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Abstract: The thermal reaction between nitrosoarenes and alkynes produces N-hydroxyindoles as the major
products. The mechanism of these novel reactions has been probed using a combination of experimental and
computational methods. The reaction of nitrosobenzene (NB) with an excess of phenyl acetylene (PA) is
determined to be first order in each reactant in benzene at 75 °C. The reaction rates have been determined for
reactions between phenyl acetylene with a set of p-substituted nitrosoarenes, 4-X-CsHsNO, and of 4-O,N-
CeHsNO with a set of p-substituted arylalkynes, 4-Y-C¢H,C=CH. The former reactions are accelerated by
electron-withdrawing X groups (p = +0.4), while the latter are faster with electron-donating Y groups (p = —0.9).
The kinetic isotope effect for the reaction of CsHsNO/Ce¢DsNO with PhC=CH is found to be 1.1 (+0.1) while that
between PhC=CH/PhC=CD with PhNO is also 1.1 (+0.1). The reaction between nitrosobenzene and the radical
clock probe cyclopropylacetylene affords 3-cyclopropyl indole in low yield. In addition to 3-carbomethoxy-N-
hydroxyindole, the reaction between PA and o-carbomethoxy-nitrosobenzene also affords a tricyclic indole
derivative, 3, likely derived from trapping of an intermediate indoline nitrone with PA and subsequent
rearrangement. Computational studies of the reaction mechanism were carried out with density functional theory
at the (U)B3LYP/6-31+G(d) level. The lowest energy pathway of the reaction of PhNO with alkynes was found
to be stepwise; the N—C bond between nitrosoarene and acetylene is formed first, the resulting vinyl diradical
undergoes cis—trans isomerization, and then the C—C bond forms. Conjugating substituents Z on the alkyne,
Z—C=CH, lower the calculated (and observed) activation barrier, Z = —H (19 kcal/mol), —Ph (15.8 kcal/mol),
and —C(O)H (13 kcal/mol). The regioselectivity of the reaction, with formation of the 3-substituted indole, was
reproduced by the calculations of PANO + PhC=CH; the rate-limiting step for formation of the 2-substituted
indole is higher in energy by 11.6 kcal/mol. The effects of —NO,, —CN, —CI, —Br, —Me, and —OMe substituents
were computed for the reactions of p-X-C¢H;NO with PhC=CH and of PhNO and/or p-NO,-CsH4NO with p-Y-
CeH4C=CH. The activation energies for the set of p-X-C¢H4NO vary by 4.3 kcal/mol and follow the trend found
experimentally, with electron-withdrawing X groups accelerating the reactions. The range of barriers for the
p-Y-C¢H4,C=CH reactions is smaller, about 1.5 and 1.8 kcal/mol in the cases of PhNO and p-NO,-PhNO,
respectively. In agreement with the experiments, electron-donating Y groups on the alkyne accelerate the
reactions with p-NO,-CcH4NO, while both ED and EW groups are predicted to facilitate the reaction. The
calculated kinetic isotope effect for the reaction of CsHsNO/C¢DsNO with PhC=CH is negligible (as found
experimentally) while that for PhC=CH/PhC=CD with PhNO (0.7) differs somewhat from the experiment (1.1).
Taken together the experimental and computational results point to the operation of a stepwise diradical
cycloaddition, with rate-limiting N—C bond formation and rapid C—C connection to form a bicyclic cyclohexadienyl-
N-oxyl diradical, followed by fast tautomerization to the N-hydroxyindole product.

Introduction

The widespread occurrence of the indole skeleton in natural
products and bioactive synthetic compounds' has long stimulated
efforts at its efficient construction.”? Among the numerous
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approaches and synthetic methods developed, one of the earliest,
the Fischer indole synthesis, still stands as one of the most
useful, because it proceeds from convenient precursors, aromatic
hydrazines and ketones, yet does not require a pre-existing ortho
substituent to direct cyclization.3 Nonetheless, limitations of the
Fischer reaction and the need for alternative synthetic approaches
invite the development of new, efficient indole-forming reactions.

As part of our research program to develop transition metal-
mediated nitrogenation reactions of unsaturated hydrocarbons®
we recently reported the novel reductive cycloaddition reaction
between nitroarenes and alkynes catalyzed by [CpM(CO),],
derivatives (M = Fe, Ru), which produces indoles in moderate
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yields (Scheme 1).> Subsequently, Ragaini and co-workers
reported a similar palladium-catalyzed reaction.® The directness
of this indole construction from commercial reactants and its
high regioselectivity, producing 3-substituted indoles from
terminal alkynes, has prompted us to explore the synthetic
potential of the reaction and its mechanistic pathway. A follow-
up investigation in our group established that nitrosoarenes react
with conjugated alkynes without a catalyst to produce N-
hydroxyindoles (Scheme 1) in moderate to good yields and
comparable regioselectivity.” Curiously, early reports of 1:1 and
1:2 alkyne/nitrosoarene reactions identified acyclic nitrones
and diimines® and the polycyclic kabutanes’ as products
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Sons: New York, 1982; ref. 1a, pp 54—70. (¢) Gassman, P. G.; Van
Bergen, T. J.; Gilbert, D. P.; Cue, B. W. J. Am. Chem. Soc. 1974, 96,
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(Scheme 2). The efficiency of the ArNO/alkyne cycloaddition
can be improved significantly by alkylative trapping of the labile
N-hydroxyindoles with K,CO3Me,SO,,'° providing access to a
variety of N-methoxyindoles from substituted nitrosoarenes and
arylacetylenes.!' The comparable regioselectivity of these
reactions to the metal-catalyzed nitroarene reactions and the
ready reductive conversion of the hydroxyindoles to indoles
(Scheme 1) suggests that the Cp,M-catalyzed reaction of the
nitroarenes could proceed via metal-promoted nitroarene deoxy-
genation,'? followed by an uncatalyzed nitrosoarene/alkyne
cycloaddition, and conclude with a second Cp,M-promoted
deoxygenation of the N-hydroxyindole. The unprecedented
nature of the nitrosoarene/alkyne cycloaddition itself has led to
the present study that seeks to elucidate the mechanism of this
transformation.

