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The reversible [2 + 1] cycloadditions between an N,N-diamidocarbene (DAC) and eight aldehydes were examined using NMR spectroscopy.
Variable temperature magnetization transfer experiments revealed higher exchange rates and lower activation barriers when electron-deficient
aldehydes were employed. Likewise, competitive equilibrium studies indicated a thermodynamic preference for electron-deficient aryl and
sterically unhindered alkyl aldehydes compared to more electron-rich or bulkier substrates. Collectively, these and other data collected were

consistent with the oxiranation process proceeding in an asynchronous manner.

Due to their high ring strain, oxiranes are important
precursors to a broad range of valuable small molecules
and polymers.! Such three-membered cyclic ethers are
typically synthesized via one of four routes: (1) the ring
closure of an appropriately substituted alcohol, (2) the
monooxidation of an olefin, (3) the Corey—Chaykovsky
reaction, or (4) the [2 4+ 1] cycloaddition of a carbene
with an aldehyde.> Despite its high atom economy and
the availability of a wide range of aldehydes, the latter
process remains largely underdeveloped, mainly because
carbenes frequently react with carbonyl groups to give the
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corresponding ylides rather than the desired cycloadducts.?
Moreover, most carbenes used in known oxiranation
reactions (e.g., dimethoxycarbene*) must be generated in
situ from unstable precursors.®®> As such, the mechanistic
details of the aldehyde/carbene cycloaddition process are
relatively unrefined and derived mainly from time-resolved
spectroscopic®® and computational studies.®

(3) (a) de March, P.; Huisgen, R. J. Am. Chem. Soc. 1982, 104, 4952.
(b) Padwa, A.; Hornbuckle, S. F. Chem. Rev. 1991, 91, 263-309. (c)
Chateauneuf, J. E.; Liu, M. T. H. J. Am. Chem. Soc. 1991, 113, 6585—
6588.

(4) For excellent reviews and seminal contributions, see: (a) Hoffmann,
R. W. Angew. Chem., Int. Ed. 1971, 10, 529-537. (b) Moss, R. A.; Huselton,
J. K. J. Chem. Soc., Chem. Commun. 1976, 950-951. (c) Moss, R. A;
Wiostowski, M.; Shen, S.; Krogh-Jespersen, K.; Matro, A. J. Am. Chem.
Soc. 1988, 110, 4443-4444. (d) Warkentin, J. Macromol. Symp. 1998, 134,
167-176. (e) Warkentin, J. Acc. Chem. Res. 2009, 42, 205-212.

(5) (a) Scaiano, J. C.; McGimpsey, W. G.; Casal, H. L. J. Am. Chem.
Soc. 1985, 107, 7204-7206. (b) Dawid, M.; Venneri, P. C.; Warkentin, J.
Can. J. Chem. 2001, 79, 110-113. (c) Moss, R. A.; Wang, L.; Sauers,
R. R. Tetrahedron Lett. 2007, 48, 5551-5554.

(6) (a)Illa, O.; Gornitzka, H.; Baceiredo, A.; Bertrand, G.; Branchadell,
V.; Ortuno, R. M. J. Org. Chem. 2003, 68, 7707-7710. (b) Illa, O.;
Gornitzka, H.; Branchadell, V.; Baceiredo, A.; Bertrand, G.; Ortuno,
R. M. Eur. J. Org. Chem. 2003, 3147-3152. (c) 1lla, O.; Alvarez-Larena,
A.; Baceiredo, A.; Branchadell, V.; Ortuno, R. M. Tetrahedron: Asymme-
try 2007, 18, 2617-2620.



To expand the scope of the carbene/aldehyde cycload-
dition reaction and to gain additional insight into the
corresponding mechanism, the use of an isolable carbene’
as a cycloaddition partner is desirable. However, for the
past 20 years, the only known isolable carbenes capable of
reacting with aldehydes to give the corresponding oxiranes
were Bertrand’s phosphinosilyl carbenes.®® Recently,
we reported that diamidocarbenes (DACs; e.g., 1),”'°
which are also isolable and obtained from readily available
precursors, undergo [2 + 1] cycloadditions with a wide
range of alkyl and aryl aldehydes (Scheme 1)."' Moreover,
the corresponding reactions were found to be rapid and
reversible under mild conditions ( <80 °C). We reasoned
that additional insight into the [2 + 1] cycloaddition
mechanism as well as the corresponding activation param-
eters may be obtained by probing the equilibration
process.

