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Did He not find you unaware of the Right Way, and then directed you to it?
(Quran 93:07)

Indeed, what is to come will be better for you than what has gone by.

(Quran 93:04)



Abstract

Triarylsilanols have been employed as the first silicon-based molecular catalysts for direct amidation of
carboxylic acids. Tris(p-bromophenyl)silanol exhibited superior catalytic activity amongst tris(p-
haloaryl)silanols selected for this study. Kinetic experiments revealed that Lewis acidic arylsilanol catalysts
are sensitive to product inhibition, thus explaining the observed diminished catalytic efficiency in direct
amidation reactions investigated. Tertiary amides proved to be more detrimental to the catalytic activity
than secondary amides in the event of product inhibition. Accelerated catalyst deactivation in the presence
of more basic secondary amines was evidenced by ex situ HPLC catalyst quantification. Computational
studies uncovered the likelihood of a pentacoordinate silyl ester-amide complex as the possible mode of

catalyst inhibition.
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Chapter 1: Introduction

1.1 Arylsilanols in Organic Synthesis

Silanols — the silicon analogues of carbinols — generally exist as tetracoordinate species with a
tetrahedral silicon centre (Figure 1). The average C—Sibond distance (1.863 A) is around 20% longer
than the corresponding C—C bond (1.530 A), while the Si—O bond distance (1.631 A) is about 15%
longer than that of C—O (1.426 A). These bond length variations are reflective of a larger atomic radius
of silicon (117 pm) than carbon (77 pm). The enhanced acidity of silanols compared to their carbon
counterparts fundamentally arises from the large electronegativity difference between carbon (2.55)
and silicon (1.90), as more electropositive silicon is capable of stabilizing the anionic oxygen. It is quite
obvious that the inherent properties of silicon impart unique physicochemical features to
organosilanols, rendering them valuable structures in organic synthesis, pharmaceuticals, and

polymeric materials.!

R2 R?
| L
AmoH 73\ "OH
1 R! \
R \R3 -

Figure 1. Chemical structures of carbinol and silanol.
The seminal work by Hiyama in 1988 acted as a gateway towards the application of organosilicon
compounds as nucleophilic partners in Pd-catalyzed cross-couplings with electrophilic organic
halides/pseudohalides.* Despite an extensive use of boron-, tin-, and zinc- derived organometallic
variants in cross-coupling chemistry, organosilanes evolved as viable alternatives owing to their
stability, low toxicity and easy-handling. However, fluoride-mediated activation of the stable C-Si
bond to facilitate the transmetalation step undermined the synthetic utility of silicon-based cross-

couplings. To bypass the requirement for a fluoride source, Denmark developed Pd-catalyzed cross-
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coupling protocols which use organosilanols or their conjugate bases as potent coupling partners
under mild conditions, thereby offering good functional group compatibility.’

Silicon-tethers bearing directing groups (DGs) have long been recognized for directed C-H
functionalization in various processes such as cycloadditions, radical reactions, TM-catalyzed ring-
closing metathesis (RCM), and cross-couplings.* However, the complications associated with the
removal of directing groups considerably hampers the utility of this approach in organic synthesis.
Thus, an easily removable and modifiable DG is highly desirable. Si-tethers, in particular, sufficiently
fulfil these prerequisites, thereby justifying their widespread acceptance in C-H functionalization
chemistry.*

Since the employment of organosilanols in directed C—H functionalization and C-C cross-coupling
reactions have been thoroughly reviewed previously** — and are indeed beyond the scope of the
current discussion — these topics are not further detailed here. It is quite evident from literature that
triarylsilanols have been solely engaged as substrates and/or reagents in synthetic transformations,
however, their application as catalytic entities in contemporary organic synthesis is still non-
existent."**The present discussion will deal with selected pertinent examples to showcase the practical

value of arylsilanols in organic chemistry.®*

1.1.1 Allylic Etherification

While organosilanols can efficiently participate in cross-coupling reactions,’ their intrinsic potential as
O-nucleophiles in asymmetric catalysis is largely unexplored. Over the last two decades, only a handful
of catalytic methods involving the direct use of nucleophilic silanols have been developed, primarily
to enable the construction of carbon-heteroatom bonds in chiral scaffolds.®

Xu et al. demonstrated the application of multifunctional trans-1,2-diaminocyclohexane-derived

phosphine ligand CycloN2P2-Phos 3 in Pd-catalyzed reaction of allylic acetate 1 with triphenylsilanol

12



2 (Scheme 1).% The desired chiral silyl ether 4 was obtained in excellent yields (> 90%), however,
attempts to determine the enantioselectivity of 4 were unsuccessful due to poor resolution on chiral
HPLC. Subsequently, TBAF-mediated desilylation was performed to obtain the corresponding allylic

secondary alcohols § for an indirect determination of enantioselectivity.

] @@

OAc [{Pd(n*-C3H3)Cl},] (2.5 mol%) O/Si
O X O CycloN2P2-Phos 3 (5.5 mol%) m
X " X toluene, K,CO3 (3 equiv.), rt, 12 h « O O «
4
X=H,F Cl,Br . L _
+

TBAF/THF

Scheme 1. Pd/CycloN2P2-Phos-catalyzed asymmetric allylic etherification.
Later, a novel approach featuring (bis)Cinchona alkaloid (DHQD),PYR 7 catalyzed allylic
substitution reaction of Morita—Baylis—Hillman (MBH) carbonates 6 with Ph;SiOH as O-
nucleophile was developed (Scheme 2).% To explore the generality of the protocol, various MBH
carbonates including aromatic, heterocyclic, and aliphatic were reacted with 2 to afford the
corresponding allylic etherification products 8 in moderate to good yields (58-98%) and respectable
enantioselectivities. The reaction was proposed to proceed via formation of (DHQD),PYR-MBH
adduct preferentially as E-isomer, where the sandwich-like geometry — stabilized by m-7 interactions
between quinoline moiety and phenyl rings — allows the attack of triphenylsilanol anion effectively

from Si face to furnish the silyl ethers 8 with R configuration.
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MeO OMe

_SiPh;
OBoc 7 (10 mol%) 0
CO,R? + Ph,SiOH ~-CO:R?
1 2 3 . R1
R MTBE, 'Pr,EtN, 90 °C \W
6 8
Q/SiPhg Q/SiPhg, Q/SiPhs Q/SiPh3
- COsMe - COzMe - COzMe ~__CO,Me
\ \ S
o) S =
8a 8b 8c 8d
92%, 92% ee 75%, 88% ee 85%, 92% ee 50%, 81% ee

Si face attack

Br/ I—li
(O
I\/ Si\© OSiPhs
OMe — ‘__CO,Me
H N m
. 5
Br
5 5
\ O._A_O
Ef |

Scheme 2. Asymmetric allylic etherification of MBH carbonates and silanols.

1.1.2 Cycloetherification

To achieve the synthesis of structurally diverse enantiopure benzoxasiloles 9, asymmetric halo-
oxycyclization of olefinic silanols 9 in the presence of chiral phosphoric acid catalyst 11 (Scheme 3),
was described by Xie and coworkers.® The enantioselectivity of the reaction was found to be

dependent on the counter anion of the brominating reagent, that is, bromine/N-benzyl- DABCO
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complex 10. However, in terms of substrate scope, installation of olefinic alkyl substituents (Et, i-Pr)
resulted in the erosion of enantioselectivities. Interestingly, removal of the Me group from the
substrate led to the formation of only 6-endo-bromo-oxycyclization products 12b and 12¢. Moreover,
the reaction worked well with tetra-substituted olefin delivering the corresponding benzoxasilole 12d

in 91.5% ee.

R4 11 (10 mol%)

X

S0

10, K,CO5
oluene, 0 °C

toluene
/ \+
Bro,=<—N N-R
Cl
R = 3,5-difluoromethylbenzyl

r Br

B
o m
/ .0 /
S|\© Si Si,O
12a 12 12 12d
87%, 95.5% ee 87%, 83% ee 52%, 65% ee 82%, 91.5% ee

Scheme 3. Enantioselective bromo-cycloetherification of olefinic silanols.

1.1.3 Hydrosilyloxylation

In efforts to access synthetically useful enol silyl ethers from non-carbonyl precursors, a mild and
convenient gold-catalyzed intramolecular cyclization of alkynyl silanols 13 was reported by Lee and
coworkers (Scheme 4).” The efficiency and robustness of this cyclization strategy was manifested by
developing a one-pot tandem hydrosilyloxylation/aldol reaction, that involved the chemoselective in
situ generation of an enol silyl ether, in the presence of an aldehyde. A range of alkynyl silanols and
aldehydes were successfully subjected to intramolecular hydrosilyloxylation/aldol reaction

conditions, giving the corresponding aldol products 15a-fin a diastereoselective fashion (Scheme 5).
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Q Q AgOTf (1 mol%) Q Q
1 (C6F5)3PAUC1 (1 mol%)

Si. i
X—I\ OH w1 A Sl‘o
! DCE, rt o
= )
X FNF R or Ar
13 R or Ar 14

Scheme 4. Au-catalyzed intramolecular hydrosilyloxylation.

Q Q AgOTf (1 mol%) Q Q

N Siion i (CF5)3PAUCI (1 mol%) N Si,
X + R°CHO X
= DCE, rt = 2
A R
R’ 0~ "R
15

Qo Qo

o A @%}@LW

15a 15b 15c¢
67%, dr = 5:1 76%, dr = 2:1 75%, dr = 13:1
Si. i E j :
“o Br SI‘o S'\O NO
O n-Bu
3
15d

0 - 0 0
68%, dr = 1.4:1 15ea, 40%; 15eb, 40% 15f, 69%

Scheme S. Au-catalyzed intramolecular hydrosilyloxylation/aldol reaction.
Additionally, the tandem hydrosilyloxylation/Mannich reaction was investigated by reacting alkynyl
silanols bearing alkyl substituents, with (E)-N-benzylidene-4-methyl benzenesulfonamide 16 in the
presence of a gold-catalyst system (Scheme 6).”* Unexpectedly, the installation of an imine moiety at
exo position of the silicon ether products 17 was detected, thus, suggesting the isomerization of the
enol double bond under the given conditions (vide infra). This was further corroborated by the fact
that a non-isomerizable enol ether, generated from an alkynyl silanol having phenyl group on sp-
hybridized carbon, did not react with imine 16 in this tandem one-pot process.
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Q Q AgOTf (5 mol%)
Si. X _Ts  (CgF5)3PAuCI (5 mol%)
OH N
DCE, rt

+
X Alkyl 16

Si\o = . Si _—
n-Pr = n-Pr
Z n-Pr X NPT
18 Ph TsHN Ph

Scheme 6. Au-catalyzed hydrosilyloxylation/isomerization/Mannich reaction.

The frequently employed method to prepare 1,3-silyloxydienes for Diels—Alder reactions involve the
silylation of carbonyl compounds, which requires stoichiometric amounts of strong bases (Scheme 7).
In contrast to this traditional approach, Gong et al. reported the use of enynyl silanol 20 as latent 1,3-
silyloxydiene 21 which is capable of reacting with an electron-deficient olefin in a catalytic asymmetric
Diels—Alder reaction (Scheme 8a).”

The protocol comprises a hybrid metal/organo catalyst system, where gold complex 24 facilitates the
intramolecular hydrosilyloxylation of (2-(but-3-en-1-ynyl)phenyl)-diphenylsilanol derivatives 22 to
yield the desired 1,3-silyloxydiene 21, which subsequently participate in asymmetric relay Diels—Alder
reaction with naphthoquinone under chiral Brensted acid catalysis. Resultant polycyclic products 26
bearing multiple stereogenic centres were obtained in high yields and excellent enantioselectivities
(Scheme 8b). It is worth noting that Diels—Alder reaction between enynyl silanols 22 and 23 using
achiral gold complex 24 alone gave no desired product, thus, implying that Bronsted acid catalyst 25a

solely empowers the asymmetric Diels—Alder event in this cascade process.
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Strong base EWD

)O]\/ then silylation Y\ —/ R3Si0\©\
= > >
EWD

OSiR; D-A

Scheme 7. Classical synthesis of 1,3-silyloxydienes for Diels—Alder reaction.

O
(a) .\ R | Au(l)/B*-H N
R’ Asymmetric Relay Catalysis
20
Au(l) T
B*-H
—> O _ >

’

Si
VRN
21 R'\/j

1,3-Silyloxydiene

v N

24 (6 mol%)
25a (15 mol%)

PhF, rt

Ar
I 26
O. //O
/P\
l i O NHTf
Ar

25a, Ar = 1-pyrenyl
25b, Ar = 2,4,6-(Cy)3C6H2
25¢, Ar = 2,4,6-(iPr)3C¢H,
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26a: R=H, 95%, 94% ee 26g: R=H, 80%, 94% ee 26i: R=Me, 67%,91% ee
26b: R =4-Me, 70%, 96% ee 26h: R = 3-Me, 95%, 96% ee 26j: R = n-C4Hg, 94%, 91% ee
26¢: R = 3-Me, 95%, 96% ee 26k: R =n-CsHy1, 94%, 91% ee

26d:R=F, 98%, 95% ee

26e: R =Ph, 76%, 96% ee

26f: R = 2-OMe, 82%, 87% ee
Scheme 8. Catalytic hydrosilyloxylation of enynyl silanol/asymmetric Diels—Alder reaction. (a)
General strategy. (b) Substrate scope.
Furthermore, benzoquinone derivatives 27a-c reacted well with 1,3-silyloxydiene generated from

enynyl silanol 22a bearing a phenyl group at C4, followed by a one-pot reduction using DIBAL-H,

thus, furnishing the desired products 28a-c with satisfactory results (Scheme 9).”

~_Ph O] 1. Gold Catalyst 24 (6 mol%)
=Z R 25a (15 mol%), PhE, rt
+ f
_OH R 2. Reduction
Si
VRN 0

22a 972 R < H 28a: R = H, 82%, 93% ee
27b: R = Me 28b: R = Me, 81%, 94% ee
27c: R = Cl 28c: R = Cl, 69%, 95% ee

Scheme 9. Hydrosiloxylation/asymmetric Diels—Alder reaction using benzoquinones.
Au(I)/Brensted acid binary catalyst system could be exploited to enable an asymmetric oxo-Diels—
Alder reaction of enynyl diphenylsilanols with fluorenyl glyoxylate 29, giving 3,6-dihydropyran
derivatives 30 in good yields and with high stereo-control (Scheme 10). The reaction yields were

enhanced by addition of anhydrous sodium sulphate.”

19



N O Au(I) cat. (1 mol%)
= o 25b (15 mol%)

R D * HO .
7 Si,OH o Q toluene, Na,S0y,, 35 °C

Scheme 10. Catalytic hydrosiloxylation/asymmetric hetero—Diels—Alder reaction.
Likewise, the gold-catalyzed cyclization of  2,3,4-trimethoxy-6-(phenylethynyl)phenyl
dimethylsilanol 31 generates silyl enol ether, which successfully undergoes chiral Bronsted acid
induced asymmetric aldol reaction with 29, thereby enabling the synthesis of key intermediate 32 en

route to natural product eupomatilone-6 33 (Scheme 11).7

0 :
no L)
Ph ﬁ)ko Q Bz
= MeO :

MeO OH .4 CO4Flu
.OH - .0 -
MeO Si 25¢ (5%) MeO Si
OMe | LAuMe (1%) ome |
31 toluene, 25 °C, 4 days 32, 74%, 89% ee
/—\ Flu = fluorenyl
Ar= N N=ar

Ar = 2,6-(iPr)2C6H3
L

Scheme 11. Enantioselective synthesis of (—)-5-epi-eupomatilone-6.

