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Probing the Origin of
Challenge of Realizing
Metallaphosphabenzenes:
e Unfavorable 1,2-Migration in
e Metallapyridines Becomes Feasible
in Metallaphosphabenzenes

© JingjingWu, Yulei Hao & Jun Zhu

Metallabenzenes have attracted considerable interest of both theoretical and experimental chemists.

 However, metallaphosphabenzene has never been synthesized. Thus, understanding the origin of

. the challenge of synthesizing metallaphosphabenzene is particularly urgent for experimentalists.
Now density functional theory (DFT) calculations have been carried out to examine this issue. Our
results reveal that the 1,2-migration in metallapyridines is unfavorable whereas such a 1,2-migration

. inmetallaphosphabenzenes is feasible, which can be rationalized by the reluctance of phosphorus

. to participate in 7 bonding. In addition, -donor ligands and the 5d transition metals can stabilize

. metallaphosphabenzenes. Compared with hydride and methyl migration, the chloride migration has
arelatively lower activation barrier due to the polarization of the M=P bond. CO ligand could further
decrease the reaction barrier of the migration due to the reduction of the interaction between the metal
centre and the phosphorus atom. All of these findings could help synthetic chemists to realize the first
metallaphosphabenzene.

. 'The chemistry of transition-metal-containing aromatics has attracted continuously increasing attention'-® since
. metallabenzene was first predicted by Hoffmann’ and isolated by Roper®. In contrast, the heteroatom-containing
. metallabenzenes such as metallapyrylium®!?, metallathiabenzene'"'?, metallapyridine!*', metallapyrrole!>'¢, and
. metallathiophene!”!® are relatively less developed. To the best of our knowledge, metallaphosphabenzene has not
. been synthesized so far, although its structure and property were investigated theoretically'®?. The difficulties in
. the synthesis and isolation of metallaphosphabenzene could be due to the reluctance of phosphorus to participate
in multiple bonds?!, similar to our previous finding? that 1,2-migration in metallasilabenzenes becomes favorable
due to the reluctance of silicon to participate in w bonding. Thus, 1,2-migration in metallaphosphabenzenes may
also occur (Fig. 1A). Another reason for the difficulties in the synthesis of metallaphosphabenzene could be facile
© isomerization of metallaphosphabenzene II to the corresponding n’-phosphacyclopentadiene (PCp) metal com-
© plex I, similar to that of metallabenzenes?***. Indeed, our previous study?® shows that substituents have a signifi-
. cant effect on the thermodynamics and kinetics of the rearrangement reactions. Thus, an interconversion between
osmaphosphabenzenes and the corresponding 1’-PCp complexes can be achieved theoretically by simply tun-
ing the substituents on the metallacycles. In comparison, the isomerization from metallaphosphabenzene II to
nonaromatic analogue IIT has never been reported. Our ongoing interest in aromaticity?>~? and reaction mech-
anisms®*~* has led us to test the hypothetical isomerization of metallaphosphabenzene II to the nonaromatic
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Figure 1. (A) Isomerizations from metallaphosphabenzenes (II) to n’-PCp metal complex (I) or non-aromatic
complex (III). (B) 1,2-Migration of metallapyridines (E=N) and metallaphosphabenzenes (E=P). (C) Schematic
diagram of the M=P bonding in phosphinidene complex.
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Figure 2. Thermodynamic stabilities of metallaphosphabenzene (1a-1h) compared with its nonaromatic
analogues (2a-2h) formed by chloride migration.

analogue III as described in Fig 1A. Here we carry out thorough density function theory (DFT) calculations on
this issue. How the ligands, metal centers affect the reaction mechanisms will be investigated in detail.

Results

Thermodynamic aspect of chloride migration. In this work, we focus on o-metallaphosphabenzenes
(Fig. 2, 1a-h) as a phosphorus atom at the ortho position on metallaphosphabenzene, which was reported to be
more stable than those at the meta and para positions by Sola and co-workers'. As shown in Fig. 2, both 1a and
1c are much more stable than their nonaromatic analogues 2a and 2¢ thermodynamically. In sharp contrast, com-
plexes 2b and 2d are thermodynamically more stable than metallaphosphabenzenes 1b and 1d. This could be one
of the reasons why some metallapyridines have been isolated whereas metallaphosphabenzenes have never been
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Complex(1) M E L, L, PR(2')

