise to the preferred formation of
one major diastereomer in 72:20:6:2 d.r., where the major diastere-
omer was produced in 88% ee. The observed stereochemical out-
come was assigned through NMR analysis and by analogy to that of
the desymmetrization reactions (see SI for details).

2
+ TBSQ
CgHa(p-Br)
H Rhy(S-2-CI-5-BrTPCP), A\ e
TBSO H e @
CH,Cl, (0.1M) Me T Troc
Me Mo 22°C,3hr -

42 4 A mol. sieves 43: 57% yield

>98:2 rr, 72:20:6:2 dr, 88% ee
The strong propensity of Rha(S-2-Cl-5-BrTPCP), to override the
substrate electronic preference for the a-siloxy C-H site led us to
pursue functionalization of remote C-H bonds beyond the §-posi-
tion (Scheme 4). Rhy(S-2-Cl-5-BrTPCP),; maintained its inherent
site-selectivity for the most accessible methylene C—H bond to af-
ford stereoselective formation of products 46-48 (up to 95:5 r.r. and
>95:5 d.r.). Enantioselectivity for these longchained aliphatic silyl
ethers remained high in all cases (86-95 ee). For product 47, both
the cis- and trans- isomers of the cyclohexyloxy-tert-butyldime-
thylsilane reacted in a 1:1 ratio. However, carbene C-H insertion
was exclusively observed at the terminal methylene site (>95:S r.r.)
to generate 47.
Scheme 4. Catalyst-controlled site-selective functionalization
beyond the 3-C-H site
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(@ Reaction conditions: 44-46 (0.600 mmol), 2 (0.200 mmol), Rhy(S-2-CI-5-BrTPCP), (1 mol %), ~200 wt%
of 4 A mol. sieves, 3 h reaction time under a nitrogen atmosphere at 22 °C. Indicated yields are isolated
yields.

During the process of developing these transformations, we also
observed that substrates lacking sterically accessible secondary or
tertiary C-H bonds (49 and 50) were susceptible to Rha(R-
TCPTAD)s-catalyzed carbene insertion into the primary C-H
bonds of the silyl protecting groups (eq 5-6). These reactions pro-
ceed to form 51 and 52 with very high levels of enantioinduction
(97-99% ee). Intermolecular C-H functionalization of primary C—~
H bonds is electronically challenging, but presumably a favorable B-
silicon effect enables these reactions to occur.”*

Me\| Me\l
Me S CeHa(pBr)  Rh(RTCPTAD),  Me St <
o N=( - > o )
Me Troc
Me
49

+

CH,Cl, (0.1M) Me

A\
5°C 3 hr e Troc CgHy(p-Br)
2 4 A mol. sieves 51. 54%yield
*>98:2 11, 99% ee
Me . | Me\sl‘
Mol CoHalpBr)  Rho(RTCPTAD), — Me| /
© + N ®
2 N\
T CH,Cl, (0.1M) Troc CgHy(p-Br)
Ve roe 5°C, 3 hr Me
50 2 4 A mol. sieves . 39%, 97% e.e.

>98:2 1, 97% ee



Leveraging Scope Data to Train a Machine Learning
Model for Site-Selectivity Classification

The general site-selectivity trends observed in these studies are
summarized in Figure 2. Rhy(R-TCPTAD), typically biases C—H
functionalization a to the siloxy group, but reactivity can also occur
preferentially at a distal tertiary site (e.g, 17, 36, and 38). In con-
trast, Rhy(S-2-Cl-5-BrTPCP), mediates preferential C-H function-
alization at the most accessible methylene site. If the secondary and
tertiary sites are too sterically crowded, then C-H functionalization
can be diverted to primary C—H sites on the silyl protecting group
(e.g, 49-50).

Me
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1
Me Me, Me
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Q  site selectivity with Rhy(S2-CI-5-BITPCP),
Figure 2. Site-selectivity trends for unactivated silyl ethers.

We recently developed a predictive model for C-H functionaliza-
tion site-selectivity as a function of catalyst properties.”> This model
considered a diverse dirhodium catalyst set for a constant substrate
(1-bromo-4-pentylbenzene) and diazo precursor (2,2,2-trichloro-
ethyl-2-(4-bromo-phenyl)-2-diazoacetate). The data displayed in
Figure 2 now allows us to analyze how intrinsic substrate reactivity
profiles intersect with the divergent reactivity biases exerted by
Rhy(R-TCPTAD). and Rh,(S-2-Cl-5-BrTPCP); catalysts. We envi-
sioned that, by leveraging this scope data, a machine learning model
could be trained to consider all possible C(sp*)-H sites within a
complex substrate and predict which is the most likely to be func-
tionalized by a given catalyst based on the site-by-site* computed
local chemical properties. A synthetic chemist could then use this
tool to predict which late-stage intermediate in their synthesis would
be most amenable for a desired selective C-H functionalization.

