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ABSTRACT: Although alkynes have been extensively exploited in [2 + 2 + 2]
cycloadditions with nitriles to form N-heterocyclic aromatics, the “alkyne-like” metal−
carbon triple bond has never been used in [2 + 2 + 2] cycloadditions with nitriles. We
demonstrate the synthesis of the first metallapyrazine through [2 + 2 + 2] cycloaddition
reactions of a metal−carbyne complex with nitriles. Experimental observations and
density functional theory calculations are evidence for the aromatic character of the
metallapentalenopyrazine.

■ INTRODUCTION

Transition-metal-catalyzed [2 + 2 + 2] cycloadditions have
gained considerable popularity as efficient synthesis strategies
to construct six-membered carbocyles, such as benzenes and
cyclohexadienes, or heterocycles, such as pyridines and
pyrimidines.1 Alkynes and nitriles are two common structures
containing triple bonds and are employed in [2 + 2 + 2]
cycloadditions, which have been extensively studied with many
catalysts.2 The close structural relationship between alkynes
with their carbon−carbon triple bonds and metal−carbyne
complexes which contain metal−carbon triple bonds has
inspired many attempts to investigate the reactivity similarities
between these two moieties.3 The use of metal−carbyne
species in the [2 + 2 + 2] cycloadditions with nitriles, however,
remains elusive. Recently, we reported metallapentalynes, a
novel class of cyclic metal−carbyne complexes, which contain
the smallest angles observed so far at a carbyne carbon and
exhibit unusual planar Möbius aromaticity.4 The extremely
strained bond angles of metallapentalynes result in high
reactivities, leading to cycloaddition reactions with various
unsaturated substrates to produce a series of unique metalla-
cycles.5 Inspired by the [2 + 2 + 2] cycloadditions of alkynes
and nitriles (Scheme 1, eq 1), we speculated that the metal−
carbon triple bond within metallacycles could be utilized as an
excellent building block that, upon [2 + 2 + 2] cycloaddition
reaction with nitriles, would lead to a metallapyrazine, a new
cyclic structure (Scheme 1, eq 2). Here, we report a
straightforward strategy, based on this hypothesis, to produce
the first aromatic compounds with a metallapyrazine skeleton.
Our strategy also provides convenient and regioselective access
to extraordinary metal bridgehead aromatics with a high degree
of skeletal complexity.

■ RESULTS AND DISCUSSION
As shown in Scheme 2, treatment of osmapentalyne (1) with
2,2-diphenylacetonitrile in the presence of NaOH at 60 °C for
4 h led to a tricyclic complex (2) in 85% isolated yield. The
structure of complex 2 was characterized by multinuclear
magnetic resonance (NMR) spectroscopy, high-resolution
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Scheme 1. Formal [2 + 2 + 2] Cycloaddition Reaction of a
Metal−Carbyne Complex with Nitriles (TM Cat. =
Transition Metal Catalysts)

Scheme 2. Reaction of Osmapentalyne 1 with 2,2-
Diphenylacetonitrile
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mass spectrometry (HRMS), and elemental analysis (EA). The
1H NMR spectrum of complex 2 showed a characteristic H1
signal at 11.46 ppm as a doublet split by the interaction with
the phosphorus atom. Other protons of the metallacycle were
observed at 6.86 (H5) and 5.96 (H3) ppm. In the 13C NMR
spectrum, the characteristic signals of the metallacycle were
observed at 226.74 (C1), 184.39 (C4), 182.65 (C7), 152.27
(C5), 147.98 (C6), 144.13 (C9), 141.30 (C8), 137.55 (C3),
and 124.44 (C2) ppm.
The structure of 2 was verified by single-crystal X-ray

crystallography. The crystal structure of 2-BPh4, the derivative
of 2 with the counteranion BPh4

