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ABSTRACT: A series of monomeric (amino)(carboxy) radicals featuring : &

carbonyl substituents with increasing electron-withdrawing properties (3a, es‘»"l S ol

phenyl; 3b, 3,5-bis(trifluoromethyl)phenyl; 3c, perfluorophenyl; 3d, WL = °‘51 e o A L9
heptafluoropropyl; 3e, 2H-pyrroliumyl) were synthesized in two or y . :? ‘ Ny R
three steps from stable cyclic (alky)(amino)carbenes (CAACs). Although = wg:*“ . o . .
(amino)(carboxy) radicals had been previously considered as highly air- s g i/‘, ’ a%b

sensitive, some of these compounds feature half-lives of hours (3d), and — C &7 “‘\é'f °

even days (3c and 3e) in well-aerated solutions. DFT calculations show & S 4 air
that (amino)(carboxy) radicals evolve from C-centered radical to ~ T~~~ | > persistency
ambidentate C,O-radicals when increasing the electron-withdrawing seconds hours days

properties of the carbonyl substituent. This is paralleled with a
destabilization of the peroxide resulting from the addition of dioxygen to the radical. This latter reaction is even predicted to
be endothermic for substituents with Hammett constant o, > 0.2.

B INTRODUCTION o 0 NH o
The discovery by Gomberg in 1900 of the first persistent 2 4%7 -
organic radicals, namely, tri(aryl)methyl radicals, is a major NH | 0 5 HN

landmark of modern chemistry."” Since this pioneering work,
this class of odd-electron compounds has evolved toward highly

stable versions featuring perchlorinated tri(aryl)methyl pat- NH O

terns, which have found various applications in the design of o »X

multifunctional materials.>* Paradoxically, apart from few H o NH

exceptions,” most carbon-centered radicals are still considered . R= 2,6-iPr(CgHa)

only as intermediates of interest for organic reactions, and not
as typical stable paramagnetic building blocks.’ This is in
marked contrast with the variety of stable heteroatom-based
radicals, such as nitroxides, thiazyls, and verdazyls.’ Two
common features of C-radicals are clearly detrimental for the

Figure 1. 2-Oxomorpholin-3-yl radical I and its dimer, enzymes
harboring persistent glycyl radicals II, and recently isolated monomeric
(amino)(carboxy)radical 3a.

design of materials: (i) their reluctance to remain well-defined combination of electronic and steric factors could be used to
monomeric species, due to the C—C bond strength (typically prevent dimerization. Indeed, we recently took advantage of the
80 kcal-mol™, compared to 30—40 kcal-mol™ for O—O or N— stabilizing effect of cyclic (alkyl)(amino)carbenes (CAACs)"
N bonds);” (ii) their propensity to react with dioxygen to afford for paramagnetic species'® to synthesize the first isolable
peroxide radicals and related derivatives. monomeric (amino)(carboxy)radical 3a and related di- and
Since the 1960s, it has been well established that captodative triradicals.'”” On the other hand, the design of air-persistent
substitution disfavors the formation of C—C dimers,® up to variants remains a challenge. Indeed, although 3a and related
the point that small amounts of monomeric radicals can be polyradicals are perfectly stable under inert atmosphere, they
detected in solution. The 2-oxomorpholin-3-yl radical I is a decay within minutes when exposed to air. Interestingly, it has
classical example, with a dissociation constant of about 107 M to be noted that radicals of type I could be considered as
at room temperature (Figure 1).'°”'> Additionally, several
enzymes harboring persistent glycyl radicals II were reported a Received: April 28, 2015

13,14

decade ago. These results suggested that a suitable Published: May 26, 2015

ACS Publications  © 2015 American Chemical Society 7519 DOI: 10.1021/jacs.5b04414
L2 4 J. Am. Chem. Soc. 2015, 137, 7519-7525


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b04414

Journal of the American Chemical Society

“unreactive” toward dioxygen when their reaction with O, is
slower than the time-scale of their dimerization, which is at best
a millisecond at room temperature.'” Additionally, glycyl
enzymes II, which catalyze anaerobic processes, are air-
sensitive, indicating that even substantial steric protection
may not be sufficient to prevent the oxidation of sheltered
captodative carboradicals."*

Herein we report a theoretical and experimental study on the
influence of the electronic effects upon the reactivity with
dioxygen from air of isolable monomeric (amino)(carboxy)
radicals derived from CAACs. We show that air-persistent
variants—with half-lives in aerated solution at room temper-
ature of several hours, and even days in the most favorable
cases—can be rationally designed.

