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The azomethine ylides p-R*C;H,N"CH COC(H,R*p (3a: R*=H,
R’=H, X=Br; 3b: R®*=H, R®°=Me, X=I; 3c: R®*=H, R*=0Me,
X=1;3d: R®*=H, R°=F, X=1I; 3e: R*=Me, R*=Me, X=Br) react
with the nitrile functionality of the closo-decaborate clusters
[Bu",N][B,oHs(NCR")] (1a: R'=Me; 1b: R'=Et; 1c: R'=Ph) in
a CH;NO, solution under mild conditions (20-25°C, 2 min) to
afford selectively products of the nucleophilic addition (ca.
quantitative yields based on NMR analysis in [Dg]DMSO, 71-
87 % yield of isolated products). These products are the bory-
lated enamino ketones as the salts bearing exclusively a tetra-
butylammonium  cation [Bu",NI[B;oHo{NCR'=C(N*C,H,R*-
p)COCH,R*p}] (4a-hk-n) or the mixed salts [Bu",N], [p-
R3CsH N CH,COCH,R*-pl,[B;Hs{NCR'=C(N*CsH,R*-p)COCH,R*
p}l (4i, 4j, and 40). This reaction represents the first example
of the selective nucleophilic addition of pyridinium azomethine
ylides to the nitrile group and the first example of new C—C

Introduction

In the past decade, various polyhedral boranes were the sub-
ject of significant attention, first of all, because of their various
useful properties and important applications such as, for exam-
ple in boron neutron-capture cancer therapy." Although some
reactions leading to functionalization of boron clusters are
known,”¥ the reactivity of the borylated C=N functionality still
remains scarcely investigated. However, the data for various
borylated nitrilium species gradually emerging in the literature
disclose a high reactivity of the C=N group that is subject to
facile additions of H,0,"® R'OH,” or amines”®' thus provid-
ing an easy route for the functionalization.

Previously" our research group observed that the C=N
moiety bound to the closo-decaborate cluster unit is so reac-
tive toward 1,3-dipolar cycloaddition (DCA) of acyclic Z-nitro-
nes, that the cycloaddition (CA) of these dipoles proceeds rap-
idly and under mild conditions furnishing substituted 2,3-dihy-
dro-1,2,4-oxadiazoles. Following this study,""” and in the frame-
work of our ongoing project on 1,3-dipolar cycloaddition to
the C=N group in nitriles (for reviews see Ref. [12-15] and for
recent studies see Ref.[16-20]) and isocyanides (for a review
see Ref. [12] and for a recent study see Ref. [21]) we attempted
CA between nitrilium decaborates and azomethine ylides (see
Scheme 3 later) having an initial aim to generate novel imida-
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bond formation in the reaction of nitrilium derivatives of
boron clusters with any nucleophiles so far tested. Compound-
s 4a-h,k-n were characterized by ICP-MS, high resolution ESI-
MS, molar conductivity, and IR, 'H, *C{'"H}, and "B{'"H} NMR
spectroscopy. The structures of 4a and 4b were determined
by a single-crystal X-ray analysis. Theoretical calculations at the
DFT level allowed the interpretation of the observed reaction
selectivity, which is driven mostly by thermodynamic rather
than kinetic factors, and steric repulsion between the boron
cluster and the azomethine ylide molecule plays a crucial role.
The activation of the nitrile group upon binding to the boron
cluster is explained in terms of the electrostatic arguments.
The mechanisms of the nucleophilic addition and the hypo-
thetical cycloaddition between the azomethine ylide and ni-
triles were investigated in detail.

zolinium systems that functionalizes the closo-decaborate clus-
ter unit.
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Our hypothesis on occurrence of DCA (Scheme 1) was based
on the previous reports indicating that pyridinium azomethine
ylides in the vast majority of cases (exceptions are known al-
though scarce®>2%) act as rather reactive 1,3-dipoles toward al-
kenes with electron-withdrawing groups®™® or al-
kynes®?”%83032 (route A) accomplishing, after the oxidative aro-
matization, the indolizine derivatives.

Scheme 1. Cycloaddition of the pyridinium-based azomethine ylides to al-
kenes, alkynes (A), and nitriles (B) followed by the oxidative aromatization of
the ring systems.

Moreover, few examples of DCA of pyridinium azomethine
ylides to reactive R'CN species were also reported (route B in
Scheme 1; R=Ar, OAlk; R;=CF;, C;F,, C;F,s in Scheme 2).33¢
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Scheme 2. Presumable mechanism of pyridinium ylide/perfluoronitrile interaction.

The cycloaddition to nitriles is highly unselective and the het-
erocycles formed were separated in low yields from a broad
mixture of CA products and unidentified compounds. In only
two studies,***® the products derived from the nucleophilic
addition were identified, whereas in other cases®*=® CA prod-
ucts were isolated. Ten reactions between pyridinium azome-
thine ylides and the nitrile functionality were reported and
they all gave DCA products. However, in four cases, some by-
products derived from the nucleophilic addition were isolated
along with DCA adducts; no single example of the selective
generation of compounds originating from the nucleophilic
addition was described.”® Based on these observations, the
stepwise mechanism that includes the nucleophilic addition
followed by the cyclization (but not vice versa) was suggested
(Scheme 2).59

In contrast to our expectations, we observed that the treat-
ment of the nitrilium borates with azomethine ylides proceeds
highly selectively as a nucleophilic addition, rather than DCA,
leading to formation of a new carbon-carbon bond and fur-
nishing enamino ketones. The observed reaction—represent-
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ing the first example of addition of any C-nucleophiles to nitri-
lium derivatives of boron clusters—is described herein. We
also report our theoretical considerations of plausible mecha-
nisms and driving forces of the coupling between free and
borylated nitriles with azomethine ylides.