1a/ Ru~ N Cl Cl 35.1(36.7)
1’ Ru~ P Cl Cl —1.4(-0.4)
1c Os~ N Cl Cl 54.6 (56.7)
1d’ Os~ P cl cl 10.4 (10.5)
1e Ru P Cl PH, —2.6(—2.4)
1f Ru P Cl CO —8.7(—9.7)
1g' Os P cl PH, 8(7.1)
1h' Os P Cl CO .8(1.3)
n’ Ru P H PH, | —18.9(-20.3)
10/ Os P H PH, —5.4(-7.2)
1p’ Ru P | Me PH, | —26.9(—28.9)
1q/ Os P Me PH, —13.6 (—14.6)

Table 1. Calculated reaction energies for the 1,2-migration of metallaaromatics to its nonaromatic
analogues based on Fig. 1B. The relative Gibbs free energies at 298 K and electronic energies (in parentheses)
are given in kcal mol .

Charge (M) Charge (E) Electron population (E)
la —0.69 —0.32 1.23
1b —1.14 +0.88 0.83
1c —0.57 —0.37 1.27
1d —1.09 +0.82 0.86

Table 2. The charges and electron populations of M=E bonds (E=N, or P) in 1a-1d.

synthesized. Apparently, the stability of iridaphosphabenzenes and iridapyridines relative to their nonaromatic
analogues increases dramatically in comparison with rhodaphosphabenzenes and rhodapyridines due to more
diffuse d orbitals, in line with previous results that 5d metallacycles are more stable than their 4d analogues!~>1.
These results are also applicable to ruthenaphosphabenzenes and osmaphosphabenzenes (Fig. 1B, 1a’-1d’ in
Table 1). Espec1ally for ruthenapyridine 1a’ and osmapyridine 1¢’, both of them are much more stable than their
nonaromatic 2a’ and 2¢’ by fixing the N-Cl bond with the value of 1.78 A (the N-Cl bond length in 2a) because
2a’ and 2¢’ always rearranged to 1a’ and 1¢’ by normal optimization.

What causes this significant difference between metallapyridines and metallaphosphabenzenes? It is
well-known that the phosphorus atom has larger size difference in s and p valence orbitals than the nitrogen
atom, leading to a lower tendency for hybridization to form multiple bonds?!. Thus, the back donation from the
d orbital of the metal center to the vacant p orbital of the phosphorus atom (Fig. 1C) will become weaker. Indeed,
according to the NBO analysis of complexes 1c-1d (Table 2), the results indicate that the M=P bond**-*! is highly
polarized toward M*~— P**, For example, the nitrogen atom has contributed 1.27 electron population in the Ir=N
double bond of 1c¢. In sharp contrast, the contribution from the phosphorus atom is reduced by 0.41 electron in 1d
than that from the nitrogen atom in 1c. Meanwhile, the NBO charge on the phosphorus atom becomes positive,
which contrasts sharply with the negative charge on the nitrogen. Therefore, the reversed M=P bond polarization
plays an important role in 1,2-migration in metallaphosphabenzenes. All these results indicate that the phospho-
rus atom is reluctant to participate in 7 bonding so that 1,2-migration in metallaphosphabenzenes could become
thermodynamically favorable whereas such a migration in metallapyridines is unfavorable.

Effect of ligands on the chloride migration in metallaphosphabenzenes. The effect of ligands has
also been investigated to tune the stability of metallaphosphabenzenes. Our results indicated the ligands have
a remarkable effect on the relative stability of metallaphosphabenzenes in comparison with the nonaromatic
analogues (1le-1h and 2e-2h in Fig. 2, 1¢/~1h’ in Table 1). Specifically, when w-acceptor ligand CO is introduced
to replace the chloride, reaction energies (Gibbs free energies) for the formation of 2f and 2h from 1f and 1h
are —23.0 and —14.9 kcal mol ™}, respectively, indicating that metallaphosphabenzenes prefer w-donor ligands.
When the chloride is replaced by one ligand PHj, the instability of 1e and 1g is increased slightly in comparison
with 1b and 1d in Fig. 2. This is understandable because the M=P double bond in metallaphosphabenzenes is
strongly polarized toward M®~ - P**, indicating that the phosphorus atom is highly electron-deficient. Therefore,
w-acceptor ligand CO can decrease the electron density of the metal center, thus weakening the bonding between
the metal center and metal-bonded phosphorus. In other words, the M=P double bond will become weaker
and the polarization will be enhanced, leading to relatively high stability of nonaromatic 2f and 2h. The stabi-
lizing effect of ligands in metallaphosphabenzenes increases in the order CO < PH; < Cl. Therefore, w-donor
and m-acceptor ligands are suggested for the synthesis of metallaphosphabenzenes and nonaromatic analogues,
respectively.
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Figure 3. (A) Energy profiles calculated for the corresponding chloride migration of nonaromatic complexes.
(B) Indene-isoindene ISE evaluations of the aromaticity of 1k-2m.