1.1.4 Enantioselective Stereogenic Silanols

The intrinsic properties of silicon present substantial challenges to achieve the synthesis of
enantioenriched silicon-stereogenic silanols in the domain of asymmetric catalysis.® Therefore,
catalytic protocols capable of generating optically active silanols with high stereocontrol are of much

interest. To this end, Zhao and coworkers established desymmetrization of prochiral diarylsilanols 34
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via Ir-catalyzed C—H silylation as a facile route to access silicon-stereogenic centres (Scheme 12).%
Notably, an extensive ligand screening revealed that the reaction efficiency with respect to reactivity
and selectivity, could be enhanced by increasing the basicity of a pyridinyl group in the indane-fused
ligand 35a. Since the isoquinoline moiety is more basic than pyridine, subsequent employment of a
novel isoquinoline-based oxazoline ligand 35b delivered enantioenriched (95.5:4.5 er) silylated

product 36 in excellent yields.
R\ /OH R /OS|R’2H [Ir(COd)Cl]Z (2'5 mO]%) R\ \C)_SlRlz

Si H,SiR', Si 35b (4.5-12 mol%) Si*
 ORD .
Ir-cat. NBE (0-1.2 equiv.), solvent
34

45-80°C,36-72 h 36

R \_ O O— .
<:r\>_<\Nj© /_,: \Nj©

Scheme 12. Enantioselective desymmetrization of prochiral diarylsilanols.
The practical value of this Ir-catalyzed C—H silylation was demonstrated by a gram-scale synthesis of
36a, where the desired cyclic product was successfully obtained in 86% yield (Scheme 13). Following
this enantioselective C—H silylation, cleavage of the sterically less demanding Si-O bond by various
organolithium reagents (R-Li) resulted in a regiospecific ring-opening of diarylsilanol-derived silyl
ether 36a with retention of the enantioselectivity, thereby affording the enantiomerically enriched

silanols 37a-d.
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Scheme 13. Asymmetric synthesis of enantioenriched silicon-stereogenic silanols.
These authors further demonstrated the regioselective oxidation of two non-equivalent C-Si bonds
in C—H silylation product 36a under Fleming-Tamao oxidation conditions (Scheme 14). Treatment

of 36a with t-butyl hydroperoxide (TBHP) afforded the enantioenriched phenolic silanol (PSiOL)

38 in 83% yield without any loss of enantiomeric purity.

‘Bu, O-SiEt,  BuOK, TBHP Bu M OH
prSI% TBAF, THF, 0°C ©/S'*
Tamao-Fleming
oxidation 38
36a PSiOL
95.5:4.5 er 83%, 95.5:4.5 er

Scheme 14. Transformation of 36a to PSiOL.
To demonstrate the synthetic utility of chiral diol scaffold 38, enantiopure PSiOL (>99.5:0.5 er after
recrystallization in toluene) was transformed into an array of monodentate PSiOL-derived
phosphoramidite ligands 39a-d (Scheme 15). The induction of chirality on the phosphine moiety was
chiefly driven by the absence of C2-symmetry in 38, thereby providing a novel chiral ligand bearing

both Si and P-stereo centres.
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Scheme 135. Transformation of PSiOL to a series of PSiOL-based phosphoramidite ligands.
He et al. exemplified the versatility of chiral silanols by carrying out a Rh-catalyzed coupling of
cyclohexyl(2-methoxyphenyl)silanol 40a with dihydrosilane 41, generating disiloxane product 42
featuring two silicon stereo centres (Scheme 16).5 Furthermore, in order to obtain sila-substituted
chiral drug 43 in a highly stereoselective manner, fluoro- derivative 40b smoothly underwent Pt-
catalyzed hydrosilylation with 1-allylpiperidine, delivering p-fluoro-hexahydro-sila-difenidol 43 in

92% ee.

OMe (Ey S
[Rh(cod)Cl], / Josiphos R Si\~.,,IO/ \Cy OMe
OMe Cy H
Si\'"'OH Cye 42
H Si 88%, dr =13:1
R H2 Ome
40a, R=H 41
85%, 94% ee
OMe Cy
[Pt] Karstedt catalyst Si-OH

43,76%, 92% ee

40b, R=F 92% ee - \_\-
O F N )
/\/N

Scheme 16. Stereospecific derivatization of silicon-stereogenic silanols.

1.2 Catalytic Direct Amidations
The classical methods for amide bond construction use stoichiometric amounts of coupling reagents

(DCC (N,N '-dicyclohexylcarbodiimide), EDC (N-ethyl-N "-(3-

23



dimethylaminopropyl)carbodiimide), CDI (carbonyl diimidazole), HATU (N-[(dimethylamino)-
1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene ]-N-methylmethanaminium hexafluorophosphate N-
oxide)), in conjunction with hazardous organic solvents (DCM, DMF, NMP), which pose serious
environmental and safety concerns, thereby tremendously restricting the wider acceptance of these
conventional approaches.” Hence, a call for the design and execution of safer, atom-economical
protocols — with minimal waste production — for amide bond synthesis, is rational.'%!!

While boron-based catalyts,'>'S group IV metal catalyts,'® and other catalytic processes'” have been
established, a general and practical catalytic methodology for direct coupling of carboxylic acids and
amines still remains daunting."" Several comprehensive reviews have summarized the developments
in catalytic direct amide/peptide synthesis,”'! therefore, only selected recent organoboron catalysts
will be discussed here.

Amongst boron-based catalysts for direct amidation of carboxylic acids,'"”'* DATB 55 and Pym-DATB
56 featuring B;NO, heterocycle, deserve comment (Figure 2). Thermally and hydrolytically robust
DATB exhibited excellent catalytic activity towards dehydrative condensation of structurally diverse
carboxylic acids and amines (Figure 3).'* The promising catalytic efficiency has been postulated to
arise from three Lewis acidic boron sites, where B! preferentially coordinates to Lewis-basic amines
while the remaining two B? facilitate the complexation of carboxylic acid to BsNO, core, thus
permitting the substrate assembly by decreasing the entropic penalty.

Despite the remarkable features of DATB mediated direct amidation protocol, this strategy suffers
from tedious synthesis of §8, subsequently hampering its broader utility. Therefore, the authors
reported an alternative synthetic route to access DATBs by introducing 4,6-diarylpyrimidine
scaffold.’? In sharp contrast to the stability of BsNO, ring system in §5, Pym-DATB was susceptible

to undergo ring opening/closing dynamics in MeOH, which was attributed to the electron
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withdrawing effect of pyrimidine moiety. To demonstrate the catalytic potential of Pym-DATB
derivatives, 56 was successfully employed as amidation catalyst for direct coupling of various
challenging carboxylic acid/amine substrates (Figure 4).

To deal with the downsides of organoboron catalysis in peptide synthesis, Takemoto and Shimada
independently reported gem-DBA 5§57 and DBAA $8 as useful catalysts for dehydrative peptide
formation with minimum loss of optical purity (Figure 2).'5* DBAA enabled the conversion of serine
and threonine derived f-hydroxy-a-amino acids into the corresponding dipeptides, whereas gem-DBA
was found to be compatible with various functionalized N-protected a-amino acids. Hence, these

boron-based catalysts (57 & 58) offer access to peptides in a highly chemoselective manner.
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Figure 2. Previously employed boron catalysts. “DMAPO (4-(N,N-dimethylamino)pyridine N-oxide)
was used as co-catalyst. * fert-Amyl methyl ether (TAME) was used as a solvent. ‘ tert-Butyl acetate was
used as a solvent. (MIBA = 5-Methoxy-2-iodophenylboronic acid; gem-DBA = gem-Diboronic acid;
DBAA = Diboronic acid anhydride; DATB = 1,3-Dioxa-5-aza-2,4,6-triborinane; Pym-DATB =
Pyrimidine-DATB).
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Figure 3. Scope of DATB catalyzed direct amidations (selected examples). Reaction conditions: Acid
(0.30 mmol, 1.0 equiv.), Amine (0.30 mmol, 1.0 equiv.), DATB (5 mol%), toluene, MS44, 80 °C, 14

h. “ Refluxing toluene. * Subsequent condensation with 5-fluoro-2-oxindole. 1.0 equiv. Et;N.
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Figure 4. Scope of Pym-DATB catalyzed direct amidations (selected examples). Reaction conditions:
Acid (0.25 mmol, 1.0 equiv.), Amine (0.25 mmol, 1.0 equiv.), Pym-DATB (5 mol%), PhF, MS4A, 85

°C, <16 h.%56 (0.5 mol%), gram-scale.  Refluxing toluene.

Considering the dual activation of carboxylic acid and amine, Hall and coworkers designed a
bifunctional boronic acid catalyst $2 — comprising a biphenyl rigid core and a proximal hetero-atom
functionality — to enable the dehydrative coupling of aliphatic carboxylic acids and anilines.'*? A model
reaction of phenylacetic acid and aniline was chosen to assess the catalytic potential of this new
boronic acid derivative. Results revealed the superior catalytic efficiency of $§2 in comparison to the
previously reported catalysts 47 (MIBA) and 49. Furthermore, in contrast to the preceding work by
Ishihara, where the attempted amidation of phenylacetic acid with electron-deficient aniline under
3,5-(trifluoromethyl)phenylboronic acid 50/ DMAPO cooperative catalysis afforded the
corresponding anilide only in low yields,' §2 was proved to be effective delivering the amide product
in 82% yield (Scheme 17).

The subjection of an aliphatic carboxylic acid bearing an a-stereogenic centre and aniline to this
boronic acid catalysis (MIBA or §2) resulted in the erosion of enantioselectivity, as depicted in

Scheme 18. In fact, lowering the reaction temperature from 85 °C to 65 °C did not ameliorate the
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situation and traces of amide product were obtained, hence, this partial epimerization under the
reaction conditions presents the limitation of the current catalytic protocol.

CN

CN Boronic acids

(0] 50 or 52 (0]
* H,N
OH N

Conditions A or B
1.0 equiv. 1.1 equiv. "
Yield (%)

Conditions Boronic acid: 50 52
A 34 82
B 15 64

Conditions:
A: 52 (50 mol%), DMAPO (5 mol%), FPh (0.07 M), MS44, 85 °C, 48 h
B: 50 (10 mol%), DMAPO (5 mol%), FPh (2 M), Dean-Stark, 85 °C, 48 h

Scheme 17. Comparison of boronic acids $0 and 52 under DMAPO co-catalysis.

Boronic acids

HoN
7 OH FPh (0.07 M), MS4A . N
! H

1.0 equiv,, > 99% ee 1.1 equiv. 85°C, 48 h

52:74% ee
47:37% ee

Scheme 18. Amidation of an optically enriched a-substituted carboxylic acid.
Very recently, Su et al. reported the first thianthrene based boronic acid catalyst §3 for direct amide
bond synthesis.”” The heterocyclic catalyst was proven effective for catalytic dehydrative
condensation of various aliphatic carboxylic acids and amines — except sterically cumbersome a,a-
dimethylphenylacetic acid, diphenylamine and dicyclohexylamine coupling partners, which were
found to be completely unreactive under the given conditions (Scheme 19). The less reactive aryl
carboxylic acids were shown to react with different alkyl and aryl amines in refluxing toluene without
employing molecular sieves (Scheme 20). However, diminished catalytic activity was observed in
attempted amidations of benzoic acid with morpholine and aniline, thus affording the corresponding

amides in relatively lower yields (38% & 35% respectively).
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Scheme 19. Scope of 1-thianthrenylboronic acid catalyzed amidation of aliphatic carboxylic acids

(selected examples).
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Scheme 20. Scope of 1-thianthrenylboronic acid catalyzed amidation of aryl carboxylic acids

(selected examples).

The practical value of 1-thianthrenylboronic acid catalysis was further demonstrated by carrying out
the synthesis of a leading amide drug, rivaroxaban — from thienyl carboxylic acid and structurally

complex amine fragment — in 70% yield (Scheme 21).'"
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Scheme 21. Synthesis of anticoagulant amide drug.

Although silicon-based reagents'® and silica gels'” driven direct amidation protocols have been
established, silicon-based amidation catalysts remain unreported in the literature.?® To this end, we
pursued the discovery of an organosilicon catalyst for direct coupling of carboxylic acids with amines
and efforts towards this goal culminated in the identification of triarylsilanols as viable amidation
catalysts under specified conditions (vide infra).!

As the opening phase of the inquiry, silanols (A1-AS), silanediols (B1-BS), siloxane diols (C1 & C2),
and silsesquioxanes (D1 & D2) were examined at 10 mol% loading, using a model amidation system
of aliphatic carboxylic acid §9 and primary amine 60 in 1:1 stoichiometry to give the corresponding
amide 61a, in refluxing toluene for 1 h (Scheme 22). The 25% conversion to amide with
triphenylsilanol 2 over background reaction (11%) in conjunction with chemical resistant towards the
formation of catalytically inactive hexaphenyldisiloxane [ (Ph;Si),O], revealed 2 as the lead catalyst.*"?

©\)OJ\ N HQN/\©\ cat. (10 mol%) ©\)(i
OH toluene, reflux, N, N
59 60 1h, (0.2 M) 61a H/\©\
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Scheme 22. Potential catalysts under model amidation conditions. Background reaction gives 11%

amide conversion.?™?

Having identified readily available PhsSiOH 2 as a practical choice, a series of known and new
electronically differentiated triarylsilanols 62a-k were synthesized, to conduct a systematic evaluation
of their catalytic activity under model amidation conditions (Scheme 23). Electron-rich arylsilanols
62b-d did not improve amide conversion over parent Ph;SiOH; however, increased conversions were
obtained with electron-deficient congeners. Furthermore, post-reaction catalyst quantification by 'H
NMR spectroscopy revealed the substantial loss of electron-deficient arylsilanols (62h-k) under the
specified conditions, in contrast to the electron-rich analogues (62b-d) investigated. These
preliminary findings pertaining to the catalyst stability led us to further comprehend the effect of
substituents, as arylsilanols evaluated for their catalytic potential were found to be sensitive to the

electronic characteristics of phenyl rings.
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Scheme 23. Screening of the catalytic activity of triarylsilanols including the assessment of catalyst
integrity post-reaction. 62a could not be quantified due to signal overlapping in the 'H NMR

spectrum.*'?

Hammett plot? (log(kr/ky) versus substituent constants o,/m) analysis revealed a linear correlation

with slope or sensitivity constant of p = 0.82 (Figure 5). The increase in the rate of catalytic amidation
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when triarylsilanols are substituted with electron-withdrawing groups is plausible, as the positive slope
is indicative of a build-up of negative charge in the rate-determining step. Conversely, arylsilanols
bearing electron-donating substituents somewhat decreased the reaction rate, presumably by
increasing the electron density on silicon. Interestingly, p-dimethylamino silanol 62a was found to be
an evident outlier (not plotted), which stems from the fact that protonation of the amine centres under

the reaction conditions significantly alter the electronic characteristics of this catalyst.
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Figure 5. Hammett plot for catalytic amidation using catalysts 62b-j and 2.*'*
Further analysis of catalyst integrity versus substituent constants o,/ plot (Figure 6) led us to
elucidate, that electron-deficient arylsilanols 62e-k with enhanced catalytic performance, are
susceptible to rapid decomposition, ranging from slight-to-moderate (0.1 > 6,/m > 0.3) to severe (0.4
> 0p/m > 0.6), under the given reaction conditions. Yet, no significant catalyst loss was observed for
triphenylsilanol 2 itself (o, = 0) and electron-rich arylsilanols 62b-d (o, ca. -0.2). These findings are
consistent with preceding literature where the occurrence of aryl-silicon bond cleavage of electron-
rich arylsilanes is observed under strongly acidic conditions; in contrast, arylsilanes bearing electron-

withdrawing groups, suffer accelerated decomposition in the presence of a base.”
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Figure 6. Post amidation catalyst integrity vs substituent constants (0p/m). Grey box denotes the
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catalysts selected for further study.

