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ABSTRACT: Benzotrifuranone (BTF), bearing three symmetry-equivalent lactone rings, is unique in its ability to undergo highly
selective and sequential aminolysis reactions in one-pot to afford multifunctionalized molecules (> 80% overall yield) . New in-
sight into this behavior is presented through kinetics measurements (by stopped-flow IR spectroscopy), X-ray crystal structure
analysis, quantum chemical calculations, and comparison of BTF to other benzoate esters, including its ring expanded congener
benzotripyranone (BTP). While the structure-property investigation confirms stepwise electronic/inductive lactone deactivation for
both BTF and BTP, the unusually fast and selective aminolysis of BTF is only fully explained through synergistic ring strain ef-
fects. Experimental signatures of the significant ring strain of BTF (~ 28 kcal mol™ based on DFT calculations vs. 17 kcal mol™ for
BTP) include its high lactone carbonyl stretching energy (1821 cm™ in acetonitrile vs. 1777 cm™ for BTP) and bond length alterna-
tion within its benzenoid ring. While ring strain is relieved upon the sequential aminolysis of both BTF and BTP, it is only for the
former that a ring strain gradient is established that contributes to the stepwise aminolysis rate differences and enhanced selectivity.
The work shows how a combination of electronic effects and ring strain can underpin the design of small molecules capable of
stepwise functionalization, of which there are notably few examples.

to the mono-, di-, and trifunctionalized products provided rea-
gent stoichiometric control and (ii) the sequential introduction
of up to three different reagents. To the best of our

INTRODUCTION
Synthetic methodology to rapidly and efficiently prepare

multifunctional molecules continues to leverage discoveries in
disciplines spanning materials science and chemical biology.
Particularly attractive are protocols that provide access to
complex targets through a series of reactions in a single pot, as
they potentially reduce purification costs, eliminate waste, and
lend themselves to diversity-oriented synthesis." Excellent
progress has been made to develop one-pot domino and multi-
component reactions along these lines.” An alternative ap-
proach to discrete multifunctional architectures is exemplified
by the chemistry of cyanuric chloride (CC)’ and its congeners
(Figure 1a), wherein a highly symmetrical scaffold is efficient-
ly desymmetrized, in one pot, through sequential substitution
reactions across a convenient temperature range.4 As the par-
adigmatic framework displaying this reactivity profile, CC
has facilitated access to diverse multifunctional targets for
applications across the biological,” supramolecular,® synthet-
ic,” and materials sciences.®

The paucity of available scaffolds akin to CC speaks to the
stringent kinetics requirements for a molecule with even three
symmetry equivalent reactive sites to undergo synthetically
useful stepwise functionalization. Given identical rates of
reaction between any of sites A, A’, or A” with reagent site B
(i.e., kap = ka = ka-p), a simple mathematical model (see the
SI for details) predicts a paltry 44% maximum yield of the
singly functionalized product and an abysmal start to the syn-
thesis of a fully differentiated target (Figure 1b). An ideal
system establishes a reactivity gradient (i.e., kap >> kpap >>
kas) and allows (i) efficient conversion of the starting material

knowledge, scaffolds fitting this reactivity paradigm have yet
to be targets of systematic mechanistic/kinetic investigation,g
and therefore de novo design.

(a)
Cl_N__ClI 1 o NuZ_ _N.__Nu
1. HNu', <0°C
b TR0 Y S

+ 3HCI
NYN 2. HNu?, rt N N
2 °
al 3. HNu?, > 60 °C Ny
. . (one pot)
cyanuric chloride
(CC) Nu =N, O, P, S, F, etc. nucleophile
b
) A A A’
B Q
A A (1 equiv) A A
> 30% 44%
A
when kag = kag = Ka's
22% 4%

Figure 1. Outcomes for functionalization of a molecule bearing
three symmetry equivalent reactive positions. (a) Efficient one-pot
sequential multifunctionalization, exemplified by the chemistry of
cyanuric chloride (CC), requires establishment of a reactivity
(kinetic) gradient. (b) A statistical product mixture (percentages
shown are from mathematical modeling) results if the reaction
rates between reagent site B and positions A, A’, and A" are iden-
tical (assuming an irreversible reaction that goes to completion).
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Scheme 1. Summary of Aminolysis Behavior of Benzotri-
furanone (BTF)*

o]
o
RNH,, (1.0 equiv) OH,
DMF, —41 °C,
15-30 min NHR
> o]
> 90% 0 R
o)
RNH, (2.0 equiv)
DMF, —41 °C, o
3-6h OH,y
~ 90% NHR
RHN S0 OH 2RR
NHR
o BTF NH2 (3.0+ equiv) fo)
MF, —41 °c: tort,
16 h HO OH,
0,
> 95% NHR
H
RN So O 3rer
NHR3
1. RINH, (1.0 equiv) o
2. R2NH, (1.0 equiv) HO OH,
3. R3NH, (1.0+ equiv) NHR!
"one-pot” 5 OH 1o203
> 80% R2HN” 0 3R'R?R

“Summary of BTF aminolysis reactivity from ref. 10. Yields
shown are representative and determined from either '"H NMR
(1R, 2RR) or isolation (3RRR, 3R'R’R?).

We recently reported'® that benzotrifuranone (BTF)"
(Scheme 1), a Cs,-symmetrical trilactone, is unusually suited
for multifunctionalization through sequential aminolysis reac-
tions. The platform affords rapid and efficient access to
mono- (e.g., 1R), di- (e.g., 2RR), and trifunctionalized (e.g.,
3RRR) targets provided routine control of temperature and
amine reagent stoichiometry, and lends itself to the one-pot
synthesis of multifunctionalized phloroglucinol, 3 (e.g.,
3R'R’RY), from BTF in good yield (> 80%) and a single day.

We initially proposed a primarily electronic/inductive argu-
ment (given the stepwise substituent changes occurring on the
central benzenoid ring) to rationalize the kinetic deactivation
observed upon successive aminolysis of BTF. In this paper,
we report a more comprehensive understanding of the aminol-
ysis behavior of BTF through kinetics measurements, X-ray
crystal structure analysis, and quantum chemical calculations.
Included is comparison of BTF to various benzoate esters,
such as a ring expanded congener, benzotripyranone (BTP)
(Chart 1). Notably, our structure-property investigation ex-
poses a ring strain gradient as a component of the sequential
aminolysis behavior observed for BTF. While singular strain
elements are appreciated as useful promoters of chemical reac-
tions,” this study shows that energetically coupled strain-
release events can afford stepwise reactivity and can serve as
the basis for sequential molecular functionalization.

RESULTS AND DISCUSSION

Numbering Convention. Throughout the paper, BTF and
BTP aminolysis products are first numbered based on their
parent structure. Letters after the numbers designate the num-
ber, type, and sequence of amines (Chart 1) used to form the

Chart 1. Benzoate ester derivatives and amines used in this
work.

o
S, O
OBDF
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Y R =\(\LO> ©
4 L/
aminolysis product. For example, compound 1 (Scheme 1)
produced by aminolysis of BTF with one equivalent of amine

a will be denoted 1a, while 2 produced from BTF using two
equivalents of amine a will be denoted 2aa, and so on.