The nitrosoarene (NA)-alkyne to N-hydroxyindole (NHI)
conversion involves the net scission of N—O, C—C, and C—H
bonds and the formation of C—N, C—C, and O—H bonds. The
fundamental mechanistic issues of interest include the timing
of these steps, i.e., the stepwise or concerted timing of bond-
breaking/making, and the possible involvement of discrete
intermediates, be they neutral, polar, or radical. In our initial
survey of the reaction’s scope and selectivity three mechanisti-
cally relevant observations were noted.” First, the yields are
relatively insensitive to the electronic character of the ni-
trosoarene, being comparatively efficient with both electron-
rich and -poor NA. Second, representative terminal alkynes with
conjugating substituents (R = —Ar, —CO,R) react most
efficiently and regioselectively, placing the alkyne substituent
at the 3-position. Third, the reaction solvent polarity/proticity
(e.g., benzene, toluene, dioxane, isopropanol) has little effect
on the course or efficiency of the reaction. Together, these
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Figure 1. Rate dependence on the PANO concentration for the PhNO/
PhC=CH reaction. [PhC=CH] = 0.28 M in benzene, 75 °C. Each data
point is the result of a linear least-squares fit to the [PhNO] vs time plot
for at least six different times at <15% conversion; the line drawn is the
least-squares fit to the experimental data points with the indicated correlation
coefficient (R?) and slope.

features seemed to render unlikely a reaction pathway involving
highly polar or ionic intermediates.

Results and Discussion

Kinetics. To establish the rate law for the nitrosobenzene
(NB)/phenyl acetylene (PA) reaction kinetic studies were
conducted on reactions in which phenyl acetylene (5.6—22.5
mM) was taken in excess at 75 °C with benzene as the solvent.
Under these temperature/concentration conditions the mono-
meric nitrosoarene is virtually the exclusive form present in
solution (95—100%)."* The use of excess alkyne minimizes
(<10—30%) the formation of nonindole products, including azo-
and azoxybenzene, kabutanes,” and nitrones.'* The initial rate
method'® was employed, monitoring the disappearance of NB
spectrophotometrically (A = 750 nm) at 0—15% conversion.
Reactions were conducted with various PA/NB ratios, holding
the PA concentration fixed at various NB concentrations and
vice versa. Plots of rate vs varied reactant concentrations are
linear and are given in Figures 1 and 2. From these data it can
be seen that the reactions are first order each in NB and in PA.

Substituent Effects on Reaction Rate. The electronic effects
on the NA/AA reaction were systematically probed by compar-
ing the rates for two sets of reactants with electronically varied
substituents, p-X-C¢HyNO and p-Y-C¢H,C=CH with X, Y =

(13) (a) Fletcher, D. A.; Gowenlock, B. G.; Orrell, K. G. J. Chem. Soc.,
Perkin Trans. 2 1998, 797. (b) Orrell, K. G.; Stephenson, D.; Verlaque,
J. H. J. Chem. Soc. Perkin Trans. 2 1990, 1297. (c) Orrell, K. G.;
Stephenson, D.; Rault, T. Magn. Reson. Chem. 1989, 27, 368. (d)
Orrell, K. G.; Sik, V.; Stephenson, D. Magn. Reson. Chem. 1987, 25,
1007.

(14) (a) Dopp, D.; Nour-el-din, A. M. Tetrahedron Lett. 1978, 17, 1643.
(b) Dopp, D.; Sailer, K.-H. Chem. Ber. 1975, 108, 301. (c) Mousseron-
Canet, M.; Boca, J.-P. Bull. Soc. Chim. Fr. 1967, 1294. (d) Kawasaki,
T.; Kodama, A.; Nishida, T.; Shimizu, K.; Somei, M. Heterocycles
1991, 32, 221.

(15) (a) Moore, J. W.; Pearson R. G. Kinetics and Mechanism, 3rd ed.; J.
Wiley and Sons: New York, 1981. (b) Anslyn, E. V.; Dougherty, D. H.
Modern Physical Organic Chemistry; University Science Books: Fort
Collins, CO, 2006.
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Figure 2. Rate dependence on the PhC=CH concentration. [PhNO] =
0.0094 M in benzene, 75 °C. Each data point is the result of a linear least-
squares fit to the [PhNO] vs time plot for at least six different times at
=<15% conversion; the line drawn is the least-squares fit to the experimental
data points with the indicated correlation coefficient (R?) and slope.

Scheme 3

Y
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X heat O
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H
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OH
NO,, CN, Cl, Br, H, Me, and OMe (Scheme 3).'® The substrates
were prepared by established methods, nitrosoarenes by oxida-
tion of the corresponding anilines'” and the arylacetylenes by
Sonogashira-type reactions.'® The reactions of the various p-X-
C¢H4;NO with PhC=CH were carried out as above (benzene,
75 °C) by the initial rate method (10—15% conversion) by
monitoring the disappearance of p-X-CsH4NO spectrophoto-
metrically (A = 750 nm). The observed rates were found to

(16) (a) Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry Part
A: Structure and Mechanisms, 5th ed.; Springer: New York, 2007.
(b) Smith, M. B.; Marchl]. March’s Advanced Organic Chemistry:
Reactions, Mechanisms, and Structure, 6th ed.; John Wiley: New York,
2007. (c) Jiang, X.-K. Acc. Chem. Res. 1997, 30, 283. (d) Hansch,
C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165.