These results suggest that two counteracting factors, reactivity and stability, are at play — which must
be considered for the design and execution of an efficient arylsilanol mediated catalytic direct

amidation protocol.
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Aims/Hypothesis

At this juncture, electron-deficient arylsilanol catalysts with improved amide conversions and
seemingly less prone to bimolecular catalyst decomposition (0.1 > 6,/ > 0.3) were chosen for further
interrogation. Thus, tris(p-haloaryl)silanols 62e (p-F), 62f (p-Cl), and 62g (p-Br) emerged as the
selected catalysts. We intended to identify the most active halo-substituted catalyst by carrying out a
catalyst loading screen, under the given reaction conditions, followed by a substrate scope of catalytic
amidation reactions.?™

We also envisioned the implementation of 'Reaction Progress Kinetic Analysis (RPKA)' to evaluate
the behaviour of arylsilanols as amidation catalysts. The kinetic profiling — by obtaining sufficient
good-quality data over the reaction course — will provide valuable clues to the two most likely events,
i.e., catalyst deactivation and/or product inhibition, accompanying the main reaction. Subsequently,
the mechanistic insights gained through this kinetic analysis will inform our decision to fine-tune the

catalyst system from the viewpoint of reactivity, stability, and substrate scope.
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Chapter 2: Results & Discussion

2.1 Gram-Scale Synthesis of Selected Arylsilanols

Initially, we decided to synthesize known tris(p-haloaryl)silanols 62e-g according to the published
literature procedures.*'>**

In order to achieve the gram-scale synthesis of tris(p-bromophenyl)silanol 62g, the preparative route

24a

described by Blatov and Sun was taken into consideration.*** Accordingly, 1,4-dibromobenzene 63a
was treated with #-BuLi in an equimolar ratio to access the desired metalated substrate, by lithium-
halogen exchange. Upon the addition of SiCly, in situ generated ArLi successively attacked the
electrophilic silicon centre to yield Ar;SiCl intermediate. Subsequent aqueous workup led to the rapid
hydrolysis of this intermediate, thereby affording the corresponding triarylsilanol 62g (Scheme 24a)
in a slightly higher yield (64%), than that (59%) reported by the authors.

Next, we performed the syntheses of fluoro- and chloro- congeners by following a two-step protocol.

Appropriate aryl halides (63b or 63c) smoothly underwent metalation with activated magnesium
(vigorously stirred under N,)>5 to generate the respective Grignard reagents, which further
participated in the reaction with the silicon electrophile HSiCl; to give tris(p-haloaryl)silanes 64a and
64b. This transformation furnished arylsilane products in yields (80% and 40% respectively)
comparable to those reported by our laboratory and Cossairt et al.>'>>* Subsequently, base and/or
Pd-C mediated hydrolysis converted triarylsilanes into the desired halogenated triarylsilanols 62e and
62f in respectable yields (66% and 71%) (Scheme 24b & 24c).21*** Notably, we report the first X-ray

crystal structures for all these organosilicon compounds, as part of this project.?'®
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Scheme 24. Preparative routes to selected tris(p-haloaryl)silanols 62e-g.



2.2  Catalyst Loading Screening

Previously in our laboratory, the catalytic activity of electronically differentiated arylsilanols was
assessed at 10 mol% loading using a model reaction of aliphatic carboxylic acid §9 and primary amine
60 in a 1:1 stoichiometry to give the corresponding amide 61a, in refluxing toluene for 1 h (Figure 7.
A). Thus, we commenced our inquiry by carrying forward these standard conditions, with an aim to
gain insight into the catalyst system by decoding the following two features (Figure 7. B).
Relative reactivities of chosen tris(p-haloaryl)silanols (62e-g):

= over an extended reaction time

» atdifferent catalyst loadings

A. Prior work from our laboratory:?1a

0] i 0
OH toluene, reflux, 1 h N/\©\
59 60 H
N,, (0.2 M
2 ( ) 61a

B. This work:?1b

(4-X- CgH,);SiOH
X=H,F, Cl, Br

O 1)
©\)]\ . HN (10,30,50 or 100 mol%) ©\)(i
OH toluene, reflux, 8 h N/\©\
59 60 N
N,, (0.2 M) 61

Accordingly, phenylacetic acid §9 and 4-methylbenzylamine 60 were allowed to react in equimolar
quantities to furnish the amide 61a in refluxing toluene for 11 h, at first, without adding a catalyst.
Reaction progression was monitored by 'H NMR spectroscopy with the use of

tetrakis(trimethylsilyl)methane (TTMSM) as an internal standard. In a related fashion, we proceeded
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to inspect the model amidation system by employing Ph;SiOH 2 and tris(p-haloaryl)silanols 62e-g,
initially, at 10 and 30 mol% loadings. Plotting the reaction progress data as conversion vs time (Figure
8) explicitly indicated the superior catalytic performance of triarylsilanols (2 & 62e-g) relative to the
background reaction under the given set of conditions.

Among the arylsilanols examined, halogenated derivatives 62e-g exhibited increased initial rates in
comparison to the parent silanol 2, suggesting that the catalytic efficiencies of these Lewis acidic
catalysts are governed by electron-withdrawing halo-substituents.”® Interestingly, fluoro- and chloro-
congeners displayed somewhat similar efficiencies, while the bromo- derivative emerged as the most
promising catalyst under the model conditions, where, at the given loadings the initial reaction rate
was found to be ca. 5 and 8 times faster respectively, compared to the background run (Figure 8).
These results, indeed, established that overall, augmented initial rates were substantiated for all
catalyzed reactions, however, the origin of non-linear responses on increase of catalyst loading from
10 to 30 mol% presumably points towards the underlying complex kinetic behaviour. A similar
qualitative interpretation was drawn when analogous model reactions were conducted to investigate
the relative reactivities of arylsilanols (2 & 62e-g) at 50 and 100 mol% loadings (Figure 9) in the
amidation process.

©\/ﬁ\ . HZN/\©\ Ar;SiOH (X mol%) . ©\)CL
OH toluene, reflux, N, N
65 66 8h, (0.2 M) H/\©\

67a

39



(a) 100
90
80
70
60
50

40

Amide Conversion (%)

30
20

10

(b) 100
90
80
70
60
50

40

Amide Conversion (%)

30

20

10

HXO

n % O

B

nxXx 00

HxXG O

HxXoO O

wo

4

o

n %X O
M %O
n %0
O

o
o
o
o

o O Tris-(4-Br-Ph)SiOH
© Tris-(4-F-Ph)SiOH
% Tris-(4-Cl-Ph)SiOH
# Triphenylsilanol

O Background
5 6 7 8 9 10 11 12
Time (h)
o
g R
<
¥ & %
o
o
o
o
o
o
0o O Tris-(4-Br-Ph)SiOH

© Tris-(4-Cl-Ph)SiOH
% Tris-(4-F-Ph)SiOH
& Triphenylsilanol

O Background

5 6 7 8 9 10 11 12

Time (h)

Figure 8. Conversion vs time plots. (a) 10 mol% (b) 30 mol%. Reactions were performed in triplicate

and average conversions are reported. The variation in observed percentage conversions is +2%. The

grey profile shows the background reaction. (see Chapter 3, pp. 85-86)
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Figure 9. Conversion vs time plots. (a) S0 mol% (b) 100 mol%. Reactions were performed in

triplicate and average conversions are reported. The variation in observed percentage conversions is

+2%. The grey profile shows the background reaction. (see Chapter 3, pp. 85-86)
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2.3 Preparative Amidation Reactions

Having established tris(p-bromophenyl)silanol 62g as the most effective catalyst under the model
conditions of catalysis, we were intrigued to explore the substrate scope of this catalytic direct
amidation protocol. In this context, phenylacetic acid and benzoic acid were chosen as representative
aliphatic and aromatic carboxylic acids, respectively. The latter is of particular interest since the low
reactivity of benzoic acid renders its amidation challenging. On the other hand, 4-methylbenzylamine,
morpholine, N-methylbenzylamine, and aniline were employed as representative primary, secondary
cyclic, secondary acyclic, and aromatic amine counterparts respectively, to investigate amidations of
increasing difficulty.

Equimolar quantities of representative acid and amine were combined, using a catalyst loading of 30
mol%, in refluxing toluene for 24 h (Scheme 25). A higher catalyst loading (30 mol% rather than 10
mol%) in conjunction with a prolonged reaction timescale (24 h) was chosen to promote the coupling
ofintrinsically less reactive acid/amine substrates. Furthermore, corresponding background runs were
conducted in parallel to ensure the judicious comparison of isolated yields from arylsilanol-mediated
catalysis.

The purification of resultant amide products was accomplished by an extractive acid-base work-up
and subsequent dry column vacuum chromatography (DCVC).”” Any unreacted carboxylic acid and
unreacted amine were removed in the former, whereas the removal of residual Ar;SiOH and any
disiloxane by-products was achieved in the latter.

The high affinity of fluorine to react with neutral tetracoordinate silanes,” prompted us to also explore
the use of KF or TBAF as fluoride ion sources, which may facilitate the removal of aforementioned
silicon-based impurities, perhaps as hypercoordinated silicates, thereby enabling the isolation of pure

amide products, without the need for chromatography. However, attempts to devise an extractive
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workup by exploiting Si-F chemistry were unsuccessful, presumably due to the poor solubilization of
poly-aromatic arylsilanols (2 or 62g) and their corresponding disiloxanes (Ar;-Si-O-Si-Ar;) in the
aqueous phase (Table 1, entry 1-4). Additionally, the extraction of these bulky organic compounds
from the less polar organic medium into the aqueous phase was investigated with KF/18-crown-6
(Table 1, entry 5).2 Unfortunately, this phase-transfer catalyst approach did not perform well and
failed to provide pure amide products. Subsequently, purification was achieved by dry column vacuum

chromatography (DCVC).

Table 1. Development of fluoride ion source-mediated work-up procedure

Entry F- ion source Volume (mL) Wash time Extraction solvent Purity
1 1 M KEF soln. 45 1 min Toluene impure
2 1 M KF soln. 45 60 min Toluene impure
3 “1 M KEF soln. 45 120 min Toluene impure
4 1 MKF soln. / - 60 min Toluene impure
*TBAF.3H,O
S ‘KF/ - 60 min Toluene impure
18-crown-6

*Mixture was heated at 55 °C. " TBAF.3H,0 was added as a solid. ‘KF and crown ether were added as solids.

Our efforts to explore the generality of the reaction system (Scheme 25) revealed that the sub-
stoichiometric quantities of Ph;SiOH 2 and tris(p-bromophenyl)silanol 62g were found to be
ineffective in catalysing the amidations of less reactive benzoic acid, providing the benzamide 61e
from primary amine in poor yields, whereas no catalytic activity was observed for the formation of
amides 61f-h from secondary or aryl amines, under the given reaction conditions. This is perhaps
unsurprising as only a few successful examples of catalytic amidations for these acid-amine

combinations have previously been documented in the literature.'*!”
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Scheme 25. Substrate scope of catalytic amidation with tris(p-bromophenyl)silanol 62g (top) and
Ph;SiOH 2 (bottom) at 0.2 or 1.0 M concentration in both acid and amine with isolated yields after
acid-base work-up and dry column vacuum chromatography. Percentages in parentheses are the
isolated yields of background reactions without added catalysts 2 or 62g, where the amide products
were pure after acid-base work-up. “'"H NMR yield. * Amide 61a precipitated from the reaction mixture
on cooling and could be collected by filtration.  Amide 61d was triturated with #-hexane to remove

unreacted aniline.
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Phenylacetic acid underwent successful direct amidation with the chosen primary amine, furnishing
the corresponding amide 61a in quantitative yield within 6 h, in comparison to the background
reaction that reached completion in 24 h. Under identical conditions, attempts to couple this aliphatic
carboxylic acid with the chosen cyclic and acyclic secondary amines gave tertiary amides 61b-c albeit
in only unsatisfactory yields. In fact, increasing the molar concentration — from 0.2 M to 1.0 M - only
barely affected the reaction outcome compared to the background run. It must be noted, in both these
instances, upon removal of toluene and/or dilution with EtOAc in the workup procedure, white
precipitates were observed, which, when collected were identified as hexa(4-bromophenyl)disiloxane
65,” thus, implying the deactivation of catalyst via bimolecular condensation (ca. 15% catalyst loss
observed for reactions conducted at 1.0 M concentration and S mmol reaction scale). Attempted
recrystallization from hot toluene afforded single crystals of disiloxane 65, yielding the first X-ray
crystal structure of this organosiloxane.

On the contrary, enhanced catalyst performance over background reaction was detected for the
transformation of phenylacetic acid into anilide 67d. In fact, these results led us to deduce a correlation
between amine basicity, catalyst stability, and amide product yield. We postulated that the less
nucleophilic — yet more basic — secondary amines (4-methylbenzylamine pK, = 9.21; N-
methylbenzylamine pK, =9.58; morpholine pK, = 8.36) presumably induce less product formation,
thus [amine] remains high in the reaction system, thereby resulting in the catalyst decomposition.
Consequently, the tertiary amides 67b-c are less accessible under the model conditions of catalysis. In
contrast, the base-driven catalyst deactivation is expected to be negligible in the case of aniline, as its
reduced basicity (aniline pK, = 4.63) serves to prevent the catalyst loss, so enabling the formation of

secondary amide 67d albeit in moderate yields.
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Regrettably, the substrate scope of this catalytic direct amidation protocol is limited, so, we set out to
conduct a systematic kinetic analysis by employing the "Reaction Progress Kinetic Analysis (RPKA)"

to probe the factors adversely affecting the catalysis.

2.4  Kinetic Profiling

Reaction progress kinetic analysis (RPKA) pioneered by Blackmond et al., is a powerful tool to
illuminate the kinetic information of a complex catalytic system from a limited number of experiments
executed under synthetically relevant conditions.*® This methodology has progressively been
implemented in a diverse range of catalytic transformations to model kinetics-based mechanistic
investigations.’! RPKA introduces two key experimental protocols (a) "Same excess" which informs
whether the catalyst concentration remains constant over the entire reaction course (b) "Different
excess" to extract reaction order in a given substrate. Nevertheless, standard RPKA entails the
mathematical manipulation of experimental concentration data to obtain the reaction rate, which
impedes the wider application of this method. To deal with this conundrum, Blackmond et al. reported
a "Time-Adjusted” graphical analysis, which allows the comparison of two reaction profiles using
concentration parameter without prior conversion to rate.>'¢ This viable approach could be exploited
by non-experts in kinetics to extract meaningful information concerning catalyst stability and product

inhibition from accessible concentration vs time profiles.
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Later, Jordi Burés established "Variable Time Normalization Analysis (VTNA)" — which in contrast
to RPKA which relies on rate profiles — enables the determination of order in any reaction component
by manipulating the reaction concentration profiles against a normalized time scale.*
On account of the powerful aspects of RPKA, we were drawn to decrypt the kinetic features —
encompassing the reaction rate dependence on the concentrations of [acid]/[amine] and
determination of catalyst order by employing VINA - of arylsilanol-catalyzed amidation system from
reaction progress experiments, with the goal of supplementing our mechanistic information related to
this transformation.
Typically, visual graphical interrogation of kinetic data necessitates a reasonable overlay of the two
concentration profiles,** therefore, in the first instance, a set of background experiments was
conducted, where the initial concentration of carboxylic acid 65 and amine 66 was varied to probe the
best working concentrations for the same excess protocol (Figure 10). After interrogating the
concentration data presented in Figure 10, graphical manipulation allowed us to deduce the 0.3 M
versus 0.2 M regime as a rational choice, exhibiting an adequate overlay of two curves as illustrated in
Figure 11.