Effect of aromaticity on the chloride migration. The aromaticity effect has also been examined in
metallaphosphabenzenes with similar migration of nonaromatic cyclic complexes by changing the M=E double
bond to M-E single bond (Fig. 3A). Apparently, the 1,2-migration in nonaromatic cycles become more favorable
thermodynamically. The reaction energy (AG) from 1i to 2i is computed to be 8.2kcal mol™" whereas that from
1j to 2j becomes —20.9 kcal mol . It is understandable because when aromaticity in the reactants is lost, such
a chloride migration should become thermodynamically more favorable. The contribution from aromaticity in
iridaphosphabenzene 1d is thus evaluated quantitatively (—13.8kcal mol~!) by computing the energy difference
between the reaction from 1d to 2d and that from 1j to 2j.

To gain an insight into the aromaticity in metallaphosphabenzenes, we employed the “isomerization stabili-
zation energy” (ISE) method, a convenient tool to evaluate the magnitude of the aromaticity in the ground state
and the lowest triplet state?>?%4%43, The indene-isoindene ISE approach is homodesmotic and has the advantage
that all carbon atoms in the six-membered ring are sp>-hybridized in both the reactants and products. As shown
in Fig. 3B, benzene and phosphabenzene have comparable ISE values (—21.8 and —21.1kcal mol ™, respectively).
Nevertheless, the ISE value of iridaphosphabenzene is just 71.6% of that in benzene, indicating the aromaticity in
metallaphosphabenzenes is fairly reduced. In addition, the ISE value (—15.6 kcal mol™!) of iridaphosphabenzene
is comparable to the aromaticity contribution (—13.8kcal mol ™), indicating the reliability of our calculations.

1,2-Migration of hydride and methyl groups in metallaphosphabenzenes. To examine the scope
of our findings, we investigated the 1,2-migration of hydride and methyl groups (Fig. 4, and 1n’-1q’ in Table 1).
The negative values indicate that these migrations are also feasible. The results in Fig. 4 show that the thermo-
dynamic stability of metallaphosphabenzenes relative to its nonaromatic analogues with the hydride and methyl
groups are higher than those with the chloride ligand, which could be mainly attributed to the higher bond
strength of P-C and P-H bond than that of P-Cl in the products.

Kinetics of chloride, hydride and methyl migration. To have a deeper understanding of the reaction
mechanisms, we have examined the kinetics of 1,2-migration from metallaaromatics to its nonaromatic ana-
logues (Fig. 5 and Table 3). The calculations show that reaction barriers are particularly low. All these values are
lower than 24.2 kcal mol™' at 25°C according to the Eyring equation®*. In addition, iridaphosphabenzene com-
plexes have relative higher reaction barriers for 1,2-migration than rhodaphosphabenzene analogues. It could be
due to the second-row transition metal rhodium has less diffuse d orbitals in comparison with iridium. Therefore,
the Rh=P bond becomes relatively weak as evidenced by the Wiberg bond index (WBI) (1.00 and 1.07 for the
Rh=P bond and Ir=P bond in 1b and 1d, respectively). The lowest barrier is found when the ligand is CO. As
a strong T acceptor ligand, CO can reduce the interaction between the metal center and the phosphorus atom,
thus weakening the metal-phosphorus bonds in metallaphosphabenzenes*!. In addition, as shown in Table 3,
the reaction barriers for the migration of hydride and methyl are a little higher than that of chloride. A plausible
explanation for these general observations is clarified below. The results could be understandable because the
Rh-Clin 1e has a weaker bond strength (WBI: 0.62 ) than Rh-H in 1n (WBI: 0.65) and Rh-C in 1p (WBI: 0.66),
respectively. In addition, it is known that the M=P bond is highly polarized in metallaphosphabenzenes, and the
ligand with higher electronegativity could promote the migration. Hence, a lower barrier for migration of chlo-
ride is expected in the reaction. In sharp contrast, all the metallapyridines are thermodynamically more stable
than their nonaromatic analogues (Supplementary Fig. S1 and Table S1).
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Figure 4. Thermodynamic stabilities of metallaaromatics (1n-1q) compared with its nonaromatic analogues
(2n-2q) formed by hydride and methyl migration.
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Figure 5. Energy profiles calculated for the 1,2-migration of metallaaromatics to its nonaromatic
analogues.