(17) (a) Adam, W.; Krebs, O. Chem. Rev. 2003, 103, 4131. (b) Krebs, O.
Dissertation, Wiirzburg, 2002;(c) Bosch, E.; Kochi, J. K. J. Org. Chem.
1994, 59, 5573. (d) Porta, F.; Prati, L. J. Mol. Catal. A: Chem. 2000,
157, 123. (e) Priewisch, B.; Riick-Braun, K. J. Org. Chem. 2005, 70,
2350. (f) Mel’nikov, E. B.; Suboch, G. A.; Belyaev, E. Y. Russ. J.
Org. Chem. 1995, 31, 1640.

(18) (a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975,
16, 4467. (b) Ngjera, R. C. C. Chem. Rev. 2007, 107, 874. (c) Ahmed,
M. S. M.; Sekiguchi, A.; Masui, K.; Mori, A. Bull. Chem. Soc. Jpn.
2005, 78, 160. (d) Sonogashira, K. Metal Catalyzed Cross-Coupling
Reaction; DiederichF., Stang, P. J., Eds.; Wiley-VCH: Weinheim,
1998; Chapter 5, pp 203—229. (e) Tohda, Y.; Sonogashira, K.;
Hagihara, N. Synthesis 1977, 777.
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correlate reasonably well to the Hammett o, parameter as
illustrated graphically in Figure 3. The p value found (slope of
Figure 3) was +0.42, showing a modest accelerating effect of
electron-withdrawing groups. This result suggests some negative
charge development on the ArNO unit in the transition state
for the cycloaddition.

Likewise, the reactions of the various p-Y-C¢H,C=CH with
4-NO,-C¢H4NO were conducted and their rates were determined.
A Hammett plot of the rates vs o, (Figure 4) again gave a good
correlation (R?> = 0.96) and yielded a p value of —0.81, showing
that electron-donating Y groups on the alkyne moderately
accelerate the reaction. This is consistent with the development
of some positive charge on the alkyne unit in the transition state.
The opposite-signed p values for the nitrosoarene and alkyne
reactants are noteworthy and to be expected for a reaction in
which some dipolar character is developed in the rate-limiting
step. The magnitudes of the p values found for these reactions
are relatively small compared to ones that involve fully charged
intermediates.'® Although a somewhat polar transition state is
indicated, either a concerted asynchronous cycloaddition or one
with diradical character could be involved since either can
exhibit sizable polar effects.'® Relevantly, substantial polar
effects have been demonstrated in additions of electrophilic
radicals to alkynes using two-parameter LFE equations that
include both polar (0;,) and radical delocalization (oj) con-
stants.'® Obtaining definitive evidence for (or against) a radi-
caloid transition state from such LFE equations was judged
unlikely given the already satisfactory fit with the single polar

(19) Jiang, X.-K.; Zhang, Y.-H.; Ding, W. F.-X. J. Chem. Res. (S)
1997, 6.
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the cycloaddition reaction possibly could be obtained from
kinetic isotope effects since several bonds are broken/made and
a number of hybridization changes occur in the process. The
bonds broken overall are N—O and C—C s and aromatic C—H
while C—N, C—C, and O—H bonds are formed; the extent of
these changes in the rate-limiting step could be probed via
primary kinetic isotope effects.?' Overall hybridization (geom-
etry) changes, potentially detectable through secondary H/D
kinetic isotope effects,”* include sp — sp” at the alkyne carbons,
while a sp? — sp® — sp? change could intervene at the ortho
aromatic carbon in a stepwise addition/tautomerization process.

With these considerations in mind two KIE determinations
were made (Scheme 4). In the first a competition reaction
between phenyl acetylene and 1.0:1.0 C¢HsNO/C¢DsNO was
carried out to 15—20% conversion under the standard conditions.
The isotopic composition of recovered NB and 3-phenylindole
were determined by direct MS analysis; the unstable N-hydroxy-
3-phenylindole was converted to 3-phenylindole isotopomers
by catalytic hydrogenation (1 atm H,/Pd—C). The ratio protio-
to-perdeutero ratio for these three components, essentially the
kinetic isotope effect, was determined to be 1.04, 1.18, and 1.35,
respectively. Since some limited D/H exchange could potentially
occur in the hydrogenation step (though none was detected in
the hydrogenation of ds-PhNO, to ds-PhNH,), the data from
the first two analyses are likely more reliable, providing a KIE
of ~1.1 &+ 0.1. This small normal or negligible KIE clearly
rules out rate-limiting aromatic C—H(D) bond-breaking. A rate-
limiting step in which substantial bond formation is occurring
between the NB aromatic carbon, and the alkyne is also deemed
unlikely since the accompanying sp> — sp> hybridization change
would likely result in an inverse KIE of about 0.6—0.9.%

A competition reaction was also carried out between PhNO
and excess 1:1 PhC=CH/PhC=CD under the standard condi-
tions. At 30—50% conversion the isolated mixture of N-
hydroxyindole isotopomers was hydrogenated and the resulting
3-phenyl indole analyzed by MS to obtain a KIE of 1.1 4= 0.1.
This small (negligible), normal value is the result of a secondary
KIE. Since bonding and geometry changes occur at both
acetylenic carbons, both o and 3 effects should operate, the
former (if rate-limiting) is expected to be inverse, ca. 0.7—0.9
for a sp — sp” change, while the latter should be normal in the
range of ca. 1.4—1.5 giving a combined effect of ca. 1.1—1.3.%*

(20) Jiang, X.-K. Acc. Chem. Res. 1997, 30, 283.