Among supervised learning algorithms, logistic regression is
uniquely suited for providing intuitive insights into binary classifica-
tions for moderately sized data sets that are the norm in the chemical
sciences.” Thus, we set out to develop alogistic regression model for
predicting the probability that a given C(sp*)-H site in a substrate
would be the major site of functionalization. We began our analysis
by calculating, at the M062X-D3/def2tzvp-SMD(CH.CL) //
MO062X-D3/6-311G** level of theory,” the structures, energetics,
and chemical properties of representative conformers (Macro-
Model/OPLS3e)* of the 17 silyl ether substrates in Figure 2. To
maximize the chemical space for which our model will hold predic-
tive utility, additional substrate diversity was added by back-filling
the data set with 18 substrates for which C-H functionalization data
with Rha(R-TCPTAD). and/or Rhy(S-2-Cl-5-BrTPCP); catalysts
has previously been obtained (Figure $23)."">* To quantify the typ-
ical spatial accessibility of each C—H site across the substrate confor-
mations present in solution, the Boltzmann-averaged percent buried
volume® (%Vou, po;) within a sphere of 2 A radius iteratively

centered at each hydrogen atom was used (Figure 3a, left).”' For
highly flexible substrates, however, the least sterically hindered con-
formation that the substrate can adopt (i.e., %Vou, mn; Figure 3a,
right) could also bely insight into describing the C~H insertion tran-
sition state (Figure S24).>

For electronic descriptors of C~H bonds,* we initially considered
AEo/ (C-H) values from Natural Bond Orbital (NBO) analysis,*
where larger energy gaps between C-H o-bonding and c-antibond-
ing orbitals are indicative of increased electronic activation.” This
descriptor type was recently found to capture C(sp*)-H bond elec-
tron-richness as it pertained to ease of oxidation for aliphatic sub-
strates with remote electron-withdrawing groups.** However, upon
diversifying the substrate scope in this study, we find that descrip-
tions based on AE/.- (C—H) are not necessarily generalizable. While
AEy/ (C-H) captures inductive deactivation (e.g., by an a-halogen
in Figure 3b) and hyperconjugation effects that dictate relative par-
tial carbocation stability (i.e., 3° > 2° > 1°),¥ its values for neutrally-
charged substrate molecules do not capture resonance effects
wherein proximal n-electrons can stabilize the buildup of partial pos-
itive charge in the C—H insertion transition state.”® This is evident
from the inability of AEc/ (C—H) values to differentiate unactivated
2° C—H bonds from benzylic and allylic C-H bonds, as well as from
C-H a to an oxygen atom (e.g., in Figure 3b).

Resonance stabilization effects can be recouped to some extent by
combining computed AE./ (C-H) and '"H NMR chemical shift (§)
values® into a composite descriptor, which we have termed the Elec-
tronic Activation Index (EAL Figure 3b). Although 'H NMR § do
depend intimately on inductive deshielding,* resonance stabiliza-
tion effects on C-H insertion are also captured indirectly, since
neighboring electronegative atoms invariably have lone-pairs that
can stabilize positive charge buildup at a-carbon atoms through res-
onance (see SI for further discussion). Similarly, anisotropic effects
of alkene and aryl -systems*' also result in relatively downfield '"H
NMR shifts that track with increased propensity for transition state
stabilization in allylic and benzylic C-H insertions, respectively.'”>?°

The prediction of reactivity as a composite of electronic induction
and resonance effects is well-precedented in physical organic chem-
istry, as exemplified by Hammett’s foundational ¢ substituent con-
stants (Figure 3c).* For substituted arenes, it is well understood that
resonance effects are comparatively more influential relative to in-
duction for substitution para (50:50) to the reaction center (rc) as
opposed to meta (23:77), where the relative coefficients for reso-
nance and induction contributions to ¢ constants were determined
empirically to best predict reactivity (Figure 3c).” Taking inspira-
tion from Hammett’s o constants, we sought to empirically deter-
mine EAI coefficients for contributions from AE./» (C-H) and 'H
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Figure 3. Logistic regression classification modeling results based on intuitive input descriptors for the relative reactivity of C(sp*)—H bonds. Note

that the EAI values shown in Figure 3b are based on the logistic regression model coefficients for input electronic descriptors in the Rha(R-
TCPTAD)4-catalyzed model. Training/test set splits (see SI) resulted in 107 of 157 and 75 of 114 individual C—H sites chosen for training the
Rh(R-TCPTAD); and Rh,(S-2-Cl-5-BrTPCP), models, respectively (i.e., 17:8 and 10:6 substrate splits). Note that for the selected validation set

predictions shown in Figure 3d, the remainders of the normalized probability distributions (where X Pxoru = 100% within each substrate) that are

not explicitly shown are for TBS protecting group functionalization (< 2% predicted in each case).