− (Figure 1), reveals a six-

membered N-containing heterocycle fused to the original
metallabicycle of 1. The Os1−N2 and C9−N2 bond lengths of
1.894 and 1.278 Å, respectively, show that N2 is involved in a
double bond6 in a six-membered osmapyrazine. The bond
lengths of C7−N1 (1.306 Å) and C8−C10 (1.383 Å) suggest
that they are conjugate double bonds, and the C−C bond
lengths (C1−C2 1.354, C2−C3 1.454, C3−C4 1.369, C4−C5
1.436, C5−C6 1.353, C6−C7 1.443 Å) suggest that the fused
five-membered rings are not π-electron delocalized.
As hypervalent iodine reagents are extensively used as

oxidants in organic synthesis,7 complex 2 was allowed to react
with a number of hypervalent iodine compounds with the hope
to obtain the aromatic product by oxidative aromatization.
Optimization of the conditions showed that the reaction of
complex 2 with PhI(OAc)2 in the presence of HBF4 at room
temperature for 4 h led to the formation in 87% isolated yield
of an aromatic metallapyrazine derivative (3) (Scheme 3),
which was characterized by NMR spectroscopy. In the 1H
NMR spectrum of 3, characteristic signals are observed at
13.31 (H1), 9.47 (H5), and 8.59 (H3) ppm, downshifted
significantly from the signals of complex 2. The 13C NMR
signals of the metallacycle also show downfield shifts and are
observed at 240.84 (C1), 224.44 (C7), 195.69 (C4), 167.28
(C8), 166.65 (C5), 160.33 (C6), 150.25 (C3), 145.04 (C9),
and 126.54 (C2) ppm. All of these chemical shifts indicate the
aromatic character of 3.

The structure of complex 3 was further confirmed by X-ray
crystallography. As shown in Figure 2, the osmium atom of

complex 3 is in a tricyclic framework. The tricyclic rings are
nearly coplanar, as indicated by the small mean deviation of
0.065 Å from the least-squares plane. The C−C bond lengths
of the fused five-membered rings (C1−C2 1.373, C2−C3
1.428, C3−C4 1.382, C4−C5 1.393, C5−C6 1.384, and C6−
C7 1.414 Å) are almost equal and are intermediate between
the bond lengths of typical CC and C−C bonds. All of the
Os−C bond lengths in complex 3 (Os1−C1 2.068, Os1−C4
2.110, and Os1−C7 2.067 Å) are in the range of reported
osmapentalene complexes (1.926−2.175 Å).5b−d,8 The bond
length of Os1−N2 is 1.882 Å, which is comparable to the bond
length of reported Os−N double bonds.6 The bond lengths of
N1−C8 (1.277 Å) and Cep9−N2 (1.263 Å) are typical of
conjugated C−N double bonds. All of these data suggest a
delocalized structure of complex 3. Notably, the metal-
lapyrazine complex (3) exhibits good thermal stability. A
solid sample of complex 3 is stable in air at 140 °C for at least
3 h (see Table S1).

Figure 1. X-ray molecular structure for the cation of complex 2-BPh4
drawn at the 50% probability level. The phenyl groups are omitted for
clarity. Selected bond lengths (Å) and angles (deg): Os1−C1
2.075(3), Os1−C4 2.097(3), Os1−C7 2.135(3), Os1−N2 1.894(3),
C1−C2 1.354(4), C2−C3 1.454(4), C3−C4 1.369(4), C4−C5
1.436(4), C5−C6 1.353(4), C6−C7 1.443(4), C7−N1 1.306(4),
N1−C8 1.375(4), C8−C10 1.383(4), C8−C9 1.517(4), C9−N2
1.278(4); Os1−C1−C2 121.3(2), C1−C2−C3 112.7(3), C2−C3−
C4 112.3(3), C3−C4−Os1 120.1(2), C4−Os1−C1 73.52(11), Os1−
C4−C5 117.0(2), C4−C5−C6 115.0(3), C5−C6−C7 116.8(3), C6−
C7−Os1 114.3(2), C7−Os1−C4 76.15(11), Os1−C7−N1 127.6(2),
C7−N1−C8 129.1(3), N1−C8−C9 118.0(3), C8−C9−N2 116.4(3),
C9−N2−Os1 145.9(2), N2−Os1−C7 80.22(11).