B RESULTS AND DISCUSSION

In order to design air-persistent (amino)(carboxy) radicals, we
examined the reaction of triplet oxygen with model compounds
at the B3LYP/6-311(d,p) level of theory. We considered a
series of representative examples of CAAC-derived (amino)-
(carboxy) radicals with R substituents at the carboxy moiety
covering a broad range of electronic properties. A good
correlation was found between the enthalpy of the reaction and
the Hammett parameter 0,'* of R (Figure 2, top). The
formation of the corresponding peroxide radical is favored by
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Figure 2. Plot of the enthalpy of the reaction of O,> with model
(amino)(carboxy) radicals against the Hammett parameter o, of R
(top), and against Mulliken spin density on C2 (bottom). Substituents

highlighted in red are those of the experimentally isolated radicals 3.

electron donating substituents (low o,). Conversely, the
exothermicity of the process decreases as the electron
withdrawing capabilities of R increase, to such a point that
the reaction is predicted to be endothermic for the most
electron-withdrawing groups (Gp > 0.2-0.3).

It can be intuitively assumed that the formation of the
peroxide radical is favored when the “C-centered” character of
the radical increases. Again, there is a fair correlation between
the enthalpy of the reaction and the spin density on C2 (Figure
2, bottom). As shown in Figure 3, the tuning of the electronic
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Figure 3. Top: Calculated Mulliken spin densities in (amino)-
(carboxy) radicals featuring R substituents, with increasing Hammett
parameters op from bottom to top. Bottom: Plot of the ratio of the
Mulliken spin densities on C2 and Ol against op. Substituents
highlighted in red are those of the experimentally isolated radicals 3.

properties of R essentially affects the spin density on O1 and
C2. The remaining spin density, which is localized on C1 and
N1 (25-33%), is only slightly influenced. Radicals with
strongly donating amino groups (6, < —0.6) bear more than
50% of the spin density on C2, and only 15% on O1. Increasing
the electron-withdrawing character of R results in a gradual
transfer of spin density from C2 to Ol. A plateau is reached
around 6, ~ 0.2 and in the case of strong electron-withdrawing
R groups the spin densities on both O1 and C2 tends to be

around 30—35%.
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Table 1. Structural Parameters, Redox Potentials, EPR Hyperfine Coupling Constants and Mulliken Spin Densities of Radicals

3a—e (Calculated Values” are in Parathenses)

3a 3b 3c 3d 3e
R Ph 3,5-(CF;),(C¢H;3) CgFs C,F, 2H-pyrroliumyl
bond lengths (pm)
01-C1 125.9/125.8° (125.1) 125.0 125.8 126.0
Cl-C2 142.9/142.8¢ (143.2) 142.2 142.9 142.6
C2-N1 136.0/136.5% (136.9) 1362 1353 136.1
angle and torsions (deg)
C1-C2—-N1 121.7/120.6° (121.2) 1214 119.3 120.0
01-C1-C2-N1 2.3/8.8% (74) 2.7 39 4.5
E,), vs Fc/Ect(V)
1'/1 -0.93 —0.65 —-0.41 -0.30 +0.25
1/1° -1.86 —1.74¢ -173¢ -1.51¢ -1.03
g factor 2.0039 2.0043 2.0031 2.0032 2.0032
isotropic EPR hyperfine coupling (MHz)
A(*N) 15.4 17.1 17.2 17.3 8.9 (average)©
(1 nucleus) (14.4) (14.8) (14.9) (14.5) (132 and 37)
A(PF)° - - 8.2 30.8 -
(2 nuclei) - - (7.3) (35.5) -
Mulliken spin density”
on Ol (28.0) (28.9) (30.5) (32.7) (35.5)
on Cl (5.4) (6.7) (6.8) (10.0) (14.8)
on C2 (41.9) (38.8) (36.6) (31.4) (18.7)
on N1 (24.6) (25.4) (25.7) (25.0) (23.0)