Results and Discussion
Reactivity of 1a-c toward 3a-e

For this study we employed three closo-decaborates [nBu,NI-
[B,oHo(NCR)] (1a: R'=Me; 1b: R'=Et; 1c: R'=Ph) and five
azomethine ylides, that is, p-R*C;H,NTCH COCH,R*p (2a: R®*=
H, R*=H, X=Br; 2b: R®*=H, R?=Me, X=I; 2c: R®®*=H, R*=
OMe, X=1; 2d: R®*=H, R*=F, X=I; 2e: R®*=Me, R*=Me, X=
Br). The latter species were generated in situ by the treatment
of the corresponding pyridinium  salts  [p-R*CH,NT
CH,COC4H,R>pl(X) with Et;N in accord with the known proto-
col” The reaction between the nitrile functionality in 1a-
¢ and azomethine ylides 3a—e (in all possible combinations)
proceeded rapidly in a solution of CH;NO, under mild condi-
tions (RT, 2 min) to afford 4a-o (ca. quantitative yields based
on NMR analysis in [Dg]DMSO, 71-87 % yield of isolated prod-
ucts for 4a-hk-n; Scheme 3. Compound numbering is given
in Table 1).

Anionic species 4i, 4j, and 40, upon removal of the solvent
and treatment with methanol, formed the mixed salts
[nBu,NI, [p-R*CsH,N T CH,COCH,R>pl,[B;oHs-
{NCR'=C(N"C4H,R*-p)COC4H,R*p}] with varied ratios
between the cations depending on the insignificant
differences in the isolation conditions.

The reaction rate is almost independent on the
nature of the substituents R', R% R® and it is mostly
determined by the rate of dissolution of the borylat-
ed nitriles. All isolated compounds 4a-hk-n are
stable at room temperature both in the solid state
and in a solution of [D;JDMSO for at least one
month.

Monitoring the reactions with ESI-MS and NMR techniques
indicate that under similar reaction conditions (RT, CH;NO,) no
coupling occurs upon treatment of the electron-deficient ni-
triles CCI,CN, MeC(O)CN, and CHCI,CN with the most reactive
azomethine ylide (2¢c) in the presence of Et;N over a period of
three weeks. These data suggest that the C=N group in the
boron clusters is substantially better activated toward the nu-
cleophilic addition as compared to the C=N group even in
electron-deficient nitriles such as R'CN.

Unlike the reaction of R'CN, where DCA was observed (see
Introduction), pyridinium azomethine ylides undergo nucleo-
philic addition without cyclization, (Scheme 4, compound a:
Y =CF;, C5F;; A=NH),%¥ to such C-electrophiles as CS, in pres-
ence of alkylating agent (Scheme 4, compound b: Y =S-Alk;
A=5)%" acyl chlorides (Scheme 4, compound c: Y=Ar; A=
0),%83 isocyanates (Scheme 4, compoundd: Y=NHR; A=
0),%? isothiocyanates (Scheme 4, compound e: Y=NHR; A=
5),“Y aldehydes (Scheme 4, compound f),*"*? quinolone
N-oxide (Scheme 4, compound g)*¥ 2,4,6-trinitrochloroben-
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Scheme 3. Synthetic transformations. characterized by ICP-mass spec-
trometry (B%). The obtained
compounds give satisfactory
ICP-MS-based elemental analysis (see the Supporting Informa-
Table 1. Compound numbering for the borylated enamino ketones. tion). In the ESI™ mass spectra of 4a-o, the most intensive sig-
. : . s nals correspond to [A]” and the less intensive ones correspond
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Scheme 4. Products derived from the nucleophilic addition of pyridinium-
based azomethine ylides to C-electrophiles.

<4 \>

zene (Scheme 4, compound h),*¥and several alkenes (substitu-
tion at the C,, atom).>™* Hence, the reaction reported here
represents the first example of the selective nucleophilic addi-
tion of pyridinium azomethine ylides to the nitrile group and
the first example of new carbon-carbon bond formation in the
reaction of nitrilium derivatives of boron clusters with any nu-
cleophiles so far tested.
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characteristic for ionic species of the [A]'[Q]" type in this sol-
vent (measured values: A,,=119-127 Q'cm?’mol™’, typical
range:*®¥ A,,=120-160 Q'cm?mol ).

In the IR spectra (see the Supporting Information) of 4a-
h,k-n, the most intensive signals are strong bands correspond-
ing to v(B—H) vibrations observed in the range of 2451-
2515 cm™', meanwhile strong bands corresponding to v(C=0)
of the cationic part of the molecule were observed in the
region of 1681-1703 cm™'. The most characteristic band of
each 4a-hk-n falls in the range 1335-1340 cm™' and it corre-
sponds to the vibrations of the conjugated system NH-C=C-
C=0. No »(C=N) bands at approximately 2300 cm™', specific
for the starting nitrilium salts,” were observed.