Scheme 3. Synthesis of the Metallapentalenopyrazine 3

Figure 2. X-ray molecular structure for the cation of complex 3 drawn
at the 50% probability level. The phenyl groups are omitted for clarity.
Selected bond lengths (Å) and angles (deg): Os1−C1 2.068(2),
Os1−C4 2.110(2), Os1−C7 2.067(2), Os1−N2 1.882(2), C1−C2
1.373(3), C2−C3 1.428(3), C3−C4 1.382(3), C4−C5 1.393(3),
C5−C6 1.384(3), C6−C7 1.414(3), C7−N1 1.367(3), N1−C8
1.277(3), C8−C9 1.493(3), C9−N2 1.263(3); Os1−C1−C2
121.19(17), C1−C2−C3 113.1(2), C2−C3−C4 112.6(2), C3−
C4−Os1 119.57(16), C4−Os1−C1 73.47(9), Os1−C4−C5
118.14(16), C4−C5−C6 114.2(2), C5−C6−C7 114.1(2), C6−
C7−Os1 118.82(16), C7−Os1−C4 74.66(9), Os1−C7−N1
126.71(16), C7−N1−C8 127.1(2), N1−C8−C9 114.1(2), C8−
C9−N2 116.0(2), C9−N2−Os1 144.43(17), N2−Os1−C7 82.28(9).
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The past decades have witnessed remarkable advances in the
chemistry of metalla-aromatics5d,9 and have produced a diverse
array of new aromatic complexes that are distinct from their
organic molecules, such as metallabenzene,9b metallabenzy-
ne,9a−g and metallapyridine.9c,10 However, the metalla-
aromatics that have been currently reported do not overlap
entirely with the classical aromatic species, especially those
with N-heterocyclic rings. In particular, fused-ring N-
heterocyclic metalla-aromatics are rare compared to the
monocyclic N-heterocyclic metalla-aromatics. To the best of
our knowledge, complexes containing a fused metallapyrazine
structure have not been reported to date.
The new six-membered ring in complex 3 can be formed by

the reaction of a phenyl group with a CC double bond
through a typical aromatic electrophilic substitution. We
speculate that N1 may be first protonated by HBF4 to enhance
the electrophilicity of the CC double bond in the reaction,
and we examined the reaction between complex 2 and HBF4,
which led immediately to the formation of complex 4 in 93%
isolated yield. As expected, complex 4 could be converted into
complex 3 by reaction with PhI(OAc)2 in the absence of
HBF4, whereas treatment with Et3N led to the conversion of 4
to complex 2.
Complex 4 was fully characterized by single-crystal X-ray

crystallography, NMR, HRMS, and EA. As shown in Figure 3,

the overall structural features of complex 4 is similar to
complex 2, except the protonation of N1. There is strong
hydrogen bonding interactions between N1H and O1, as
indicated by the bond length of N1H−O1 (1.948 Å). In the
1H NMR spectrum, the characteristic signal from H1 was
observed at 12.29 ppm. The other down-shifted hydrogen
signal (12.88 ppm) of complex 4 can be assigned to the NH.
Other characteristic signals of metallacycles are observed at
8.48 (H5), 7.05 (H3) and 5.38 (H11) ppm, which are
relatively downfield of those of complex 2. This is probably
due to the electron-withdrawing effect of the NH+ group.
To shed light on the mechanism of the [2 + 2 + 2]

cycloaddition reaction of the metal−carbyne complex 1 with

nitriles, other substituted nitriles were tested under the same
reaction conditions. In situ NMR experiments suggest that
complex 1 is unreactive toward 2-phenylpropanenitrile and
acrylonitrile, and other aryl-substituted acetonitriles (such as 2-
(pyridin-4-yl)acetonitrile and 2-phenylacetonitrile) can only
undergo nucleophilic attack at C5 of the metallacycle in 1. We
infer that the aryl groups may be an important stabilization
contribution for the intermediate of the [2 + 2 + 2]
cycloaddition reaction.
Based on the above experimental observations, a plausible

