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ABSTRACT: N,N,N’,N’-Tetramethylchloroformamidinium hexafluorophosphate (TCFH) and N-methylimidazole (NMI) enable
the facile and practical reaction of carboxylic acids with amines, alcohols, and thiols to form amides, esters, and thioesters. To
develop a mild synthesis of ketones with TCFH—NMI directly from carboxylic acids at room temperature, the Mayr nucleophilicity
scale was used to compare the N values of competent nucleophiles to potential carbon-centered nucleophiles, identifying pyrroles

and indoles as successful substrates when N > 10.

D 1 ayr’s scale of nucleophilicity and electrophilicity is a

powerful concept in physical organic chemistry for
explaining reactivity.' The scale uses kinetic data from the
reactions of nucleophiles with reference electrophiles, or vice
versa, to construct a simple mathematical relationship, allowing
for an ordering of reactivity (eq 1). Substrates with larger N or
E values on this logarithmic scale exhibit higher reaction rates
(kypec). Comparing the parameters for two substrates in a
known reaction allows chemists to understand why one
substrate reacts quickly at room temperature, while another
requires heating. But it can also be used to predict if some
unprecedented pairing of nucleophile and electrophile will be
successful, thereby guiding the development of novel
reactions.” Over the past 30 years, the large reliable data set
underpinning this scale has grown to >1500 examples
representing a significant diversity of structures.’ Further
expansion of this broad scale is possible through application of
computational models to predict the N and E values of
substrates which have not been experimentally investigated.

The Mayr—Patz Equation:

log kypoc = sn(N + E)
Sx=nucleophile-specific sensitivity parameter
N=nucleophilicity parameter

E=electrophilicity parameter ( 1)

The pairing of N,N,N’,N’-tetramethylchloroformamidinium
hexafluorophosphate (TCFH, 2) and N-methylimidazole
(NMI) has emerged as a practical reagent combination to
access N-acyl imidazolium ions i, highly electrophilic acyl
donors which can be used to form amides, esters, and
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thioesters under mild conditions (Scheme 1).° Use of this
reagent has gradually expanded to more heteroatomic

Scheme 1. Reactions with TCFH—NMI
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nucleophiles including acyl hydrazides, hydroxylamines, and
sulfonamides,® but no examples of ketone formation with
carbon nucleophiles have been disclosed. To continue the
exploration of TCFH—NMI as an alternative method of
carboxylic acid activation versus acid chloride formation, which
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generally relies on toxic and corrosive reagents,” we Table 1. Optimization of Synthesis of 7ab with TCFH—NMI

hypothesized that N-acyl imidazoliums might possess sufficient
reactivity to engage carbon-centered nucleophiles. Considering
the huge range of potential carbon-centered nucleophiles,
Mayr’s nucleophilicity scale helped define a meaningful starting
point for these investigations.® Even though the E value for an
N-acyl imidazolium ion has not been determined, we
considered the N-values of anilines 3 and 4 as well as acyl
hydrazide S5 known to react with carboxylic acids 1 at room
temperature in the presence of TCFH—NMI (Figure 1).”
Since pyrroles 6a—c have N values approaching this range, the
Mayr nucleophilicity scale suggests these could be competent
nucleophiles for the N-acyl imidazolium ion."’

H Me
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Figure 1. Comparison of known N-values of TCFH—NMI substrates
3—S5 with those of pyrroles 6a—c.

Focusing on pyrroles as nucleophiles provides access to a
common motif in pharmaceutical compounds, illustrated by
the tetrasubstituted pyrrole core of atorvastatin 8, as well as the
natural product batrachotoxin 9 (Scheme 2)."" In this paper

Scheme 2. Ketone Formation with TCFH—NMI
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we describe the investigation of ketone formation with
TCFH—NMI and highly nucleophilic pyrroles, guided and
understood by consideration of Mayr’s nucleophilicity
parameters.

For the initial optimization, the substrate pair was chosen as
(S)-2-phenylpropionic acid 1a, which would allow us to assess
reactivity as well as the integrity of the labile a-stereogenic
center, and 2,4-dimethylpyrrole 6b, for which the N value of
10.7 in acetonitrile (MeCN) is known.'"’ Starting from
established conditions in MeCN using 3.1 equiv of NMI as
base gave good assay yield (AY) and low enantiopurity of the
desired S-acyl pyrrole 7ab (Table 1)."* Adjustment of the NMI
stoichiometry to 2.1 equiv allowed for formation of the desired
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TCFH 2 (1.1 equiv) (0]

Ph\‘)(i Me base (2 1-3.1 equiv) pp, 8

OH * 5—7/ solvent (20 mL/g 1a) Me \ / Me
Me
RT, 16 h Me
1a 7ab
1.2 equw)