“Values given for each of the two independent molecules in the unit cell. bCalculations at the B3LYP/TZVP level of theory. “Assuming a fast
exchange between two equivalent conformers, see text. “Irreversible. “Values calculated on optimized structure at the BALYP/TZVP level with the

zeroth order regular approximation (ZORA).

In summary, our computational study indicates that CAAC-
derived (amino)(carboxy) radicals evolve from marked C-
centered radical to ambidentate C,O-radicals as the electron-
withdrawing properties of the carbonyl substituent increase.
This is paralleled with a thermodynamic protection of the
radical from dioxygen where the formation of the correspond-
ing peroxide is predicted to be endothermic for o, > 0.2.
Importantly, high 6, values should also kinetically disfavor the
formation of the peroxide by virtue of the Hammond postulate.

In order to experimentally ascertain the influence of
electronic effects on the air-persistency of (amino)(carboxy)
radicals, we considered the series of radicals 3a—e with carbonyl
moieties featuring substituents with increasing electron with-
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drawing properties: phenyl, 3,5-bis(trifluoromethyl)phenyl,
perfluorophenyl, heptafluoropropyl, and 2H-pyrrolium. The
iminium precursors 2a,b and 2d were readily prepared by
addition of the appropriate acyl chloride to a hexane solution of
CAAC 1a" (Scheme 1). Iminium 2¢ was obtained by addition
of 2,3,4,5,6-pentafluorobenzaldehyde to CAAC 1a, followed by
oxidation of the resulting @-(amino)ketone 4 with DDQ, and
treatment with sodium tetraphenylborate. Lastly, following the
procedure””
compound $§ was synthesized by addition of excess carbon
monoxide to a THF solution of CAAC 1b at —-78 °C,
subsequent addition of one equivalent of hydrogen chloride,
and anion exchange with sodium tetrafluoroborate. Note that

! used with “anti-Bredt” N-heterocyclic carbene,”
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the less hindered CAAC 1b has to be used instead of 1a, since
CAACs, and other electrophilic carbenes with bulkier
substituents are known to react with CO to give ketenes.”

Cyclic voltammograms of 2a—d feature two l-electron
reductions indicating the successive formation of a radical
and an enolate, respectively (Table 1). As expected, electron-
withdrawing groups shift the first oxidation to higher reduction
potentials. Thus, whereas 3a and 3b were successfully
synthesized by reduction of 2a—b with half an equivalent of
tetrakis(dimethylamino)ethylene (TDAE; E, ,, & —1.2 V vs Fc/
Fc'), the reduction of the electron-poor iminiums 2cd, to
afford radicals 3¢,d, required the milder decamethylferrocene
(Fe[Cp*]y; Eyj» & —0.59 V). Lastly, 3e was prepared from $
using potassium ferricyanide, a procedure adapted from that
reported by Mayer et al** for preparing the 2,4,6-tri-tert-
butylphenoxy radical from the corresponding phenol. Not
surprisingly, cyclic voltammetry indicates that 3e undergoes
reversible 1-electron oxidation and reduction at +0.25 and
—1.03 V, respectively, with these values being the highest of the
series.

Radicals 3a—e were isolated in 54—94% yields, and single
crystals of 3a and 3c—e were subjected to X-ray diffraction
studies, which confirmed the expected monomeric structure
(see Figure 4, Table 1, and Supporting Information for

Figure 4. Solid-state structure of 3a and 3c—e with thermal ellipsoids
drawn at 50% probability level. Hydrogen atoms, molecules of solvent,
as well as the counteranion and isopropyl groups of 3e are omitted for

clarity.

structural details). As expected, N1, C1, C2, and Ol atoms
were found to be coplanar, as a result of the delocalization of
the unpaired electron over the conjugated captodative system,
with the second substituent (CAAC unit or aryl ring) being
twisted away from coplanarity (torsion 57°—85°).