(21) (a) Borodkin, G. 1.; Zaikin, P. A.; Shubin, V. G. Tetrahedron Lett.
2006, 47, 2639. (b) Noyce, D. S.; Schiavelli, M. D. J. Am. Chem.
Soc. 1968, 90, 1023.

(22) Organic Reaction Mechanisms; Knipe, A. C., Watts, W. E., Eds.; John
Wiley and Sons, Ltd: New York, 1991.

(23) (a) Eyet, N.; Villano, S. M.; Kato, S.; Bierbaum, V. M. J. Am. Soc.
Mass Spectrom. 2007, 18, 1046. (b) Gawlita, E.; Caldwell, W. S.;
O’Leary, M. H.; Paneth, P.; Anderson, V. E. Biochemistry 1995, 34,
2577.

(24) (a) Noyce, D. S.; Schiavelli, M. D. J. Am. Chem. Soc. 1968, 90, 1023.
(b) Hogeveen, H.; Drenth, W. Rec. Trav. Chim. Pays-Bas 1963, 82,
375.
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Scheme 5

o

The observed value of 1.1 is thus consistent with developing
N—C1 bond formation in the transition state but does not rule
out rate-limiting C(arom)—C2 bond formation; the latter,
however, is unlikely on the basis of the above PhNO/ds-PhNO
result.

Trapping/Byproduct Studies. The modest substituent and
solvent effects observed in the NA—PA cycloadditions are more
consistent with a radical or asynchronous concerted reaction
pathway than one involving ionic transition states or intermedi-
ates. To probe for the intervention of radical intermediates two
types of trapping experiments were conducted. In the first the
reaction between NB and a radical clock type substrate,
cyclopropyl acetylene® was examined (Scheme 5). If an
intermediate with significant radical character at C-2 were to
be generated, ring-opened products would be formed if cyclo-
propyl ring-opening is fast relative to intramolecular C—C bond
formation. The NB—cyclopropyl acetylene reaction was car-
ried out in a Fischer—Porter bottle (1:10 NB—CPA, benzene,
80 °C, 50 psi N,). A complex mixture of products was produced
from which it was possible to isolate and identify only one
derived from the NA—CPP combination in low yield (12—15%),
3-cyclopropyl indole (1, Scheme 5). Formation of the nonring-
opened 1 could be considered to rule out the intervention of a
C-2 radical intermediate, but the result is mechanistically
ambiguous because the rate of cyclopropyl ring-opening (1.6
x 10" s71* may not compete with intramolecular C—C
vinyl—aryl formation. Additionally, it is possible that cyclo-
propane ring-opened products may have formed but simply
could not be isolated.

Experiments designed to test for radical intermediates with
the established radical trap TEMPO® also proved to be
inconclusive. When the reaction between NB and excess PA
was conducted in the presence of TEMPO (6 equiv relative to
NB), a complex mixture of products was produced. MS analysis
of fractions obtained from preparative TLC analysis of the
product mixtures suggested the formationof 1:1:1 TEMPO—NB—PA
adducts, but NMR-pure compounds could not be obtained nor
unambiguously identified.

During the course of our survey of the NA/alkyne reactions
we isolated an unexpected byproduct from the reaction between
phenyl acetylene and o-carbomethoxy nitrosobenzene that sheds
some additional light on the mechanism of the cycloaddition
(Scheme 6). The reaction was carried out under the standard
alkylating conditions and afforded the expected 7-carbomethoxy-
N-hydroxy-3-phenylindole 2, as well as a product 3 (21%)
whose NMR and mass spectra indicated the incorporation of
two PA units and one NA unit; compound 3 was the major

o—
-
I=

(25) (a) Milnes, K. K.; Gottschling, S. E.; Baines, K. M. Org. Biomol.
Chem. 2004, 2, 3530. (b) Back, T. G.; Muralidharan, K. R. J. Org.
Chem. 1989, 54, 121. (¢) Le Tadic-Biadatti, M.-H.; Newcomb, M.
J. Chem. Soc., Perkin Trans 2 1996, 1467. (d) Gottschling, S. E.; Grant,
T. N.; Milnes, K. K.; Jennings, M. C.; Baines, K. M. J. Org. Chem.
2005, 70, 2686. (e) Mainetti, E.; Fensterbank, L.; Malacria, M. Synlett
2002, 923.

Figure 5. X-ray structure of adduct 3.
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product under nonalkylating conditions. The structure of 3 was
established definitively by X-ray diffraction (Figure 5) to be
6-carbomethoxy-6-phenyl-6,6a-dihyro-1H-1a-aza-cyclopropala]in-
deny-1-yl]phenylmethanone, featuring a 6,5,3-tricyclic skeleton
with a cyclopropane ring fused to an indoline core. The PA
units in 3 are incorporated in a tail-to-tail fashion (C-2, C-2)
and the carbomethoxy unit has migrated from the aromatic
carbon to C-1 of a PA unit. Although the tricyclic structure of
3 was surprising, a literature search for the skeleton revealed
other examples and suggested a pathway for its formation.
Analogues of 3 have been obtained from the reactions of
indoline nitrones with alkynes,'**" which proceed via dipolar
cycloaddition followed by electrocyclic rearrangement of the
intermediate isoxazoline. The formation of 3 from the reaction
between o-carbomethoxynitrosobenzene and PA, therefore sug-
gests the intermediacy of nitrone 4 (Scheme 7). This species,
in turn, may be derived from migratory rearrangement of a
nonaromatic precursor such as nitrone Sa or a diradical
equivalent Sh.