CONV AY ee
entry solvent base (equiv) (%) (%)?  (%)°
1 MeCN  NMI (3.1) 84 73 205
2 MeCN  NMI (2.1) 76 61 986
37 MeCN  NMI (2.1) 80 65 927
4 DCM  NMI (2.1) 89 73 974
s THF NMI (2.1) 75 62 646
6 DMEF NMI (2.1) 63 40 965
7 MeCN  NMM (2.1) 100 34 634
8 MeCN  NMM (2.0), DMAP (0.1) 35 9 ND
9 MeCN  DIPEA (2.1) 100 4 ND
10 MeCN  DIPEA (2.0), DMAP (0.1) 32 8 ND
11 MeCN  pyr (2.1) 0 0 ND
12 MeCN  DABCO (2.1) 45 7  ND
13 MeCN DBU (2.1) 0 0 ND

“Conversion based on LC-UV area counts (AC) by CONV = 100 X
(AC(7ab)/(AC(1a) + AC(7ab)), for example Conversion values
were not adjusted for response factor. Assay yield (AY, %) was
determined by LC-UV analysis of the reaction mixture; see
Supporting Information page S2 for the detailed procedure.
“Enantiomeric excess (ee) determined on crude reaction mixtures
by LC-UV analysis. 9Reaction at 40 °C.

product in similar yield but no loss in enantiopurity (entries 1
and 2), consistent with a mechanism proceeding through an N-
acylimidazolium ion i that requires 2 equiv of base as shown in
Scheme 1. Warming the reaction to 40 °C led to a minor
increase in conversion and yield but also induced epimeriza-
tion (entry 3). Further screening of solvents demonstrated the
reaction could proceed in other common solvents, but MeCN
was preferred for its good yield, enantiopurity, environmental
impact, and benefits for product isolation by addition of water
(entries 4—6). An investigation of alternative bases emphasized
the unique properties of NMI. Non-Lewis basic amines like N-
methylmorpholine (NMM) and N,N-diisopropylethylamine
(DIPEA) led to the formation of the unreactive anhydride
rather than the desired ketone 7ab, even in the presence of
DMARP as a nucleophilic amine catalyst (entries 7—10). Other
amines which combine Brensted and Lewis basicity gave
inferior results compared to NMI (entries 11—13).

Although TCFH is a unique amlde bond-forming agent in
terms of its simplicity and safety,'> we wondered if other amide
bond-forming agents exhibited similar reactivity. An examina-
tion of the reactivity of 1a and 6b in MeCN and NMI as base
with other common amide bond-forming agents (CDI, EDAC,
HATU, and T3P) revealed that only T3P could give good
yield and enantiopurity of ketone 7ab (72% AY, 95.5% ee)."*

Starting from the high-yielding and mild conditions with
TCFH—-NMI, we examined the scope of the reaction with
respect to the carboxylic acid as well as the pyrrole, guided by
the N values measured by Mayr and co-workers (Scheme 3).
Use of trisubstituted pyrrole 6c, with an N value of 11.6, gave a
comparable yield and minimal epimerization of the a-
stereogenic center. Monitoring the rate of reaction of N-acyl
imidazolium ion ii derived from 1a with 6b versus 6¢ showed a
significant increase in the reaction rate (k. (6c/6b) = 7),
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Scheme 3. Pyrroloketone Synthesis with TCFH—NMI
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consistent with its higher N value (Figure 2). Examining the
less-nucleophilic 1,2,5-trimethylpyrrole 6d (N = 8.6), 2,5-
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Figure 2. Kinetic profiles of the reactions of 6b and 6c.
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dimethylpyrrole 6a (N = 8.0), and 2-methylpyrrole 6e revealed
that less than 1 area percent (AP) of product was observed by
LC-MS even after 72 h at room temperature. Heating to 80 °C
in MeCN gave partial conversion after 16 h, with moderate
yields of ketones 7ad, 7aa, and 7ae with racemization. Further
examination of pyrroles yielded mixed results, suggesting that
these highly nucleophilic heteroaromatic species approach the
reactivity limit of the N-acyl imidazolium ion. Tetrahydroin-
dole 6f gave good yield, whereas 2-phenyl-4-methylpyrrole 6g
as well as 1,2,4-substituted pyrrole 6h showed only a trace
amount of product after extended reaction times at room
temperature. Heating to 80 °C led to the formation of ketone
7ag, but 6h remained unreactive.

Further exploration of carboxylic acids showed that
moderate to high yields could be obtained, generally with
facile isolation of ketone product by addition of water and
filtration. In general, chiral substrates can be run with 2.1 equiv
of NMI while achiral substrates are run with 3.1 equiv. Primary
carboxylic acid 1b and secondary carboxylic acid 1c afforded
products 7bb and 7cb in good yield. Examination of the
reaction of 6b with Boc-protected amino acid 1d gave less than
1 AP of 7db after 72 h at room temperature, but the reaction
with the more nucleophilic pyrrole 6c provided a good yield
and enantiopurity of product 7dc. Tertiary carboxylic acid le
proved completely unreactive with pyrrole 6b or the more
reactive 6c, but the conformationally restricted tertiary
[1.1.1]bicyclopentane carboxylic acid 1f gave a good yield of
ketone 7fb. A broad range of aromatic carboxylic acids 1g—11,
notably heterocyclic carboxylic acids containing furan, oxazole,
thiazole, and oxadiazole substituents, demonstrated good
yields in reaction with 6b and 6c."” Terephthalic acid 6i
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underwent a double substitution to give the bis-pyrrole
product 7ib in a good yield. The reactions of highly ac1d1c
species like oxalate ester 1m (pK, 1.7 (H 0))" a
dichloroacetic acid In (pK, = 1.3 (H,0))" underwent
reaction with pyrrole 6b, while more acidic carboxylic acids
like trifluoroacetic acid (pK, = 0.2 (H,0))"® did not provide
the desired ketone product 7ob.