Benzoate Esters Used in this Work (Chart 1). BTF M
BMF (2-coumaranone),'’ and 4 (phloroglucinol triacetate)
were synthesized following literature precedent (see the SI for
details); BMP (3,4-dihydrocoumarin) was purchased commer-
cially. The synthesis of benzotripyranone BTP, a new com-
pound, could be completed quantitatively through acid-
catalyzed intramolecular transesterification of known triiso-
propyl  3,3',3"-(2,4,6-trihydroxybenzene-1,3,5-triyl)tripropio-
nate (which is available in six s'[eps13 from 1,3,5-
trimethoxybenzene). Noted previously,'' attempts to prepare
BTF using “reversible” (e.g., Lewis and Brensted acid cata-
lyzed) lactonization conditions were plagued by the formation
of stable, partially cyclized intermediates. The observation
that BTP is formed quantitatively under the same conditions
speaks to its relative thermodynamic stability. The remaining
compounds shown in Chart 1, BDF and BDP, have been used
exclusively in calculations (vide infra).

General Aminolysis Behavior: BTF vs. BTP. BTP, like
BTF, forms a dilactone (5a) as the major product upon reac-
tion with one equivalent of an aliphatic amine like benzyla-
mine (a) (Scheme 2). The reaction, however, under conditions
identical to BTF aminolysis, is considerably slower and lower
yielding with respect to the monoaminolysis adduct (i.e., the
reaction is less selective). HPLC analysis (see Figure S1) of
the crude reaction after 2 h (at —41 °C in DMF), for example,
reveals a mixture of BTP (16%), Sa (70%), and 6aa (14%)
(and no detectable 7aaa). The conversion to 5a, nonetheless,
exceeds predictions given equivalent lactone reactivity (44%).
Similar results are found (not shown in Scheme 2) upon reac-
tion of BTP with n-hepylamine (b) (where 5b is prepared in
71% isolated yield). Treatment of BTP with two equivalents
of a or b provides the corresponding monolactones (6aa and
6bb, respectively) in ~ 60% yield, again exceeding the 50%
predicted from equally reactive lactones. Phloroglucinol 7 can
be prepared essentially quantitatively with an excess of amine
(and warming to room temperature overnight) as shown
through the preparation of 7bbb (see the SI for details). These
synthetic experiments give the first indication that a simple
inductive argument is not sufficient to explain the high selec-
tivity of BTF aminolysis.

Aminolysis Rate Constants: Determination and Caveats.
The aminolysis of simple phenyl acetates in polar aprotic
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Scheme 2. Representative Aminolysis of Benzotripyranone
(BTP)*

NHBn
5a (70%)
a (1.0 equiv)
DMF,2—:1 C, o) OH
BTP ———>
(16%) BnHN NHBn
o OH (o)
0,
BRHN. O 6aa (14%)
HO OH
BnHN NHBn
\_ © OH o)
7aaa (ND)

“Percentages shown in parentheses are relative amounts of BTP,
5a, 6aa, and 7aaa based on HPLC analysis of the crude reaction
mixture after 2 h. The isolated yield of 5a, in a separate prepara-
tion under similar conditions, is comparable (see the SI for de-
tails). ND = not detected

solvents has been extensively studied from both an experi-
mental' and a theoretical point of view.'*™" Typically, se-
cond-order kinetics (first order in amine and ester) are ob-
served,'*® although some studies have presented evidence for
a third order process.m‘16 In light of this data, pseudo-first-
order conditions generally using an excess of amine, n-
heptylamine (b), were established for determination of ami-
nolysis rate constants for BTF and BTP, their products, and
selected simpler systems (Chart 1). Due to the rapid aminoly-
sis of BTF, the aminolysis rates were measured in all cases by
stopped-flow FT-IR spectroscopy (Table 1 and Table S1),
approximated by the rate of disappearance of the relevant lac-
tone C=0 absorptions (Figure 2a and Figure S2). All meas-
urements were made in acetonitrile, a solvent which provided
a good window of visibility (1750-1800 cm™) at 24.0 + 0.2
°C.

The n-heptylaminolysis of BTP (Figure 2b) is illustrative.
An absorption difference plot (4—4,) over the first minute
accentuates the change in the BTP C=O absorption at 1776
ecm’ (and accompanying increase in amide I (C=0) absorp-
tion, ~ 1640 cm'l, not shown). While data used for determina-
tion of ks was limited to the early (and linear) portion of the
pseudo-first-order rate plot, it is critical to appreciate that the
absorption maxima for the lactones along the aminolysis
pathway for BTP are only modestly separated (Avy,, ~ 5 cm’
"—such is also the case for BTF and 4. In this example, con-
taminating the diminishing BTP absorption at 1776 cm™ are
the increasing lactone C=0 absorptions for 5b at ~ 1773 cm’.
Given the complication, the observed lactone disappearance of
BTP has been corrected for the appearance of the lactones of
BDP (using the molar absorptivity at 1776 cm™, see SI for
details). Therefore, this A, accurately reflects the concentra-
tion of the molecular species, and the k,, is the real rate of
disappearance, in this case, of BTP. Identical approaches were
utilized for all molecules that have overlapping product peaks

The Journal of Organic Chemistry

(i.e. BTF, 1b, 5b, and 4) Linear regression analysis (adjusted
R-squared = 0.999) of the In(4,) versus t plot (inset)

(a)
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Figure 2. (a) Normalized IR absorption spectra (lactone C=0
region) of BTF, BTP, and their n-heptylaminolysis products rec-
orded as dilute (~ 5 x 10~ M) solutions in acetonitrile. (b) Repre-
sentative n-heptylaminolysis data for BTP in acetonitrile at 24 °C
([BTP] =2.55 mM; [b] = 58.8 mM). IR difference spectra (4—A4;
arrows show evolution with time) and the associated pseudo-first
order kinetic plot are shown. Results of linear regression analysis:
ks = 0.00488 s adjusted R-squared = 0.999. See the SI for
additional plots and full data analysis.

confirms pseudo-first-order kinetics and offers a slope (kyps)
0f 0.00488 s™'. The standard error in the rate based on six rep-
licate runs (Table S1) is + 0.4% (see the SI for details). Repre-
sentative kinetic plots for all of the relevant compounds in this
work are shown in Figures S3—S5.

Finally, conversion to apparent second-order rate con-
stants (k) comes through k.,/[amine]. For BTP, BTF, 1b, 4,
and Sb, the rate constants have been further statistically cor-
rected (by the number of similarly reactive carbonyl groups in
the molecules) to facilitate comparison on a per lactone basis
(ki,.). Assumed, and borne out qualitatively in previous stud-
ies,10 is that the two different lactones within 1b and within 5b
react comparably.