Computational Studies. All geometries and energies were
calculated with the (U)B3LYP DFT functional®’ with the
6-31+G(d) basis set using Gaussian 03.?® Minima and transition
states were fully optimized and characterized by harmonic
vibrational frequency analysis and verified intrinsic reaction
coordinate (IRC) calculations. All calculations were validated
at the UB3LYP level using the broken-symmetry wave function
(guess = mix, always) to assess the expectation value of the
<S§%> operator. The reactants and final products are pure singlet
species, with §? = 0. Radical-pair-like species between the N—C
and C—C bonds formation showed typical diradical character,
i.e., $? = 1, and thereby the unrestricted method was used for
geometry optimization.

(26) Barriga, S. Synlett 2001, 563.

(27) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(28) Frisch, M. J. Gaussian 03, revision B.02; Gaussian, Inc. Pittsburgh,
PA, 2003.

J. AM. CHEM. SOC. = VOL. 131, NO. 2, 2009 657



ARTICLES

Penoni et al.

Scheme 7

# en Ph
LS — I8
N N
) )
Co.Me Ph
CL i —
N

O - >
< > N
h |

)
A
\
5b
Lol
MeO,C ph MeO,C Ph
=—ph
N N
|
3 0 04
Ph Ph

Energy Profile and Mechanism. The lowest energy pathway
for the reaction of PANO with HC=CH is plotted in Figure 6.
Various concerted cycloaddition pathways, e.g., 3 + 2,2 + 2,
4 + 2, were considered, but attempts to locate transition states
for these always converged to the N—C transition structure TS1.
On the basis of the reaction energy profile, the N—C bond
formation between PhNO and HC=CH is rate-limiting. Acety-
lene undergoes attack on the nitroso group to give a diradical
intermediate, with the largest spin density (0.54) on the terminal
vinyl carbon. The value of $? = (.47 indicates substantial spin-
contamination which is quite common for diradicals treated by
unrestricted calculations. Natural bond orbital (NBO) analysis29
indicates that a small amount of charge (0.056) migrates from
PhNO to HC=CH in the N—C forming transition state, with
the largest unpaired electron density on the carbon atom that is
developing into the vinyl radical. The resulting vinyl diradical
intermediate undergoes cis—trans isomerization, with a calcu-
lated barrier of 3.1 kcal/mol, followed by C—C bond formation
to give the hydroindole intermediate. The barrier for cyclization
disappeared, which was 4.7 kcal/mol above the vinyl radical
intermediate before the spin projection; the reaction is exother-
mic by 38.4 kcal/mol. A series of hydrogen shifts cause
formation of the final, thermodynamically stable, product. This
H-tautomerization could be accelerated by other mechanisms,
via dimers or by acidic or basic solvents. In summary, the
reaction of PhNO and HC=CH to N-hydroxyindole is computed
to be exothermic by 59.6 kcal/mol, with an overall barrier of
19.1 kcal/mol, via the vinyl radical intermediates.

Regioselectivity. With a monosubstituted alkyne, two regioi-
someric indoles can form. The two transition structures lead
eventually to the 2- or 3-substituted hydroxyindole product. The
transition structures for the first step are shown in Figure 7.

Transition state (TS1) is calculated to be 11.6 kcal/mol more
stable, since the more-stable phenyl-substituted vinyl radical is
formed. TS1 has a partial N—C bond length of 1.876 A, slightly
longer by 0.03 A than that for the TS in the parent reaction of
PhNO + HC=CH. In the following calculations, only the lower-
energy transition state (TS1) was considered for the KIE and
p-substituent electronic effects.

(29) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Bohmann, J. A.; Morales, C. M.; Weinhold, F. NBO 5.0; Theoretical
Chemistry Institute: University of Wisconsin, Madison, 2001.
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It has been shown experimentally that alkynes with conjugat-
ing electron-withdrawing groups (EWGs), such as ethyl propi-
olate (HC=CCO,Ev), are privileged substrates for the nitroso-
alkyne indolization.”' This appears at first glance to be
paradoxical when compared to the cyclizations with para-
substituted phenylacetylenes, for which EDGs on the alkyne
accelerate the reaction and EWGs slow it. Given the pathway
deduced for the reactions of PhNO with HC=CH and PhC=CH,
we determined by analogy the lowest energy pathway for the
model reaction between PhNO and propynal (HC=CCHO).
Assuming that the first step, formation of the N—C bond, is
rate-limiting, the transition state and intermediate structures and
energies were calculated and are plotted in Figure 8.

Propynal is calculated to react with nitrosobenzene via a
transition state with an activation energy of only 13 kcal/mol,
substantially lower than that calculated for the reaction with
acetylene (19 kcal) and somewhat less than with phenyl
acetylene (15.8 kcal). In the TS, the largest spin density appears
on the o-vinyl carbon (0.19) and is delocalized onto the oxygen
(0.10) of the carbonyl. The stabilization of the singlet diradical
character by the carbonyl group thus substantially lowers the
energy barrier of the reaction. In the intermediate, the delocal-
ization of the vinyl radical is reflected in the nearly linear, allene-
like geometry of the three-carbon side chain and the orientation
of the conjugating oxygen.