The specific feature of the "H NMR spectra (see the Support-
ing Information) of 4a-o is the presence of a singlet at
0=11.42-11.13 ppm from the NH--O group. In the *C{'"H} NMR
spectra of 4a-hk-n, the most characteristic signals are the
C=0 resonance of the anion that fall in the interval of 6=
180.6-182.4 ppm and C=C-N peak in the range 6=165.0-
171.8 ppm. The "B{'H} NMR confirmed the closo-decaborane
structure of 4a-o0. Two singlets from the apical boron atoms
B' and B' were observed in the range 0=0.5-1.0 ppm and
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from d=-0.6 to —1.0 ppm, respectively, the weak broad sin-
glet of the substituted boron atom B? was found between 6 =
—12.6 and —13.7 ppm, and the other equatorial atoms
emerged as a multiple signal in the intervals between 6=
—23.7 and —24.2 ppm (B? B°, B% B, and 0=-26.0 and
—27.5 ppm (B, B, B®). All signals of the unsubstituted boron
atoms split into doublets without the broadband 'H decou-
pling, whereas the substituted B* atom still gives the singlet
signal.

The single-crystal X-ray analysis of 4a and 4b (Figure 1 and
Figure S1 in the Supporting Information) disclose the presence
of two independent ionic parts. All bond lengths and angles of

C34

Figure 1. ORTEP view of 4a with the atom numbering. The thermal ellip-
soids are drawn at the 30% probability level.

the cationic part are the same, within 3¢, as those described in
the literature.*” The anionic parts of 4a and 4b consist of the
closo-decaborate cluster bound to the organic fragment
through the N1 atom. In the cluster part, the B—B bond distan-
ces and angles are typical for 2-substituted nonahydro-closo-
decaboron clusters.**® The bond lengths N1-B2 are equal,
within 30, to those in the starting borylated nitrile.”® The ge-
ometry of the anionic part of the molecule is determined by
hydrogen bonding, N1-H--O1, giving a slightly distorted
planar six-membered system H-N1-C1-C3-C9-O1. The bond
lengths N1—C1, C1—C3, C3—C9, and C9—-01 (see Table 2) of this
system are intermediate between the reported values for the
corresponding standard single and double bonds.®" The bond

Table 2. Selected bond lengths [A] and dihedral angles [°] for 4a and
4b.
Bond lengths Compounds Angles Compounds
4a 4b 4a 4b
N1-B2 1.522(2) 1.523(4) C1-N1-B2 130.60(16)  131.5(2)
N1-C1 1.311(2)  1.315(33) N1-C1-C3 119.96(16)  120.9(2)
C1-C3 1420(2) 1.412(4) (C1-C3-C9 124.91(16)  125.6(2)
c3—C9 1.408(3) 1.406(4) (C3-C9-O1 122.36(16)  121.0(3)
01-C9 1.256(2) 1.262(3) N1-C1-C2 118.63(16)  117.4(3)
a—-C2 1.492(3) 1.494(4) (C3-C1-C2 121.37(16)  121.6(2)
N2—C3 1.452(2) 1.463(3) C1-C3-N2 117.33(15)  117.1(2)
c9—-C10 1502(2) 1.492(4) (C9-C3-N2 17.73(15)  117.2(2)
C3-C9-C10  120.72(16)  121.3(2)
01-C9-C10  116.92(16)  117.7(3)
1078  www.chempluschem.org
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lengths and angles are very close to similar systems observed
previously.">*¥ Owing to the hydrogen bonding N1-H--O1
and the planarity of the H-N1-C1-C3-C9-O1 system, the aromat-
ic rings are sterically hindered. The torsion angle O1-C9-C10-
C11 is 58.8° for 4a and 51.4° for 4b and, consequently, the
carbonyl group is extensively turned away from conjugation
with the phenyl ring. This observation obviously explains the
unconventional chemical shifts of CO-C4H,R*p in the 'H NMR
spectra of the anionic part of 4a-o. The pyridinium ring is
turned at 69.9° for 4a and 69.2° for 4b with respect to the
plane C1-C3-C9 and does not conjugate with the system H-N1-
C1-C3-C9-01. All other bonds and angles have expected
values.

Theoretical considerations and reaction mechanism

With an aim to interpret and explain the experimental observa-
tions, quantum chemical calculations of the plausible reactions
mechanisms of both cycloaddition and nucleophilic addition of
free and borylated nitriles [N=CMe and [B;,Hy(N=CMe)]~ (I)]
with the azomethine ylide C;HNTCHC(O)Me (Il) have been
performed at the DFT level. Two main questions were raised,
that is, 1) why are the borylated nitriles much more active
toward the azomethine ylides than free N=CR and 2) why
does the reaction between borylated nitriles and azomethine
ylides affords the nucleophilic addition product instead of a cy-
cloadduct?

Cycloaddition of Il to nitriles
Reaction mechanism

For this reaction, there are two regioisomeric pathways leading
to 5-acyl (11, IV1) and 2-acyl (112, IV2) 2,5-dihydro-1H-imida-
zoles (Scheme 5). Within each regioisomeric pathway, two ste-
reoisomers may be formed [lll1a(b), lll2a(b), IV1a(b), and
IV2a(b). Finally, the formation of two conformers with different
position of the C(O)Me substituent relative to the heterocycle
is possible for each stereoisomer except Ill2a for which only
one conformer Ill2a2 was found.

For CA of Il to N=CMe or |, transition states of a concerted
mechanism were located for each reaction pathway except for
that leading to IV1a2 (Figure 2 and Figure S2). At the same
time, isomer IV1a2 can be easily formed from IV1a1 upon ro-
tation around the carbon-carbon bond (Scheme 5). Besides,
two stepwise pathways were found for CA of Il to I involving
the generation of acyclic intermediates INTIV1a1 or INTIV2a2
and leading to the CA products IV1a1 and IV2a2, respectively
(Scheme 6). The second steps (ring closure) are rate determin-
ing. No stepwise route exists for the reaction of Il with
N=CMe.