M=0s L,=PH, L,=Cl 22.2(20.8) 18.7 (18.6) 7.8(7.1)
M=0s L,=CO L=Cl 14.0 (12.5) 12.8 (11.5) 1.8(1.3)
M=0s L,=PH, L,=H 17.3(16.7) 0.7(~0.7) —5.4(—7.2)
M=Ru L,=PH, L=Cl 14.6 (14.0) 59(6.3) —2.6(—24)
M=Ru 1,=CO L,=Cl 9.5(7.8) —~1.5(—13) —8.7(—9.7)
M=Ru L,=PH, L,=H 10.9 (11.3) —14.6(—14.6) | —18.9(—20.3)
M=Rh* L,=PH, L=Cl 6.5(6.1) —112(=9.0) | —19.2(—20.8)
M=Rh* L,=CO L,=Cl 59(4.7) —~11.1(—10.6) | —23.0 (—25.0)
M=Rh* L,=PH, L,=H 8.8(8.2) —223(-232) | —29.4(-325)
M=Rh* L,=PH, L, =Me 8.4(8.9) —33.1(—324) | —41.9(—43.0)
M=Ir L,=PH, L=Cl 12.3(10.5) 42(42) ~83(-10.2)
M=Irt L,=CO L,=Cl 8.1(6.5) 0.9 (0.4) —14.9 (—16.4)
M=Ir* L,=PH, L,=H 14.2 (14.6) —9.1(~89) | —18.7(—19.7)
M=Ir L,=PH, L =Me 14.5 (14.6) —17.2(—15.9) | —27.8(—29.1)

Table 3. Calculated reaction energies and barriers for the 1,2-migration of metallaaromatics to its nonaromatic
analogues based on Fig. 5. The relative Gibbs free energies at 298 K and electronic energies (in parentheses) are
given in keal mol ™.
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Discussion

The 1,2-migration on a series of metallaphosphabenzenes and metallapyridines have been studied thoroughly
by DFT calculations. The effects of metal centers, ligands, aromaticity, and migration groups were examined
systematically. Our results reveal that due to the reluctance of phosphorus to participate in ™ bonding, such a
migration in metallapyridines is thermodynamically unfavorable whereas it becomes feasible in metallaphospha-
benzenes, which could be the origin of challenge of realizing metallaphosphabenzenes. The 4d transition metals
and m-acceptor ligands have the tendency to form nonaromatic analogues rather than metallaphosphabenzenes
whereas m-donor ligands and the 5d transition metals can stabilize metallaphosphabenzenes. In addition, the
chloride migration has relatively lower reaction barrier due to the weaker bond strength of M-L, in metallaphos-
phabenzene in comparison with hydride and methyl migrations. All these findings could be useful for synthetic
chemists to realize the first metallaphosphabenzene.