Kinetic Isotope Effects. The reaction barriers were recomputed
for 348.15 K as in the experiments. The calculated results are
listed in Table 1.

The calculations indicate that the kinetic isotope effect (with
the assumption of pseudo equilibrium at the top of the energy
barriers) for the reaction of C¢dHsNO/C¢DsNO with PhC=CH
should be negligible (KIE = 1.01; AE = 0.01 kcal), as expected
if the phenyl C—H of PhNO is not appreciably perturbed in the
rate-limiting step. However, deuteration of the alkyne, PhAC=CH/
PhC=CD, is calculated to cause an inverse KIE (~0.77) because
the terminal sp-hybridized carbon of the alkyne rehybridizes
toward sp? in the TS. However, this type of calculation does
not consider the dynamic differences of the activated complexes
crossing the barriers. TS-1-C¢HsC=CH-C¢HsNO, TS-1-
CsHsC=CD-C¢HsNO, and TS1-C¢HsC=CH-C¢DsNO were com-
puted to be imaginary frequencies of 561.93, 561.44, and 560.71
cm™!, respectively, at the UB3LYP/6-314+G(d) level. Accord-
ingly, the activated complex, TS1-C¢HsC=CH-C¢DsNO, with
the lowest frequency (v;), is likely to have larger effective
partition to cross the barrier at the same temperature, and vice
verse. However, for computational simplification the ZPE
corrections ignore contributions from these imaginary frequen-
cies, the =C—H(D) bending vibrational specifically. Thus, the
inverse KIE expected from geometry change at the CH(D) (a
effect) could be counterbalanced by a normal secondary -KIE
from so-called “hyperconjugation”, resulting in an intermediate
KIE of ca. 1—1.5, as found experimentally. This magnitude of
KIE has been observed in other addition reactions of
PhC=CH(D).**

Para-Substituent Effects. Substituent effects of —NO,, —CN,
—Cl, —Br, —H, —Me, and —OMe groups at the para positions
of PhNO and PhC=CH in the reactions were computed with
the same level of theory. The reactants and rate-determining
transition states were fully optimized and then the resulting
stationary points were confirmed by harmonic vibrational
frequency analysis. The calculated results are listed in Table 2.

The calculated reaction barriers for the substituted-PhNO
reactions are qualitatively consistent with the experiments,
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Figure 6. Calculated minimum-energy pathway and stationary structures for the reaction of PhNO with HC=CH to give N-hydroxyindole at the (U)B3LYP/
6-31+G(d) level of theory (in the gas phase; S?> = 0 for the structures not explicitly labeled).
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Figure 7. Transition state structures for reaction of phenyl acetylene with
nitrosobenzene at the UB3LYP/6-31+G(d) level of theory.
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Figure 8. Energy profile for first (rate-limiting) step in the reaction between
PhNO and propynal.

despite the larger calculated effects of X groups (4.3 kcal/mol)
than Y groups (1.8 kcal/mol). Nevertheless, electron-withdraw-
ing groups on PhNO and electron-donating groups on Ph\C=CH
accelerate the reactions in both experiment and theory. Com-
parably, note that the reactions of PhNO + p-Y-C¢H,C=CH
benefit from both the EW and ED groups in the calculations
(shown in the Supporting Information), implying complications
between spin-delocalization and polar substituent effects.'®

Conclusions

In summary, the combined experimental and computational
probes of the nitrosoarene/alkyne cycloaddition provide strong
evidence of the operation of a stepwise mechanism which is

Table 1. Calculated zero point energies (ZPEs, in kcal/mol) of
reactants and reaction barriers (enthalpy, kcal/mol) at the
UB3LYP/6-31+G(d) level of theory (gas phase, 348.15 K, 1.0
atm).

reactant/transition state ZPEs AH AE
C¢HsC=CH 68.67 —
C¢HsC=CD 66.90 —
Ce¢HsNO 61.07 —
C¢DsNO 50.75 —
TS1-C¢HsC=CH-CcHsNO 130.19 15.27 0.00
TS1-CsHsC=CD-C¢HsNO 128.26 15.09 —0.18
TS1-C¢HsC=CH-C¢DsNO 119.87 15.28 +0.01

Table 2. Calculated Activation Energies (Enthalpy, in kcal/mol) for
Para-Substituted ArNO and ArC=CH at the (U)B3LYP/6-31+G(d)
Level (Gas Phase at Room Temperature)?

reactions AH* (kcal/mol)
p-O,N-C¢H4,NO + PhC=CH — 13.1
p-NC-C¢H4uNO + PhC=CH — 13.8
p-Cl-CéH4sNO + PhC=CH — 15.5
p-Br-CcH4NO + PhC=CH — 14.7
PhNO + PhC=CH — 15.8
p-Me-C¢HuNO + PhC=CH — 16.4
p-MeO-C¢HsNO + PhC=CH — 17.4
p-OZN-C5H4NO + [)-OzN-C5H4CECH i 134
p-OZN-C(,H4NO + p-NC—C(,H4CECH - 133
p-OZN-C6H4NO + p_Cl-C6H4CECH - 12.8
p-OZN-C6H4NO + p*Br—C(,HA;CECH e 12.2
p-O,N-C¢H4,NO + PhC=CH — 13.1
p-O,N-CcHUNO + p-Me-CcH,C=CH — 12.6
p-O,N-CcHUNO + p-MeO-CsH4,C=CH — 11.6

@ <§2> of the calculated transition states are 0.34—0.39.

initiated by rate-limiting bond-formation between N- and the
alkyne-terminal carbon to generate a polar diradical intermediate
(Scheme 8). This intermediate can cyclize rapidly via C—C bond
formation to produce an intermediate cyclohexadienyl nitroxyl
radical. Tautomerization of the latter produces the N-hydroxy-
indole. Computational and experimental studies are continuing
to expand the scope of these and related nitroarene/nitrosophile
cycloadditions.