©\/ﬁ\ H2N/\©\ toluene, reflux, N, ©\)ok

59 oH 60 o (XM H/\©\

61a
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Figure 10. Concentration of amide 61a as a function of time with varying [5§9] and [60] for
background reaction. Reactions were performed in triplicate or more. The variation in observed

concentrations is +1%. (see Chapter 3, p. 87)
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Figure 11.'Same excess' concentration vs time plots for background reaction. Red circles to = 0.3 M

[59],0.3 M [60], and time-adjusted green circles tss= 0.2 M [§9],0.2 M [60]. (see Chapter 3, p. 87)

While exploring the kinetic behaviour of tris(p-bromophenyl)silanol (30 mol%) catalyzed model
amidation reaction, observed catalytic conversions were adjusted with respect to the pre-determined

background reaction profile, as illustrated in Figure 12.
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Figure 12. Correction of catalytic conversions by subtracting the background contribution.

2.4.1 Time-Adjusted Analysis

We continued with the catalytic coupling of phenylacetic acid §9 and 4-methylbenzylamine 60 using
tris(p-bromophenyl)silanol 62g at 30 mol% loading, by employing the 'same excess' protocol. To
address the question of catalyst robustness, four kinetic experiments were designed and performed
under the model conditions of catalysis. Figure 13a shows the plot of [substrate] vs time for two
reactions, where the difference in the initial concentrations of carboxylic acid §9 and amine 60, is
defined by the parameter excess (where [excess] = 0.1 M). It can be easily seen, the 'time-adjusted’
profile shows a clear lack of overlay between the two curves from the point onward, where the two
reactions have identical concentration, thus, suggestive of either catalyst deactivation or product
inhibition (Figure 13a). To distinguish between these two possibilities, a further kinetic experiment
with the addition of an appropriate quantity of amide product 61a was carried out. The graphical

manipulation of reaction progress data resulted in a nearly perfect overlay as illustrated in Figure 13b.
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This demonstrates that the amide product interacts with the catalyst or catalytic intermediates in an
unproductive manner presumably taking one of these off-cycle, resulting in a slower reaction rate with
increasing reaction progress.

Having established that the catalyst system is subject to inhibition by the amide product under the
given set of conditions, we turned to investigate the possibility of product inhibition by H,O, the other
condensation product of the reaction. Hence, a third kinetic experiment with the addition of an
appropriate quantity of H,O was conducted. The kinetic profile in Figure 13c¢ implies that H,O
contributes to suppress the rate, however, the effect minimizes over the course of the reaction. This
behaviour could be rationalized by the fact that H,O is expected to be lost from the reacting system in
refluxing toluene.

Lastly, in this series of kinetic experiments, Figure 13d manifests the case where both reaction
products, amide 61a and H,O were added at the outset of the reaction, giving rise to a plot that
illustrates an essentially exact overlay of two curves, providing unequivocal evidence that the catalyst
system suffers from product inhibition in these catalytic amidation reactions by both the amide

product and H,O.
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Figure 13.'Same excess' concentration vs time plots. (a) Red circles to = 0.3 M [§9],0.3 M [60], 0.06

M [62g] and time-adjusted green diamonds t3»= 0.2 M [§9], 0.2 M [60], 0.06 M [62g]; (b) Blue

triangles 0.2 M [5§9],0.2 M [60], 0.06 M [62g], 0.1 M [61a]; (c) Dark golden triangles 0.2 M [59],

0.2M[60],0.06 M [62g],0.1 M [H,O]; (d) Light green triangles with added 0.1 M [61a] amide and

0.1 M [H,O]. (see Chapter 3, p. 89)

At this juncture, we chose to utilize this RPKA methodology to investigate the effect of secondary and

tertiary amide products on catalytic activity during the course of the reaction. In this scenario, we set

out to obtain the reaction progress data under the same excess regime by carrying out three individual

kinetic experiments of our standard amidation reaction with appropriate quantities of amide products

61b-d added, notably, without any substantial modification of the experimental protocol. The



resultant time course profiles (Figure 14) reveal that tertiary amide products markedly reduced the
catalytic activity in comparison to the secondary amides, consequently, the product inhibition induced
rate suppression was pronounced as depicted in Figure 14c & 14d. This trend, indeed, sheds light on
the likely cause for the inferior results obtained in preparative amidation reactions, whereby synthesis
of tertiary amides is less feasible under the given conditions of catalysis.
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Figure 14.'Same excess' concentration vs time plots. (a) Red circles to = 0.3 M [§9],0.3 M [60], 0.06
M [62g] and time-adjusted blue triangles t;,= 0.2 M [§9],0.2 M [60], 0.06 M [62g], with added 0.1
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M [61a]; (b) Orange triangles with added 0.1 M [61d]; (c) Orange triangles with added 0.1 M [61c];
(d) Orange triangles with added 0.1 M [61b]. (see Chapter 3, p. 90)

Having realized the deleterious effects of product inhibition on reaction rate under model amidation
conditions, we next sought to comprehend the dependence of reaction rate on the concentrations of

reactants by employing the different excess protocol.

2.4.2 Different Excess Experiments

To examine the model reaction between phenylacetic acid §9 and 4-methylbenzylamine 60 using
tris(p-bromophenyl)silanol 62g, under 'different excess' conditions, a set of experiments was
performed by varying the initial concentration of either [acid] or [amine] under the specified
conditions of catalysis, and the corresponding [product] vs time plots were constructed (Figures 15
& 16).

An enhanced reaction rate at higher substrate concentration was anticipated, conversely, preliminary
results presented a rather complicated picture. Figure 15 shows overall sluggish rates for reactions
carried out with an excess of either carboxylic acid §9 or primary amine 60, in comparison to those
conducted in equimolar conditions ([excess] = 0). This behaviour suggests that 1:1 stoichiometry of
acid/amine components is crucial for optimal reaction outcome under the given conditions, whereas
an excess of either substrate has a detrimental effect on the reaction rate. Thus, the following trend
was deduced for observed rates:

Reaction rate with excess amine < reaction rate with excess acid < reaction rate with 1:1 acid/amine
To elucidate the reaction orders in substrates [§9] and [60], variable time normalization analysis
(VTNA) was performed on the reaction progress data obtained from different excess experiments.’!
Figure 17a demonstrates the VINA plot for two experiments carried out with identical [60], and

different initial concentrations of [$9]o, whereas, Figure 17b illustrates the inverse scenario, that is,

S3



identical [$9], and different initial concentrations of [60]o. The graphical overlays are complicated

and reveal overall negative order dependences in both [acid] and [amine]. This complexity in reaction

kinetics arises presumably due to the protonation of amine 60 by a surplus amount of carboxylic acid

59 present in the former (Scheme 26), whereas the latter accelerates the counterproductive catalyst

dimerization, thereby conducive to effectively decreasing the active catalyst concentration in the

process (Scheme 27).
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2.4.3 Order in Catalyst

With an eye towards elucidating the order in catalyst under the given set of conditions by exploiting
the normalized time scale method, kinetic experiments were conducted by varying the catalyst
concentration to collect reaction progress data over the reaction course.*” Figure 18 shows the

evolution of concentration profiles and orders in catalyst determined across all concentrations studied

(0.06,0.045 & 0.03 M).
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In our exploration of the reaction network, the core insight obtained from time-adjusted analysis
helped us to establish definitively that the catalytic system is susceptible to interact with reaction
products in an unproductive manner, under the model conditions of amidation (vide supra). Thus,
one must consider that the reaction kinetics in the existing experimental setting is intricate on the
account of product inhibition, as a result, extraction of the correct order in catalyst is rather
complicated. Prior studies from our laboratory to propose a mechanism of these triarylsilanol
catalyzed direct amidations, established the intermediacy of silyl ester in the catalytic cycle,*** which
renders first-order dependence in catalyst concentration, thus, a catalyst order of 1 is conceivable
(Figure 18c). However, the apparent orders greater than one ostensibly refer to the event of product

inhibition (Figure 18a & 18b), which is in line with the precedent literature.®*
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Figure 18. VINA plots of concentration vs normalized timescale with varying [62g] to determine
'order in catalyst'. [$9] = [60] = 0.2 M in all experiments. (a) Green diamonds [62g], = 0.06 M and
grey circles [62g]o = 0.03 M; (b) Red circles [62g]o = 0.045 M; (c) Grey triangles [62g]o = 0.03 M
and blue circles [62g]o = 0.045 M. (see Chapter 3, p.92)

2.5  Mechanistic Considerations

Given the fact that product inhibition drastically impacts the catalytic efficiency in the amidation
process, the understanding of the inhibition mechanism is likely to be of vital importance to overcome
this limitation in due course. Initially, intermolecular hydrogen-bonding between arylsilanol catalyst
and amide product was speculated to play a decisive role in the event of non-productive catalyst
inhibition (Figure 19). To test this premise, 'H NMR titration experiments were carried out in CDCl;
at room temperature, thus probing the binding ability of arylsilanol/amide in 1:1 stoichiometry (I,
IT). A distinct broad singlet at 5.67 ppm for amide -NH (in the case of secondary amide - I) was
monitored to observe the effect of complexation, however, the amide resonance remained unchanged
at this chemical shift. We reasoned that silanol catalyst does not sufficiently interact with the amide
product, which might stem from the fact that organosilanols are known to possess a strong affinity for
hydrogen-bonding derived self-assembly.** Furthermore, the coordination behaviour of tertiary

amide/arylsilanol (II) was studied by following the signal corresponding to Si-OH (2.82 ppm), where
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the labile proton was not detected in the spectrum. Similarly, attempts to crystallize any H-bonded
adducts of tris(p-bromophenyl)silanol with either 2° or 3° amides in 1:1 or 1:2 ratios by crystallization

(EtOH, Et,O/n-hexane), proved to be futile.**

Br Br
BF\©\ <§ > Br\©\ Q
/Si /Si
=0 H—O \©\
Br Br
: QL
N
U 5
1 K/O
Figure 19. Proposed hydrogen-bonded structures.
With no experimental evidence for arylsilanol/amide interaction through hydrogen-bonding, we
conjectured that the catalyst inhibition via formation of silyl imidate 69 is reasonable to consider.**
However, in efforts to ascertain the basis of this possibility computationally, the viability of 69 was

calculated to be unfavourable (Scheme 28), which consequently led us to rule out this explanation.”'

213,33

Since silyl ester acts as a putative mediator en route to amide synthesis,*'*** along with the preceding

35b

work by Dilman and Korlyukov,*** prompted us to formulate that the complexion of Lewis basic amide
product with silyl ester to be considered as an accessible pathway in the inhibition mechanism. Thus,
to elucidate this specific interaction between amide 61a and silyl ester 67, density functional
calculations were performed by our colleague Henry Rzepa,*'* where the resultant computed free
energy values supported the possible intervention of pentacoordinate amide-silyl ester complex 70
(Scheme 28).

The catalytic cycle involves the generation of 67 via nucleophilic attack by carboxylate anion at Si of

Ph;SiOH, where the productive attack by amine 60 at acyl carbon leads to amide formation, while

attack at Si generates silyl amine 68. Taken together with above mentioned experimental observations,
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we proposed the feasibility of attack by any Lewis basic lone pair, at either acyl carbon or silicon centre
of silyl ester. Attack by H,O at either carbonyl carbon or Si releases silanol 2 and carboxylic acid §9;
attack by silanol 2 at Si irreversibly produces disiloxane 66 while attack at C is a degenerate process.
Indeed, these mechanistic studies enabled us to delineate various events potentially at play in

arylsilanol mediated catalysis.
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Scheme 28. Plausible catalytic cycle. Numbers in square brackets are computed relative free energies
AGsg, in kcal/mol @ 4 atm. standard state (~ 0.13 M) for discrete species involved in the catalytic

cycle using the B3ALYP+GD3+BJ/Def-TZVPP/SCREF = toluene density functional procedure.*'®

60



2.6  Post Amidation Quantification of Catalyst Integrity by HPLC

As addressed in Section 2.3, the likelihood of change in the active catalyst concentration during the
reaction course — culminating in a buildup of catalytically inactive disiloxane — was corroborated by
the experimental observations (isolation and identification of degradation by-product hexa(4-
bromophenyl)disiloxane 65 during the work-up procedure of preparative amidation reactions). The
propensity of arylsilanols to self-dimerize under the model conditions of catalysis prompted us to
monitor the catalyst integrity. At the outset, "H NMR spectral analysis was the method of choice for
the quantification of catalyst decomposition, however, heavy signal overlapping of arylsilanols and the
corresponding disiloxane side products, in the aromatic region of the spectrum remained a key issue,
thus, preventing accurate quantification. To circumvent this problem, we developed ex situ HPLC
methods for the quantitative determination of catalyst, leading to the collection of time course data.
Initially, a series of experiments was conducted to probe the catalyst stability in the presence of
individual reaction components of the model amidation system, that is, toluene, acid §9, amine 60,
and amide product 61a. The catalyst concentration was monitored by analysing the reaction aliquots
drawn periodically over the course of 8 h and the plots of [62g] as a function of time were generated
(Figure 20). It was found that, tris(p-bromophenyl)silanol (0.06 M in toluene) was thermally robust
and showed good tolerance to carboxylic acid 59 and amide 61a reaction components, hence, catalyst
[62g] remains constant over the reaction course. However, catalyst decomposition to a certain degree
(0.049 M, ca. 20%) was observed in the case of primary amine 60 (Figure 20c), which can be

attributed to the base mediated biomolecular condensation of arylsilanol species.
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Figure 20. Catalyst integrity plots of [62g] vs time in refluxing toluene: (a) catalyst alone [62g] =
0.06 M; (b) with added acid 59 [0.2 M]; (c) with added amine 60 [0.2 M]; (d) with added amide 61a
[0.2 M]. (see Chapter 3, p. 98)

Likewise, to determine the magnitude of catalyst degradation in the presence of representative
secondary and aryl amines independently, 62g was treated with N-methylbenzylamine, morpholine,
and aniline in refluxing toluene respectively. The resulting concentration profiles (Figure 21) revealed
further catalyst loss (0.041 M, ca. 30%) under the action of N-methylbenzylamine, which appears to
be associated with the enhanced basicity of acyclic alkyl amines with increased alkyl-substitution (4-

methylbenzylamine pK, = 9.21; N-methylbenzylamine pK, = 9.58). In contrast, somewhat less
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catalyst depletion (0.052 M, ca. 13%) was witnessed in the case of morpholine, where the diminished
electronic contribution to the basicity centre (morpholine pK, = 8.36) account for the effect.
However, aniline marginally influenced the catalyst stability (0.058 M, ca. 3%), which is consistent
with its reduced intrinsic basic character (aniline pK, = 4.63).

Thus, the time course reaction profiles (Figure 21) imply that the relative strengths of examined
amines exerted a profound effect on the catalyst integrity under the given conditions, thereby,
providing further rationale for complications encountered in catalytic amidation reactions (Section
2.3). We reasoned that the secondary alkyl amines — more basic than primary alkyl amines — tend to
promote catalyst decomposition, thus seemingly contributing to the decay in catalytic activity and
hindering the formation of tertiary amides 61b-c. Whereas, aniline is less likely to initiate the catalyst

deactivation, hence, enabling the catalytic amidation to furnish the amide product 61d despite its poor

nucleophilicity.
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Figure 21. Catalyst integrity plots of [62g] vs time in refluxing toluene. [62g]o= 0.06 M (a) with
added N-methylbenzylamine [0.2 M]; (b) with added morpholine [0.2 M]; (c) with added aniline
[0.2 M]. (see Chapter 3, p. 99)

Having realized the impact of various reaction components, particularly amine coupling partners,
upon the catalyst integrity, we proceeded to monitor and quantify [62g] by conducting a set of tris(p-
bromophenyl)silanol catalyzed amidation reactions. In this context, phenylacetic acid §9 was treated
with representative primary, cyclic/acyclic secondary, and aryl amines in refluxing toluene to afford
the corresponding amides 61a-d. The quantification of catalyst over the course of reaction resulted in
[62g] vs time plot depicted in Figure 22. Evidently, the catalyst degradation was found to be more
drastic under the actual amidation conditions, where the onset of stability loss leads to 39, 49, 52, and
13% catalyst depletion respectively over a reaction time of 8 h. As can be seen, the catalyst suffers more
significant biomolecular decomposition in these catalytic runs than under the action of each individual
amine reaction component. This can possibly be explained as the carboxylic acid and amine may act
in a synergistic way to induce catalyst deactivation, where extended reaction period in conjunction
with higher concentration of secondary amines (less nucleophilic secondary alkyl amines react slowly,
subsequently less amide product forms, thus [amine] remains high in the reaction system leading to

catalyst decomposition) further facilitate the process.