The X-band EPR spectra of 3a—e were recorded in dry
dichloromethane at room temperature under an inert
atmosphere of argon (Figure S). They feature close g factors
(2.003—2.004, see Table 1) and isotropic hyperfine coupling
constants with nitrogen (ay = 15—17 MHz). In the case of 3c
and 3d, coupling with two equivalent fluorine atoms is also
observed (ag = 8 and 31 MHg, respectively). DFT calculations
fairly reproduce these experimental values (Table 1).>°
Interestingly, the hyperfine coupling constants that are
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predicted for 3e at the same level of theory (ay = 13.2 MHz
for the conjugated amino group, and only 3.7 MHz for the
other nitrogen) fit well in this series and are coherent with the
averaged experimental value (8.9 MHz), which results from a
dynamic process that is fast at the EPR time scale. Indeed, the
calculated Gibbs energy of activation for the exchange of
magnetic environment between the two different amino
moieties is only 11 k] mol™" (see the Supporting Information).

Mulliken spin densities calculated for 3a—e follow the trends
previously observed at a lower level of theory with the simpler
models of Figure 3. The spin density remains essentially
unchanged on CI and NI across the series, most variations
occurring on O1 and C2 (Table 1). Radical 3a has 42% spin
density on C2 and 28% on O1. This difference slowly
diminishes when increasing the electron-withdrawing capabil-
ities of the R substituent on the carbonyl group. While 3b (39%
on C2,29% on O1) and 3¢ (37% on C2, 31% on O1) can still
be considered as C-centered, 3d has equally shared spin density
on both atoms (31% on C2, 33% on O1). In the extreme,
radical cation 3e features significantly more spin density on O1
(36%) than on C2 (19%).

Next, the air-sensitivity of radicals 3a—e was evaluated by
bubbling air into each EPR sample over the course of a minute.
Note that 3a is so air-sensitive that it could not be detected by
EPR after this procedure. Thus, in order to monitor its
decomposition, a new sample was exposed very briefly to air
(few seconds). Even under these conditions, the concentration
of 3a decreased according to a pseudo first-order kinetic with a
half-life of about 1 min at room temperature (Figure 6). Radical
3b and 3c have a halflife of about 13 min and 1.5 day,
respectively, in well-aerated solutions of dichloromethane. It is
interesting to note that washing a solution of 3c in aerated
dichloromethane with water does not increase the rate of its
decay, confirming that the radical is significantly more sensitive
toward dioxygen than moisture. Radical 3d is still remarkably
air persistent (half-life: 3 h), but strikingly it is more air-
sensitive than 3¢, although it should benefit from a better
electron-withdrawing per(fluoro)-n-propyl substituent. These
results clearly indicate that steric hindrance also plays a role in
hindering the reaction of (amino)(carboxy) radicals with O,.
Indeed, we found that 3e, featuring the electron-withdrawing
and bulky 2H-pyrroliumyl substituent has a lifetime of about a
week in aerated technical dichloromethane solution, and can be
store;d6 as a solid in a regular vial under air for more than a
year.

H CONCLUSION

Similarly to many captodative C-radicals, (amino)(carboxy)
radicals have long been considered to readily undergo
dimerization and to be very reactive toward oxygen. However,
our study demonstrates that (amino)(carboxy) radicals derived
from CAACs exist as monomers both in solution and in the
solid state. Moreover, having an electron withdrawing carboxy
substituent results in highly air-persistent radicals; their half-life
in air can even be prolonged up to several days when sterically
hindered substituents are used. Radical 3¢, which features a
moderately electron withdrawing and bulky group (C(Fs,
Hammett o, +0.26), is tame enough to be handled in
solution in open air over several hours with no significant
decomposition. Given the plethora of available electron-
withdrawing substitution patterns, diverse new models can be
envisioned. We are currently exploring the possibilities for such
new and unforeseen families of organic air-persistent radicals.
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Figure S. Top: Experimental EPR spectra in solution in dichloromethane at room temperature. Bottom: corresponding simulated spectra with

isotropic hyperfine coupling constants as reported in Table 1.
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Figure 6. Decay of radicals 3a—e in solution in dichloromethane after exposure to air (X) or after exposure to air and water (0).