mechanism can be proposed for the formation of metal-
lapyrazine complex 3 and is shown in Scheme 4. According to
the previous report,11 the initial reaction of 2,2-diphenylace-
tonitrile with sodium hydroxide may result in a ketenimine
intermediate, which could nucleophilically attack the osma-
pentalyne 1 to form intermediate A. Similar nucleophilic
addition reactions of the carbyne atom in metallapentalynes
have been demonstrated.4b,d,5b,8a Ligand substitution in A with
another molecule of 2,2-diphenylacetonitrile would afford B,
which could facilitate the 6π electron cyclization reaction to
produce complex 2. Evidence for the participation of the
ketenimine intermediate could be derived from the exper-
imental observation that no reaction occurs in the absence of
sodium hydroxide. Subsequent protonation of 2 leads to the
formation of complex 4, which could be oxidized by
hypervalent iodine compound PhI(OAc)2 to form intermedi-
ate C. The structure of C can be rationalized in terms of two
resonance structures, C1 and C2, suggesting the high
electrophilicity of the exocyclic double bond. The electrophilic
aromatic substitution reaction of one of the phenyl rings by the
exocyclic double bond could yield the final product 3.
The good thermal stability, downfield NMR signals, and

equalized bond lengths, together with the ring planarity, are all
consistent with the aromaticity of complex 3, which was
investigated further by density functional theory calculations.
Nucleus-independent chemical shifts (NICS) are commonly
used as criteria to diagnose aromaticity.12 The values of
NICS(1)zz of the model complex 3′ (PH3 groups were used to
replace the PPh3 ligands of complex 3) are shown in Figure 4A.
The negative NICS values are similar to the reported values
from metalla-aromatics,4a−c,8a−c,e suggesting the aromatic
character of the three metallacycles in the metallapentaleno-
pyrazine 3. Note that the NICS(1)zz value of ring A is
obviously larger than those of ring B and ring C. A similar
tendency has been demonstrated in our previously reported
fused metalla-aromtics.8a−c The reduced values of ring B and
ring C may be ascribed to the adjacent two fused rings, which
may decrease the aromaticity of ring B and ring C in
comparison to ring A. Additionally, analysis of the anisotropy
of the induced current density (ACID) provides a visual means
of determining aromaticity.13 As shown in Figure 4B, the
clockwise ring currents revealed in the ACID analysis further
confirmed the aromaticity of complex 3. Isomerization
stabilization energy (ISE)14 is another important criterion
with which to explore aromaticity, in which energy increases
when the conjugated bonds in the aromatic ring are
interrupted. As shown in Figure 4C, the negative ISE values
are comparable to those of an aromatic osmapentale-
ne.4a,b,5a,8a−e

■ CONCLUSION
In conclusion, we have exploited the formal [2 + 2 + 2]
cycloaddition reaction of a metal−carbyne triple bond with

Figure 3. X-ray molecular structure for the cation of complex 4 drawn
with 50% probability level. The phenyl groups are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Os1−C1 2.097(4), Os1−
C4 2.088(4), Os1−C7 2.081(4), Os1−N2 1.878(3), C1−C2
1.358(6), C2−C3 1.444(6), C3−C4 1.349(6), C4−C5 1.422(6),
C5−C6 1.366(6), C6−C7 1.458(6), C7−N1 1.328(5), N1−C8
1.413(5), C8−C10 1.370(6), C8−C9 1.491(6), C9−N2 1.283(5);
Os1−C1−C2 119.5(3), C1−C2−C3 113.1(4), C2−C3−C4
113.4(4), C3−C4−Os1 120.0(3), C4−Os1−C1 73.79(16), Os1−
C4−C5 116.9(3), C4−C5−C6 115.8(4), C5−C6−C7 114.2(4), C6−
C7−Os1 116.5(3), C7−Os1−C4 76.58(16), Os1−C7−N1 126.6(3),
C7−N1−C8 131.9(4), N1−C8−C9 115.3(3), C8−C9−N2 117.0(4),
C9−N2−Os1 148.0(3), N2−Os1−C7 80.64(15).
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nitriles as a new strategy for the synthesis of the first
metallapyrazine motif. The resulting metallapentalenopyrazine
3 represents a novel N-heterocyclic species in a fused-ring
metalla-aromatic system. Our combined experimental and
computational studies have demonstrated the aromaticity of
metallapentalenopyrazine 3. This approach not only extends
the range of the classical [2 + 2 + 2] cycloaddition reaction but
also offers insight into a strategy to construct previously
inaccessible N-containing metalla-aromatic skeletons with
congested metal centers.