Indoles were also investigated as potential nucleophiles.
Indole 10a itself (N = 5.6) is far less nucleophilic than the
pyrroles examined in this study and showed no reactivity at
room temperature.'” 2-Methylindole 10b (N = 6.9) was also
unreactive, but 2-methoxy (10c) and 2-dimethylamino (10d)
indole were reactive and led to moderate yields of ketone
products 11ac and 11ad, consistent with the stronger electron-
donating capacity of these heteroatomic groups (Scheme 4).

Scheme 4. Indoloketone Synthesis with TCFH—NMI

o) ) TCFH 2
)k + \ 7
ROH || NMI
NH (2.1-3.1 equiv)
10a-d MeCN RT 16h 11aa-ad
11aa 11ab
20 °C <1 AP 20 °C <1 AP
Me :\i Me /\\i
MeO Me,N
11ac 11ad

50% yield / 98% ee 34% yield / 89% ee

Ketone 1lac was formed with a high level of enantiopurity,
while ketone 1lad showed some epimerization. Other
constitutional isomers of methoxyindole were examined but
proved unreactive, likely due to their low nucleophilicity (N =
5.4—6.2) compared to 2-methoxyindole.

To provide additional insight into the reaction scope with
respect to the pyrrole nucleophile, we sought to expand on
experimentally determined N values by seeking a computa-
tional correlation with the calculated methyl cation affinity
(MCA) of these electron-rich aromatics.”’ Using experimental
N values measured in MeCN, an excellent correlation was
obtained at the B3LYP/6-311G++(3df,2pd) level of theory
(Figure 3).*! This allowed for a prediction of the N values for

13

L AL Me
11 Ho e 6b 6d
N T °® Me
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-70

Figure 3. Plot of calculated MCAs and experimental N values.
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some substrates from the survey of the reaction scope and a
good correlation with the reaction temperature required for
reactivity (Table 2). The reactive tetrahydroindole 6f was

Table 2. Relation of the N Value and Reaction Temperature

Substrate N reaction

(calc/exp)!  temp (°C)
10d 12.1 (calc)
6¢ 11.6 (exp)?
6b 10.7 (exp)?
of 10.6 (calc)
6h 10.3 (calc)
10c¢ 9.8 (calc)
6g 9.1 (calc)
6e 8.9 (calc)
6d 8.6 (exp)?
6a 8.0 (exp)?
10b 6.9 (exp)*
10a 5.6 (exp)*

“exp = experimental, calc = DFT prediction. ’NR = no reaction at 20
or 80 °C. “See ref 10. “See ref 19.

found to have an N value of 10.6, consistent with its high
reactivity at room temperature. Computational predictions for
2-phenyl-4-methylpyrrole 6g (N = 9.1) and 2-methylpyrrole 6e
(N = 8.9), which were unreactive at room temperature but
demonstrated reactivity at 80 °C, appeared reasonable
considering the similar reactivity of 1,2,5-trimethylpyrrole 6d
(N = 86) and 2,5-dimethylpyrrole 6a (N = 8.0). 1,2,4-
Substituted pyrrole 6h was predicted to have an N value of
10.3, which seems at odds with its negligible reactivity at room
temperature or 80 °C. However, considering the increased
steric demands of reaction at the S-position in 6h highlights
how caution should be used when applying these nucleophil-
icity and electrophilicity parameters to substrates with
significant variation in steric demands.”” In regard to the
indole substrates, 2-methoxyindole 10c was predicted to have
an N of 9.8 and 2-dimethylaminoindole 10d an N of 12.1,
helping rationalize their enhanced reactivity compared to other
indoles (N < 7).

In conclusion, this paper continues to expand the scope of
TCFH—-NMI as an activating agent for carboxylic acids to the
preparation of ketones with carbon-centered nucleophiles. To
identify a reasonable starting point for these investigations, the
Mayr nucleophilicity scales were consulted using the N values
of known, reactive nitrogen nucleophiles from reactions
promoted by TCFH—NMI. This led to the selection of highly
nucleophilic heterocycles such as pyrroles as substrates. The
resulting scope of ketone formation with TCFH—NMI can be
clearly understood in the context of Mayr’s nucleophilicity
scale, recognizing that N > 10 is required for room
temperature reactivity with an N-acyl imidazolium ion
intermediate. The success of this model in a complex system
across a range of nucleophiles, even when the E value of the
electrophile is not known, emphasizes the predictive power of
Mayr's reactivity scale in modern methodology development.
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