64



oH * o

59 H toluene, reflux, N,
8h, (0.2 M) I
Q
0.07
0.06 @
. 3:000000
S ¢ ®
g 0.04 o . ’
3 ¢ p 4 3 L 2K J
g2 003
¢
S
0.02 © Morpholine
@ N-Methylbenzylamine
0.01 @ 4-Methylbenzylamine
@ Aniline
0
0 1 2 3 4 5 6 7 8 9
Time (h)

Figure 22. Catalyst integrity plot of [62g] vs time in catalytic amidations of phenyl acetic acid §9 with

4-methylbenzylamine 60, N-methylbenzylamine, morpholine and aniline. (see Chapter 3, p. 100)

Having identified the pronounced catalyst depletion in tris(p-bromophenyl)silanol (30 mol%, 0.06
M) catalyzed direct amidations, we sought to mitigate this deleterious effect by decreasing the catalyst
loading to 10 mol% (0.02 M). Thus, a model amidation reaction between carboxylic acid §9 and
primary amine 60 using arylsilanol 62gat 10 mol% loading was conducted to further probe the catalyst
stability. By the comparison of the concentration profiles (Figure 23), it is immediately apparent that
catalyst degradation is less severe (25%) at reduced concentration (0.02 M) as compared to 40%
depletion observed at 0.06 M over 8 h in refluxing toluene. These results present a correlation between
catalyst stability and concentration in these amidation reactions, as arylsilanol catalyst is susceptible
to rapid decomposition at higher loading, whereas the opposite scenario was observed at reduced

loading, where the rate of catalyst decomposition is somewhat suppressed.
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A similar outcome was derived when tris(p-fluorophenyl)silanol 62e was quantified under identical
conditions (Figure 23), as can be seen, even though the catalyst deactivation necessarily manifests

itself (5 and 23% depletion at 0.02 & 0.06 M respectively), the loss of catalyst stability seems to be less

drastic in comparison to bromo- congener 62g.
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Figure 23. Catalyst integrity plots of [62g] and [62e] vs time. (see Chapter 3, p. 97)
To improve the catalyst system, catalyst stability over the reaction course is of paramount importance.
The factors primarily impacting the catalyst integrity in the present experimental setting could be
summarized as: (1) Relatively more basic secondary alkyl amines were found to be incompatible with

arylsilanol catalyst. (2) Rapid loss of catalyst integrity at increased catalyst loadings was identified,

which can be attributed to the rate acceleration of disiloxane formation.
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2.7  X-ray Crystal Structures

The tris(p-haloaryl)silanes (64a & 64b) crystallized in space group Pbca with Z = 8, and space group
P2,2.2, with Z = 4, respectively. The crystal structures of 64a (p-F) and 64b (p-Cl) did not display
atypical features (Figures S1 & S2). Si—C bond lengths and C-Si-C bond angles were found to be in
agreement with those reported for Ph;Si-H (Table 2a).%

Likewise, observed Si-O(H), Si-C bond lengths and O-Si-C, C-Si~C bond angles in the structures
of tris(p-haloaryl)silanols 62e-g were almost identical to those found in Ph;SiOH (Table 2b-c).3®
Bromo- and fluoro- compounds crystallized in triclinic (space group P1 with Z = 4) and monoclinic
(space group C2/c with Z = 16) systems, respectively. The crystal structures of 62e-g consist of
hydrogen-bonded tetramers as shown in Figures 24-26. Four molecules — two of each type — hydrogen
bond to form a non-planar 'square’ or butterfly arrangement with fold angles given in Table 2b-c. O-
H hydrogen atoms were reliably refined for the fluoro-analogue only, with an O-H bond distance of
0.900 (1) A. Hydrogen atoms alternate between both possible ways around the 'square’, that is, ... O—
H...O-H... and -O...H-O...H-, where the relative occupancy of two sequences was about 50:50.
Six crystallographically independent molecules were identified in the crystal structure of the chloro-
analogue 62f, and all were found to be distorted.

The crystals of disiloxane 65 crystallized in an orthorhombic (space group P2,2:2; with Z = 8) unit
cell, containing two crystallographically distinct molecules. The principal bond distances (Si-O, Si-
C) and bond angles (O-Si-C, C-Si-C, Si-O-Si) were comparable to those determined for

hexaphenyldisiloxane (Table 2d).*
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Table 2(a). Selected distances and angles in the crystal structures of tris(p-haloaryl)silanes 64a-b.**

Bond length (A)
Si-C

Bond angle (°)

C-Si-C

(p-F) 64a

1.866 (2) - 1.874 (2)

109.08 (9) - 110.41 (9)

(p-Cl) 64b

1.860 (4) - 1.868 (4)

109.72 (17) - 109.98 (18)

Ph,Si-H"

1.867 (8) - 1.876 (9)

111.0 (4) -111.9 (4)

Table 2(b). Selected distances and angles in the crystal structures of tris(p-haloaryl)silanols 62g &

62e.%"

Bond length (A)
Si-O(H)

Si-C

Bond angle (°)
0-Si-C
C-Si-C

Fold angle (°)

(p-Br) 62g
1.634 (11) - 1.674 (10)

1.838 (16) - 1.899 (15)

105.2 (6) - 111.3 (6)

108.0 (7) - 114.0 (7)

46.9 (6)

(p-F) 62e

1.6459 (15) - 1.6464 (14)

1.860 (2) - 1.8652 (19)

106.92 (8) - 110.02 (9)

109.3(6) - 111.6 (5)

32.8

Ph;Si-OH *

1.633 (5) - 1.651 (5)

1.843 (6) - 1.871 (5)

105.7 (3) - 110.0 (3)

108.0 (3) -113.3(3)

35.8

Table 2(c). Selected distances and angles in the crystal structure of tris(p-chlorophenyl)silanol 62£.%¢

Bond length (A) (p-Cl) 62f
Si-O(H) 1.63 (3) - 1.65(2)
Si-C 1.846 (11) - 1.92 (2)
Bond angle (°)

0-Si-C 104.6 (4) - 114 (3)
C-Si-C 103.1 (6) —118.2 (8)
Fold angle (°) 484 (5)
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1.633 (5) - 1.651 (5)

1.843 (6) - 1.871 (5)

105.7 (3) - 110.0 (3)

108.0 (3) - 113.3 (3)

35.8



Table 2(d). Selected distances and angles in the crystal structure of 1,1,1,3,3,3-hexakis(p-

bromophenyl)disiloxane 65.%

Bond length (A) 65

Si-O 1.615(4) - 1.623 (4)
Si-C 1.860 (6) - 1.871 (6)
Bond angle (°)

0-Si-C 107.0 (2) - 108.3 (2)
C-Si-C 109.8 (2) - 112.5(2)
Si-O-Si 174.1 (3) - 179.2 (4)

Ph3-Si-O-Si-Ph,"
1.616 (1)

1.860 (2) - 1.870 (2)

108.4 (1) -109.7 (1)
109.9 (1) —110.1 (1)

176.8 (7)

“E.s.d's are given in parentheses. * See ref. 36. ‘Full crystallographic data for all the structures described

above have been deposited at Cambridge Structural Database (CSD) and can be retrieved here:
https://www.ccdc.cam.ac.uk/structures Accession codes: CCDC 2247808, 2247809, 2247756,

2247757,2247811 — 2247813, 2247765.

Figure 24. Molecular structure of 62g. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are

shown at 70% probability.*'®
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https://www.ccdc.cam.ac.uk/structures

Figure 25. Molecular structure of 62e. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are

shown at 70% probability.*'®

Figure 26. Molecular structure of 62f. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are

shown at 70% probability.*'®
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Figure 27. Molecular structure of 65. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are

shown at 70% probability.*'®
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Conclusions

An unprecedented approach featuring triarylsilanols as catalysts for the direct amidation of carboxylic
acids with amines is demonstrated. However, the protocol presented substantial constraints in terms
of substrate scope and catalytic efficiency. RPKA unequivocally established product inhibition as the
governing factor for diminished catalytic efficiency in the amidation reactions. Tertiary amide
products were found to be more inhibitory than secondary amides. The origin of catalyst order greater
than one further endorsed the occurrence of product inhibition. The findings pertaining to the catalyst
quantification uncovered a correlation between amine basicity, catalyst stability, and reaction yields.
Mechanistically, the viability of amide-silyl ester complex in catalyst inhibition is proposed
computationally. This work demonstrates that Lewis acidic amidation catalysts are sensitive to the
Lewis basicity of the amide moiety, thereby limiting the scope of catalytic direct amidations with these

particular triarylsilanols.

Outlook

Further investigations to gain a complete understanding of this newly developed arylsilanol-catalyzed
amidation system are ongoing in our laboratory. We anticipate that these findings will help (1) design
a streamlined catalytic protocol, capable of catalyzing inherently difficult acid/amine combinations
and (2) fine tune the structural topology of arylsilanols as amidation catalysts, thus enabling the
development of robust silicon-centered catalytic processes for direct dehydrative coupling of

carboxylic acids and amines.
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Chapter 3: Experimental

General Experimental

Experimental Techniques: All reactions were carried out in oven-dried glassware under an N,
atmosphere. Reaction temperatures other than ambient temperature were achieved with a DrySyn,
ice/water bath (0 °C), or dry ice/acetone bath (-78 °C). Volatiles were removed in vacuo by rotary
evaporation. Analytical TLC was performed on Silica gel 60 F254 pre-coated aluminium-backed
plates and visualized by irradiation with UV light (254 or 350 nm). Brine refers to a saturated aqueous
NaCl solution. Work-up solutions are aqueous solutions unless otherwise stated.

Reagents and Solvents: All organometallic and amidation reactions were carried out in anhydrous
solvents obtained from Imperial College solvent towers. Unless otherwise noted, reagents were
purchased from commercial sources and used without further purification. Previously synthesized
tetrakis(trimethylsilyl)methane (TTMSM) was available as a legacy chemical from the Lickiss group.
All extraction and chromatography solvents (EtOAc, Et,O, n-hexane, petroleum ether) were
purchased from commercial suppliers and used as received. HPLC grade solvents (MeCN and
iPrOH) were used for HPLC separations.

Characterization: '"H NMR (400 MHz), *C NMR (101 MHz), *Si NMR (80 MHz), and “F NMR
(377 MHz) spectra were recorded in CDCl; at 298K on a Bruker AV-400 spectrometer. Chemical
shifts (§) are reported in ppm relative to the residual solvent peaks (8 = 7.26, 77.16 ppm for CDCl).
Abbreviations for peak multiplicity are as follows: s - singlet, d - doublet, t - triplet, br - broad, m -
multiplet. Coupling constants (]) are reported in Hertz (Hz). Melting points were measured using a
Stuart SMP10 melting point apparatus and are uncorrected. Fourier-transform infrared (IR) spectra
were recorded neat using an ATR-FTIR spectrometer. High resolution mass spectra (HRMS) were

recorded by Thermo Q-Exactive Orbitrap Mass Spectrometer using atmospheric pressure chemical
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ionization (APCI) in positive or negative mode. X-ray crystal structures were determined by Agilent
Xcalibur 3E diffractometer (for details see supporting information). Reverse phase HPLC was
performed on a SUPELCOSIL™ LC-18 column (25 cm x 4.6 mm, S ym) with UV detection at
222/230 nm, flow rate of 2 mL/min, and an injection volume of 1.0 pL. The mobile phase consisted
of various combinations of MeCN and H,O.

3.1 Synthetic Procedures and Characterization Data for Compounds

3.1.1 Tris(4-bromophenyl)silanol (62g)**

Br

Si/OH

A solution of n-BuLi (20 mL, SO mmol, 2.5 M in hexanes) in Et,O (100 mL) was added to a solution
of 1,4-dibromobenzene (11.8 g, 50 mmol) in Et,O (100 mL) at -78 °C and the resulting mixture
allowed to stir for 2 h. SiCL (1.9 mL, 16.7 mmol) was then added dropwise, and the reaction mixture
was heated at reflux for 2 h. After being quenched with H;O (50 mL), the organic layer was separated,
washed with brine, dried over MgSO,, and evaporated to yield a yellow oil. The crude oil was purified
by crystallization from hot n-hexane to give tris(4-bromophenyl)silanol 62g (5.5 g, 10.7 mmol, 64%)
as awhite crystalline solid: M.p. 125.9 - 126.5 °C (lit.** M.p. 126 - 127 °C); ATR-FTIR v;/cm’': 3028
(Si-OH); 'H NMR (400 MHz, CDCl;): § 7.55 - 7.53 (m, 6H, Ar-H), 7.44 - 7.41 (m, 6H, Ar-H), 2.68
(s, 1H, Si-OH); ®C NMR (101 MHz, CDCL): § 136.5, 133.0, 131.5, 125.8; »Si{'H} NMR (80 MHz,
CDCL): § -12.5; HRMS (APCI) m/z: [M-H]" calcd. for CisH1,OSi 7Br, #'Br 510.8182, Found
510.8189.

3.1.2 Tris(4-fluorophenyl)silane (64a)*"
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Si- H

RN

Magnesium turnings (1.3 g, 54 mmol) were vigorously stirred under N, for 45 min, and a solution of
1-bromo-4-fluorobenzene (5.9 mL, 54 mmol) in Et,O (60 mL) was added over 15 min at 0 °C. The
reaction was held at 0 °C until the magnesium was consumed resulting in a brown solution. The
mixture was gently heated for 1 h and then cooled to -78 °C whereupon trichlorosilane (1.36 mL, 13.5
mmol) was added dropwise over 20 min. After complete addition, the mixture was allowed to stir
overnight at room temperature. Aqueous HCl solution (1.0 M, 20 mL) was added, and the aqueous
phase was extracted with diethyl ether (2 x 15 mL). The ether layers were combined and washed with
brine, separated, dried over MgSO,, filtered, and evaporated to yield a pale-yellow oil. The crude oil
was purified by silica plug eluting with n-hexane to give tris(4-fluorophenyl)silane 64a (3.4 g, 10.8
mmol, 80%) as a colourless crystalline solid: M.p. 43 - 44 °C (1it.”> M.p. 42 - 44 °C); ATR-FTIR
Vaw/cm’: 2144 (Si-H); 'H NMR (400 MHz, CDCL): § 7.54 - 7.49 (m, 6H, Ar-H), 7.13 - 7.09 (m,
6H,Ar-H),5.45 (s, 'Jsia=201.9 Hz, 1H, Si-H); *C NMR (101 MHz, CDCl;): § 165.7 (d, 'Jcr = 250.2
Hz),137.8 (d,*Jcr=7.7 Hz), 128.5 (d, *Jcr = 3.6 Hz), 115.7 (d, ¥Jcr = 20.2 Hz); *F{'H} NMR (377
MHz, CDCl;): § -109.9 (s, 3F, Je.c = 250.0 Hz); ¥Si{'H} NMR (80 MHz, CDCL): § -18.9; HRMS
(APCI) m/z: [M-H] calcd. for C1sH1,F3Si 313.0655, Found 313.0651.