B EXPERIMENTAL SECTION

General Considerations. The synthesis of radicals and of their
precursors were performed under an inert atmosphere of dry argon,
using standard Schlenk and drybox techniques, dry and oxygen-free
solvents. Commercially available 3,5-bis(trifluoromethane)benzoyl
chloride was distilled before use. Heptafluorobutyryl chloride was
first distilled and then subjected to ten freeze—pump—thaw cycles to
remove any excess hydrochloric acid. Compounds la—b, 2a, and 3a
were prepared as previously reported."”'” H, 13C, °F, and "B NMR
spectra were recorded on Bruker Avance 300, Varian VX 500, and Jeol
ECA 500 spectrometers. All spectra were obtained at 25 °C in the
solvent indicated. Chemical shifts are given relative to SiMe, and
referenced to the residual solvent signal (*H, '*C) or relative to an
external standard ("°F, F;,COOH; "'B, BF;-Et,0). Melting points were
measured with an Electrothermal MEL-TEMP apparatus. Electro-
chemical experiments were performed with an analyzer from CH
Instruments (model 620E) with platinum working and auxiliary
electrodes. The reference electrode was built from a silver wire
inserted in a small glass tube fitted with a porous Vycor frit and filled
with an AgNO; solution in acetonitrile (0.01 M). Ferrocene was used
as a standard, and all reduction potentials are reported with respect to
the E,, of the Fc*/Fc redox couple. EPR spectra were recorded on a
Bruker EMX+ spectrometer. EPR g factors were calibrated with 2,2-
diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036) as a standard.

Iminium Chloride 2b. 3,5-bis(trifluoromethane)benzoyl chloride
(0.44 mL, 2.42 mmol), was added to hexane solution of CAAC 1la
(582 mg, 2.42 mmol), which resulted in the immediate formation of a
heavy white precipitate. After stirring for 10 min, the solvent was
removed in vacuo, and the precipitate was washed with diethyl ether
(3 X 20 mL). Yield: 807 mg (55%). mp: 168—170 °C. MS (m/z):
[M*] caled for C;,H;sFNO?, 566.2853; found, 566.2851. '"H NMR
(CDCl,;, 300 MHz): 8.76 (s, 2H), 8.15 (s, 1H), 7.43 (t, ] = 3 Hz, 1H),
7.22 (d, J = 3 Hz, 2H), 3.08 (bs, 2H), 3.26 (bs, 2H), 2.72 (bs, 2H),
1.80—1.83 (m, 3H), 1.78 (s, 6H), 1.49—1.59(m, SH), 1.32 (d, ] = 3
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Hz, 6H), 0.80 (s, 6H). 3C NMR (CDCl;, 125 MHz): 194.5 (C),
184.9 (C), 145.8 (C), 1444 (C), 133.9 (C), 133.6 (C, q, YJc_r = 35
Hz), 132.3 (CH), 131.6 (C), 131.2 (CH), 129.9 (CH), 127.3 (C),
126.6 (CH), 125.1 (C), 122.1 (C, q, Jc_r = 272.5 Hz), 87.6 (C), 57.5
(C), 41.5 (CH,), 35.3 (CH,), 29.5 (CH,), 29.3 (CH), 26.7 (CH,),
25.0 (CH,), 24.3 (CH,), 22.6 (CH,). F NMR (CDCl,, 282 MHz):
—62.63 (CF;).

Radical 3b. Tetrakis(dimethylamino)ethylene (31 uL, 0.133
mmol) was added to a dichloromethane (3.0 mL) solution of the
iminium chloride 2b (200 mg, 0.332 mmol). The mixture was stirred
for 10 min, and the solvent removed in vacuo. Extraction with toluene
(1 X 5.0 mL) and removal of the solvent in vacuo yielded 3b as a red
solid. Yield: 122 mg (81%). mp: 145—147 °C.