Kinetic factors

The calculated activation energy (in terms of AG,”) is lowest
for the pathway that affords isomers Ill1b1 and IV1b1
(Table 3). For the reaction between N=CMe and Il, the corre-
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Scheme 5. 1,3-Dipolar cycloaddition of azomethine ylide Il to N=CMe and [B,,H,(N=CMe)]" (I; transition states of the concerted mechanisms are indicated).

sponding AG,” value is 33.9 kcalmol~'. This value is higher
than AG,” for the reactions of N=CMe with the simple acyclic
azomethine ylide CH,=N"(Me)CH,™ (19.0 kcalmol™) and with
the nitrone CH,=N"(Me)O~ (31.5 kcalmol™) in a solution of
CH,CL,.>>¥ Taking into account that N=CMe does not react
with acyclic nitrones,®®*” its reaction with Il is also not expect-
ed, in accordance with the experimental observations (see
above).

The lowest activation barrier to CA of Il to I is 21.1 kcal
mol~". This is 12.8 kcalmol~' lower than the AG,” value of the
boron-free reaction and corresponds to an enhancement of
the reaction rate by a factor of 2.5x10°! Thus, the binding of
the N=C group to the B atom results in a dramatic activation
of nitriles toward CA with azomethine ylides, and the reaction
Il+1 is quite favorable kinetically. The second regioisomeric
pathway (i.e. that yielding isomers 1112 and IV2) is clearly less
favorable.

Synchronicity

Another important characteristic of the concerted mechanism
is the degree of its synchronicity. The most reliable criterion of
the synchronicity is based on the estimate of parameter S,
which may vary from 0 (stepwise mechanism) to 1 (completely
synchronous CA; see computational details in the Experimental
Section). The S,value of CA II+N=CMe is 0.70 (the HI1b1
pathway) indicating that the mechanism is asynchronous by
30%. The coordination of N=CMe to [B,,H,]™ leads to a signifi-
cant increase of the asynchronicity to S,=0.54 with the forma-
tion of the carbon-carbon bond preceding the carbon-nitro-
gen bond making. Such an increase of the asynchronicity is ac-
counted for by significant steric repulsions between the pyri-
dine ring and the boron cluster in TSIV1b1 (Figure 2).
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Thermodynamic factors

The calculations demonstrate that isomers IlI1b2 and IV1b2
are the most thermodynamically stable among the others.
They can be easily formed from the most kinetically accessible
isomers llI1b1 and IV1b1 upon rotation around the carbon-
carbon bond. At the same time, the energies of all other iso-
mers are higher only by 0.7-4.3 kcalmol™ (Table 3). The Gibbs
free energies of the formation of all isomers Il and IV in
a CH;NO, solution (AG,) are significantly positive (9.6-15.2 kcal
mol™). Thus, CA of Il to both N=CMe and | is not favorable
thermodynamically, and generation of CA products upon the
reaction of Il with I is not expected despite the comparatively
low activation barrier of this process, in agreement with the
experimental data (see above).

Nucleophilic addition of Il to nitriles
Concerted mechanism

For the nucleophilic addition reactions (NAs) to nitriles, three
general types of mechanism may be considered, that is, con-
certed, associative, and dissociative. The first one (Scheme 7)
includes the formation of a new carbon-carbon bond and the
hydrogen transfer from the azomethine carbon atom to the ni-
trile nitrogen in a single step via one cyclic transition state.
This transition state may be either four-membered (type a) or
six-membered (type b). In the latter case, a solvent molecule
participates in the formation of TS and plays the role of the hy-
drogen-transfer promoter. Taking into account that the solvent
used in the experimental part (nitromethane) was not dried
and, hence, contains some water, namely H,O was considered
as the hydrogen-transfer promoter in TSs of type b (however,
the bulky solvent effect was calculated at the CPCM level for
CH5NO, as solvent, see computational details in the Experimen-
tal Section).
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via the four-membered transi-
tion states are significantly
higher than those via the six-
membered TSs (Table 3). This
finding is not surprising consid-
ering the fact that six-mem-
bered structures are usually
more stable than four-mem-
bered ones. The barrier of the
nucleophilic addition II+N=

CMe via TSVémem is 45.9 kcal
mol™', which is too high for an
effective realization of this
route. The activation energy of
the reaction Il 41 via TSVI6mem
is 24.3 kcalmol™', which is quite
acceptable for occurrence of

TSIV2b1 TS1Ivial TS2lViat the reaction. However, this
value is higher than the barrier
found for the CA route between
Il and 1 (21.1 kcalmol™). Hence,
NA via a concerted mechanism
should be less favorable than
CA, thus contradicting the ex-
perimental findings.