Methods

Computational details. The M05* level of density functional theory was applied to optimize all of the
structures studied in the gas phase. Frequency calculations at the same level of theory have also been performed
to identify all stationary points as minima (zero imaginary frequency) or transition states (one imaginary fre-
quency). Calculations of intrinsic reaction coordinates (IRC)*¢*” were also carried out on transition states to
ensure that such structures are indeed connecting two minima. The LanL2DZ basis set*® was employed to
describe Ru, Os, Rh, Ir, P and Cl whereas the 6-31G(d) basis set*® was used for all other atoms. Polarization func-
tions were added for P (£(d) =0.340), Cl (£(d) =0.514), Ru (§(f) = 1.235), Os (§(f) = 0.886), Rh (§(f) = 1.350),
and Ir (€ (f) =0.938)°*°L. In order to examine the effect of function for these complexes, the density functional
MO6L** has been used with basis sets unchanged. The relative Gibbs free energies of 2b to 1b, 2d to 1d are —13.1
and —4.1kcal mol™, respectively, which are comparable to those (—18.9 and —7.1kcal mol™") at the M05/6-
31G(d) level, indicating that the functional dependence is small. To examine the effect of basis sets, we employed
alarger 6-311 + G(d) basis set™ to optimize the complexes 1a-1d, 2a-2d (Fig. 2). The additional calculations
show that the basis set dependence is small. For example, using the 6-31G(d) basis set in the gas phase, the
relative free energies of 2a-2d to 1a-b are 0.0, 11.4, —18.9, 26.7 and —7.1 kcal mol ™}, respectively. Using the
larger 6-311 4+ G(d) basis set, the relative free energies are 0.0, 9.6, —20.1, 24.6 and —8.3 kcal mol !, respectively.
To examine the solvent effect®*>*, we optimized the structures (1b, 1d, 2b and 2d) using the PCM model*® with
benzene as the solvent. The additional calculations show that the solvent effect is small. For example, the relative
free energies of 2b to 1b, 2d to 1d are —16.1 and —5.0kcal mol™" (—18.9 and —7.1kcal mol~! in Fig. 2) when the
solvent effect is included. Moreover, the solvent effect is also small for the transition states. For instance, when the
solvent effect is included, the reaction barriers of 1e-TS1 and 1f-TS1 become 8.7 and 5.8 kcal mol~!, which are
close to those in Table 3 (6.5 and 5.9 kcal mol~!, respectively). In addition, the polar solvents (ethanol and DMSO)
are also been taken into account (see Supplementary Table S2), and the results for the polar solvents suggest that
the solvent effect is also small. In order to examine the ligand effect of the simplified PH;, we use PMe; to replace
PH;. The results show that the ligand effect is small. For instance, using the ligand PMe;, the relative free energy
of 2b to 1b is —14.0kcal mol !, which is close to —18.9 kcal mol ™! with the PH; ligand in Fig. 2. Calculations on
complexes 1a-1h indicate that all of them in the singlet ground state are lower in energy than those in the lowest
triplet state (Supplementary Table S3), indicating all of them have the close-shell singlet ground state. In addition,
the thermodynamics of 1,2 migration on complexes 1a-1h in the lowest triplet state are also examined and the
results are similar to those in Fig. 2. Specifically, the relative Gibbs free energies of 2a-2h to 1a-1h are 14.6, —17.1,
40.8, —5.0, —19.3, —30.2, —10.1 and —16.3 kcal mol~}, respectively. The natural bond orbital (NBO, Version 3.1)
was also used to obtain Wiberg bond indices (bond orders)®’. All calculations were carried out with the Gaussian
03 package®® except the MO6L calculations, which were performed by Gaussian 09 package®. All the relative
Gibbs free energies calculated at 298 K and electronic energies (in parentheses) are given in kcal mol ™.

References
1. Landorf, C. W. & Haley, M. M. Recent advances in metallabenzene chemistry. Angew. Chem. Int. Ed. 45, 3914-3936 (2006).
2. Wright, L. Metallabenzenes and metallabenzenoids. Dalton Trans. 15, 1821-1827 (2006).
3. Bleeke, J. R. Metallabenzenes. Chem. Rev. 101, 1205-1228 (2001).
4. Fernandez, L, Frenking, G. & Merino, G. Aromaticity of metallabenzenes and related compounds. Chem. Soc. Rev. 44, 6452-6463
(2015).
5. Chen, J. & Jia, G. Recent development in the chemistry of transition metal-containing metallabenzenes and metallabenzynes. Good.
Chem. Rev. 257,2491-2521 (2013).
6. Feixas, E, Matito, E., Poater, J. & Sola, M. WIREs. Comput. Mol. Sci. 3, 105-122 (2013).
7. Thorn, D. L. & Hoffmann, R. Delocalization in metallocycles. Nouv. J. Chim. 3, 39-45 (1979).
8. Elliott, G. P,, Roper, W. R. & Waters, ]. M. Metallacyclohexatrienes or ‘metallabenzenes’ Synthesis of osmabenzene derivatives and
X-ray crystal structure of [Os(CSCHCHCHCH)(CO)(PPhs),]. . Chem. Soc. Chem. Commun. 14, 811-813 (1982).
9. Bleeke, J. R., Blanchard, J. M. B. & Donnay, E. Synthesis, spectroscopy, and reactivity of a metallapyrylium. Organometallics 20,
324-336 (2001).
10. Bleeke, J. R. & Blanchard, J. M. B. Synthesis and reactivity of a metallapyrylium. J. Am. Chem. Soc. 119, 5443-5444 (1997).
11. Bleeke, J. R., Hinkle, P. V. & Rath, N. P. Synthesis, structure, spectroscopy, and reactivity of a metallathiabenzene. Organometallics
20, 1939-1951 (2001).
12. Bleeke, J. R. Hinkle, P. V. & Rath, N. P. Synthesis, structure, spectroscopy, and reactivity of a metallathiabenzene. J. Am. Chem. Soc.
121, 595-596 (1999).
13. Weller, K. J., Filippov, I., Briggs, P. M. & Wigley, D. E. Pyridine degradation intermediates as models for hydrodenitrogenation
catalysis: preparation and properties of a metallapyridine complex. Organometallics 17, 322-329 (1998).
14. Liu, B. et al. Osmapyridine and osmapyridinium from a formal [4 4-2] cycloaddition reaction. Angew. Chem. Int. Ed. 48, 5430-5434
(2009).
15. Esteruelas, M. A., Masamunt, A. B., Olivan, M., Ofate, E. & Valencia, M. Aromatic diosmatricyclic nitrogen-containing compounds.
J. Am. Chem. Soc. 130, 11612-11613 (2008).