3.1.3 Tris(4-fluorophenyl)silanol (62e)**

F

.-OH
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A solution of silane 64a (1.0 g, 3.2 mmol) in THF (26 mL) was added dropwise over 10 min to an
aqueous solution of NaOH (1.3 mL, 7.7 M) whilst vigorously stirring in open air allowing the escape
of generated H,. Upon reaction completion, the solvent was evaporated and an aqueous HCl solution
(1.0 M, 10 mL) was added to the resulting emulsion. Diethyl ether (25 mL) was added, the layers were
separated, and the aqueous phase was extracted with Et;O (2 x 10 mL). The organics were combined
and washed with brine, separated, dried over MgSO.,, filtered, and evaporated to yield a colourless
solid. The crude solid was purified by silica plug eluting with n-hexane and, then diethyl ether to give
tris(4-fluorophenyl)silanol 62e (0.7 g, 2.1 mmol, 66%) as a colourless crystalline solid: M.p. 89 - 90
°C (lit.** M.p. 90 °C); ATR-FTIR v/ cm’: 3026 (Si-OH); 'H NMR (400 MHz, CDCL;): § 7.59 -
7.54 (m, 6H, Ar-H), 7.12 — 7.06 (m, 6H, Ar-H), 2.82 (s, 1H, Si-OH); *C NMR (101 MHz, CDCL,):
§165.8 (d, Yer = 250.6 Hz), 1372 (d, }Jer = 7.9 Hz), 130.5 (d, “Jer = 3.5 Hz), 115.6 (d, Jcr = 20.0
Hz); YF{'H} NMR (377 MHz, CDCL): § -109.5 (s, 3F, Jr.c = 250.1 Hz); *Si{'H} NMR (80 MHz,
CDCl): §-12.8; HRMS (APCI) m/z: [M+H]* calcd. for C,;sH,4F;SiO 331.0761, Found 331.0751.

3.1.4 Tris(4-chlorophenyl)silane (64b)**

Cl

Si” H
Magnesium turnings (4.3 g, 176 mmol) were vigorously stirred under N, for 45 min, and a solution of
1-bromo-4-chlorobenzene (30 g, 157 mmol) in Et,0 (60 mL) was added. The solution started
refluxing on its own after 15 min and turned brown. After 40 min, the mixture was cooled to 0 °C
whereupon HSiCl; (5.2 mL, 51 mmol) was added dropwise. After complete addition, the reaction
mixture was refluxed for 4 h. The reaction was quenched by pouring the solution into an ice/5% HCI

mixture and the aqueous layer was extracted with Et;O (3 x 20 mL). The organic layers were
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combined and washed with brine, separated, dried over MgSO,, filtered, and evaporated to yield an
oil. Upon the addition of n-pentane to crude oil, white precipitates were formed. The solution was left
overnight in a fridge to encourage further precipitation. The white precipitates were collected and
recrystallized from EtOH/n-pentane to give tris(4-chlorophenyl)silane 64b (7.5 g, 20.6 mmol, 40%)
as a white crystalline solid: M.p. 74.6 - 75.3 °C (1it."’* M.p. 74 - 76 °C); ATR-FTIR Vy.x/cm: 2137 (Si-
H); 'H NMR (400 MHz, CDCl;): § 7.47 — 7.42 (m, 6H, Ar-H), 7.37 (d, ] = 8.3 Hz, 6H, Ar-H), 5.42
(s, Jsuxr = 203.5 Hz, 1H, Si-H); ®C NMR (101 MHz, CDCL): § 136.9, 136.8, 130.6, 128.6; ¥Si{'H}
NMR (80 MHz, CDCL): § -18.6; HRMS (APCI) m/z: [M]* calcd. for C,sH,3Cl3Si 361.9852, Found
361.984S.

3.1.5 Tris(4-chlorophenyl)silanol (62f)** %<

Cl

Jenol

10% Pd-C (60 mg, 0.6 mmol) was added to a solution of silane 64b (0.9 g, 2.5 mmol) in anhydrous
CH,Cl (6 mL). An equimolar amount of H,O was added (50 pL, 2.5 mmol), and immediate bubbling
occurred. The reaction mixture was allowed to stir at room temperature for 1 h, the solution was
filtered, and concentrated in vacuo to give a yellow oil. The crude oil was purified by silica plug eluting
with n-hexane and, then diethyl ether to yield tris(4-chlorophenyl)silanol 62f (0.67 g, 1.76 mmol,
70%) as a white crystalline solid: M.p. 120.3 - 120.9 °C (lit.*’¢ M.p. 121 °C); ATR-FTIR vus/cm’™:
3024 (Si-OH); '"H NMR (400 MHz, CDCL): § 7.51 — 7.48 (m, 6H, Ar-H), 7.39 — 7.36 (m, 6H, Ar-
H), 2.82 (s, 1H, Si-OH); ®C NMR (101 MHz, CDCL): § 137.1, 136.3, 132.6, 128.5; *Si{'H} NMR
(80 MHz, CDCl;): § -12.9; HRMS (APCI) m/z: [M-H] calcd. for C,;sH,,C1;SiO 376.9801, Found

376.9701.
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3.1.6 Tetrakis(4-bromophenyl)silane (71a)*

Br

Sarte™

Br

To a solution of 1,4-dibromobenzene (11.8 g, 50 mmol) in THF (60 mL) at -78 °C, n-BuLi (20 mL,
50 mmol, 2.5 M in hexanes) was added dropwise and the resulting mixture allowed to stir for 2 h. SiCl,
(1.9 mL, 16.7 mmol) was then added dropwise, and the reaction mixture was left to stir overnight at -
78 °C. The reaction was quenched with H,O (50 mL) and the organic layer separated. The aqueous
phase was extracted with Et,O (3 x 20 mL), combined organics were dried over MgSO, and
concentrated to yield a colourless oil. The oil was solidified on standing to give tetrakis(4-
bromophenyl)silane 71a (7.5 g, 11.5 mmol, 66%) as a colourless crystalline solid; M.p. 242.5 - 243 °C
(Iit.>* M.p. 242 - 243 °C); 'H NMR (400 MHz, CDCl;): § 7.56 — 7.52 (m, 8H, Ar-H), 7.36 — 7.33 (m,
8H, Ar-H); *C NMR (101 MHz, CDCl;): § 137.7,131.6, 125.5; ¥Si{'H} NMR (80 MHz, CDCl;): §
-13.5; HRMS (APCI) m/z: [M]* calcd. for C,4H16Si7Br,*'Br, 651.7708, Found 651.7717.

3.1.7 Tetrakis(4-fluorophenyl)silane (71b)>®

F

Sastes

F
To a solution of 1-bromo-4-fluorobenzene (5.5 mL, S0 mmol) in THF (60 mL) at -78 °C, n-BuLi (20

mL, 50 mmol, 2.5 M in hexanes) was added dropwise and the resulting mixture stirred for 2 h. SiCL

(1.9 mL, 16.7 mmol) was then added dropwise, and the mixture was allowed to stir overnight at -78
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°C. The reaction was quenched with water (50 mL) and the organic layer separated. The aqueous layer
was extracted with EtO (3 x 20 mL), combined organic extracts were dried over MgSQs, and volatiles
were removed. The residual oil was solidified on standing to give tetrakis(4-fluorophenyl)silane 71b
(0.8 g,2 mmol, 12%) as colourless needles; M.p. 131.4 - 131.8 °C (1it.*® M.p. 131 - 132°C); 'HNMR
(400 MHz, CDCL): § 7.51 - 7.46 (m, 8H, Ar-H), 7.13 - 7.07 (m, 8H, Ar-H); *C NMR (101 MHz,
CDCl): 8§ 165.4 (d, Jor = 250.3 Hz), 138.2 (d, 3Jcr = 7.7 Hz), 129.1 (d, *Jcx = 3.7 Hz), 115.3 (d, }Jc.
¢ =20.1 Hz); “F{'H} NMR (377 MHz, CDCL): -110.1 (s, 4F, Jy.c = 249.8 Hz); *Si{'H} NMR (80

MHz, CDCL): § -14.6; HRMS (APCI) m/z: [M]** calcd. for C,4H,sF4Si 408.0952, Found 408.0945.

3.2 General Procedure for Conversion vs Time Plots (Figures 8 & 9)

Phenylacetic acid (0.41 g, 3.0 mmol, 1 equiv.), 4-methylbenzylamine (0.38 mL, 3.0 mmol, 1 equiv.),
appropriate triarylsilanol 2, 62e-g (10, 30, 50, or 100 mol%), tetrakis(trimethylsilyl)methane (30 mg,
0.098 mmol) as internal standard, and toluene (15 mL, 0.2 M) were placed within a 100 mL two neck
round bottomed flask. The mixture was purged under a flow of N; for 5 min before bringing to reflux.
After the elapsed time, an aliquot (0.1 mL) from the reaction mixture was removed and transferred to
a glass vial. Chloroform-d was added until a homogenous solution was observed at which point "H
NMR spectra were recorded, and conversions were calculated from the crude reaction mixture against
internal standard. Reactions were conducted in triplicate, and the average conversions are reported.
Characteristic data for internal standard TTMSM is provided.

3.2.1 Tetrakis(trimethylsilyl)methane®

NP
e v
/Sl*sf»&\

i
1N
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White solid; M.p. 132 - 133 °C (lit.*®® M.p. 129 - 135 °C); 'H NMR (400 MHz, CDCl): § 0.26 (s,
36H); *C NMR (101 MHz, CDCl;): § 5.4 (12C, 12 x CH3),-1.74 (CSiy); ®Si{'"H} NMR (80 MHz,

CDCl): § -1.5; HRMS (APCI) m/z: [M+H]" calcd. for C,3H3,Si; 305.1967, Found 305.1552.

3.3 General Procedures for Triarylsilanols Catalyzed Direct Amidations

3.3.1 General procedure 1 (GP1: tris(p-bromophenyl)silanol (30 mol%) catalyzed amidations at
0.2 M)

Carboxylic acid (5.0 mmol, 1 equiv.), amine (5.0 mmol, 1 equiv.), 62g (0.76 g, 1.5 mmol, 30 mol%)
and toluene (25 mL) were charged into a 100 mL round bottomed flask. This mixture was purged
under a flow of N, for 5 min and heated to reflux for 24 h. After the reaction time, the mixture was
allowed to cool to room temperature and concentrated in vacuo. The yellow oily residue was diluted
with EtOAc (20 mL), and the resulting solution was washed with the aqueous NaOH (25 mL, 0.4 M)
and aqueous HCI (25 mL, 1.0 M) solutions. The organic layer was dried over MgSO,, filtered, and
evaporated. The residue was further purified by dry column vacuum chromatography (2-8% EtOAc)
to yield amide products.

3.3.2 General procedure 2 (GP2: Ph;SiOH (30 mol%) catalyzed amidations at 0.2 M)
Carboxylic acid (5.0 mmol, 1 equiv.), amine (5.0 mmol, 1 equiv.), 2 (0.41 g, 1.5 mmol, 30 mol%), and
toluene (25 mL) were charged into a 100 mL round bottomed flask. This mixture was purged under
a flow of N, for S min and heated to reflux for 24 h. After the reaction time, the mixture was allowed to
cool to room temperature and concentrated in vacuo. The yellow oily residue was diluted with EtOAc
(20 mL), and the resulting solution was washed with the aqueous NaOH (25 mL, 0.4 M) and aqueous
HCl (25 mL, 1.0 M) solutions. The organic layer was dried over MgSO,, filtered and evaporated. The
residue was further purified by dry column vacuum chromatography (EtOAc, 2-8%) to yield amide

products.
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Modified work-up procedure A (W/UA)
Following either GP1 or GP2, after evaporation, the amide was triturated with n-hexane (2 x 10 mL)
for the removal of aniline.
Modified work-up procedure B (W/U B)
Following either GP1 or GP2, after the reaction time, the mixture was allowed to cool to room
temperature and the precipitated ammonium carboxylate salt was filtered. Toluene solution was
concentrated in vacuo and the yellow residue was diluted with EtOAc (20 mL).
3.3.3 N-Benzyl-N-methyl-2-phenylacetamide (61c)'®
B

O
Following GP1, amide 61c (0.12 g, 0.5 mmol, 10%) was isolated as a colourless oil: "H NMR (400
MHz, CDCL;) (Mixture of two rotamers): § (Major rotamer) 7.40 — 7.15 (m, 9H, Ar-H), 7.10 (d, ] =
7.3 Hz, 1H, Ar-H), 4.65 (s,2H), 3.82 (s, 2H), 2.93 (s, 3H). (Minor rotamer) 7.40 — 7.15 (m, 9H, Ar-
H), 7.10 (d, ] = 7.3 Hz, 1H, Ar-H), 4.56 (s, 2H), 3.79 (s, 2H), 2.99 (s, 3H); *C NMR(101 MHz,
CDCL): § 171.5, 171.1, 137.3, 136.5, 135.1, 134.9, 128.9, 128.8, 128.7, 128.6, 128.0, 127.6, 127.3,
126.8,126.4, 53.6, 50.9, 41.2, 40.9, 35.2, 34.0.
Following GP2, amide 61c¢ (0.19 g, 0.79 mmol, 16%) was isolated as a colourless oil.
3.3.4 1-Morpholino-2-phenylethan-1-one (61b)'¥
BEH

=

0]

Following GP1, amide 61b (0.21 g, 1.0 mmol, 20%) was isolated as a yellowish crystalline solid: M.p.

65.8 - 66.8 °C (lit.!"¥ M.p. 65 - 67 °C); '"H NMR (400 MHz, CDCL): § 7.36 (dd, ] = 8.3, 6.1 Hz, 2H,
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Ar-H), 7.30 - 7.27 (m, 3H, Ar-H), 3.76 (s, 2H), 3.67 (s, 4H), 3.52 - 3.49 (m, 2H), 3.47 - 3.45 (m,
2H); BC NMR (101 MHz, CDCl;): § 169.6, 134.8, 128.8, 128.5, 126.9, 66.8, 66.4, 46.5, 42.1, 40.8.
Following GP2, amide 61b (0.28 g, 1.36 mmol, 27%) was isolated as a yellowish crystalline solid.

3.3.5 N,2-Diphenylacetamide (61d)'*"
SSWe

N
Following GP1 and W/U A, amide 61d (0.35 g, 1.64 mmol, 33%) was isolated as a white solid: M.p.
113.4 - 114.8 °C (lit."* M.p. 113 - 115 °C); '"H NMR (400 MHz, CDCL;): § 7.43 - 7.39 (m, 4H, Ar-
H), 7.36 - 7.33 (m, 3H, Ar-H), 7.30 -7.28 (m, 2H, Ar-H), 7.09 (t, ] = 7.4 Hz, 1H, Ar-H), 7.03 (br's,
1H, N-H), 3.74 (s, 2H); *C NMR (101 MHz, CDCL): § 169.2, 137.7, 134.6, 129.6, 129.4, 129.0,
127.8,124.6,119.9, 45.0.

Following GP2 and W/U A, amide 61d (0.2 g, 0.95 mmol, 19%) was isolated as a white solid.

3.3.6 N-(4-Methylbenzyl)benzamide (61e)'®

O
SRR
Following GP1, compound 61e (90 mg, 0.4 mmol, 8%) was isolated as a white solid: M.p. 140.3 -
141°C (lit.!¥ M.p. 140 - 141 °C); '"H NMR (400 MHz, CDCl;): § 7.80 (dd, J= 7.1, 1.7 Hz, 2H, Ar-H),
7.55-7.49 (m, 1H, Ar-H), 7.48 - 7.41 (m, 2H, Ar-H), 7.30 - 7.25 (m, 2H, Ar-H), 7.19 (d, ] = 7.8 Hz,
2H, Ar-H), 6.40 (brs, 1H,N-H), 4.63 (d, ] = 5.6 Hz, 2H), 2.37 (s, 3H); *C NMR (101 MHz, CDCl;):
§167.4,137.5,135.3,134.6,131.5,129.5,128.6,128.0, 127.1,44.0,21.2.
Following GP2 and W/U B, amide 61e (34 mg, 0.15 mmol, 3%) was isolated as a white solid.