TSI1b1 TSlli2b1 TSIVib1

Associative mechanism

TSVidmem TSViémem INTIV4a1 The associative mechanism of

NA to nitriles (Scheme 8) in-

volves the addition of the nu-

cleophile to the nitrile carbon

— atom and subsequent two-step

proton transfer via either

route A or route B. As was men-

tioned above, no acyclic inter-

mediate was found for the reac-

i tion of Il with N=CMe. Howev-

INTIV1a1-H

5

NTVi=H er, in the case of NA of Il to |,
Figure 2. Equilibrium geometries of selected transition states and intermediates. two intermediates INTIV1a1l
and INTIV2a2 were located. In
fact, these species represent the acyclic intermediates of the
stepwise cycloaddition discussed above (Scheme 6). The activa-
tion energy for the formation of INTIV1a1 (19.6 kcalmol™) is

significantly lower than that of INTIV2a2 (Table 3).

c000¢0
|
T 0O O Z2 W

Transition states of both typesa and b (TSV4mem,
TSV6mem, TSVI4mem, and TSVIébmem) were found for con-
certed NAs (Figure 2). The activation barriers of the reactions

A\Y
=\ + _/C—Me
ZN 17 /%, | N I° | . f&j
7 - +_ N C
O gl TS2IV2a2 ﬂ 1 TS1iv2az  H TS1IV1a1 N TS2IV1a1 N T Me
\cv\ <«—— H-Cqy - — I —_— A e N=cl
Mé N=CQ (B o] = (I: » _Me H—/ch¢ Bt Ny
- S —_ oftg, e
[BioHsl Me TSN N e T * BioHl < 2C Ne
o B.oHd~N=C—Me |~ Me IVia1
IV2a2 INTIV2a2 [BioHol=N= ¢ INTIV1a1

Scheme 6. Stepwise mechanisms of cycloaddition of Il to I.

1080  www.chempluschem.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPlusChem 2012, 77, 1075 - 1086


www.chempluschem.org

Reaction Mechanisms

Table 3. Calculated Gibbs free energies of activation and reaction in a so-
lution of CH;NO,.

Reaction AG,* AG,
[kcalmol™"] [kcalmol™"]

N=CMe +Ill—lll1a1 via TSllI1a1 36.1 15.2
N=CMe + ll—lllI1a2 via TSlllI1a2 40.6 14.3
N=CMe +II—Il11b1 via TSIII1b1 339 14.3
N =CMe + l1—1l11b2 via TSIII1b2 36.3 12.8
N =CMe + l1—1l12a2 via TSIlI12a2 45.8 15.1
N =CMe +I1—1112b1 via TSIlI2b1 413 13.8
N =CMe + I1—1112b2 via TSIlI2b2 46.7 14.3
I+11—IV1a1 via TSIV1a1l 215 13.8
I+11—1V1a2 - 124
1+11—1V1b1 via TSIV1b1 211 13.4
1+ 11—IV1b2 via TSIV1b2 24.9 9.6
I+ 11—IV2a1 via TSIV2a1 39.0 13.7
1+ 11—1V2a2 via TSIV2a2 47.0 1.4
1+ 11—1V2b1 via TSIV2b1 38.3 10.5
14+ 11—1V2b2 via TSIV2b2 52.1 10.2
I+ 11—INTIV1a1 via TS1IV1al 19.6 1.6
INTIV1a1—IV1a1 via TS2IV1a1l 16.1 23
1+ 11—INTIV2a2 via TS1IV2a2 455 46.6
INTIV2a2 —IV2a2 via TS2IV2a2 3.1 —35.3
N=CMe+ -V via TSV4mem 68.0 14.4
N=CMe+ 11—V via TSV6mem 459 14.4
14+ 11—V via TSVI4mem 443 —3.6
14+ 11—V via TSVI6mem 24.3 —-3.6
INTIV1a1l+H,0—INTIV1al-H +H,0* - 54.9
INTIV1a1+ Me;N—INTIV1al-H + Me;NH™ - 29.3
INTIV1a1l +1l—INTIV1al-H 4+ 11" - 159
INTIV1a1 +Me;NH T —INTIV1aTH™ +Me;N - —14.0
INTIVIaTlH* +Me;N—V + Me,NH* - 12

In accord with route A (Scheme 8), intermediate INTIV1a1l
should undergo deprotonation. The reactions INTIV1al+B—
INTIV1a1-H™ +BH™" are still endoergonic by 54.9, 29.3, and
15.9 kcalmol™, for B=H,0, Me;N, and II, respectively. However,
the azomethine C—H bond in INTIV1a1 is significantly more
acidic than that in Il. Within route B (Scheme 8), the protona-

Vcé
S
M

TSV4mem; TSVi4dmem

X |+ ,
| [Al

+ -
dN
\C -
L ‘Céo

~N= ~ ‘
Al Me ‘Me
TSV6mem; TSVI6mem

H
Yo--H

.

H

Iy
.

+ H,0

-H,0

[A] = no (TSV); B4oHg™ (TSVI)

Scheme 7. Concerted mechanism of nucleophilic addition of Il to nitriles.
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tion of INTIV1a1 should occur first, and the calculations dem-
onstrate that the process INTIV1a1-+Me,;NH* —INTIV1a1lH* +
Me;N is exoergonic by 14.0 kcalmol™ (Me;NH™ is formed
upon the in situ generation of the azomethine ylide; see the
Experimetal Section). Thus, the protonation of INTIV1a1l is
much more favorable compared to its deprotonation.

The proton elimination from the former ylide fragment in
INTIV1a1lH*t leads to the final experimentally isolated NA
product V and this step is also exoergonic by 1.2 kcalmol™'.
Note that the ring closure in INTIVial to give IV1a1l
(Scheme 6) requires overcoming an activation barrier of
16.1 kcalmol ™.

The overall activation barrier of NA I+11—V via the associa-
tive mechanism (route A) is 19.6 kcalmol™', the formation of
INTIV1a1 is the rate limiting step (Figure 3). This value is lower
than the activation energies of both concerted NA (24.3 kcal
mol™") and CA (21.1 kcalmol™), thus, correlating with the ex-
perimental formation of the NA product instead of the CA one.
However, the main driving force determining the direction of
the reaction of Il with | has a thermodynamic rather than a ki-
netic nature. Indeed, the AG; value of NA Il+1—V is negative
(—3.6 kcalmol™), whereas the reaction energy of CA ll4-1—
IV1b2 is clearly positive (9.6 kcalmol™).