■ EXPERIMENTAL SECTION
General Methods. All syntheses were carried out under an inert

atmosphere (N2) using standard Schlenk techniques unless otherwise
stated. Solvents were distilled under N2 from sodium/benzophenone
(diethyl ether) or calcium hydride (dichloromethane). Complex 1
was synthesized according to published literature.1 Other reagents
were used as received from commercial sources without further
purification. Column chromatography was performed on alumina gel
(200−300 mesh) or silica gel (200−300 mesh) in air. Nuclear
magnetic resonance spectroscopic experiments were performed on a
Bruker AVIII-600 (1H, 600.1 MHz; 13C, 150.9 MHz; 31P, 242.9
MHz) spectrometer at room temperature. 1H and 13C NMR chemical
shifts are relative to tetramethylsilane, and 31P NMR chemical shifts

are relative to 85% H3PO4. The absolute values of the coupling
constants are given in hertz (Hz). Multiplicities are abbreviated as
singlet (s), doublet (d), triplet (t), multiplet (m), and broad (br).
High-resolution mass spectra experiments were recorded on a Bruker
En Apex Ultra 7.0T FT-MS. Elemental analyses were performed on a
Vario EL III elemental analyzer.

Preparation of Complex 2. Method A: A mixture of complex 1
(500 mg, 0.40 mmol), 2,2-diphenylacetonitrile (232 mg, 1.2 mmol),
and NaOH (16 mg, 0.40 mmol) in dichloromethane (15 mL) was
stirred at 60 °C for 4 h to give a brown solution. Excess sodium salt
was removed by filtration. The filtrate was evaporated under vacuum
to a volume of ca. 2 mL, and then diethyl ether (20 mL) was added to
the solution. The brown precipitate was collected by filtration, washed
with diethyl ether (2 × 5 mL), and dried under vacuum to give
complex 2 (543 mg, 85%). Method B: A mixture of 4 (200 mg, 0.12
mmol) and triethylamine (50 μL, 0.36 mmol) in dichloromethane (10
mL) was stirred at room temperature for 15 min to give a brown
solution. The solution was evaporated under vacuum to a volume of
ca. 2 mL, and then diethyl ether (15 mL) was added to the solution.
The reddish-brown precipitate was collected by filtration, washed with
diethyl ether (2 × 5 mL), and dried under vacuum to give 2 (182 mg,
95%): 1H NMR plus 1H−13C HSQC (600.1 MHz, CD2Cl2) δ = 11.46
(d, 3J(H, P) = 19.3 Hz, 1H, H1), 7.75−5.96 (66H, Ph and H5), 6.86
(s, 1H, H5, confirmed by 1H−13C HSQC), 5.96 (s, 1H, H3), 5.08 (s,
1H, H11), 3.31 ppm (s, 3H, COOCH3);

31P NMR (242.9 MHz,
CD2Cl2) δ = 12.19 (s, CPPh3), −1.95 ppm (s, OsPPh3);

13C NMR

Scheme 4. Proposed Mechanism for the Formation of 3
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plus DEPT-135, HSQC, and HMBC (150.9 MHz, CD2Cl2) δ =
226.74 (m, C1), 184.39 (dt, 3J(C, P) = 14.0 Hz, 2J(C, P) = 5.3 Hz,
C4), 182.65 (t, 2J(C, P) = 6.4 Hz, C7), 168.00 (s, COOCH3), 152.27
(s, C5), 148.67 (Ph), 148.40 (Ph), 147.98 (t, 3J(C, P) = 3.6 Hz, C6),
144.43 (s, C10), 144.13 (s, C9), 141.30 (s, C8), 137.55 (d, 2J(C, P) =
23.6 Hz, C3), 135.64−126.61 (Ph), 124.44 (d, 1J(C, P) = 67.9 Hz,
C2), 121.06 (Ph), 120.47 (Ph), 52.28 (s, COOCH3), 49.20 ppm (s,
C11); HRMS (ESI) m/z calcd for [C91H72N2O2OsP3]