Compound 4. 2,3,4,5,6-Pentafluorobenzaldehyde (1.89 g, 9.68
mmol) in THF was slowly added via cannula to a THF solution of
CAAC 1a (3.15 g, 9.68 mmol). After 20 min, the solution was opened
to air and stirred for 1 h. The solvent was then removed under
vacuum. Column chromatography using a 5:95 ethyl acetate/hexanes
solution yielded 4 as an orange oil. Yield: 3.81 g (76%). MS (m/z):
[M*] caled for C3H3FsNO, 520.2633; found, 520.2630. 'H NMR
(CDCl,;, 300 MHz): 7.19 (t, ] = 6 Hz, 1H), 7.10 (d, ] = 6 Hz, 2H),
4.68 (s, 1H), 4.08 (sept., J = 6 Hz, 1H), 3.16 (sept., ] = 6 Hz, 1H), 3.28
(d, J = 12 Hz, 1H), 2.02 (bs, 1H), 1.97 (bs, 1H), 1.95 (d, ] = 12 Hz,
1H), 1.62 (bs, 4H), 1.52 (s, 3H), 1.42 (m, 3H), 1.26 (d, ] = 6 Hz, 6H),
1.17 (d, ] = 6 Hz, 3H), 0.99 (d, ] = 6 Hz, 6H). '*C NMR (CDCl,, 125
MHz): 198.7 (C), 152.4(C), 149.0 (C), 140.1 (C), 126.8 (CH), 124.6
(CH), 1244 (CH), 86.1 (CH), 64.3 (C), 51.7 (CH,), 47.8 (C), 42.2
(CH,), 34.5 (CH,), 32.1 (CH;), 28.0 (CH), 27.9 (CH,), 27.4 (CH),
25.8 (CH,), 25.7 (CH,), 25.3 (CH,), 25.0 (CH,), 24.9 (CH;), 24.3
(CH,), 23.6 (CH,). F NMR (C¢Dg, 282 MHz): —138.7 (d, ] = 16.9
Hz, 2F), —149.9 (t, ] = 19.7 Hz, 1F), —160.2 (m, 2F).

Iminium 2c. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (423 mg,
1.86 mmol) dissolved in ether was added via addition funnel to an
ether solution of 4 (970 mg, 1.86 mmol). The mixture was stirred
overnight. The solvent was then removed via filtration, and the purple

DOI: 10.1021/jacs.5b04414
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precipitate washed with ether (3 X 20 mL). The solid was then
dissolved in dichloromethane and added to an aqueous solution of
sodium tetraphenylborate (1.273 g, 3.72 mmol). The biphasic mixture
was stirred vigorously for 1 h. The layers were then separated. The
organic layer was washed with brine (3 X 20 mL) and subsequently
dried with magnesium sulfate. After removal of volatiles in vacuo, 2¢
was dissolved in dichloromethane and yellow crystals were obtained by
layering diethyl ether. Yield: 503 mg (32%). mp: 151-153 °C. MS
(m/z): [M*] caled for C;H3F{NO*, 520.2633; found, 520.2637. 'H
NMR (CDCl,, 300 MHz): 7.46 (bm, 9H), 7.26 (d, ] = 6 Hz, 2H), 7.05
(t, J = 6 Hz, 8H), 691 (t, ] = 6 Hz, 4H), 2.49 (sept, ] = 3 Hz, 2H),
1.95 (s, 2H), 1.91 (d, ] = 9 Hz, 2H), 1.73 (bd, J = 9 Hz, 3H), 1.55 (bt,
J =9 Hz, 3H), 1.34 (m, 2H), 1.29 (d, ] = 3 Hz, 6H), 1.21 (s, 6H), 1.01
(d, J = 3 Hz, 6H). '*C NMR (CDCl,, 125 MHz): 189.9 (C), 177.3
(C), 1643 (q, C, Jc_p = 48.8 Hz), 148.1 (C), 146.0 (C), 145.3 (C),
139.3 (C), 137.2 (C), 136.4 (CH), 133.0 (CH), 127.0 (CH), 125.6
(CH), 121.7 (CH), 87.1 (C), 57.8 (C), 43.3 (CH,), 35.1 (CH,), 29.6
(CH), 29.0 (CH,), 26.0 (CHj;), 254 (CH;), 24.1 (CH,), 21.3 (CH,).
YF NMR (CDCl;, 282 MHz): —134.0 (bs, 2F), —134.5 (bs, 1F),
—155.7 (t, 2F, ] = 16.9 Hz). "B NMR (CDCl,;, 96 MHz): —7.77 (s).