Aminolysis Kinetics: General Observations. Immediately
apparent from the kinetics data (Table 1) is the extremely rap-
id monoaminolysis of BTF at room temperature (k = 14.6 M
ls‘l). The aminolysis rate (kj,prr), On a per-ester basis) is two
orders of magnitude faster than six-membered ring congener
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BTP, 22 times faster than p-nitrophenyl acetate (a convention-
al “activated ester””) under comparable conditions,'* and

Table 1. Aminolysis Rate Constants’

compound klac (M-l S-l)a klac,rels
[k [Arell
BTF 4.87+0.06
934 [2802]
[14.6+0.2]
1b 0.0890+0.0050
17 [34]
[0.178+0.010]
2bb 0.0126+0.0014 2.4
BTP 0.0277+0.0001
[0.0830+0.0003] >-3[16]
5b 0.0295+0.0002
[0.0590+0.0003] >-7[H]
6bb 0.00682+0.00026 1.3
BMF 0.0128+0.0003 2.5
BMP 0.00521+0.00019 1.0
4 0.00230+0.00007
[0.00691+0.00022] 0.4[1.3]

“Experimental rate constants determined for n-heptylaminolysis
under pseudo-first-order conditions at 24.0 = 0.2 °C in acetoni-
trile. See the SI for details. *Apparent second-order rate con-
stants. k,. rates have been statistically corrected for the number
of reactive carbonyl groups. Assumed is that the two different
lactones within 1b and within 5b react comparably. The standard
error shown is derived from 3-6 replicate runs. & rates in brackets
have not been statistically corrected and are obtained directly as
Kobs(averagey/ [1-heptylamine]. “Relative aminolysis rates with and
without statistical correction for the number of reactive carbonyl
groups.

2,300 times faster than acyclic triacetate 4. Also apparent is
the reactivity gradient established within the BTF and BTP
families, where the lactone rate differences along the aminoly-
sis pathway are nmore disparate in the former
(KiacBTF):Kiac(1b): Krac(zbb) = 390:7.1:1.0 versus
klac(BTP):klac(Sb):klac(ﬁbb) = 414310) The dlsparlty translates
directly into the sequential aminolysis selectivity differences
observed for the two systems read out from product yields
(i.e., Schemes 1 and 2). The difference in aminolysis rate for
BMF and BMP (ki,csmr):kacmp) = 2.5:1.0) speaks to an in-
trinsic difference between the bicyclic rings (that contrasts
with their alkaline hydrolysis profile where ki,camr):Kiacmp) =
1.0:9.717). While the difference is mirrored in ki,eanb):Kiaciebh) =
1.8:1.0, a departure in the ratio is noted as additional rings are
added (klac(BTF):klac(BTP) = 180:1.0 and klac(lb):klac(Sb) = 3010) in
part as a consequence of cumulative ring-based (e.g., strain)
effects (vide infra).

Aminolysis Kinetics: Relationship to Aminolysis Product
Yields. The rate data shown in Table 1 should allow estima-
tion of the aminolysis product distribution expected upon
treatment of either BTF or BTP with one equivalent of n-
heptylamine b, and therefore a separate way to evaluate their
consistency. Of note, this kinetic analysis is based on the sta-
tistically uncorrected rates (k) since we are evaluating the se-
lective production of chemical entities and not comparing
functional groups as above. Aminolysis of BTF/BTP occurs
through a series of three irreversible consecutive reactions and
is therefore governed by the general kinetic expressions de-

rived for “triply consecutive competitive systems”.'"® Since an
analogous experimental kinetic analysis of CC has yet to be
done, the work of Friedman and White" that has specifically
considered the following consecutive reaction sequence pro-
vides a generic starting point:

kq
A+ B - Pl

ko
P1 + B - P2

k3
P2 + B - P3
In the specific cases described in this work, A is either BTF
or BTP, B is an amine nucleophile (e.g., b), P1 is a dilactone
(i.e., 1 or 5), P2 is a monolactone (i.e., 2 or 6), and P3 is a
phloroglucinol (i.e., 3 or 7).

Modification of the Friedman and White analysis to assume
complete conversion of the amine and a 1:1 stoichiometry of
reactants (i.e., [A]y = [B]o), an additional mass balance con-
straint can be introduced, and a relationship between rate rati-
os (or selectivity factors, ki/k;) and the final product ratios can
be derived (see the SI for details). The derivation allows the
prediction of product ratios within a sequence given the rate
constants, or estimation of the ratio of rate constants based on
the product ratios of an experimental result. When k; = k, = k3
(i.e., where ki/k, = ki/ks = 1) a statistical product distribution
results from the analysis with 36% A, 37% P1, 19% P2, and
8.4% P3 (Table S2). Satisfyingly, this distribution is essen-
tially identical to the distribution determined by statistical
modeling reported in our previous work'® and discussed in the
SI. Illustrative for this work, if one assumes the statistically

corrected ky, rates are equal (i.e., k; = Skz = 3k3) then the prod-

uct distribution becomes 30% A, 44% P1, 22% P2, and 4%
P3. At the other extreme, to achieve 98% P1 (dilactone), k/k,
must approach 500. If one defines a synthetically acceptable
yield as 90%, the demands on the system are greatly reduced,
and k/k, need only be ~ 50.

Use of this analysis to comport the product distributions ob-
served for BTF (Scheme 1) and now BTP (Scheme 2) requires
assuming the selectivity factors: 1) in acetonitrile and DMF
are similar and 2) can be faithfully extrapolated to other tem-
peratures. Speaking to the former, the n-heptylaminolysis of
BTF in acetonitrile at —15 °C shows ~ 95% conversion to 1b,
comparable to the result obtained at —41 °C in DMF (data not
shown). The Arrhenius equation then allows selectivities at —
41 °C (233K) to be estimated, with some assumptions, from
those obtained at 297 K (Table 2 and Table S3). Naturally, the
selectivities increase at lower temperatures. Most importantly,
the predicted product distributions match well with those
found experimentally (Schemes 1 and 2). To wit, the nearly
quantitative experimental conversion of BTF to 1b at low
temperature is consistent with the 97% yield predicted on the
basis of selectivity factors that exceed 100 (Table 2, entry 1).
The much smaller selectivity factors associated with BTP
aminolysis predict a marginally better than statistical product
outcome; the experimental conversion to 5b (70%) is only
reasonably approximated by the 45% yield anticipated on the
basis of its sequential reaction rates (Table 2, entry 2). This
result suggests that the kinetic differences between the ami-
nolysis of BTP and 5a in DMF are larger than those measured
in acetonitrile. Based on the experimental yield of 5b, one
would expect a rate ratio (kgrp/ksp) of ~10 between BTP and
5b (see SI for expected outcomes based on rate ratios).