+, 1509.4416;
found 1509.4407. Anal. Calcd (%) for C91H72BF4N2O2OsP3: C,
68.50; H, 4.55; N, 1.76. Found: C, 68.42; H, 4.95; N, 1.94
Preparation of Complex 2-BPh4. A solution of NaBPh4 (216

mg, 0.63 mmol) in MeOH (5 mL) was added to 2 (100 mg, 0.063
mmol) in DCM/MeOH (1 mL/2 mL). The reaction mixture was
stirred for 2 min to give a brown suspension. The brown solid was
collected by filtration, washed with MeOH (2 × 5 mL), and then
dried under vacuum to give 2-BPh4 (100 mg, 87%): 1H NMR plus
1H−13C HSQC (600.1 MHz, CD2Cl2) δ = 11.48 (d, 3J(H, P) = 19.4
Hz, 1H, H1), 7.70−6.00 (86H, Ph and H5), 6.92 (s, 1H, H5,
confirmed by 1H−13C HSQC), 5.98 (d, 3J(H, P) = 3.2 Hz, 1H, H3),
5.11 (s, 1H, H11), 3.35 ppm (s, 3H, COOCH3);

31P NMR (242.9
MHz, CD2Cl2) δ = 12.19 (s, CPPh3), −1.95 ppm (s, OsPPh3);

13C
NMR plus DEPT-135, HSQC, and HMBC(150.9 MHz, CD2Cl2) δ =
226.72 (m, C1), 184.43 (dt, 3J(C, P) = 23.9 Hz, 2J(C, P) = 5.3 Hz,
C4), 182.62 (t, 2J(C, P) = 6.2 Hz,C7), 167.98 (s, COOCH3), 165.34
(Ph), 165.01 (Ph), 164.69 (Ph), 164.36 (Ph), 152.24 (s, C5), 148.66
(Ph), 148.44 (Ph), 148.03 (t, 3J(C, P) = 3.5 Hz, C6), 144.42 (s,
C10), 144.14 (s, C9), 141.28 (s, C8), 137.48 (d, 2J(C, P) = 24.8 Hz,
C3), 135.67−126.40 (Ph), 124.36 (d, 1J(C, P) = 67.2 Hz, C2),
121.03 (Ph), 120.47 (Ph), 52.29 (s, COOCH3), 49.20 ppm (s, C11).
Anal. Calcd (%) for C115H92BN2O2OsP3: C, 75.56; H, 5.07; N, 1.53.
Found: C, 75.29; H, 5.44; N, 1.82.
Preparation of Complex 3. Method A: A mixture of complex 2

(300 mg, 0.19 mmol), PhI(OAc)2 (184 mg, 0.57 mmol), and HBF4·
Et2O (151 μL, 0.57 mmol) in dichloromethane (10 mL) was stirred at
room temperature for 4 h to give a gray solution. The solution was

evaporated under vacuum to a volume of ca. 2 mL, and then diethyl
ether (20 mL) was added to the solution. The gray precipitate was
collected by filtration, washed with diethyl ether (2 × 5 mL), and
dried under vacuum to give complex 3 (278 mg, 87%). Method B: A
mixture of complex 4 (300 mg, 0.18 mmol) and PhI(OAc)2 (174 mg,
0.54 mmol) was stirred at room temperature for 8 h to give a gray
solution. The solution was evaporated under vacuum to a volume of
ca. 2 mL, and then diethyl ether (20 mL) was added to the solution.
The gray precipitate was collected by filtration, washed with diethyl
ether (2 × 5 mL), and dried under vacuum to give complex 3 (275
mg, 91%): 1H NMR plus 1H−13C HSQC (600.1 MHz, CD2Cl2) δ =
13.31 (m, 1H, H1), 9.47 (s, 1H, H5), 8.59 (d, 1H, 3J(H, P) = 3.8 Hz,
H3), 7.84−6.25 ppm (64H, Ph), 5.44 (s, 1H, H11), 3.47(s, 3H,
COOCH3);

31P NMR (242.9 MHz, CD2Cl2) δ = 16.27 (t, 4J(P, P) =
7.0 Hz, CPPh3), 0.63 (dd, 2J(P, P) = 221.0 Hz, 4J(P, P) = 7.4 Hz,
OsPPh3), −11.06 ppm (dd, 2J(P, P) = 221.6 Hz, 4J(P, P) = 7.4 Hz,
OsPPh3);