Radical 3c. Iminium tetraphenylborate 2c (58 mg, 0.069 mmol)
and decamethylferrocene (22.6 mg, 0.069 mmol) were combined
under argon. Dichloromethane (5.0 mL) was added and the solution
stirred for 30 min. Removal of the solvent in vacuo and extraction with
hexanes yielded 3c as an orange powder. Single crystals were obtained
by cooling a concentrated toluene solution to —40 °C. Yield: 24 mg
(67%). mp: 186—189 °C.

Iminium Chloride 2d. Heptafluorobutyryl chloride (0.20 mL, 1.31
mmol) was added to a hexane solution of CAAC 1a (0.340 g, 1.19
mmol) which resulted in the immediate formation of a yellow solid.
After stirring for 20 min, the solvent was removed under vacuum and
the precipitate washed with pentane (4 X 10 mL). Yellow crystals were
grown by slow diffusion of pentane in a chloroform solution of 2d at
—40 °C. Yield: 345 mg (52%). mp: 112—114 °C. MS (m/z): [M']
caled for CyyHygF,NO', 552.2607; found, $22.2599. 'H NMR (CDCl,,
300 MHz): 7.57 (t, ] = 6 Hz, 1H), 7.34 (d, ] = 6 Hz, 2H), 3.12 (s, 2H),
2.60 (sept, ] = 6 Hz, 2H), 2.23 (bs, 1H), 2.19 (bs, 1H), 1.87 (bs, 3H),
1.84 (s, 6H), 1.68—1.53 (m, 4H), 1.48 (s, 1H), 1.30 (d, J =6 Hz, 6H),
1.12 (d, J = 6 Hz, 6H). *C NMR (CDCl,;, 125 MHz): 189.1 (C),
181.2 (C, t, ] = 36 Hz)), 145.0 (C), 133.3 (CH), 127.7 (C), 127.3
(CH), 116.7 (C, qt, YJc_r =287.5 Hz, ¥c_p = 32.5 Hz), 108.0 (C, t,
sext., Jo_p =268.8 Hz, *Jc_p = 32.5 Hz) 107.1 (C, tt, }Jo_r =287.5 Hz,
Yo = 32.5 Hz), 90.8 (C), 58.1 (C), 43.9 (CH,), 34.4 (CH,), 29.8 (),
29.7 (CH,), 26.5 (CH), 25.0 (CH,), 242 (CH,), 21.0 (CH,). “F
NMR (CDCl;, 282 MHz): —80.5 (t, ] = 8.46 Hz, 3F), —115.0 (bs,
2F), —125.3 (bs, 2F).

Radical 3d. Iminium chloride 2d (100 mg, 0.179 mmol) and
decamethylferrocene (58.4 mg, 0.179 mmol) were combined under
argon, and dichloromethane was added to the flask. The solution was
stirred for 20 min and the solvent was removed under vacuum.
Extraction with toluene and removal of the solvent under vacuum
yielded 3d as a yellow powder. Single crystals were grown by cooling a
concentrated hexane solution of 3d to —40 °C. Yield: 87.9 mg (94%).
mp: 128—130 °C.