3.3.7 1,1,1,3,3,3-Hexakis(4-bromophenyl)disiloxane (65)*
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During work-up of tris(p-bromophenyl)silanol catalyzed amidations of phenylacetic acid with
morpholine and N-methylbenzylamine, upon evaporation of toluene and/or dilution with EtOAc,
disiloxane 68 was isolated as a white solid; M.p. 295.3 - 295.9 °C (lit.” M.p. 294.5 - 296 °C); '"H NMR
(400 MHz, CDCly): 8 7.44 (d, J= 7.7 Hz, 12H, Ar-H), 7.21 (d, J= 7.7 Hz, 12H, Ar-H); ®C NMR (101
MHz, CDCL): § 136.4, 132.7, 131.5, 125.9; *Si{'H} NMR (80 MHz, CDCL): § -17.4; HRMS

(APCI) m/z: calcd. for C3sH,40Si, ”Br, *'Br; 1006.6332, Found [M+ Cl +H] 1042.6108.

3.4 General Procedure for Tris(4-bromophenyl)silanol Catalyzed Concentration vs Time
Plots (Figures 13 & 14)

Phenylacetic acid (0.41g, 3.0 mmol, 1 equiv.), 4-methylbenzylamine (0.38 mL, 3.0 mmol, 1 equiv.),
tris(4-bromophenyl)silanol (0.46 g, 0.9 mmol, 30 mol%), tetrakis(trimethylsilyl)methane (30 mg,
0.098 mmol) as internal standard, and toluene (15 mL, 0.2 M) were charged into a 100 mL two-neck
round bottomed flask. N-(4-methylbenzyl)-2-phenylacetamide 61a (0.36 g, 1.5 mmol, 0.1 M) and/or
H,O (27 pL, 1.5 mmol, 0.1 M) or amides 61b-d (1.5 mmol, 0.1 M) were added, and the mixture was
purged under a flow of N, for 5 min before bringing to reflux. After the elapsed time, an aliquot (0.1
mL) from the reaction mixture was removed and transferred to a glass vial. Chloroform-d was added
until a homogenous solution was observed at which point 'H NMR spectra were recorded.
Concentrations were calculated by integration against the internal standard. Reactions were

conducted in triplicate and the average concentrations are reported.
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3.5 General Procedure for Post Amidation Catalyst Integrity Quantification (Figure 22)

Phenylacetic acid (0.41 g, 3.0 mmol, 1 equiv.), amine (3.0 mmol, 1 equiv.), triarylsilanols 62e or 62g
(10 or 30 mol%), durene (30 mg, 0.2 mmol) as internal standard, and toluene (15 mL, 0.2 M) were
placed within a 100 mL two neck round bottomed flask. The mixture was purged under a flow of N,
for 5 min before bringing to reflux for the required time. After the elapsed time, an aliquot (100 puL)
from the reaction mixture was removed and transferred to a glass vial. iPrOH (1000 pL) was added to
give a homogenous solution. Samples were analysed on a reverse phase SUPELCOSIL™LC-18 HPLC
column (25 cm x 4.6 mm, 5 pm) @ 222/230 nm, using MeCN/H,O mobile phase. Catalyst integrity
was determined by integration against the internal standard and by reference to a pre-determined
calibration curve. Stock solutions of catalysts (62e, 62g) and internal standard were prepared in

MeCN at 1.82 mM concentration. (For details of calibration solutions see Table 11)
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Table 3. Catalyst Loading Screening

©\/ﬁ\ AN Ar;SiOH (X mol%) . ©\)(i
OH toluene, reflux, N, N
Xh, (0.2 M) H

Entry  Time (h) Amide Conversion (%) “

Triphenylsilanol (2) Tris(p-bromophenyl)silanol (62g)

Background 10 mol% 30 mol% 50 mol% 100 mol% 10 mol% 30 mol% 50 mol% 100 mol%

1 1 7 20 30 33 45 29 52 66 68
2 2 13 38 5SS 57 65 53 77 83 84
3 3 19 52 71 70 73 71 89 89 90
4 4 25 63 80 76 78 84 96 93 94
S S 30 71 84 79 82 93 100 97 98
6 6 35 77 86 81 86 100

7 7 40 81 87 82

8 8 44 84

9 9 48
10 10 52
11 11 56

“Conversions were determined by analysing "H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed percentage

conversions is +2%.
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Table 4. Catalyst Loading Screening

[::iji . N ArsSIOH (X mol%) [::iji
OH toluene, reflux, N, N
H

X h, (0.2 M)

L

Tris(p-fluorophenyl)silanol (62e) Tris(p-chlorophenyl)silanol (62f)

Entry  Time (h) Amide Conversion (%) °

Background 10 mol% 30 mol% 50 mol% 100 mol% 10 mol% 30 mol% 50 mol% 100 mol%

1 1 7 29 39 42 42 24 42 49 57
2 2 13 52 64 65 66 44 66 76 79
3 3 19 67 76 77 79 59 79 87 87
4 4 25 76 82 83 87 70 86 92 91
S S 30 82 86 87 92 78 90 95 94
6 6 35 86 89 90 96 83 92 97 97
7 7 40 89 91 92 99 86 93

8 8 44 91 94 87

9 9 48

10 10 52

11 11 56

“Conversions were determined by analysing "H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed percentage

conversions is +2%.
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Table 5. Background Model Amidation Reaction at Different Concentrations

©\)Oj\ . H2N/\©\ toluene, reflux, N, ©\)Ci
OH 8h, (X M)

L

Entry  Time (h) Concentration of Amide (M) ¢

[Acid] 0.4 M 03M 02M 0.1M

[Amine | 04M 03 M 02M 0.1 M

1 1 0.030 0.016 0.011 0.003
2 2 0.060 0.033 0.022 0.007
3 3 0.089 0.051 0.034 0.010
4 4 0.119 0.069 0.046 0.014
S S 0.146 0.087 0.087 0.017
6 6 0.171 0.104 0.068 0.020
7 7 0.195 0.119 0.078 0.022
8 8 0.215 0.132 0.087 0.024

“ Concentrations were determined by analysing '"H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed
concentrations is £1%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 6. Catalytic/Background Model Amidation Reactions for Concentration vs Time Plots

OH toluene, reflux, N, N
8 h, (X M) H

Entry Time (h) Concentration of Amide (M) ¢
1:1 Background 1:1 Catalytic
[Acid] 0.3 M 02M 0.3M 02M
[Amine] 03M 02M 03M 02M
[62g] 0.06 M 0.06 M
1 1 0.016 0.011 0.036 0.104
2 2 0.033 0.022 0.067 0.154
3 3 0.051 0.034 0.094 0.176
4 4 0.069 0.046 0.118 0.188
S S 0.087 0.057 0.138 0.195
6 6 0.104 0.068 0.155 0.200
7 7 0.119 0.078 0.170
8 8 0.132 0.087 0.183

“ Concentrations were determined by analysing '"H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed
concentrations is +2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 7. Catalytic Model Amidation Reaction with Added Products

o) 62g (0.06 M) 0
©\)J\ + HZN > + HZO
OH tOIl,lener reﬂuX; NZ N/\©\
H

8h, (0.2 M)

Entry Time (h) Concentration of Amide (M) ¢

Amide Added H,O0 Added Amide & H,O Added

[Acid] 02M [Acid] 02M [Acid] 02M

[Amine] 02M [Amine ] 02M [Amine] 02M
[62¢g] 0.06 M [62g] 0.06 M [62g] 0.06 M

[Amide] 0.1M H,O 0.1M H,O 0.1M

[Amide] 0.1M

1 1 0.125 0.025 0.122
2 2 0.144 0.085 0.140
3 3 0.161 0.079 0.160
4 4 0.181 0.102 0.176
S S 0.199 0.118 0.196
6 6 0.214 0.133 0.210
7 7 0.228 0.144 0.222
8 8 0.238 0.155 0.231

“ Concentrations were determined by analysing '"H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed

concentrations is +2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 8. Catalytic Model Amidation Reaction with Added 2°or 3° Amides

©\/\Ok + HN c28 0060 | ©\)i H,0
OH toluene, reflux, N, N * 2
8h, (0.2 M) H

Entry Time (h) Concentration of Amide (M)
[Acid] 02M [Acid] 02M [Acid] 02M
[Amine] 02M [Amine] 02M [Amine] 02M
[62¢] 0.06 M [62g] 0.06 M [62g] 0.06 M

Q\/EH/@ 0.1 M ©\/loj\,],/\© 0.1 M @ 0.1 M

1 1 0.017 0.013 0.006
2 2 0.032 0.024 0.014
3 3 0.046 0.034 0.022
4 4 0.056 0.042 0.030
S S 0.064 0.049 0.037
6 6 0.073 0.055 0.044
7 7 0.079 0.059 0.052
8 8 0.084 0.063 0.058

“ Concentrations were determined by analysing '"H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed
concentrations is £2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 9. Model Amidation Reaction with Different Stoichiometry of Acid/Amine

O
OH

62g (0.06 M)

©\)(i
toluene, reflux, N,
8 h, (X M)

L

Entry Time (h) Concentration of Amide (M) °
Excess Acid Excess Amine

[Acid] 0.3M 03M 025M 02M 02M 0.1SM

[Amine | 02M 02M 0.15M 03 M 03 M 025M

[62g] 0.06 M 0.06 M 0.06 M 0.06 M

1 1 0.015 0.026 0.022 0.006 0.018 0.019
2 2 0.031 0.050 0.046 0.018 0.035 0.038
3 3 0.048 0.072 0.066 0.030 0.050 0.054
4 4 0.062 0.093 0.085 0.041 0.064 0.070
S S 0.076 0.112 0.100 0.051 0.078 0.082
6 6 0.089 0.128 0.112 0.061 0.091 0.093
7 7 0.101 0.143 0.120 0.069 0.103 0.099
8 8 0.112 0.156 0.126 0.077 0.114 0.103

“ Concentrations were determined by analysing '"H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed
concentrations is £1% for ‘excess acid’ and 3% for ‘excess amine’ experiments. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 10. Model Amidation Reaction with Different Concentrations of Catalyst [62g]

) 62g (XM
©\)}\ + HyN g (XM)
OH toluene, reflux, N,

8h, (XM)

[ j O
N
H

Concentration of Amide (M) ¢

RSt

[Acid] 02M 02M 02M
[Amine] 02M 02M 02M

[62g] 0.06 M 0.03M 0.045 M
1 1 0.104 0.022 0.030
2 2 0.154 0.041 0.058
3 3 0.176 0.059 0.084
4 4 0.188 0.075 0.108
5 S 0.195 0.090 0.128
6 6 0.200 0.103 0.145
7 7 0.114 0.160
8 8 0.123 0.170

“ Concentrations were determined by analysing '"H NMR spectra of crude reaction mixture relative to the internal standard TTMSM. The variation in observed

concentrations is £2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 11. Preparation of Calibration Solutions*

a) Catalyst 62g or 62e (30 mol%)/Durene

Entry  Catalyst remaining

1 100%
2 80%
3 60%
4 40%
5 20%

b) Catalyst 62g or 62e (10 mol%)/Durene

Entry  Catalyst remaining

1 100%
2 80%
3 60%
4 40%
S 20%

* All calibration solutions were prepared in MeCN and iPrOH.

part IS

1

1

part IS

1

1

part catalyst

3
24
1.8
1.2

0.6

part catalyst

1
0.8
0.6
0.4

0.2

vol (mL) IS

0.5
0.5
0.5
0.5

0.5

vol (mL) IS

0.5
0.5
0.5
0.5

0.5

93

vol (mL) cat.

1.5
1.2
0.9
0.6
0.3

vol (mL) cat.

0.5
0.4
0.3
0.2

0.1

Conc. IS (mM)
0.4545
0.5348
0.6494
0.8264

1.1364

Conc. IS (mM)
0.9091
1.0101
1.1364
1.2987

1.5152

Conc. cat. (mM)

1.3636
1.2834
1.1688
0.9917
0.6818

Conc. cat. (mM)

0.9090
0.8080
0.6818
0.5194

0.3030

Conc. ratio
3
2.4
1.8
1.2

0.6

Conc. ratio
1
0.8
0.6
0.4

0.2



Table 12. HPLC Calibration Data

a) Tris(p-bromophenyl)silanol 62g (30 mol%)/Durene

Entry  Catalystremaining  Conc. Ratio Peak Area Peak Area Ratio
Analyte (62g) IS (Durene)
1 20% 0.6 589701.06 206770.96 2.85195
2 40% 1.2 873429.19 150229.4 5.81396
3 60% 1.8 1041286.17 118688.08 8.77330
4 80% 2.4 1156628.33 100451.36 11.51431
S 100% 3 1239433.37 85486.47 14.49859

b) Tris(p-bromophenyl)silanol 62g (10 mol%)/Durene

Entry  Catalystremaining  Conc. Ratio Peak Area * Peak Area Ratio
Analyte (62g) IS (Durene)
1 20% 0.2 307338.22 268795.06 1.14339
2 40% 0.4 512771.7 231889.36 2.21127
3 60% 0.6 653277.8 202722.39 3.22252
4 80% 0.8 742153.31 179957.49 4.12404
S 100% 1 838124.59 162890.44 5.14532

“ Mobile phase: MeCN/H,0O 85: 15, A=222 nm
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c) Tris(p-fluorophenyl)silanol 62e (30 mol%)/Durene

Entry Catalyst remaining ~ Conc. Ratio Peak Area® Peak Area Ratio
Analyte (62e) IS (Durene)
1 20% 0.6 343122.22 214173.43 1.60207
2 40% 1.2 486556.22 151626.74 3.20890
3 60% 1.8 578545.06 121961.53 4.74366
4 80% 2.4 652324.2 100786.72 6.47232
S 100% 3 694899.12 88751.56 7.82971

d) Tris(p-fluorophenyl)silanol 62e (10 mol%)/Durene

Entry  Catalystremaining  Conc. Ratio Peak Area® Peak Area Ratio
Analyte (62e) IS (Durene)
1 20% 0.2 152658.22 291086.41 0.52444
2 40% 0.4 266701.23 259996.07 1.02578
3 60% 0.6 342007.04 223242.94 1.53199
4 80% 0.8 402657.52 196193.89 2.05234
S 100% 1 447204.85 174964.65 2.55597

’ Mobile phase: MeCN/H,0 70: 30, A =222 nm
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Figure 28. HPLC calibration curves.
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Table 13. Quantification of [62¢] and [62g] under Model Amidation Conditions

©\/ﬁ\ . HoN 62e or 62g (X mol%) ©\)i
OH toluene, reflux, N, N
8h, (0.2 M) H/\©\

Entry Time (h) Catalyst Concentration (M) °

[Acid] 02M 02M [Acid] 02M 02M
[ Amine] 02M 02M [ Amine] 02M 02M

[62e] 30 mol% 10 mol% [62g] 30 mol% 10 mol%
1 0 0.06 0.02 0.06 0.02
2 1 0.056 0.02 0.083 0.019
3 2 0.0583 0.019 0.048 0.018
4 3 0.050 0.019 0.044 0.017
S 4 0.048 0.019 0.041 0.017
6 S 0.047 0.019 0.039 0.016
7 6 0.046 0.019 0.037 0.016
8 7 0.046 0.019 0.037 0.015
9 8 0.046 0.019 0.037 0.015

¢ Concentrations were determined by integrating peak area against the internal standard durene and by reference to a pre-determined calibration curve. The variation in
observed concentrations is +2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 14. Quantification of [62g] with Different Reaction Components of Model Amidation System