Experimental Section

Preparative Methods. Nitrosobenzene, phenylacetylene, cyclo-
propylacetylene, potassium carbonate, dimethyl sulfate, 4-ethynyl-
toluene, deuterium oxide, nitrobenzene-ds, and n-BuLi were
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Table 3. Crystal Data and Structure Refinement for 3

identification code kn4145m
empirical formula CysH1oNO;
fw 369.40
temp 103(2) K
wavelength 0.71073 A
cryst syst monoclinic
space group P2(1)lc
unit cell dimensions a = 10.8771(11) A a = 90°
b =15.4698(16) A B = 94.3230(10)°
c=10.8948(11) A y = 90°
1% 1828.0(3) A?
VA 4
density (calcd) 1.342 Mg/m?
abs coeff 0.089 mm™!
F(000) 776
cryst size 0.28 x 0.12 x 0.10 mm?
6 range for data collection  1.88—28.27°
index ranges —14 < h=<14,-20 < k =20,
—4=<1=<14
reflns collected 22184

independent reflns 4435 [R(int) = 0.0236]
completeness to 6 = 28.27° 97.3%

abs correction none

max. and min. transmission  0.9912 and 0.9756

refinement method full-matrix least-squares on F>
data/restraints/params 4435/0/254

GOF on F? 1.020

final R indices [/ > 20(I)] ~ RI1 = 0.0411, wR2 = 0.0998
R indices (all data) R1 = 0.0530, wR2 = 0.1075
largest diff. peak and hole ~ 0.345 and —0.193 e-A ™3

obtained commercially and used as received. 4-X-C¢Hy-NO (X =
NO,,'”™ CN,'" Br,'”" C1,'"" CH;,"’*" OCH;'"® were prepared as
reported. The 4-Y-C¢Hy-C=CH derivatives were also prepared
following literature procedures.'® PhC=CD was prepared by a
reported method.*®

PhNO-ds was prepared by a two-step procedure. The reduction
of PhNO,-ds to PhNH,-ds was carried out by hydrogenation using
Pd/C (10%) as catalyst at room temperature in EtOH. After 5 h
monitoring the reaction by TLC the disappearance of pentadeutero-
nitrobenzene was detected with the formation of a single product.
After the filtration and evaporation of the solvent the isotopic purity
of PhNH,-ds was checked by 'H NMR. The oxidation of PhNH,-
ds to PhANO-ds was conducted by a literature procedure.'”"

Kinetic Experiments for Determination of the Reaction
Order. Experiments for the determination of the reaction order in
nitrosoarene were carried out from four different reactions using
11.25 mmol of phenylacetylene and different quantities of ni-
trosobenzene (0.375, 0.750, 0.188, and 0.563 mmol) in 40 mL
benzene at 75 °C, monitoring the absorbance at A = 750 nm to
measure the concentration of nitrosobenzene at different times as
the reaction proceeds. Determination of the reaction order in
phenylacetylene was carried out using four different reactions with
0.375 mmol of nitrosobenzene and different quantities of pheny-
lacetylene (5.63, 7.50, 11.25, and 22.5 mmol) in 40 mL of benzene
monitoring the absorbance at A = 750 nm.

Kinetic Experiments for Study of the Hammett Relation-
ship. Reactions of 4-X-C¢H;-NO with Phenylacetylene. 4-X-
CgH4-NO (0.375 mmol) and phenylacetylene (11.25 mmol) were
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heated in 40 mL of benzene at 75 °C monitoring the absorbance at
A = 750 nm to determine concentrations of the nitrosoarene over
time.

Reactions of 4-Nitro-nitrosobenzene in Competition Experi-
ments with 4-Y-C¢Hy-C=CH and PhC=CH under Alkylating
Conditions. 4-NO,-C¢H4-NO (0.375 mmol), 4-Y-C¢Hs-C=CH
(5.63 mmol), PhC=CH (5.63 mmol), K,COs (1.5 mmol), and
Me,SO4 (1.5 mmol) were heated in 40 mL of benzene at 75 °C
monitoring the absorbance at 1 = 750 nm. All the reactions were
conducted for 30 min to achieve about 15% conversion of 4-NO,-
C¢H4-NO. After flash chromatography, the fraction that contained
the mixture of the two different N-methoxyindoles was collected,
solvent evaporated, and the residue analyzed by 'H NMR. The
integration of appropriate signals gave the ratio of the products.
The reference N-methoxyindoles were synthesized by reactions with
the procedure reported in previously.'®

Trapping Studies with TEMPO. Nitrosobenzene (107 mg, 1.0
mmol), phenylacetylene (2.46 mL, 20 mmol) and TEMPO (625
mg, 4.0 mmol) were refluxed in 80 mL of benzene. The reaction
was monitored by TLC until the nitrosobenzene had disappeared.
The solvent was evaporated to dryness and the products were
purified by flash chromatography.