ACS Paragon Plus Environment

Page 4 of 11



Page 5 of 11

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

The Journal of Organic Chemistry

Table 2. Predicted, Observed, and Statistical Aminolysis Product Outcomes for BTF and BTP*

substrate  ki/ky 297K)?  kilks 297K)? A (%, predicted)! Pl (%, predicted)? P2 (%, predicted)?  P3 (%, predicted)”
[kiky, 233K]°  [ki/ks, 233K]°  [A, %, observed,’ [P1, %, observed,’ [P2, %, observed,’ [P3, %, observed,’
statistical] statistical] statistical'] statistical]
BTF 82.0 [275] 1160 [8050] 1.2 [< 1, 36] 97.5[>96,° 37] 1.2[<3219] 0.1 [ND, 8]
BTP 1.41 [1.54] 12.2[24.2] 27.8 [16, 36] 45.0[70, 37] 26.7 [14, 19] 0.5 [ND, 8]

“Product ratios assuming reaction of 1 equiv of starting material (A, BTF or BTP) and 1 equiv of n-heptylamine (B). "Ratio of appropri-
ate Table 1 rate constants (e.g. kgrp/kyy, selectivity factors) based on n-heptylaminolysis at 297 K in acetonitrile. “Rate ratios extrapolated
to 233 K based on Arrhenius analysis. “Starting material and product percentages predicted from 233 K rate ratios. “Observed (experi-
mental) product percentages for n-heptylaminolysis in DMF at 233 K (‘"H NMR yields for the first two entries; isolated yields for the last
two entries). /s Starting material and product percentages predicted when k,/k, = ki/k; = 1. ¥Data taken from ref. ['°]. ND = not detected.

Table 3. Experimentally- and Computationally-Derived Aminolysis Reactivity Indicators”

entry  parameter BTF 1b 2bb BTP 5b 6bb BMF BMP 4
1 Se=0lactone) 173.4° 174.2, 174.6° 1673 168.0, 168.7 1744 1683  168.7
(ppm)” 173.9¢ 167.9
2 Ve-ofactons) 1821 1815 1808 1777 1773 1766 1812 1772 1774
(em™)°
3 C=0 (A) 1.188% 1.190, 1.193¢  1.19¢ 1.198, 1.200  1.191 1.198  1.199
[1.192(3)%  1.191° [1.2012)F¢  1.199 [1.197(4)}"
[1.192(2), [1.204(1),
1.199Q2)1F 1.205(1)F
4 0-C(0) (A)  1.401¢ 1.394, 1.394°  1.383 1.378, 1373 1388 1375 1375
[1.388(3)]% 1.401° [1.379(17)¢  1.379 [1.366(4)1"
[1.379 [1.366(13),
(19), 1.367(13)]%
1.396(19)]°
5 T* occ. 0.180¢ 0.183, 0.190°  0.181 0.187, 0.193  0.192  0.189  0.196
(C=0Y 0.187°¢ 0.188
6 w (eVY 1.73¢ 1.38¢ 1.10°¢ 1.59 1.25 1.00 1.43 1.31 1.33
7 LUMO (eV) —1.59° —1.14° —0.74°  -1.41 —0.99 —0.65 120 098  —0.99
Ve (au)* -14.610/ -14.620,— - ~14.621 -14.636,— - - - -14.630
14.626 14.636 14.632 14.646  14.630  14.634

“Data in entries 1 and 2 are derived from experimental data obtained for the specifically indicated compounds. Data for the remaining
entries are derived from quantum chemical calculations (at the B3LYP/6-311++G** level) unless specified otherwise, also on the specifi-
cally indicated compounds, except for 1b, 2bb, 5b, and 6bb where the n-heptyl groups have been truncated to methyl groups. **C NMR
chemical shifts for the lactone carbonyl carbons (in DMSO-dg). © Data taken from ref. ['°]. ¢ Data taken from ref. ['']. °IR carbonyl ener-
gies from acetonitrile solution (0.05-0.3 M).”/ Average value for multiple carbonyl groups. € From X-ray crystallographic data reported in
this work for BTP, 1c, and 5a. " From X-ray crystallographic data reported in ref. [*°]. CSD code: DUJTIM. ' Occupancy of the lactone
carbonyl w* orbital from NBO population analysis.” Calculated global electrophilicity index. * Electrostatic potential at nuclei (EPN).

Origins of Sequential Aminolysis Reactivity: Electronic
Effects. Even in the absence of a detailed aminolysis reaction
mechanism (but assuming the same aminolysis mechanism for
all of the compounds studied here), a Hammett-type analysis
might predict sequential aminolysis reactivity for both the
BTF and BTP systems given the substituent changes that oc-
cur at the central benzene ring along the reaction pathway.
Each successive aminolysis reaction converts one -—
OC(=0)CH,— substituent to a less electron withdrawing —OH
substituent® meta to the phenyl oxygen of a common lactone
ring (-OH: 07 = 0.33, 6,, = 0.12; —OAc: o = 0.42, 6,, = 0.39%).
The increasingly downfield lactone carbonyl "C NMR reso-
nances (Table 3, entry 1) and lower v wavenumbers (Fig-
ure 2a and Table 3, entry 2) from BTF—>1b—2bb (and
BTP—5b—6bb) are consistent with this increase of electron
density at the benzene ring based on spectroscopic trends
known for meta- and para-substituted phenyl acetates.'**> It

further follows that the rate of aminolysis should progressively
decrease, again given similar behavior observed upon intro-
duction of electron-donating substituents (R”) to phenyl ace-
tates of the general structure p-
RZPhOC (=O)R1 ' 14b, 14c¢,14¢,14£,15a,16,24

While consideration of substituent changes does predict the
reactivity trend, it does not appear to fully capture the differ-
ences in aminolysis rate either between BTF and 1b, or be-
tween BTF and BTP. In both series, BTF—1b—2bb—3bbb
and BTP—5b—6bb—7bbb, each aminolysis event reflects a
Ao, of ~0.3 and a Ag; of ~ 0.1 (~OAc—OH). For the ami-
nolysis of p-substituted phenyl acetates in CH3;CN (where p =
3.3, a value derived using log k/ky = o,p from experimental
rate data'*), a Aa, of ~ 0.3 constitutes a ~ 10-fold rate change
(or ki/ky ~ 10). Not only does the BTF aminolysis sequence
not subscribe to a linear rate progression, Ki@rry/Kiacan) 1S ~
50. That ki) Kiac@Te) €quals 180:1.0 (vide supra) also sug-
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gests that BTF, and perhaps 1b, benefit from a boost in reac-
tivity beyond statistical and electronic considerations. Worth
noting, however, is that these two factors (steric effects not-
withstanding) may sufficiently describe the rate differences
observed along BTP—5b—6bb—7bbb.

Nonetheless, as described in our earlier work, a variety of
computationally (DFT) derived reactivity descriptors nicely
predict, on the basis of electronic structure, an aminolysis rate
gradient as BTF > 1b > 2bb. The approach is extended here
to BTP, 5b, 6bb, and selected model compounds (Table 3 and
Tables S4 and S5). Low energy geometries for the new mole-
cules have been obtained in the gas phase at the B3LYP/6-
311++G** level, and frequency calculations have been per-
formed to assign the structures as minima (details, including
structural coordinates, are provided in the SI).