Besides, the dissociative mechanism of NA of Il to nitriles
was also considered but found to be highly unfavorable (see
the Supporting Information for details).

Factors controlling the reactivity of the borylated and the
boron-free nitriles toward Il

Steric factor

The presence of a bulky substituent such as [B,,H,]™ at the ni-
trile nitrogen atom provides a strong steric repulsion between
the boron cluster and the approaching ylide upon the reaction
of I with Il. This steric effect dramatically increases the asyn-
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Scheme 8. Associative mechanism of nucleophilic addition of Il to I.

AG,, kcal mol~!
A
INTIV1a1-H™
30 + (+II*; =)
TSVIémem
TSIV1b1
20 +
10 + INTIV1a1
0L
INTIV1a1H*
(*Me3N; —Me3NH")
—10 +

Figure 3. Energy profiles of some reaction pathways: stepwise nucleophilic additions in
green (the most favorable route) and magenta (less favorable route), concerted nucleo-

philic addition in red, and cycloadditions in blue].

chronicity of the process, thus hampering the carbon-nitrogen
bond formation and facilitating creation of the carbon-carbon
bond. As a result, the generation of the acyclic intermediate
INTIV1a1 further converting to NA product V becomes possi-
ble and favorable for the borylated nitrile; although no species
of such type can be formed in the case of acetonitrile. More-
over, the steric repulsion upon the formation of the carbon-ni-
trogen bond makes CA products IV thermodynamically unsta-
ble compared to NA product V.

Molecular orbital composition and energies

In terms of the frontier molecular orbital (FMO) theory, the NA
reactions are controlled by the interaction of the HOMO of the
nucleophile and of the LUMO of the substrate. For the CA reac-
tions, three main groups may be distinguished in accord with
the classification by Sustmann,®®? that is, group| (normal
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electron demand processes with the predominant
HOMO ip01e=LUMO gipoiarophite interaction), group Il (in-
verse electron demand reactions with the prevailing
HOMO gipoiarophite—LUMOy;p0e interaction), and group |l
(“neutral” processes with both HOMO-LUMO interac-
tions efficiently operating).

The analysis of the FMO energies and composition
indicates that CA of Il to N=CMe is clearly a normal
electron demand process (Figure 4). Thus, for
a given dipole, the reactivity of nitrile should
depend on its LUMO energy.

Several highest occupied MOs of | are localized on
the B,(H, fragment while the first occupied MO cen-
tered on the C=N bond [n(C=N)] is HOMO-16. The
first unoccupied MO corresponding to m*(C=N) is
the LUMO (Figure 5). The binding of N=CMe with
the B atom at [B,,Ho]~ results in an increase of the
energies of both (C=N) and t*(C=N) because of ac-
quired overall negative charge of I. As a result, both
HOMO,;4-LUMO, and HOMO-16-LUMO,;4. gaps
become similar (6.85 and 6.58 eV, respectively) and CA of Il to |
belongs to groupll. It is interesting that the smallest
HOMO(C=N)-LUMO gap increases ongoing from N=CMe
(5.84 eV) to | (6.58 eV; Figure 4), and a lower reactivity of | is
expected compared to N=CMe. This finding contradicts the ex-
perimental data and the computational results discussed
above and, thus, demonstrates that the FMO theory fails to
predict correctly the reactivity of the systems under study.

IV1a1

Effective atomic charges

Another factor which controls the reactivity of the nitriles
toward Il is the effective atomic charge on the reacting atoms.
Taking into account that CA of Il to | is asynchronous with the
prior formation of the carbon-carbon bond, namely the
charge on the nitrile Catom is crucial for both CA and NA
pathways. The calculations indicate that the NBO atomic

ChemPlusChem 2012, 77, 1075 - 1086
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AE, Hartree
A

-0.1 -

-0.2 +

=03

HOMO-16

Figure 4. Relative energies of the interacting HOMOs and LUMOs of reac-
tants (the HOMO-LUMO gaps are indicated in eV).

HOMO

Figure 5. Plots of selected frontier molecular orbitals.

charge on the nitrile C atom dramatically increases upon bind-
ing of N=CMe with [B,;Hs]™ (from 0.28 e to 0.45 e). Such an
enhancement should facilitate the attack of a nucleophile (or
of a nucleophilic center of 1,3-dipole) at the nitrile C atom.
Thus, the great activation of the nitriles upon borylation may
be explained in terms of electrostatic arguments. It is also in-
teresting that the charge on the nitrile N atom becomes less
negative (from —0.33 e in N=CMe to —0.24 e in |). Therefore,
the borylation results in a release of the electron density from
the entire C=N group of nitriles.

Conclusion

We observed the novel reaction between the closo-decaborate
clusters [nBu,NI[B;,Hs(NCR")] and the azomethine ylides, which
selectively affords products of the nucleophilic addition, that
is, the borylated enamino ketones [B;H{NCR'=C(N"C,H,R>-
p)COC¢H,R*p}1~, and no species derived from DCA was detect-
ed. This coupling represents the first example of new carbon-
carbon bond making in the reaction of nitrilium derivatives of
boron clusters with any nucleophile so far tested. The forma-
tion of new carbon-carbon bonds is of central importance in
organic chemistry as skeleton-forming processes. In main
group element chemistry, the studied reaction provides an
easy access to modification of boron clusters under mild condi-
tions and this is useful for, for example medicinal chemistry
and for syntheses of libraries of potential agents for the boron
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neutron capture therapy.""%¥ This reaction also represents the

first example of the nucleophilic addition of phenacyl pyridini-
um-based azomethine ylides to the nitrile functionality.