Scheme 1. Known [2 + 1] Cycloadditions of 1 with Aldehydes
R
O~*H
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Building upon our previous results,  a range of aryl
and alkyl substituted diamidooxiranes (2) were first
synthesized by combining 1 with the appropriate aldehyde
at 23 °C. The formation of 2a—g was complete within
30 min, as determined by NMR spectroscopy, and the
new oxirane products 2b,c were isolated in good yield
(76—83%) in a manner similar to that used for previously
reported 2a,d—f.'""'?> However, incomplete (< 85%) con-
version was observed for 2h even in the presence of
excess pivaldehyde (10 equiv), presumably due to steric
inhibition."
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Figure 1. Competitive oxiranation equilibria. Conditions: [1]y =
0.066 M, [aldehyde], = [aldehyde']y = 0.07 M, C4Ds, 60 °C, 2 h.

With 2 in hand, subsequent efforts were directed toward
probing the oxiranation equilibria. Two different alde-
hydes (1.05 equiv each) were mixed with 11in C¢Dg ([1]g =
0.066 M), and the product ratios were measured by
"H NMR spectroscopy over time. For every combination
of aldehydes studied (Figure 1), three separate experi-
ments were performed: (1) the addition of one aldehyde
followed by the other, (2) vice versa, and (3) the simulta-
neous addition of both aldehydes to 1. Afterward, the
mixture was allowed to stir for 20 min at rt. Following
"H NMR analysis, each solution was then heated to 60 °C
for 2 h, cooled to rt, and then reanalyzed. Similar product
ratios were observed regardless of the order of aldehyde
addition which indicated that the reactions were reaching
equilibrium.

Table 1. Selected Product and Equilibrium Constant Ratios
Compared to 2d“

entry 2 2/ 2:2/ KoK of
1 2a 2d 76:24 8.9 x 10°
2 2b 2d 55:45 1.4 x 10°
3 2c 2d 55:45 1.4 x 10°
4 2e 2d 29:71 1.9x 1071
5 2f 2d 71:29 5.6 x 10°
6 2g 2d 68:32 4.3 x 10°
7 2h 2d <1:>99 <6.7x 107*

“The product ratios and equilibrium constants shown were calcu-
lated from an average of three separate experiments. Conditions: [1]y =
0.066 M, [aldehyde], = [aldehyde']y = 0.07 M, C¢Dg, 60 °C, 2 h. 4 Koo/
K cq = ([2][aldehyde’])/([2'][aldehyde]). Representative aldehyde combi-
nations shown; see the SI for the results obtained from all other possible
combinations.

Inspection of the results obtained from the aforemen-
tioned experiments (see Table 1 and the Supporting In-
formation (SI)) revealed the following trend in stability:
2f~2a > 2g~2b~2c > 2d > 2e> 2h. While the DAC 1
appeared to favor electron-deficient aryl aldehydes, the
formation of 2f (from 1 and cyclohexanecarboxaldehyde)
was similarly favored'® as 2a which we believe stemmed

(14) Likewise, a 48:52 mixture of 2a:2f was obtained by combining
4-nitrobenzaldehyde and cyclohexanecarboxaldehyde (1.05 equiv each)
with a C¢Dg solution of 1 ([1], = 0.066 M) followed by heating to 60 °C
for 2 h; see the SI for additional details.
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from a slow dissociation process (see below). In addition to
electronics, sterics also prominently influenced the stability
of the diamidooxiranes (cf., entries 5 or 6 to 7).

Unfortunately, due to the rapid rate of cycloaddition, all
attempts to expand upon the aforementioned equilibrium
studies and obtain the corresponding pseudo-first-order
rate constants (kops) by variable temperature '"H NMR
spectroscopy were unsuccessful. For example, treating
a C;Dg solution of 1 ([1]o = 0.066 M) with 10 equiv of
benzaldehyde was found to quantitatively form 2b within
60 s at —80 °C (kops > 1.9 x 107" M~ -s7! at 99.9%
conversion).
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2a: R=4-NO»-CgH;  2d: R=CgHy
2b: R = 4-Br-CgH, 2e: R = 4-MeO-CgH;
2¢: R = 4-F-CgH,

Figure 2. Substrates used in the magnetization transfer spectro-
scopy experiments. Conditions: [1]o = 0.066 M, [aldehyde], =
0.199 M, C,Dg. The asterisk denotes the 'H NMR resonances
monitored during the magnetization transfer process. The rate-
determining step is the cycloreversion of the oxirane.

To circumvent this limitation and to measure the rates
of the exchange processes at equilibrium, we con-
sidered magnetization transfer spectroscopy.'> This one-
dimensional NMR technique involves the monitoring of
a nucleus undergoing chemical exchange as it relaxes from
a selective 180° pulse. While magnetization transfer has
been previously utilized in biological,'® organometallic,'’
and other physical chemistry'® studies, it has not been
employed to study C—C bond forming reactions to the
best of our knowledge.