SCIENTIFICREPORTS | 6:28543 | DOI: 10.1038/srep28543 6



www.nature.com/scientificreports/

16.
17.
18.
19.
20.

21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34,

35.

36.

41.

42.
43.

44.
45.
46.
. Fukui, K. The path of chemical reactions - the IRC approach. Acc. Chem. Res. 14, 363-368 (1981).
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.

Bleeke, J. R., Putprasert, P. & Thananatthanachon, T. Synthesis and characterization of fused-ring iridapyrroles. Organometallics 27,
5744-5747 (2008).

Lu, G.-L., Roper, W. R, Wright, L. J. & Clark, G. R. A 2-iridathiophene from reaction between IrCl(CS)(PPh;), and Hg(CH=
CHPh),. J. Organomet. Chem. 690, 972-981 (2005).

Bleeke, J. R., Ortwerth, M. F. & Rohde, A. M. Pentadienyl-metal-phosphine chemistry. 30. Thiapentadienyl-iridium-phosphine
chemistry. Organometallics 14, 2813-2826 (1995).

El-Hamdi, M. et al. Analysis of the relative stabilities of ortho, meta, and para MCIY (XC,H,)(PHj,), heterometallabenzenes (M = Rh,
Ir; X=N, P; Y=Cland M=Ru, Os; X=N, P; Y = CO). Organometallics 32, 4892-4903 (2013).

Huang, C., Hao, Y., Zhao, Y. & Zhu, J. Computations offer an unconventional route to metallaphosphabenzene from a half-
phosphametallocene. Organometallics 33, 817-822 (2014).

W. Kutzelnigg, Chemical bonding in higher main group elements. Angrew. Chem. Int. Ed. Engl. 23, 272-295 (1984).

Huang, Y. & Zhu, J. Unexpected 1,2-migration in metallasilabenzenes: theoretical evidence for reluctance of silicon to participate in
« bonding. Chem. Asian J. 10, 405-410 (2015).

Iron, M. A., Martin, J. M. L. & van der Boom, M. E. Mechanistic aspects of acetone addition to metalloaromatic complexes of
iridium: a DFT investigation. Chem. Commun. 1, 132-133 (2003).

Iron, M. A, Martin, J. M. L. & Van der Boom, M. E. Metallabenzene versus Cp complex formation: a DFT investigation. J. Am.
Chem. Soc. 125, 13020-13021 (2003).

Zhu, J., An, K. & Schleyer, P. v. R. Evaluation of Triplet Aromaticity by the Isomerization Stabilization Energy. Org. Lett. 15,
2442-2445 (2013).

Zhu, C. et al. Stabilization of anti-aromatic and strained five-membered rings with a transition metal. Nat. Chem. 5, 698-703 (2013).
Zhu, C. et al. Planar Mébius aromatic pentalenes incorporating 16 and 18 valence electron osmiums. Nat. Commun. 5, 3265 (2014).
An, K. & Zhu, J. Evaluation of triplet aromaticity by the indene-isoindene isomerization stabilization energy method. Eur. J. Org.
Chem. 2014, 2764-2769 (2014).

Zhu, C. et al. Stabilizing two classical antiaromatic frameworks: demonstration of photoacoustic imaging and the photothermal
effect in metalla-aromatics. Angew. Chem. Int. Ed. 54, 6181-6185 (2015).

Hao, Y., Wu, J. & Zhu, J. 0 aromaticity dominates in the unsaturated three-membered ring of cyclopropametallapentalenes from
groups 7-9: a DFT study. Chem. Eur. J. 21, 18805-18810 (2015).

Wu, J. & Zhu, J. The Clar structure in inorganic BN analogues of polybenzenoid hydrocarbons: does it exist or not? ChemPhysChem.
16, 3806-3813 (2015).