To explain the selectivity of the reaction (nucleophilic addi-
tion vs. cycloaddition), we studied the reactivity of the free
and the borylated nitriles, N=CMe and [B,,Hs(N=CMe)]~ (1),
toward the azomethine ylide C;H;N"CH C(O)Me (Il) by theo-
retical (DFT) methods. The calculations indicate that DCA of Il
either to N=CMe or to | is clearly thermodynamically unfavor-
able (AG,= +12.8 and + 9.6 kcalmol™', respectively). However,
different activation barriers (33.9 vs. 21.1 kcalmol™', corre-
spondingly) indicate the significant kinetic activation of
N=CMe upon its binding to [B;,H,]~. Such activation can be
accounted for in terms of electrostatic arguments as a result of
an increase of the positive atomic charge on the C nitrile atom
ongoing from N=CMe to I, while the FMO theory fails to ex-
plain this effect.

The nucleophilic addition of Il to | is exoergonic by
—3.6 kcalmol™, with slightly lower activation barrier compared
to the CA pathway (19.6 kcal
mol™). Thus, the experimentally
observed formation of the nu-
cleophilic addition product in-
stead of CA adduct can be ra-
tionalized by the thermodynam-
ic factors rather than by the ki-
netic arguments. The lower
thermodynamic stability of CA
adduct compared to NA prod-
uct is explained by the steric re-
pulsion between the bulky [B,,Hs]™ cluster and the ylide mole-
cule. The mechanism of NA of Il to | is associative and includes
the generation of acyclic intermediate INTIV1a1, the protona-
tion of the nitrile N atom leading to INTIV1a1H", and deproto-
nation of the C atom to finally afford V.

The ability to isolate enamino ketones from the reactions
between the closo-decaborate clusters and the azomethine
ylides gives us the opportunity to prepare new classes of
boron-containing bidentate ligands for use in the areas of co-
ordination and organometallic chemistry. The complexation of
these chelates with metal centers (for recent studies see
Refs. [64-68]) generating complexes functionalized with the
closo-decaborate moiety should open up yet another method
for facile derivatization of the boron clusters and research in
this direction is currently underway by our group.

Experimental Section
Instrumentation and Materials

The reagents RC,H,COMe (R=H, F: Acros Organics; Me, OMe: Alfa
Aesar), pyridine, 4-picoline, and the employed solvents were ob-
tained from commercial sources and used as received. closo-Deca-
borate clusters 1a,%” 1b, 1¢"" and 1d® were prepared in accord
with the published methods. Pyridinium salts 2b, 2b, and 2¢ were
synthesized by reaction of the substituted acetophenone with pyri-
dine in the presence of iodine by using known protocols,” 2a
and 2d were prepared by reaction of the corresponding a-bro-
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moacetophenone with pyridine or 4-picoline.*? RC4H,COCH,Br (R=
H, Me) were obtained accordingly to known protocols.””

Elemental analysis for boron was performed by the FSUE IREA 291
Center (Moscow) on a iCAP 6300 Duo ICP spectrometer using In as
292 an internal standard. Infrared spectra were recorded on a Shi-
madzu FTIR 8400S instrument in KBr pellets. 'H, *C{'H}, and "B{'H}
NMR spectra were measured on a Bruker-DPX 300 spectrometer at
ambient temperature; BF;Et,O was used as the external standard
for "B{'"H} NMR analysis. Electrospray ionization mass spectra were
obtained on a Bruker micrOTOF spectrometer equipped with elec-
trospray ionization (ESI) source and MeOH or MeCN were used as
the solvents. The instrument was operated both at positive and
negative ion modes using a m/z range of 50-3000. In the isotopic
pattern, the most abundant peak is reported. Molar conductivities
of 107*-10"*m solutions in acetonitrile were measured on a Mettler
Toledo conductometer FE30 using Inlab 710 sensor. Melting points
were determined in a capillary on a Blichi Melting Point 530 Appa-
ratus.

X-ray diffraction studies

The crystals of complexes 4a and 4b were immersed in cryo-oil,
mounted in a Nylon loop, and measured at a temperature of 100 K
or 120 K. The X-ray diffraction data were collected on a Bruker
Smart Apex Il or Bruker Kappa Apex Il Duo diffractometer using
Mo, radiation (1=0.71073 A). The APEX2"? software package was
used for cell refinements and data reductions. The structures were
solved by direct methods using the SHELXS-97"% program with
the Olex2” graphical user interface. A semiempirical absorption
correction (SADABS)”® was applied to all data. Structural refine-
ments were carried out using SHELXL-97.”¥ The crystal of 4b was
diffracting only weakly. The butyl propionate of crystallization was
heavily disordered and therefore omitted from the final structure
model. The contribution of the disordered solvent to the calculated
structure factors was taken into account by using the solvent mask
routine of Olex2."¥ The missing solvent was also taken into ac-
count in the unit cell content. In structure 4a the NH hydrogen
atom was located from the difference Fourier and refined isotropi-
cally. All other hydrogen atoms were positioned geometrically and
constrained to ride on their parent atoms, with C—H=0.95-0.99 A,
N-H=0.88 A, B-H=1.12A, and U,=1.2-1.5U,, (parent atom).
The crystallographic details are summarized in Table 4.
CCDC 902348 (4a) and 902349 (4b) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Computational details