Iminium 5. CO(g) was bubbled through a cooled solution of 1b
(336 mg, 1.17 mmol) in THF (S mL) for 1 h. A solution of HCI in
diethyl ether (2 M, 0.30 mL, 0.6 mmol) was added dropwise, and the
solution was warmed to room temperature. After removing the solvent
under vacuum, the residue was extracted in toluene and the solvent
removed in vacuo. The resulting residue was dissolved in dichloro-
methane and a solution of sodium tetrafluoroborate (321 mg, 2.92
mmol) in water (S mL) was added. The mixture was stirred vigorously
for 1 h before the layers were separated and the organics were washed
with brine, dried over magnesium sulfate and the solvent removed.
Crystals were grown by slow diffusion of diethyl ether in a
dichloromethane solution of S. Yield: 148 mg (38%). mp: 254—256
°C. MS (m/z): [M'] caled for C,H;N,OF, 599.4940; found,
$99.4935. '"H NMR (CDCl, 500 MHz): 7.24 (t, ] = 7.7 Hz, 2H),
7.14 (d, ] = 7.7 Hz, 2H), 7.04 (d, ] = 7.7 Hz, 2H), 2.75 (sept.,, ] = 6.5
Hz, 2H), 2.49 (sept., ] = 6.5 Hz, 2H), 2.47 (d, ] = 13.5 Hz, 2H), 2.30
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(d, J = 13.5 Hz, 2H), 2.08 (s, 6H), 1.75 (s, 6H), 1.34 (s, 6H), 1.31 (d, ]
= 6.5 Hz, 6H), 1.22 (d, ] = 6.5 Hz, 6H), 1.16 (s, 6H), 1.09 (d, ] = 6.5
Hz, 6H), 0.24 (d, ] = 6.5 Hz, 6H). *C NMR (CDCl,, 125 MHz):
176.3 (C), 146.1 (C), 144.0 (C), 135.2 (C), 129.2 (CH), 125.4 (CH),
125.0 (CH), 118.13 (C), 72.2 (C), 58.4 (CH,), 46.4 (C), 32.8 (CH,),
30.7 (CH;), 30.6 (CH,), 29.9 (CH), 28.9 (CH), 28.7 (CH,), 28.3
(CH;), 25.0 (CHj;), 24.7 (CH,), 23.6 (CH;). F NMR (CDCls, 470
MHz): —78.39 (s, 3F). Note that the triflate salt can be obtained by
using tri(fluoro)methanesulfonic acid instead of hydrogen chloride.
Yield: 73%. mp: 182—185 °C.

Radical 3e. CO(g) was bubbled through a cooled solution of 1b
(336 mg, 0.24 mmol) in toluene (5 mL) for 1 h. Then, a solution of
HCl in diethyl ether (2 M, 0.06 mL, 0.12 mmol) was added dropwise
and the solution warmed to room temperature. A solution of
potassium ferricyanide (198 mg, 0.6 mmol) in water was added to the
flask. The biphasic mixture was stirred vigorously for 10 min. The
phases were then separated, and the organic phase was washed with
brine (3 X 10 mL) and dried with magnesium sulfate. After removing
the solvent, the blue powder was dissolved in water and a solution of
saturated sodium tetrafluoroborate was added to the reaction flask.
After stirring for 20 min, the product was extracted with dichloro-
methane. The organic phase was washed with water (3 X 10 mL) and
dried over magnesium sulfate, and the solvent removed under reduced
pressure. Suitable single crystals were grown through diffusion of
diethyl ether into a dichloromethane solution of the product. Yield:
116 mg (84%). mp: 220-222 °C. MS (m/z): [M'] caled for
CyHoN,0%, 598.4812; found, $98.4854.

Decay of Radicals 3a—e in Aerobic Conditions. An EPR
sample of the radical in distilled dichloromethane was poured into an
open-to-air vial. The volume of the solution was filled to 3 mL, and air
was vigorously bubbled over 1 min; an aliquot was taken, and the
evolution of the concentration of the radical was monitored by EPR. In
the case of 3d, the remaining solution was steadily washed with 3 mL
of distilled water over a minute. The organic phase was recovered, and
a sample was monitored by EPR.
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