Wu, J., Hao, Y., An, K. & Zhu, J. Unexpected higher stabilisation of two classical antiaromatic frameworks with a ruthenium
fragment compared to the osmium counterpart: origin probed by DFT calculations. Chem. Commun. 52, 272-275 (2016).

Liu, L. et al. Double role of the hydroxy group of phosphoryl in palladium(II)-catalyzed ortho-olefination: a combined experimental
and theoretical investigation. J. Org. Chem. 79, 80-87 (2014).

Zhu, J. & An, K. Mechanistic insight into the CO, capture by amidophosphoranes: interplay of the ring strain and the trans influence
determines the reactivity of the frustrated lewis pairs. Chem. Asian J. 8, 3147-3151 (2013).

Liu, L. et al. Mechanistic insight into the nickel-catalyzed cross-coupling of aryl phosphates with arylboronic acids: potassium
phosphate is not a spectator base but is involved in the transmetalation step in the Suzuki-Miyaura reaction. Chem. Asian J. 8,
2592-2595 (2013).

Liu, L., Zhu, J. & Zhao, Y. The phosphaethynolate anion reacts with unsaturated bonds: DFT investigations into [2 + 2], [3+2] and
[4+ 2] cycloadditions. Chem. Commun. 50, 11347-11349 (2014).

. An, K. & Zhu, J. Why does activation of the weaker C=S bond in CS, by P/N-based frustrated lewis pairs require more energy than

that of the C=0 bond in CO,? a DFT study. Organometallics 33, 7141-7146 (2014).

. Huttner, G. & Evertz, K. Phosphinidene complexes and their higher homologs. Acc. Chem. Res. 19, 406-413 (1986).
. Cowley, A. H. Terminal phosphinidene and heavier congeneric complexes. The quest is over. Acc. Chem. Res. 30, 445-451 (1997).
. Aktas, H., Slootweg, J. C. & Lammerstma, K. Nucleophilic phosphinidene complexes: access and applicability. Angew. Chem. Int. Ed.

49,2102-2113 (2010).

Ehlers, A. W, Baerends, E. J. & Lammertsma, K. Nucleophilic or electrophilic phosphinidene complexes ML, = PH; what makes the
difference? J. Am. Chem. Soc. 124, 2831-2838 (2002).

Wannere, C. S. et al. On the stability of large [4n]annulenes. Org. Lett. 5,2983-2986 (2003).

Schleyer, P. v. R. & Piihlhofer, F. Recommendations for the evaluation of aromatic stabilization energies. Org. Lett. 4, 2873-2876
(2002).

Liu, L. Wu, Y., Wang, Z., Zhu, J. & Zhao, Y. Mechanistic insight into the copper-catalyzed phosphorylation of terminal alkynes: a
combined theoretical and experimental study. J. Org. Chem. 79, 6816-6822 (2014).

Zhao, Y., Schultz, N. E. & Truhlar, D. G. Exchange-correlation functional with broad accuracy for metallic and nonmetallic
compounds, kinetics, and noncovalent interactions. J. Chem. Phys. 123, 161103-161107 (2005).

Fukui, K. Formulation of the reaction coordinate. J. Phys. Chem. 74, 4161-4163 (1970).

Hay, P. ]. & Wadt, W. R. Ab initio effective core potentials for molecular calculations. Potentials for K to Au including the outermost
core orbitals. J. Chem. Phys. 82,299-310 (1985).

Hehre, W. ], Ditchfield, R. & Pople, J. A. Self-consistent molecular orbital methods. XII. Further extensions of gaussian-type basis
sets for use in molecular orbital studies of organic molecules. J. Chem. Phys. 56, 2257-2261 (1972).

Hehers, A. W. A set of f-polarization functions for pseudo-potential basis-sets of thetransition-metals Sc-Cu, Y-Ag and La-Au.
Chem. Phys. Lett. 208, 111-114 (1993).

Check, C. E. et al. Addition of polarization and diffuse functions to the LANL2DZ basis set for p-block elements. J. Phys. Chem. A.
105, 8111-8116 (2001).

Zhao, Y. & Truhlar, D. G. A new local density functional for main-group thermochemistry, transition metal bonding,
thermochemical Kinetics, and noncovalent interactions. J. Chem. Phys. 125, 194101-194118 (2006).

Krishnan, R., Binkley, J. S. Seeger, R. & Pople, J. A. Self-consistent molecular orbital methods. XX. A basis set for correlated wave
functions. . Chem. Phys. 72, 650-654 (1980).