An increase in the lactone C=0 (entry 3) and decrease in the
O-C(O) (entry 4) bond lengths are readily apparent along
BTF—1b—2bb and BTP—>5b—6bb (consistent with the IR
C=O0 stretch data, and mirrored in X-ray crystallographic data,
vide infra). This data together with entries 1-2 and the in-
creasing lactone carbonyl m* occupancy values™ (NBO popu-
lation analysis,”® entry 5) from BTF—2 and BTP—6 are con-
sistent with greater delocalization of the phenolic oxygen elec-
trons into the lactone carbonyl and decreased carbonyl elec-
trophilicity. The reactivity trend is also mirrored by decreas-
ing global electrophilicity values® (w, entry 6), increasing
LUMO energies (entry 7), and decreasing electrostatic poten-
tials at nuclei (EPN)™ (entry 8). The latter parameter was
previously indicated to be the best electrostatic predictor of
aminolysis rates in model phenyl acetates by Galabov, et al.'*

Mostly all of these computationally determined reactivity
descriptors speak to the stepwise decrease in reactivity within
a series (i.e., BTF and BTP) while also supporting the in-
creased reactivity of the BTF series as compared to the BTP
series. The same experimental and theoretical reactivity de-
scriptors do well to predict the increased aminolysis rate of
model compound BMF versus BMP or 4. We were not, how-
ever, able to more quantitatively correlate the experimentally-
determined rate constants to the computed reactivity parame-
ters in these systems.

Structural Confirmation and Reactivity Clues from X-
ray Crystallography. Crystals suitable for X-ray diffraction
could be obtained for BTF, 1¢, BTP, and 5a (the crystal struc-
ture of BTF has been previously reported;'' CSD code:
MUDBIX); the solved structures are shown in Figure 3 and
full crystallographic details can be found in the SI (Table S9).
When comparing diagnostic bond lengths of the benzo-
furanones (BTF and 1c¢) to the benzopyranones (BTP and 5a)
(Figure 3 and Table 3, entries 3 and 4), there is good agree-
ment with computational data and the trends that emerge
speak to differences in reactivity. The five-membered ring
lactone structures are characterized by both shorter C=0 (lac-
tone) bond lengths (BTF average 1.194 A, 1¢ average 1.196
A) and longer O-C=0 bond lengths (BTF average 1.388 A,
1c average 1.388 A) as compared to the six-membered ring
lactones (average C=0O: BTP, 1.201 A; 5a, 1.205 A; average
0-C=0: BTP, 1.378 A; 5a, 1.367 A). The average C=0 bond
length also increases upon ring opening in each family (e.g.,
from BTF to 1c; from BTP to 5a). Of additional note, the
lactone rings of BTF and 1c¢ are essentially coplanar with the
central aromatic ring, while those of BTP and 5a are signifi-
cantly puckered. That this geometry difference could influ-

ence the extent of m-delocalization of the phenolic oxygen lone
pair into the central benzene ring in each case is reflected in
the shorter O-C,,,; bond length for BTF versus BTP (average
O-C,yi: BTF, 1.388 A; BTP, 1.402 A). Overall, it is a de-
crease in the carbonyl and O—C,,,; bond lengths and increase in
the O—C=0 bond lengths that parallels increased lactone ami-
nolysis reactivity.

Also critically evident from the X-ray structural data are C—
C bond length distortions imposed on the central benzene ring
of BTF, but not BTP, as a consequence of the fused lactones.
BTF reveals a bond length alternation (AR)” of 0.024 A
(0.021 A averaged over two crystallographically independent
molecules), comparable to tricyclobutabenzene,” where the
benzene C—C bonds contained within the five-membered lac-
tone rings are longer than those between the fused rings. BTP
shows a negligible AR of 0.003 A (Figure 3). The AR values
are reproduced excellently by DFT calculations (see Table
S6). The phenomenon of angle-strain induced bond alterna-
tion in especially threefold symmetric benzenoid systems is
well-documented (and often times referred to as the Mills-
Nixon effect).””>' Consequently, it is reasonable to consider
whether the deviations in core benzene structure between
BTF, BTP, and their ring-opened aminolysis products speak
to differences in strain and therefore reactivity (vide infra).

Figure 3. X-ray crystal structures of BTF, BTP, 1c, and 5a. Se-
lected bond distances are shown in A. Hydrogen atoms and sol-
vent molecules have been omitted for clarity. Only one of the
crystallographically independent molecules is shown for BTF.
Thermal ellipsoids are drawn at the 50% probability level. Atom
colors: blue = nitrogen; gray = carbon; red = oxygen. See the SI
for additional plots and full data analysis.

Origins of Sequential Aminolysis Reactivity: Strain. In
addition to the bond length alternation evident within the cen-
tral benzene ring of BTF, the IR data shown in Figure 2/Table
3 is compelling with respect to diagnosing the unusual strain
associated with this molecule. Ring strain, especially in cyclic
lactones, has long been evaluated against the C=0 stretch en-
ergy. Take, for example, the IR data (in CCl,)* for the classic
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Table 4. Enthalpies of Formation for Parent Benzofuran Heterocycles from Homodesmotic Reactions and Estimation of

Strain Enthalpies

BTF BTP BDF BDP BMF BMP
AP o expt - - - - -51.1° -59.2¢
AP g cated” -190.3 -214.1 -121.3 -136.6 -51.7 -58.3
AH gus.Gav° -218.1 -231.3 -138.8 —-147.6 -59.5 —63.9
AT gascatea= Ao 6av 27.9 173 175 110 8.4 47
(“strain enthalpy”)
strain loss (BT—BD) 10.4 6.3 - - - -
strain loss (BD—BM) - - 9.1 6.3 - -

“All enthalpies or heats of formation have been determined in the gas phase at 298 K. All values in the table are in kcal mol™.
GAV = strain-free group additivity value. ” Ref. *>. ¢ Ref. 3. ¢ Determined from up to two different homodesmotic reactions and known
A gs.exp Values (see the SI for details). ¢ Determined from strain-free group additivity values (see the SI for details).

molecular series of four-membered p-propiolactone (ve—o
=1818 cm'), five-membered ybutyrolactone (veo =

1775 cm'l), and six-membered J-valerolactone (ve-o = 1740
cm™). The carbonyl stretching energy (in CH;CN) for BTF
(Ve-o = 1821 em™) exceeds that of S-propiolactone! Historical
studies remind us to treat this IR data cautiously. To wit, the
experimental (calorimetric) ring strain enthalpy” does not
follow the IR trend as SB-propiolactone (23 kcal mol™) > &
valerolactone (9.5 kecal mol™) > ybutyrolactone (7.7 kcal mol
1), a result of the interplay between angle/torsional strain and
stereoelectronic effects. The strain trend is mirrored in associ-
ated reaction rates and reversible polymerization capability.*®