13C NMR plus DEPT-135, HSQC, and HMBC(150.9
MHz, CD2Cl2) δ = 240.84 (m, C1), 224.44 (t, 2J(C, P) = 6.8 Hz,C7),
195.69 (d, 3J(C, P) = 23.4 Hz, C4), 167.28 (s, C8), 166.65(s, C5),
165.38 (s, COOCH3), 160.33 (t, 3J(C, P) = 3.5 Hz, C6), 150.25 (d,
2J(C, P) = 18.9 Hz, C3), 147.78 (Ph), 145.04 (s, C9), 142.04−117.80
(Ph), 126.54 (d, 1J(C, P) = 53.4 Hz, C2), 64.15 (s, C10), 53.49 (s,
COOCH3), 48.13 ppm (s, C11); HRMS (ESI) m/z calcd for
[C91H71N2O2OsP3]

2+, 754.2166; found 754.2196. Anal. Calcd (%) for
C91H71B2F8N2O2OsP3: C, 65.01; H, 4.26; N, 1.67. Found: C, 64.69;
H, 4.60; N, 1.28.

Preparation of Complex 4. A solution of HBF4·Et2O (151 μL,
0.57 mmol) was added to a solution of complex 2 (300 mg, 0.19
mmol) in dichloromethane (10 mL). The reaction mixture was stirred
at room temperature for 15 min to give a reddish-brown solution. The
solution was evaporated under vacuum to a volume of ca. 2 mL, and
then diethyl ether (20 mL) was added to the solution. The reddish-
brown precipitate was collected by filtration, washed with diethyl
ether (2 × 5 mL), and dried under vacuum to give complex 4 (297
mg, 93%): 1H NMR plus 1H−13C HSQC (600.1 MHz, CD2Cl2) δ =
12.88 (s, 1H, NH), 12.29 (d, 3J(H, P) = 17.7 Hz, 1H, H1), 8.48 (s,
1H, H5, confirmed by 1H−13C HSQC), 7.82−5.93 (66H, Ph and
H3), 7.05 (s, 1H, H3, confirmed by 1H−13C HSQC), 5.38 (s, 1H,
H11), 3.71 ppm (s, 3H, COOCH3);

31P NMR (242.9 MHz, CD2Cl2)
δ = 15.34 (s, CPPh3), −1.30 ppm (s, OsPPh3);

13C NMR plus DEPT-
135, HSQC, and HMBC (150.9 MHz, CD2Cl2) δ = 233.81 (m, C1),
200.52 (t, 2J(C, P) = 6.5 Hz, C7), 181.88 (dt, 3J(C, P) = 23.5 Hz,
2J(C, P) = 4.1 Hz, C4), 166.59 (s, C5), 165.58 (s, COOCH3), 152.26
(d, 2J(C, P) = 21.9 Hz, C3), 151.13 (Ph), 150.37 (s, C8), 141.31 (s,
C10), 141.26 (s, C9), 137.73 (s, C6), 136.09−118.29 (Ph), 128.85
(d, 1J(C, P) = 52.4 Hz, C2), 53.47 (s, COOCH3), 49.80 ppm (s,
C11); HRMS (ESI) m/z calcd for [C91H73N2O2OsP3]

2+, 755.2244;
found 755.2279. Anal. Calcd (%) for C91H73B2F8N2O2OsP3: C, 64.93;
H, 4.37; N, 1.66. Found: C, 64.54; H, 4.27; N, 1.27.

Crystallographic Analysis. All single crystals suitable for X-ray
diffraction were grown from a dichloromethane solution layered with
hexane. Single-crystal X-ray diffraction data were collected on a
Rigaku XtaLAB Synergy, Dualflex, HyPix diffractometer with mirror-
monochromated Cu Kα radiation (λ = 1.54184 Å). The crystal was
kept at 100.00 K during data collection. With Olex2,15 the structure
was solved using the ShelXT16 structure solution program and refined
with the ShelXL17 refinement package using least-squares minimiza-
tion. Non-hydrogen atoms were refined anisotropically unless
otherwise stated. Hydrogen atoms were introduced at their geometric
positions and refined as riding atoms unless otherwise stated. CCDC-
1899953 (2-BPh4), CCDC-1899981 (3), and CCDC-1899955 (4)
contain the supplementary crystallographic data for this paper. Some
bad reflections of (Iobs−Icalc)/σW > 10 were omitted in 2-BPh4, 3, and
4. Water and a CH2Cl2 solvent in 4 were refined without hydrogen
because of their disorder. 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. All of the optimizations were performed
with the Gaussian 09 software package.18 All structures were
optimized at the B3LYP level of density functional theory.19 The