Wei, D. & Tang, M. DFT Study on the Mechanisms of Stereoselective C(2)-Vinylation of 1-Substituted Imidazoles with 3-Phenyl-2-
propynenitrile. J. Phys. Chem. A. 113, 11035-11041 (2009).

Guo, X., Zhang, L., Wei, D. & Niu, J. Mechanistic insights into cobalt(II/III)-catalyzed C-H oxidation: a combined theoretical and
experimental study. Chem. Sci. 6, 7059-7071 (2015).

Scalmani, G. & Frisch, M. J. Continuous surface charge polarizable continuum models of solvation. I. General formalism. J. Cherm.
Phys. 132, 114110-114125 (2010).

Wiberg, K. B. Application of the pople-santry-segal CNDO method to the cyclopropylcarbinyl and cyclobutyl cation and to
bicyclobutane. Tetrahedron 24, 1083-1096 (1968).

Frisch, M. J. et al. Gaussian 03, Revision E.01 Gaussian, Inc. Wallingford, CT, (2004).

Frisch, M. J. et al. Gaussian 09, Revision D.01 Gaussian, Inc. Wallingford CT, (2013).

SCIENTIFIC REPORTS | 6:28543 | DOI: 10.1038/srep28543 7



www.nature.com/scientificreports/

Acknowledgements

We acknowledge financial support from the Top-Notch Young Talents Program of China, the Chinese National
Natural Science Foundation (21172184, 21103142, and 21133007), the National Basic Research Program of
China (2011CB808504), the Program for New Century Excellent Talents in University (NCET-13-0511),
the Fundamental Research Funds for the Central Universities (2012121021) and the Program for Changjiang
Scholars and Innovative Research Team in University (IRT1263).

Author Contributions
J.Z. conceived and directed the project. ].W. and Y.H. performed theoretical calculations. J.W. and J.Z. wrote the
paper. All authors discussed the results and contributed to the preparation of the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: W, J. et al. Probing the Origin of Challenge of Realizing Metallaphosphabenzenes:
Unfavorable 1,2-Migration in Metallapyridines Becomes Feasible in Metallaphosphabenzenes. Sci. Rep. 6,
28543; doi: 10.1038/srep28543 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:28543 | DOI: 10.1038/srep28543 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Probing the Origin of Challenge of Realizing Metallaphosphabenzenes: Unfavorable 1,2-Migration in Metallapyridines Becomes  ...
	Results

	Thermodynamic aspect of chloride migration. 
	Effect of ligands on the chloride migration in metallaphosphabenzenes. 
	Effect of aromaticity on the chloride migration. 
	1,2-Migration of hydride and methyl groups in metallaphosphabenzenes. 
	Kinetics of chloride, hydride and methyl migration. 

	Discussion

	Methods

	Computational details. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (A) Isomerizations from metallaphosphabenzenes (II) to η​5-PCp metal complex (I) or non-aromatic complex (III).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Thermodynamic stabilities of metallaphosphabenzene (1a–1h) compared with its nonaromatic analogues (2a–2h) formed by chloride migration.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (A) Energy profiles calculated for the corresponding chloride migration of nonaromatic complexes.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Thermodynamic stabilities of metallaaromatics (1n–1q) compared with its nonaromatic analogues (2n–2q) formed by hydride and methyl migration.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Energy profiles calculated for the 1,2-migration of metallaaromatics to its nonaromatic analogues.
	﻿Table 1﻿﻿. ﻿  Calculated reaction energies for the 1,2-migration of metallaaromatics to its nonaromatic analogues based on Fig.
	﻿Table 2﻿﻿. ﻿  The charges and electron populations of M=E bonds (E=N, or P) in 1a–1d.
	﻿Table 3﻿﻿. ﻿ Calculated reaction energies and barriers for the 1,2-migration of metallaaromatics to its nonaromatic analogues based on Fig.



 
    
       
          application/pdf
          
             
                Probing the Origin of Challenge of Realizing Metallaphosphabenzenes: Unfavorable 1,2-Migration in Metallapyridines Becomes Feasible in Metallaphosphabenzenes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28543
            
         
          
             
                Jingjing Wu
                Yulei Hao
                Jun Zhu
            
         
          doi:10.1038/srep28543
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28543
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28543
            
         
      
       
          
          
          
             
                doi:10.1038/srep28543
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28543
            
         
          
          
      
       
       
          True
      
   