The full geometry optimization of all structures and transition
states has been carried out at the DFT/HF hybrid level of theory
using Becke's three-parameter hybrid exchange functional in com-
bination with the gradient-corrected correlation functional of Lee,
Yang and Parr (B3LYP)"%”” with the help of the Gaussian-03"® pro-
gram package. No symmetry operations have been applied. The
geometry optimization was carried out using the 6-31G(d) basis
set followed by the single-point calculations with the 6-311+
G(d,p) basis set. As was shown previously,*¥ this approach is suf-
ficiently accurate for the description of CAs to the C=N bond pro-
viding results close to those obtained by such methods as MP2,
MP4, CCSD(T), CBS-Q, and G3B3.
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Table 4. Crystal Data.

4a 4b
formula C35H40B10N;0, C;,Hs3B1oN;O,
Mr 683.87 711.92
T(K) 100(2) 120(2)
A(R) 0.71073 0.71073
crystal system Triclinic Triclinic
space group Pi Pi
a Al 8.3048(10) 8.3414(15)
b Al 14.3736(17) 14.338(3)
c Al 17.191(2) 16.561(3)
a [deg] 109.546(6) 93.244(6)
B [deg] 95.222(7) 96.105(5)
y [deg] 100.532(7) 100.330(6)
Vv [A%] 1875.4(4) 1931.8(6)
z 2 2
Peac Mgem™] 1.211 1.224
#(Moy,) [mm™] 0.073 0.074
No. reflns. 47852 24572
unique reflns. 9344 6779
GOOF (F?) 1.024 0.901
Rine 0.0534 0.0824
R (1> 20) 0.0588 0.0667
WR,™ (1> 20) 0.0994 0.1457
@l Ry =2 |Fo|-|Fc| |/Z]Fo|. [b] WR, = [ZIW(F,2—F 221/ ZIw(F, 2112

The Hessian matrix was calculated analytically for the optimized
structures to prove the location of correct minima (no imaginary
frequencies) or saddle points (only one imaginary frequency), and
to estimate the thermodynamic parameters, the latter being calcu-
lated at 25°C. The nature of all transition states was investigated
by the analysis of vectors associated with the imaginary frequency
and by the calculations of the intrinsic reaction coordinates (IRC)
using the Gonzalez-Schlegel method.”*®" Sometimes, the IRC cal-
culations failed due to low imaginary frequency of a transition
state. In these cases, the analysis of the TS nature was performed
in accord with the following procedure. First, the atoms of TS were
shifted from the equilibrium positions along the vectors corre-
sponding to the imaginary frequency, in both directions. Then, ge-
ometry optimization with small size of an optimization step was
carried out.

Total energies corrected for solvent effects (E,) were estimated at
the single-point calculations on the basis of gas-phase geometries
at the CPCM-B3LYP/6-311+ G(d,p)//gas-B3LYP/6-31G(d) level of
theory using the polarizable continuum model in the CPCM ver-
sion®# with CH,NO, as solvent. The UAKS model was applied for
the molecular cavity. The entropic term in solution (S;) was calcu-

lated according to the procedure described by Wertz® and

Cooper and Ziegler® using [Egs. (1)-(4)]

AS, = Rlnvrsn.liq/vm-gaS (1)

AS, = R|nVr‘;/Vrsn_’qu (2)
$os (s RNV, V., )

o= lig gas m.Ilq/ Kl (3)

(&% + RINV, 1/ Vi gas)
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S,= S, + ASy
=S4+ [AS; + a(Sy + AS;) + AS,]
=S, + [(—12.16 calmol~" K)-0.233(S,—12.16 cal mol~" K)
+5.81 calmol™" K]

(4)

where S,=gas-phase entropy of solute, AS,,=solvation entropy,
5% $7%gas @and Vo, =standard entropies and molar volume of
the solvent in liquid or gas phases (171.8 and 275.0 Jmol 'K and
53.65 mLmol ', respectively, for CH;NO,), Vingas=molar volume of
the ideal gas at 25°C (24450 mLmol™"), V°,,=molar volume of the
solution corresponding to the standard conditions (1000 mLmol ™).
The enthalpies and Gibbs free energies in solution (H, and G,) were
estimated using the [Egs. (5) and (6)]

H.= E,(6-311 + G(d,p)) — E4(6-311 + G(d,p))

(5)
+ Hy(6-31G(d))

G, = H,—TS; (6)

where E, E; and H, are the total energies in solution and in gas
phase and gas-phase enthalpy calculated at the corresponding
level.

The atomic charges were computed by using the natural bond or-
bital (NBO) partitioning scheme.®® The synchronicity of CAs (S,)
was calculated using the formula:-%

sy:1—(2n—2)*'~2% 7)

i=1 av

where n is the number of bonds directly involved in the reaction
(n=5 for 1,3-dipolar cycloadditions), 8B, is the relative variation of
a given Wiberg bond index B; at the transition state relative to re-
actants (R), and products (P) and it is calculated as:

B 8"
OB = g (8)

If the OB, value is negative it is assumed to be zero. The average
value of 0B; (0B,,) is defined as:

OB, =n"') 8B, (9)
i=1

For ylide CsHsNTCH C(O)Me, two conformers were calculated (Il
and lla, Table S2 and Table S3), and the first one was found to be
the most stable. The activation and reaction energies were estimat-
ed relative to Il
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