Figure 4. Evaluation of the aromaticity of 3. (A) NICS(1)zz values (in
ppm) at rings A, B, and C of model complex 3′. (B) ACID plot of
model complex 3′ with an isosurface value of 0.03. The magnetic field
vector is orthogonal to the ring plane and is directed upward
(aromatic species exhibit clockwise diatropic circulation). (C)
Aromaticity of metallapentalenopyrazine evaluated by the ISE method
(in kcal mol−1). Calculated at the B3LYP functional with the
LanL2DZ basis set for Os, P, and Cl and the 6-311++G(d,p) basis
sets for C, N, and H, including zero-point energy corrections.
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frequency calculations were performed to confirm the characteristics
of the calculated structures as minima. In the B3LYP calculations, the
effective core potentials of Hay and Wadt with a double-ξ valence
basis set (LanL2DZ) were used to describe the Os and P, whereas the
standard 6-311++G(d,p) basis set was used for all other atoms.20

Polarization functions were added for Os (z( f) = 0.886) and P (z(d)
= 0.34).21 The ACID calculations were carried out with the ACID
program.22 Cartesian coordinates together with the symmetry and
electronic energies for all the complexes were calculated in this study.
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M. A.; Gutieŕrez-Puebla, E.; Oñate, E. Reactivity of the Imine−
Vinylidene Complexes OsCl2(CCHPh)(NHCR2)(PiPr3)2 [CR2 =
CMe2, C(CH2)4CH2]. Organometallics 2001, 20, 1545−1554.
(d) Castarlenas, R.; Esteruelas, M. A.; Jean, Y.; Lledoś, A.; Oñate,
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(14) (a) Schleyer, P. v. R.; Pühlhofer, F. Recommendations for the
Evaluation of Aromatic Stabilization Energies. Org. Lett. 2002, 4,
2873−2876. (b) Wannere, C. S.; Moran, D.; Allinger, N. L.; Hess, B.
A.; Schaad, L. J.; Schleyer, P. v. R. On the Stability of Large
[4n]Annulenes. Org. Lett. 2003, 5, 2983−2986. (c) Zhu, J.; An, K.;
Schleyer, P. v. R. Evaluation of Triplet Aromaticity by the
Isomerization Stabilization Energy. Org. Lett. 2013, 15, 2442−2445.
(15) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: A Complete Structure Solution,
Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42,
339−341.
(16) Sheldrick, G. M. SHELXT-Integrated Space-Group and
Crystal-Structure Determination. Acta Crystallogr., Sect. A: Found.
Adv. 2015, A71, 3−8.
(17) Sheldrick, G. M. Crystal Structure Refinement with SHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2015, C71, 3−8.
(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J. A., Jr., Peralta, J. E.; Ogliaro, F.; Bearpark, M.;
Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar,
S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox,
J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
D.; Farkas, O., Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, revision D. 01; Gaussian Inc.: Wallingford, CT, 2013.

(19) (a) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−
789. (b) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results Obtained
with the Correlation Energy Density Functionals of Becke and Lee,
Yang and Parr. Chem. Phys. Lett. 1989, 157, 200−206. (c) Becke, A.
D. Density-Functional Thermochemistry. III. The Role of Exact
Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(20) Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for
Molecular Calculations. Potentials for K to Au Including the
Outermost Core Orbitals. J. Chem. Phys. 1985, 82, 299−310.
(21) Huzinaga, S.; Andzelm, J.; Radzio-Andzelm, E.; Sakai, Y.;
Tatewaki, H.; Klobukowski, M. Gaussian Basis Sets for Molecular
Calculations; Elsevier Science Publishing: Amsterdam, 1984.
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