To test the viability of the magnetization transfer tech-
nique as a means to measure the exchange rates of the
reactions summarized in Figure 2, a C;Dg solution of 1
([1]o = 0.066 M) and 3 equiv of an aldehyde were heated to
a predetermined temperature in the NMR probe. Next,
a selective 180° pulse was applied to the equilibrated
sample at the '"H NMR resonance frequency assigned
to the aldehyde (9.4—9.6 ppm), and the corresponding
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nucleus was allowed to relax over time (see Figure 3 for an
illustrative example). The areas of the signals assigned to
the pulsed aldehyde starting material as well as the oxirane
product were monitored at various relaxation delays that
ranged between 0.001 and 30 s. Using the software pro-
gram CIFIT,' the areas of the oxirane and aldehyde
signals were fitted to a nonlinear, least-squares equation
and an exchange rate, k,4, was calculated for each alde-
hyde studied.

Magnetization (AU)

T . T s T . T . T = T = 1
10 15 20 25 30 35

Time (s)

o -
(4,

Figure 3. Plot of the measured magnetization signal versus time
for 2a (monitored at 3.9 ppm, blue squares) and 4-nitrobenzal-
dehyde (monitored at 9.45 ppm, red circles) and their magnetiza-
tion values calculated from the best-fit parameters (black lines).
Inset: Representative NMR spectra for (top) 2a (monitored
at 3.9 ppm) and (bottom) 4-nitrobenzaldehyde (monitored
at 9.45 ppm) over time. Conditions: [1], = 0.066 M, [4-nitro-
benzaldehyde], = 0.199 M, C;Dg, 100 °C.

The aforementioned experiments were then repeated
with the exception that the '"H NMR resonance assigned
to the oxirane (2.61—3.9 ppm) was selectively inverted
instead of the aldehyde. Likewise, monitoring the signal
areas over time provided the corresponding exchange
rate, kox. The overall exchange rate, k.., was taken as
the numerical average of k, 4 and k4. As shown in Figure 4
and summarized in Table 2 (as well as the SI), the exchange
rates for 2a—e were measured at 5 °C intervals from 85
to 100 °C; the exchange rates for 2f—h were not measured
due to premature decomposition observed at elevated
temperatures.

Using the VT NMR data, Eyring plots were constructed
to determine the activation energies for the cyclorever-
sion reactions of 2a—e. The corresponding AH* and AS*
values were calculated to be large and positive (Table 2),
and the exchange rate was found to be independent of the
aldehyde concentration (see the SI). These data indicated
that the dissociative cycloreversion was the rate-limiting
step of the equilibration process. Additionally, the more
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Figure 4. Measured exchange rates versus temperature. Condi-
tions: [1]y = 0.066 M, [aldehyde], = 0.199 M, C;Dg.

electron-deficient 2a exchanged at nearly triple the rate
as those measured for 2d and 2e at 100 °C. The higher
exchange rates and slightly lower AG* for the more electron-
deficient derivatives reflected a partial buildup of negative
charge in the transition state stabilized by the proximal
electron-withdrawing aryl substituents (Scheme 2). Based
on these results, the mechanism of the oxiranation was
consistent with a process wherein the aldehyde underwent
attack by the nucleophilic carbene in an asynchronous
manner.

In summary, the dynamic equilibria of 1 with various
aryl and alkyl aldehydes was investigated and the corre-
sponding thermodynamic parameters were measured.
Competitive equilibrium studies revealed a thermody-
namic preference for electron-deficient aryl aldehydes 2a,
b and sterically unhindered alkyl aldehydes 2f,g while the
formation of sterically hindered oxiranes was strongly
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Table 2. Summary of the Activation Parameters

Bexe (571 AH* AS* AG* (298 K)
oxirane (100°C) (kcal-mol™?) (cal-mol *-K™1) (kcal-mol')
2a 4.4 239+1.9 8+5 22 4+ 2
2b 2.13 23.0+14 4+4 21.7+1.8
2¢ 2.06 23.1+0.9 442 21.8+1.1
2d 1.3 262+ 1.4 12+ 4 22.6 +1.9
2e 1.45 23.8+1.9 545 22+ 2

Scheme 2. Proposed Mechanism for the Reversible Oxiranation
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disfavored. Similarly, magnetization transfer experiments
showed that the electron-deficient oxiranes underwent
faster exchange than their electron-rich analogues. Collec-
tively, the exchange rates and activation energies were
consistent with an asynchronous mechanism that involved
the buildup of partial negative charge at the aldehyde
oxygen (and, by extension, buildup of partial positive
charge within the N-heterocycle) in the transition state.*
With knowledge of the exchange rates and thermodynamic
equilibria in hand, we believe the DAC/aldehyde cycload-
dition reaction is poised for use in dynamic covalent®!
applications (e.g., sensing”>*’) wherein the rapid, reversi-
ble oxiranation process may be advantageous.”* Beyond
elucidating the mechanism of the aforementioned [2 + 1]
cycloaddition reaction, magnetization transfer spectro-
scopy was applied for the first time to a dynamic covalent
organic reaction.
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