A more relevant approach is to look at bicyclic benzolac-
tones, where BMF (Chart 1) has been estimated to be (on the
basis of solution-phase hydrolysis studies) ~1.2 kcal mol”
more strained BMP.!" The data suggests that the vc_o values
may follow the strain trend for these fused systems, and there-
fore be a reasonable predictor of, in this case, relative aminol-
ysis reactivity. So, is BTF more “strained” than BTP, and is
strain expected to be relieved (at least with respect to the het-
erocyclic core) upon aminolysis? To approach quantifying
strain effects we performed a series of theoretical (DFT;
B3LYP/6-31+G**) calculations to estimate the “strain energy”
of the model heterocycles (Chart 1) that represent substruc-
tures of the species formed along the aminolysis pathways of
both BTF and BTP. The results are given in Table 4 and rele-
vant data is provided in Tables S7 and S8. To evaluate strain,
theoretical heats of formation at 298 K (Af°gs.catcd)—
determined from appropriate homodesmotic reactions™ (see
the SI for the reactions used) involving experimental Ag7°g,;
values—were compared to values determined for hypothetical
“unstrained” molecules (through strain-free group additivity
values). That the approach is sound comes, in part, through
the excellent agreement (within 2%) between the experimental
and theoretical AfH°,,, values for BMF and BDF (Table 4).
The trends in strain enthalpy values are consistent with the
overall aminolysis rate behavior found for the individual BTF
and BTP series. That is, Kiurr) > Kiacgpr) > Kiace) = KiacBDP)
(on a per lactone basis) as strain (on a per lactone basis) de-
creases as BTF > BDF > BTP > BDP. Moreover, the strain
loss difference in BT—-BD between BTF and BTP (10.4 — 6.3
= 4.1 kcal mol™) is, admittedly fortuitously, in the ballpark of
the activation energy difference (~ 3 kcal mol™) that corre-
sponds to the 180-fold difference in experimental monoami-

nolysis rate between the compounds. More interesting is that
the change in ring strain along the hypothetical reaction path-
way BTF—BDF—BMF is not constant; the strain loss in the
first step (10.4 kcal mol™) is greater than the second (9.1 kcal
mol™). Such is not the case for BTP—>BDP—BMP pathway
where the same magnitude of strain release (6.3 kcal mol™) is
found for both steps. The “gradient” observed in the BTF
series is a novel observation among reactive small-molecule
systems and may help to rationalize the unusual aminolysis
reactivity of the parent molecule. Future work could consider
theoretically modelling the specific consecutive aminolysis
reactions where the differences in transition state energies
(e.g., for the putative tetrahedral intermediates) could alterna-
tively link strain and reactivity.

Conclusions. When the unexpectedly efficient sequential
aminolysis capability of benzotrifuranone (BTF) was identi-
fied several years ago'” it both highlighted the exclusivity of
cyanuric chloride (CC) with respect to this chemical behav-
iour and offered a new structural basis upon which to consider
achieving selective and stepwise transformations. In this work
the origins of BTF’s sequential reactivity profile have been
more comprehensively understood through comparison of the
trilactone to structurally related molecules and a combination
of kinetics measurements, X-ray crystallography, and compu-
tational analysis. Revealed is that the increasingly slowed
aminolysis rates as BTF—1—52—3, and the extremely fast
reaction of BTF with amines (versus BTP but also conven-
tional “activated” esters), is best rationalized through a syner-
gy of ring strain and inductive effects. More compellingly,
while ring strain is relieved upon the sequential aminolysis of
both BTF and BTP, it is only in the former that a ring strain
gradient is established that amplifies stepwise aminolysis rate
differences and contributes to enhanced selectivity.

Singular strain release events are a powerful and much ap-
preciated way to promote chemical reactions.'” Beyond this,
and exposed fortuitously by BTF, one could consider marry-
ing electronic and strain effects in new ways to establish use-
ful kinetic gradients and/or unprecedented levels of chemose-
lectivity. Along these lines, and toward the design of new
molecular examples, it is exciting to see how well modern day
computational methods can predict reactivity trends on the
basis of readily accessible structural/electronic parameters. In
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the short term we are exploring whether ring strain as it is
diagnosed by the so-called Mills-Nixon effect is a useful start-
ing point for identifying such new scaffolds for one-pot mo-
lecular multifunctionalization schemes.

EXPERIMENTAL SECTION

General Information. DMF was degassed in 20 L drums and
passed through two sequential purification columns (molecular
sieves) under a positive argon atmosphere. Thin layer chromatog-
raphy (TLC) was performed on aluminum backed SiO,-60 F254
TLC plates with visualization via UV light and either ninhydrin or
KMnO, stains; products stained different colors based on the
number of lactone rings present. Flash column chromatography
was performed using SiO,-60 230-400 mesh silica gel and mobile
phases as indicated within procedures. 'H NMR and '*C NMR
were recorded on spectrometers operating at 300 or 500 MHz for
'H and at 75 or 126 MHz for "*C as specified. Chemical shifts (J)
are given in parts per million (ppm) relative to residual protonated
solvent (DMSO-dy: dy 2.50 ppm, J¢c 39.50 ppm; CDCls: oy 7.24
ppm, Jdc 77.0 ppm). Abbreviations used are s (singlet), d (dou-
blet), t (triplet), q (quartet), p (pentet), and m (multiplet). MS
spectra (HRMS) were acquired on a 4.7 T Fourier Transform Ion
Cyclone Resonance mass spectrometer. EI-MS spectra were rec-
orded on a single quadrupole spectrometer. Electrospray ioniza-
tion (ESI) or Direct Analysis in Real Time (DART) high resolu-
tion mass spectra (HRMS) were recorded on an ESI-TOF instru-
ment, operating in positive or negative ion mode as stated, with
methanol as the carrier solvent for ESI experiments. The follow-
ing compounds were prepared based on our earlier literature pro-
cedures and provided 'H NMR data consistent with the literature:
1c,'” triisopropyl 3.,3',3"-(2,4,6-trihydroxybenzene-1,3,5-
triyl)tripropionate,”> BMF (2-coumaranone),'’ and BTF.!" BMP
(3,4-dihydrocoumarin) was obtained commercially and used
without further purification.

Starting Material Synthesis. 3,4,7,8,11,12-Hexahydro-2H-
dipyrano[2,3-f:2",3"-h]chromene-2,6,10-trione (BTP). To a solu-
tion of triisopropyl 3,3',3"-(2,4,6-trihydroxybenzene-1,3,5-
triyl)tripropionate'* (0.40 g, 0.87 mmol) in toluene (40 mL) was
slowly added trifluoroacetic acid (2 mL) under argon. The solu-
tion was then heated at 80 °C for 2 h. The orange solution was
concentrated under vacuo to give BTP (0.25 g, quant) as an off-
white solid with no further purification required: '"H NMR (500
MHz, DMSO-dg): 6 2.94 (t, J = 7.3 Hz, 6H), 2.79 (t, J = 7.3 Hz,
6H). '“C NMR (126 MHz, DMSO-dg) 6 167.3, 147.4, 106.9,
27.6, 16.9. HRMS (EI) calcd for C;sH;,04 [M]": 288.0634, found:
288.0659. IR (CH;CN): veo 1777 cm’™.

Benzene-1,3,5-triyl triacetate (4). Phloroglucinol triacetate
was prepared using a general literature approach (representative
procedure”). NMR data, recorded in DMSO-d, is consistent
with the structure of the known compound. 'H NMR (500 MHz,
DMSO-d):  6.94 (s, 3H), 2.26 (s, 9H). 3C NMR (126 MHz,
DMlsO-d()) 0 168.7, 150.9, 113.5, 20.7. IR (CH3CN): veo 1774
cm'.