Entry  Time (h) Concentration of [62g] (M) °
[Toluene] 02M 02M 02M 02M
[Acid] 02M
[ Amine ] 02M
[Amide] 02M
[62g] 30 mol% 30 mol% 30 mol% 30 mol%
1 0 0.06 M 0.06 M 0.06 M 0.06 M
2 1 0.060 0.060 0.060 0.060
3 2 0.060 0.060 0.060 0.060
4 3 0.060 0.060 0.087 0.060
S 4 0.060 0.060 0.085 0.060
6 S 0.060 0.060 0.083 0.060
7 6 0.060 0.060 0.052 0.060
8 7 0.060 0.060 0.050 0.060
9 8 0.060 0.060 0.049 0.060

“Concentrations were determined by integrating peak area against the internal standard durene and by reference to a pre-determined calibration curve. The variation in
observed concentrations is +2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 15. Quantification of [62g] with Representative Primary, Secondary cyclic, Secondary acyclic and Aryl Amines

Entry  Time (h) Concentration of [62g] (M) °
[Toluene] 02M 02M 02M 02M
[4-Methylbenzylamine ] 02M
[Morpholine] 02M
[N-Methylbenzylamine ] 02M
[Aniline] 02M
[62g] 30 mol% 30 mol% 30 mol% 30 mol%
1 0 0.06 M 0.06 M 0.06 M 0.06 M
2 1 0.060 0.060 0.059 0.059
3 2 0.060 0.059 0.085 0.0588
4 3 0.087 0.0588 0.052 0.0588
S 4 0.085 0.056 0.049 0.088
6 N 0.053 0.055 0.046 0.058
7 6 0.052 0.054 0.044 0.0588
8 7 0.050 0.083 0.043 0.088
9 8 0.049 0.082 0.041 0.088

“Concentrations were determined by integrating peak area against the internal standard durene and by reference to a pre-determined calibration curve. The variation in
observed concentrations is +2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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Table 16. Quantification of [62g] with Representative Amines under Catalytic Amidation Conditions

(0] 0
OH N,R"

H toluene, reflux, N,
8h, (0.2 M) R
Entry  Time (h) Concentration of [62g] (M) ¢
[Acid] 02M [Acid] 02M [Acid] 02M [Acid] 02M
NH, NH N NH,
/©/\ 02M O\) 02M ©/\H 02M ©/ 02M
[Amine] [Amine ] [Amine] [Amine]
[62g] 30 mol% [62g] 30 mol% [62g] 30 mol% [62g] 30 mol%
1 0 0.06 0.06 0.06 0.06
2 1 0.0583 0.049 0.049 0.085
3 2 0.048 0.042 0.043 0.053
4 3 0.044 0.039 0.039 0.052
S 4 0.041 0.036 0.036 0.052
6 S 0.038 0.034 0.033 0.052
7 6 0.037 0.033 0.031 0.052
8 7 0.036 0.031 0.030 0.052
9 8 0.036 0.030 0.029 0.052

¢ Concentrations were determined by integrating peak area against the internal standard durene and by reference to a pre-determined calibration curve. The variation in
observed concentrations is +2%. Concentration (M ) = mmol/ mL unless otherwise stated.
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"H NMR spectrum of tris(p-bromophenyl)silanol (62g) (400 MHz, CDCl;)
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13C NMR spectrum of tris(p-bromophenyl)silanol (62g) (101 MHz, CDCl;)
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»Si{'H} NMR spectrum of tris(p-bromophenyl)silanol (62g) (80 MHz, CDCl;)
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"H NMR spectrum of tris(p-fluorophenyl)silane (64a) (400 MHz, CDCl;)
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13C NMR spectrum of tris(p-fluorophenyl)silane (64a) (101 MHz, CDCl;)
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YF{'H} NMR spectrum of tris(p-fluorophenyl)silane (64a) (377 MHz, CDCl;)
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»Si{'H} NMR spectrum of tris(p-fluorophenyl)silane (64a) (80 MHz, CDCl;)
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"H NMR spectrum of tris(p-fluorophenyl)silanol (62e) (400 MHz, CDCl;)
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13C NMR spectrum of tris(p-fluorophenyl)silanol (62e) (101 MHz, CDCl;)

< 1 onNNO o o

@ ™M AN~ 0 < O < Q O T
0 NN O OS RY) N
O o m MM m — — NNV
— - o ] NNN
\ NV ' ~-

FSL OGN

B S U —

50 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80

f1 (ppm)

130



YF{'H} NMR spectrum of tris(p-fluorophenyl)silane (62¢) (377 MHz, CDCl;)
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»Si{'H} NMR spectrum of tris(p-fluorophenyl)silanol (62e) (80 MHz, CDCl;)
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"H NMR spectrum of tris(p-chlorophenyl)silane (64b) (400 MHz, CDCl;)
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13C NMR spectrum of tris(p-chlorophenyl)silane (64b) (101 MHz, CDCl;)
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»8i{'H} NMR spectrum of tris(p-chlorophenyl)silane (64b) (80 MHz, CDCl;)
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"H NMR spectrum of tris(p-chlorophenyl)silanol (62f) (400 MHz, CDCl;)
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13C NMR spectrum of tris(p-chlorophenyl)silanol (62f) (101 MHz, CDCl;)
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»8i{'H} NMR spectrum of tris(p-chlorophenyl)silanol (62f) (80 MHz, CDCl;)
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"H NMR spectrum of 1,1,1,3,3,3-hexakis(p-bromophenyl)disiloxane (65) (400 MHz, CDCl;)
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13C NMR spectrum of 1,1,1,3,3,3-hexakis(p-bromophenyl)disiloxane (65) (101 MHz, CDCl;)

N — M (o]
T o~ o
S - n
M M N
i - Ll
AN

77.48
77.16
76.84

\

T T T T T T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90
f1 (ppm)

140



»Si{'H} NMR spectrum of 1,1,1,3,3,3-hexakis(p-bromophenyl)disiloxane (65) (80 MHz, CDCl;)
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"H NMR spectrum of tetrakis(p-bromophenyl)silane (71a) (400 MHz, CDCl;)
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13C NMR spectrum of tetrakis(p-bromophenyl)silane (71a) (101 MHz, CDCl;)
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»Si{'H} NMR spectrum of tetrakis(p-bromophenyl)silane (71a) (80 MHz, CDCl;)
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"H NMR spectrum of tetrakis(p-fluorophenyl)silane (71b) (400 MHz, CDCl;)

Ia4%:]

00’8

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

10.5

145



13C NMR spectrum of tetrakis(p-fluorophenyl)silane (71b) (101 MHz, CDCl;)
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YF{'H} NMR spectrum of tetrakis(p-fluorophenyl)silane (71b) (377 MHz, CDCl;)
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»Si{'H} NMR spectrum of tetrakis(p-fluorophenyl)silane (71b) (80 MHz, CDCl;)
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"H NMR spectrum of 1-morpholino-2-phenylethan-1-one (61b) (400 MHz, CDCl,)
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13C NMR spectrum of 1-morpholino-2-phenylethan-1-one (61b) (101 MHz, CDCl;)
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"H NMR spectrum of N-benzyl-N-methyl-2-phenylacetamide (61c) (400 MHz, CDCl;)
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13C NMR spectrum of N-benzyl-N-methyl-2-phenylacetamide (61c) (101 MHz, CDCl;)
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"H NMR spectrum of N ,2-diphenylacetamide (61d) (400 MHz, CDCl;)
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13C NMR spectrum of N ,2-diphenylacetamide (61d) (101 MHz, CDCl,)
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"H NMR spectrum of N-(4-methylbenzyl)benzamide (61e) (400 MHz, CDCl,)
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13C NMR spectrum of N-(4-methylbenzyl)benzamide (61e) (101 MHz, CDCl;)
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"H NMR spectrum of ammonium benzoate salt (400 MHz, CDCl;)
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13C NMR spectrum of ammonium benzoate salt (101 MHz, CDCl;)
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Table S1. Crystal Data, Data Collection and Refinement Parameters for the Structures of 64a-b and 62e-f.

Data

Formula

Formula weight

Colour, habit

Temperature / K

Crystal system
Space group
a/A

b/A

c/A

a/ deg
B/ deg
v/ deg
v/ A

Z

64a

C18H13F3Si

314.37

colourless tablets

173

orthorhombic

Pbca (no. 61)
10.7908(4)
8.6862(3)

33.2183(15)

90

90

90
3113.6(2)

8

62e

CisH13F;08i

330.37

colourless blocks

173

monoclinic

C2/c(no. 15)

20.0412(7)
16.0311(5)
21.3364(7)

90
108.264(4)
90
6509.7(4)

16 [c]

159

64b

C13H13C13Si

363.72

colourless blocks

173

orthorhombic

P2,2:2, (no. 19)

8.8393(2)
11.0368(3)
18.0391(5)

90

90

90
1759.84(8)

4

62f

C1sH13CL:0Si

379.72

colourless blocks

173

trigonal
R3 (no. 146)
47.0387(10)
47.0387(10)
11.3591(3)

90

90

120
21766.2(10)

48 [d]



D./ gem™

radiation used

w/ mon

No. of unique reflns
measured (Rin)

obs, |Fo| > 40 (|F0|)
completeness (%) [a]
No. of variables

Ri(obs), wR(all) [b]

CCDC

1.341

Mo-Ka

0.175

3696 (0.0389)

2946

99.9

203

0.0533,0.1122

2247808

1.348

Mo-Ka
0.175
57

6510 (0.0144)

5124

98.7
437

0.0462,0.1254

2247811

160

1.373

Cu-Ka

5.300

3485 (0.0466)
2944

100.0

204

0.0373, 0.0899

2247809

1.391

Mo-Ka

0.572

21255 (0.0541)
13621
99.9
1199

0.1190, 0.3303

2247756



Table S2. Crystal Data, Data Collection and Refinement Parameters for the Structures of 62g, 65, and 71a-b.

Data

Formula

Formula weight

Colour, habit

Temperature / K

Crystal system
Space group
a/A

b/A

c/A

a/ deg

B/ deg

Y/ deg

v/ A

Z

62g

C18H13BI3OSi

513.10

colourless blocks

173
triclinic
P1 (no.1)
11.4531(9)
13.9038(9)

14.3428(8)

111.169(6)
107.660(6)
102.534(6)
1887.4(2)

4 [e]

65

C36H24Br60512

1008.19

colourless blocks

173
Orthorhombic
P2:2:2,
19.45536(12)
19.52646(12)

19.54344(13)

90
90
90
7424.44(8)

8

161

71a

C24H16Br4Si

652.10

colourless blocks

173
Tetragonal
I-4
13.6224(5)
13.6224(5)

18.9771(13)

90

90

90
3521.6(4)

6

71b

C24H16F4Si

408.46

colourless blocky

needles

173
Monoclinic
P2:/n
9.5601(3)
20.4318(6)

20.9010(6)

90
98.358(3)
90
4039.2(2)

8



D./ gem™ 1.806 1.804 1.845 1.343
radiation used Mo-Ka Cu-Ka Cu-Ka Mo-Ka

g/ mm 6.476 8.652 6917 0.159
measured (Riy) 14970 (0.0590) 14967 (0.0499) 6452 (0.0372) 14290 (0.0197)
obs, |Fo| > 40 (|F.|) 7199 13524 2404 5991
completeness (%) [a] 99.8

No. of variables 833 811 197 524
Ri(obs), wR(all) [b] 0.0699,0.1421 0.0304,0.0736 0.0569,0.0876 0.0457,0.1043
CCDC 2247757 2247765

[a] Completeness to 0.84 A resolution. [b] R, = Z||F,| - |F.

/Z|Fo|; wRy = {Z[w(F,> = F2)*] / Z[w(F)*1}"% w = *(F.*) + (aP)” + bP. [c] There are two
crystallographically independent molecules. [d] There are six crystallographically independent molecules, five in general positions and one adjacent to a C; axis.

[e] There are four crystallographically independent molecules.
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F10 Si1

Fl&

Figure S1. X-ray crystal structure of tris(p-fluorophenyl)silane 64a.

Cll6

Figure S2. X-ray crystal structure of tris(p-chlorophenyl)silane 64b.
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Figure S3. X-ray crystal structure of tris(p-bromophenyl)silanol 62g. Hydrogen bonded tetramer

(hydrogens are omitted for clarity).

Figure S4. X-ray crystal structure of tris(p-fluorophenyl)silanol 62e. Hydrogen bonded tetramer

(hydrogens are omitted for clarity).
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Figure S5. X-ray crystal structure of tris(p-chlorophenyl)silanol 62f. Hydrogen bonded tetramer

(hydrogens are omitted for clarity).

BrdB

Figure S6. X-ray crystal structure of 1,1,1,3,3,3-hexakis(p-bromophenyl)disiloxane 65. Hydrogens

are omitted for clarity.
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Appendices

Appendix 1 — Formation of tetrakis silanes (71a-b).

X
X
1. n-Buli, -78°C, Et,0
2. SiCly
Br 3. Aq. workup
63a-b
X

71a,X = Br, 66%
71b,X=F 12%

X-Ray: 71a X-Ray: 71b

Appendix 2 — Amidation reactions conducted for extended period.

0 o)
R Ar;SiOH (X mol%) '
R)J\OH + HoN ’ > R)L .R
toluene, reflux, N, H
(3 mmol) (3 mmol) Xh

(i) HPLC quantification of amide formation
Acid Amine Reflux Catalyst (X mol%)

Ti h
ime (h) Amide Conversion (%)

(4-Br-Ph);SiOH (10 mol%)

NH
Qg O .
OH

144 35
168 42
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Acid Amine

Iz

(4-F-Ph);SiOH (10 mol%)

24 10
43 19
72 28

(4-F-Ph);SiOH (30 mol%)

29 13

124 63

(4-F-Ph)»SiOH (50 mol%)

48 24
72 39
143 61

(4-C1-Ph);SiOH (30 mol%)

49 17
120 66
Reflux Catalyst (X mol%)
Time (h)
Amide Conversion (%)

(4-Br-Ph);SiOH (10 mol%)

24 33
144 100
168 100

(4-F-Ph);SiOH (10 mol%)
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(ii)

25 35

52 44

(4-F-Ph);SiOH (30 mol%)

29 47
124 100

(4-Cl1-Ph);SiOH (30 mol%)

49 46

120 89

HPLC quantification of catalyst integrity

0.025 (4-Br-Ph)3SiOH (10 mol%, 0.02 M)
0.02
@ Aniline

= @ Methylbenzylamine
S 0015 @ Morpholine
§ O 4-Methylbenzylamine
@
=
[
£ o001
(&)

0.005 ’

0

0 20 40 60 80 100 120 140 160 180

Time (h)
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Catalyst Conc. (M)

0.025 (4-F-Ph)3SiOH (10 mol%, 0.02 M) 0.07 (4-F-Ph)3SiOH (30 mol%, 0.06 M)
0.06
O'OZb @ Aniline @ Aniline
@ Methylbenzylamine _ 0.05 @ Methylbenzylamine
0.015 O 4-Methylbenzylamine g & Morpholine
] 0.04 O 4-Methylbenzylamine
S
0.01 % 0.03
k=
< 0.02
0.005 ¢ O
‘ \ 4 PN L 0.01 ‘
0 0
0 20 40 60 80 0 20 40 60 80 100 120 140
Time (h] Time (h)
0.07 (4-CI-Ph)3SiOH (30 mol%, 0.06 M)
0.06 @p
@ Aniline
= 0.05 € Morpholine
S 0.04 @® Methylbenzylamine
S
2 003
s
<
o
0.02 ’ . .
0.01 . .
0

0 20 40 60 80 100 120 140 160
Time (h)

Figure S7. Catalyst integrity plots.
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