NMR 3§ descriptors such that the relative reactivity of C-H sites to-
ward carbene insertion could be successfully predicted. Logistic re-
gression provides the mathematical framework for empirically fit-
ting these coefficients.* Thus, we included these two normalized
electronic descriptors, along with %Vu, iz, to assess if intuitive
chemical properties could enable robust classification of which C-
H site in a given substrate would be the major site of functionaliza-
tion.

Logistic regression modeling was performed separately for reac-
tions mediated by Rho(R-TCPTAD), and Rh,(S-2-CI-5-BrTPCP),
to highlight the sensitivity of each catalyst’s reactivity preferences to
C-H electronic activation and spatial accessibility. The predicted
probability (P) of each C-H site being the major site for functional-
ization is given based on the sigmoidal function, where P approaches
1 as z approaches infinity (Figure 3d). A modified logistic regression
classification protocol was employed, wherein the predicted proba-
bilities that each C—H site will be primarily functionalized are com-
pared and the site with maximum probability within a given sub-
strate is classified as the predicted major site for reactivity (see SI for
details). Thus, C-H sites with normalized local properties that result
in large positive z values will have high predicted probabilities for be-
ing the most reactive site within a given substrate. Notably, the pars-
ing of substrate scope data in terms of considering local C-H sites
that either are (1), or are not (0), the major functionalization site
enables an adequate observation to parameter ratio for modeling.**
The resulting logistic regression models and classification confusion
matrices for trainingand test sets,* along with model statistical per-
formance metrics and selected validation predictions, are shown in
Figure 3d.

Both the Rhy(R-TCPTAD)icatalyzed and Rha(S-2-Cl-S-
BrTPCP),-catalyzed models provide high accuracy, precision, and
recall (i.e., F1 score) for the training set (Figure 3d). High F1 scores
are especially important given the unbalanced nature of the data sets
in favor of C—H sites that are not functionalized.*” Additionally, high
pseudo-R’ values show that the models provide significantly

improved predictions relative to those for Efron’s and McFadden s
definitions of the null hypothesis.* Compared to multivariate linear
regression, where models often feature R* values > 0.9, pseudo-R
values > 0.2 for logistic regression are indicative of an excellent fit to
the classification data.* Importantly, both models maintain their ro-
bust performance across their respective validation sets, thereby sug-
gesting that they are not the result of overfitting the training set data.

Beyond the favorable statistical performance of the models, their
coefficients contain chemical insights into the divergent reactivity
mediated by Rhz(S-2-CI-5-BrTPCP); and Rh2(R-TCPTAD); cata-
lysts. The negative coefficients for %V, st in both models are con-
sistent with our expectation that more spatially accessible C-H sites
(i.e., negative normalized 9%Viu; sor, values) will be more likely to be
the major site of functionalization (i.e., larger positive z and P val-
ues). The coefficient magnitude for %Vou, st in the Rha(S-2-Cl-S-
BrTPCP)s model is approximately double that in the Rha(R-
TCPTAD). model, which indicates that the preferred site for func-
tionalization using Rha(S-2-CI-5-BrTPCP); is significantly more
sensitive to relative C—H spatial accessibility. Conversely, Rha(R-
TCPTAD), biases reactivity toward more electronically activated
C-H sites, as it is less sensitive to C-H bond steric congestion.
Among electronic descriptors, smaller AEs«» (C-H) gaps were
found to be more important than downfield "H NMR shifts for pre-
dicting the major site of C-H functionalization with both catalysts.
Selected validation set model predictions are shown for silyl ether 6
(as normalized P values in Figure 3d), where subsequent classifica-
tion according to the maximum predicted probability within 6 cor-
rectly predicts the major sites of reactivity for both catalysts. It is
worth noting that a more conservative classification model, where a
prediction is made only if the difference between the maximum
functionalization probability and that of the next most likely C-H
site surpasses a threshold of 0.2, provides an assessment of predic-
tion certainty by eliminating all classification errors with 50% model
decisiveness.