Preparation of Representative/Model Compounds via
Aminolysis. N-Benzyl-3-(5-hydroxy-2,8-dioxo-2,3,4,8,9,10-
hexahydropyrano[2,3-f]chromen-6-yl)propanamide (5a). To a
solution of BTP (50.0 mg, 173 pmol) in DMF (5 mL), cooled to —
41°C, was dropwise added a benzylamine (a) solution (346 pL of
a 0.503 M solution in DMF, 174 pmol). TLC analysis showed
modest change after 4 h, so the reaction was allowed to warm to rt
overnight, diluted with EtOAc, and washed sequentially with
0.IN HCI, DI H,O (x 3), then brine. The organics were dried
over Na,SO, and volatiles were removed in vacuo. Compound 5a
was isolated via column chromatography (acetone gradient in
DCM; R; ~ 0.5 in 5% acetone in DCM) to yield a colorless oil
(52.0 mg, 76% yield). '"H NMR (500 MHz, DMSO-d;) & 9.69 (s,

1H), 8.60 (t, J= 5.8 Hz, 1H), 7.30 (m, 2H), 7.22 (m, 3H), 4.28 (d,
J = 5.5 Hz, 2H), 2.89-2.70 (m, 12H). *C NMR (126 MHz,
DMSO-dg) 6 173.0, 168.0, 167.9, 151.1, 149.1, 147.1, 139.0,
128.3, 127.2, 126.8, 112.2, 107.1, 102.6, 42.3, 34.5, 28.0, 27.9,
18.3, 17.6, 16.8. HRMS (ESI) caled (m/z) for CyH, NNaOg
[M+Na]" 418.1261, found 418.1272.

N-Heptyl-3-(5-hydroxy-2,8-dioxo-2,3,4,8,9, 10-
hexahydropyrano[2,3-f]chromen-6-yl)propanamide (5b). To a
solution of BTP (49.3 mg, 171 umol) in DMF (3 mL), cooled to —
41°C, was dropwise added an n-heptylamine (b) solution (340 pL
of a 0.503 M solution in DMF, 171 pmol). The reaction mixture
was allowed to stir for 6 h and then warmed to rt overnight, dilut-
ed with EtOAc, and washed sequentially with 0.1 N HCI, DI H,0
(x 3), then brine. Compound Sb was isolated after column chro-
matography (gradient, 0-95% EtOAc in hexanes; R ~ 0.5 in 1:1
hexanes/EtOAc) yielding an amorphous solid (44 mg, 71% yield).
"H NMR (500 MHz, DMSO-dg) §9.89 (s, 1H), 8.10 (t, J = 5.5
Hz, 1H), 3.03 (q, J = 6.8 Hz, 2H), 2.85 (m, 6H), 2.73 (m, 6H),
244 (t, J = 6.7 Hz, 2H), 1.36 (m, 2H), 1.21 (m, 6H), 0.85 (t, J =
6.8 Hz, 3H). '*C NMR (126 MHz, DMSO-dy) & 173.1, 168.0,
167.9, 151.2, 149.1, 147.1, 112.3, 107.1, 102.6, 38.8, 34.4, 31.2,
28.8, 28.3, 28.1, 27.9, 26.3, 22.0, 18.1, 17.6, 16.8, 13.9. HRMS
(ESI) caled (m/z) for C,,H,QNNaOy [M+Na]" 426.1887, found
426.1895. IR (CH3CN): Ve—o(iactone) 1773 cm’! (two absorptions,
unresolved).

3,3"-(5, 7-Dihydroxy-2-oxochroman-6,8-diyl)bis(N-
benzylpropanamide) (6aa). To a solution of BTP (50.0 mg, 174
umol) in DMF (3 mL), cooled to —41 °C, was dropwise added a
benzylamine (a) solution (800.4 pL of a 0.503 M solution in
DMF, 400 umol). The reaction mixture was allowed to stir for 12
h before warming to rt; the reaction was worked up similar to Sa.
Compound 6aa was isolated via column chromatography (acetone
into DCM gradient, Ry~ 0.5 in 10% acetone in DCM) yielding an
amorphous solid (53 mg, 61% yield). "H NMR (300 MHz, CDCl;)
69.44 (s, 1H), 9.32 (s, 1H), 7.27-7.21 (m, 6H), 7.14-7.07 (m,
4H), 6.06 (t, J= 5.6 Hz, 1H), 5.98 (t, /= 5.5 Hz, 1H), 4.36 (d, /=
5.7 Hz, 2H), 4.34 (d, J = 5.8 Hz, 2H), 2.95-2.86 (m, 6H), 2.68—
2.61 (m, 6H). *C NMR (CDCly) §175.2, 174.9, 169.6, 153.4,
151.6, 149.7, 137.4, 137.3, 128.8, 128.7, 127.7 (3 peaks), 113.3,
107.9, 103.5, 44.0, 35.8, 35.3, 29.2, 18.6, 17.8, 17.8 (missing two
peaks). HRMS (ESI) calcd (m/z) for C,yHiN,NaOg [M+Na']
525.1996, found 525.2011.

3,3'-(5, 7-Dihydroxy-2-oxochroman-6,8-diyl) bis(N-
heptylpropanamide) (6bb). BTP (50.0 mg, 173 pmol) was dis-
solved in DMF and cooled to 0 °C in an ice bath before dropwise
addition of an n-heptylamine (b) solution (51.6 pL, 348 pmol).
The reaction was allowed to stir overnight, slowly warming to rt.
The reaction was worked up similar to Sb. Compound 6bb was
isolated via column chromatography (3%—15% EtOAc in DCM)
yielding an amorphous solid (55 mg, 61% yield). 'H NMR (500
MHz, DMSO-dg) 69.52 (s, 1H), 9.30 (s, 1H), 8.11 (t, J= 5.7 Hz,
1H), 8.04 (t, J = 5.5 Hz, 1H), 3.02 (m, 4H), 2.77 (t, J = 7.2 Hz,
2H), 2.72-2.65 (m, 6H), 2.39 (m, 4 H), 1.35 (m, 4H), 1.28-1.14
(m, 16H), 0.84 (m, 6H). ">C NMR (126 MHz, DMSO-dy) &
173.9, 173.2, 168.7, 152.6, 150.6, 148.9, 112.8, 108.0, 102.6,
38.8, 38.7, 34.9, 34.6, 31.2, 28.9, 28.9, 28.5, 28.4, 26.3, 22.0,
18.5, 18.2, 17.6, 13.9 (missing five peaks). HRMS (ESI) calcd
(mlz) for CH4N,Og [M+H]™ 519.3429, found 519.3439. IR
(CH3CN): Ve—o(iactoney 1766 cm™.

3,3",3"-(2,4,6-Trihydroxybenzene-1,3,5-triyl)tris(N-
heptylpropanamide) (7bbb). BTP (25.3 mg, 87.8 pmol) was dis-
solved into CH3CN (10 mL) and then n-heptylamine b (235 pL,
1.58 mmol) was added dropwise. The reaction was allowed to
proceed for 20 h before pouring into EtOAc and washing with 1 N
HCIl, DI H,0, and brine. Organics were dried over Na,SO, and
volatiles were removed in vacuo. The crude was purified via
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column chromatography (gradient, 0-100% EtOAc in hexanes)
yielding 7bbb an amorphous solid (54 mg, 97% yield). 'H NMR
(500 MHz, DMSO-ds) 6 9.05 (s, 3H), 8.07 (t, J = 5.7 Hz, 3H),
3.01 (q, J= 6.6 Hz, 6H), 2.62 (t, J = 6.4 Hz, 6H), 2.38 (t, /= 6.3
Hz, 6H), 1.34 (p, J= 7.2 Hz, 6H), 1.27-1.15 (m, 24H), 0.84 (t, /=
6.9 Hz, 9H). '*C NMR (126 MHz, DMSO-d;) & 174.2, 152.1,
108.2, 38.8, 34.9, 31.2, 28.9, 28.4, 26.3, 22.0, 18.5, 13.9. HRMS
(ESI) caled for CigHgN3NaOg [M+Na]™ 656.4609; found
656.4579.