Trapping Studies with Cyclopropylacetylene. Nitrosobenzene
(80 mg, 0.75 mmol) and of cyclopropylacetylene (1.97 g, 30 mmol)
were heated at reflux in 80 mL of benzene in a Fischer—Porter
bottle after charging with 50 psi of N,. After 20 h, the reaction
mixture was allowed to cool and the complete conversion of
nitrosobenzene was observed by TLC. The solvent was evaporated
to dryness. The products were isolated and purified by flash
chromatography, in addition to azoxybenzene 3-cyclopropylindole
(R; = 0.26) was isolated in 20% yield. mp 59—61 °C. 'H NMR
(400 MHz, CDCl;): 7.82 (1H, d, J = 7.8 Hz), 7.76 (1H, s, br),
735 (1H, d, J = 7.8 Hz), 7.27 (1H, t, J = 7.8 Hz), 7.21 (1H, t, J
= 7.8 Hz), 6.89 (1H, apparent singlet), 2.02 (1H, m), 0.97 (1H,
m), 0.72 (1H, m). GC-MS (EI, m/z): 157, 156, 130, 129, 77, 65.
13C NMR (100 MHz, CDCls): 136.44(C), 128.23(C), 122.18(CH),
120.68(CH), 119.38(CH), 119.32(CH), 119.10(C), 111.34(CH),
6.33(CH), 6.21(CHy).

Synthesis of 3. o-Carbomethoxy-nitrosobenzene (0.323 g, 2.00
mmol) was dissolved in 80 mL of benzene and 3 mL of
phenylacetylene (28 mmol) was added. The reaction mixture was
refluxed while magnetically stirred for 2 h. After rotary evaporation
of the solvent the product was isolated and purified by flash-
chromatography using CH,Cl,/AcOEt 95:5 as eluent (R, = 0.28).
'"H NMR (400 MHz, CDCls): 7.57 (1H, d, J = 7.8 Hz), 7.51 (1H,
d,J=7.6Hz),7.44 (1H, t,J = 7.6 Hz), 7.31—7.25 (4H, m), 7.10
(2H, t, J = 7.7 Hz), 7.06 (2H, t, J = 7.7 Hz), 6.89 (2H, t, J = 7.6
Hz), 6.75 (1H, t, J = 7.4 Hz), 4.63 (1H, d, / = 7.0 Hz), 3.71 (3H,
s),3.67 (1H, d, J = 7.0 Hz). 3*C NMR (100 MHz, CDCl5): 192.86,
173.41, 154.12, 137.45, 136.62, 134.40, 132.94, 129.42, 128.81,
128.12, 127.99, 127.76, 127.70, 127.27, 125.28, 122.63, 68.02,
54.91, 53.58, 50.19. MS (CI): 370 M + 1). IR (cm ™ !): 1732, 1687.

X-ray Structure Determination of 3. Crystals suitable for X-ray
analysis were obtained by slow diffusion of hexane into a
dichloromethane solution of 3. The data were collected at 120(2)
K on a Bruker Apex diffractometer using Mo Kot (A = 0.71073 A)
radiation. Intensity data, which approximately covered the full
sphere of the reciprocal space, were measured as a series of @
oscillation frames each 0.3° for 25 s/frame. The detector was
operated in 512 x 512 mode and was positioned 6.12 cm from the
crystal. Coverage of unique data was 97.3% complete to 56.6° (20).
Cell parameters were determined from a nonlinear least-squares fit
of 6011 reflections in the range of 2.3° < 6 < 28.2°. A total of
22 184 reflections were measured. The structure was solved by the
direct method using SHELXTL system (Version 6.12, Bruker AXS,
Madison, WI), and refined by full-matrix least-squares on F> using
all reflections. All the non-hydrogen atoms were refined anisotro-
pically. All the hydrogen atoms were included with idealized
parameters. There are four molecules in the unit cell. Final R1 =
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0.0411 is based on 3629 “observed reflections” [I > 20(/)], and
wR2 = 0.1075 is based on all reflections (4435 unique reflections).
Details of the crystal data are given in Table 3. Thermal ellipsoids
are drawn at 50% level for figure 5.

Kinetic Isotope Effect Determination. The kinetic isotopic
effect was investigated from two reactions: (1) PANO (0.188 mmol),
PhNO-ds (0.188 mmol), and PhC=CH (11.3 mmol) were heated
in 40 mL of benzene at 75 °C monitoring the reactions until ca.
15% conversion of the nitroso derivatives was achieved and
analyzing the crude mixture by GC-MS after evaporation of the
solvent. (2) PhNO (0.375) was heated in 40 mL of benzene with
5.63 mmol of PhAC=CH and 5.63 mmol of PhC=CD. Monitoring
of the reaction was carried out by the absorbance at 1 = 750 nm.
After evaporation of the solvent the crude mixture was analyzed
by GC-MS.

Computational Studies. All geometries and energies were
calculated with the (U)B3LYP DFT functional?” with the 6-31+G(d)
basis set using Gaussian 03.%® Minima and transition states were
fully optimized and characterized by harmonic vibrational frequency
analysis and verified by intrinsic reaction coordinate (IRC) calcula-
tions. All calculations were validated at the UB3LYP level using
the broken-symmetry wave function (guess = mix, always) to assess
the expectation value of the S* operator. The reactants and final
products are pure singlet species, with S> = 0. Radical-pair-like
species between the N—C and C—C bonds formation showed typical
diradical character, i.e., S? = 1, and thereby the unrestricted method
was used for geometry optimization. The spin contamination, due
to admixture of high spin states into the singlet, can be eliminated
using the spin projection method.>' Investigations of reaction
regioselectivity between 2- and 3-substituted indole formation and

p-substituent effects were conducted on the rate-determining step
of N—C bond formation.
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