To illustrate the broader synthetic utility of our model for predict-
ing reactivity in unseen and increasingly complex settings,’" % we
challenged it by considering the reported Rho(R-TCPTAD);-cata-
lyzed functionalization of cholesteryl pelargonate,'® which has
many possible C(sp*)~H bonds that could potentially be functional-
ized. In doing so, we also sought to demonstrate that our model can
be readily transformed into an intuitive visualization tool that clearly
illustrates how catalyst bias interfaces with intrinsic substrate reac-
tivity profile to dictate C-H susceptibility to functionalization. We
have developed two-dimensional charts plotting relative spatial ac-
cessibility (%Viu, so.) against relative electronic activation index
(EAI) for any given substrate, where all possible C—H sites are rep-
resented as individual data points according to their computed local
chemical properties. This visual analysis is conceptually similar to
Tolman’s seminal analysis of phosphine ligands,* and is presented
for cholesteryl pelargonate in Figure 4.
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Figure 4. Plot showing the influence of Rha(R-TCPTAD ) catalyst bias
in the C-H functionalization of cholesteryl pelargonate. EAI is based
on logistic regression coefficients for input electronic descriptors, both
of which capture inductive and resonance effects to some extent. The
circular and oval projections are also based on the relative catalyst sen-
sitivity to %Viuwrand EAI obtained from the model. Each unit on the rel-
ative scales represents one standard deviation in that property across
the C—H bond library (see Figures $22-S23). Sites not functionalized
are denoted (x), and noteworthy allylic and tertiary sites that also were
not functionalized are specifically highlighted.

In this visualization, the relative scales have been constructed
such that a point at the origin would represent a C—Hsite that is both
the most spatially accessible and the most electronically activated
site within the substrate of interest. Given the inherent trade-oft be-
tween spatial accessibility (1° > 2° > 3°) and electronic activation (3°
>2°> 1°) for C-H bonds (R” = 0.48;** Figure S25),% it is unlikely
that any site will be simultaneously the most accessible and acti-
vated. In the absence of catalyst bias, if spatial accessibility and elec-
tronic activation were equally important for predicting the site of
C-H insertion, then functionalization would be expected to occur at
whichever C-H site has the smallest distance to the origin on this
plot. For cholesteryl pelargonate, this would be the most accessible
secondary C-H site shown in blue, where the distances from other
C-H sites to the perimeter of the blue circle helps illustrate how
much less intrinsically susceptible they each are to functionalization

(Figure 4).

However, a catalyst may significantly bias reactivity away from
this intrinsic substrate selectivity profile (Figure S26). Because
Rh,(R-TCPTAD) can tolerate increased steric hindrance to func-
tionalize tertiary C-H bonds, it will mediate preferential functional-
ization of the accessible tertiary site shown in red for cholesteryl pel-
argonate. This outcome was successfully predicted as an external val-
idation using our logistic regression model (P=67%, Pxoru = 18%;
see SI). Projecting an oval onto this plot can visually account for
Rhz(R-TCPTAD); catalyst bias, where electronically activated but
less accessible C—H sites are treated as effectively closer to the origin
(Figure 4). Intuitively, one might expect the allylic C-H sites (pur-
ple) or the tertiary C-H bond alpha to oxygen (orange) in choles-
teryl pelargonate to also be inherently reactive, but our visual analy-
sis of local C-H bond properties clearly shows these sites to be less
prone to functionalization. We propose that overlaying the com-
puted site-by-site properties for a new target substrate containing
many C-H bonds with bias ovals for reported catalysts can enable
facile visual prediction of which site is likely to be functionalized.
More broadly, we view the intersection of this substrate profile anal-
ysis and our previous catalyst descriptions using SMART parame-
ters” as key steppingstones to enabling large-scale multi-site classi-
fication virtual screening. In this way, a matrix of probabilities that
any given catalyst will functionalize each possible C-H site within
any given substrate could be rapidly attainable for a priori guidance
of chemical synthesis across extensive substrate/catalyst libraries.

Conclusion

In summary, we have demonstrated how carbene-induced C—H
functionalization can be incorporated into the classic disconnection
logic used in organic synthesis. By using catalyst-controlled reac-
tions of alkyl silyl ethers, we have developed practical and mild meth-
ods for intermolecular asymmetric C(sp®)-H bond functionaliza-
tion that affords products with oxygen functionality located in 1,3-,
1,5-, or 1,6-arrangements. Intermolecular desymmetrization and ki-
netic resolution of alkyl silyl ethers has also been shown to be effec-
tive. Finally, we have harnessed this data set to highlight the syn-
thetic utility of training a machine learning classification algorithm
for predicting which C(sp*)-H site within a substrate will be func-
tionalized based on facile calculations of local, ground-state chemi-
cal properties. We hope that this study will spur interest in leveraging
this chemistry for complex molecule assembly as a complementary
tool to some of the classical disconnection strategies, with our intui-
tive visual analysis potentially aiding in the prediction of tractable
synthetic targets for late-stage C-H functionalization.
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