N-Heptyl-2-(2-hydroxyphenyl)acetamide (n-heptyl aminolysis
product of BMF). To a solution of 2-coumaranone (0.100 g,
0.746 mmol) in dry MeCN at rt under an argon atmosphere was
added n-heptylamine (220 pL, 1.49 mmol) and the reaction was
stirred for 16 h. The mixture was then dissolved in CHCl; (50
mL) and washed with 1 M HCI (25 mL), water (25 mL), and brine
(25 mL). The organic phase was dried over Na,SO,, concentrated
and purified by flash chromatography using EtOAc/hexanes 30%
to afford the product (0.699 mmol, 94% yield) as a white solid: 'H
NMR (500 MHz, DMSO-dg) d 9.75 (s, 1H), 7.97 (t, J = 5.2 Hz,
1H), 7.08-7.01 (m, 2H), 6.78 (d, J = 8.4 Hz, 1H), 6.72 (t, /= 7.4
Hz, 1H), 3.38 (s, 2H), 3.04 (q, J = 6.8 Hz, 2H), 1.40 (p, J = 6.7
Hz, 2H), 1.31-1.17 (m, 8H), 0.85 (t, J = 6.8 Hz, 3H). °C NMR
(126 MHz, DMSO-d;) ¢ 170.9, 155.5, 130.5, 127.6, 122.7, 118.9,
1154, 38.7, 37.5, 31.2, 29.0, 28.4, 26.3, 22.0, 13.9. HRMS (ESI)
caled for CsH,3NO, [M + Na]* 272.1621; found 272.1624.

N-Heptyl-3-(2-hydroxyphenyl)propanamide (n-heptyl aminol-
ysis product of BMP). To a solution of dihydrocoumarin (95 pL,
0.746 mmol) in dry MeCN at rt under an argon atmosphere was
added n-heptylamine (220 pL, 1.49 mmol) and the reaction was
stirred for 16 h. The mixture was then dissolved in CHCIl; (50
mL) and washed with 1 M HCI (25 mL), water (25 mL), and brine
(25 mL). The organic phase was dried over Na,SO,, concentrated
and purified by flash chromatography using EtOAc/hexanes 30%
to afford the product (0.711 mmol, 95% yield) as a white solid: 'H
NMR (500 MHz, DMSO-dy) 6 9.28 (s, 1H), 7.75 (t, J = 5.3 Hz,
1H), 7.02 (d, J= 7.8 Hz, 9H), 6.98 (t, /= 8.3 Hz, 1H), 6.75 (d, J=
7.9 Hz, 1H), 6.68 (t, J = 7.4 Hz, 1H), 3.01 (q, J = 6.7 Hz, 2H),
2.71 (t, J=1.7 Hz, 2H), 2.31 (d, J= 7.9 Hz, 3H), 1.35 (p, /= 7.0
Hz, 2H), 1.31-1.15 (m, 8H), 0.86 (t, J = 6.9 Hz, 3H). °C NMR
(126 MHz, DMSO-dy) 0 171.6, 155.0, 129.6, 127.5, 126.9, 118.8,
114.9, 38.4, 35.4, 31.2, 29.1, 28.4, 26.3, 25.7, 22.0, 13.9. HRMS
(ESI) caled for C;¢H,sNO, [M + Na]" 286.1778; found 286.1792.

5-Hydroxy-1,3-phenylene diacetate (by-product of n-heptyl
aminolysis of 4). Benzene-1,3,5-triyl triacetate 4 (0.977 g, 3.87
mmol) and DMF (50 mL) were cooled to —40 °C before dropwise
addition of n-heptylamine (b) (576 pL, 3.87 mmol). The reaction
mixture was allowed to slowly warm to rt over 6 h. The reaction
mixture was then poured into EtOAc and washed extensively with
DI H,0 followed by brine. The organics were dried over Na,SO,
and the volatiles were removed in vacuo yielding a crude oil. The
crude mixture was purified via column chromatography (40%
EtOAc in hexanes; Ry ~ 0.4) to yield the aminolysis product (480
mg, 60%) as a white solid. The NMR data is consistent with the
literature.”® 'H NMR (500 MHz, DMSO-d): 6 10.02 (s, 1H),
6.43 (d, 2H, J = 2.0 Hz), 6.38 (t, 1H, J = 2.0 Hz), 2.23 (s, 6H).
C NMR (126 MHz, DMSO-dg) § 168.8, 158.5, 151.4, 106.6,
106.4, 20.8. IR (CH;CN): ve- 1768 cm™.

3,5-Dihydroxyphenyl acetate (by-product of n-heptyl aminoly-
sis of 4). Prepared for verification using a general phloroglucinol
acetylation procedure provided in the literature.”” To phloroglu-
cinol (500 mg, 3.96 mmol) in pyridine (10 mL) was added acetic
anhydride (445 mg, 4.36 mmol) and the reaction mixture was
allowed to reflux for 3 h before cooling to rt. The solvent was
removed in vacuo and the residue was purified via column chro-
matography (1:1 EtOAc:hexanes). After removal of volatiles, a
clear oil was obtained (500 mg, 75%). NMR data, recorded in
DMSO-dj, is consistent with the structure of the compound.40 'H
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NMR (500 MHz, DMSO-dg): 6 9.47 (s, 2H), 6.09 (t, 1H, J= 2.0
Hz), 5.94 (d, 2H, J = 2.0 Hz), 2.19 (s, 3H) (peak at 2.08 ppm is
CH;CN). "*C NMR (126 MHz, DMSO-dg) 6 168.9, 158.7, 151.9,
100.1, 99.9, 20.9. IR (CH;CN): ve—o 1764 cm’™.

Aminolysis Kinetics. Kinetics of the aminolysis of BTF,
BTP, BMF, BMP, 1b, 2bb, 4, 5b, 6bb, at 24.0 + 0.2 °C in ace-
tonitrile was followed as described above on an infrared spectro-
photometer coupled with a stopped-flow injection system and
equipped with a 100 pm path length stopped flow cell. In general,
at least a 15-fold excess of n-heptylamine was used for each run.
Each average ks was determined as the average of 3—6 independ-
ent runs. Concentrations of compound were determined utilizing a
microbalance and volumetric flasks. See the Supporting Infor-
mation for additional details.
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Supporting Information. NMR data, aminolysis kinetics da-
ta and mathematical predictions, computational details (including
energies and coordinates of geometry-minimized structures), and
details of X-ray data collection and structure refinement (PDF).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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