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ABSTRACT

The patural of W-E bonding in group 14 compounds [(CO)W-{NHE}] (W4-NHE) has
been investigated by means of the Energy Decomposition Analysis-Natural Orbital for Chemical
Valence (EDA-NOCV) method which combines charge (NOCV) and energy (EDA) partitioning
schemes at the BP86/TZ2P+ level of theory. The EDA-NOCYV results indicate that the decrease
in bond strength from W4-NHC to W4-NHPb correlates with the decrease of A, and AE,,,
and the trend of the W-E bond strength was W4-NHC > W4-NHSi > W4-NHGe > W4-NHSn >
W4-NHPb. The decrease in the donation (CO), W« NHE, which is manifested in the calculated
values for 4E, and in the electrostatic attraction, AE ., , provides a rationale for the weaker
bonding of the heavier atoms E. The bonding in the complexes with N-heterocyclic carbene and
analogues W4-NHE exhibits the typical feature in terms of strong o-donation and weak n-
donation. All investigated complexes [(CO);W-{NHE}] are suitable targets for synthesis which
will open the door to a new field of experimental chemistry.
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1. INTRODUCTION

Interest i carbon(0) compounds with N-heterocyclic carbene ligands has recently been
revitalized by experimental and theoretical studies which open new light on the chemistry of this
class of compounds. On the experimental site, the neutral donor-acceptor systems could be
isolated and the structures were fully characterized by X-ray structure analysis [1]. Other
divalent carbon(0) compounds with the general formuta C(L), that have L—C donor-acceptor
bonds have been searched in the recent past [2]. A straightforward choice for L was N-
heterocyclic carbene (NHCs), which are often compared with phosphanes as ligands in
transiion-metal chemistry [3]. The structures and bonding situation in (ransition metal
complexes that carry N-heterocyclic carbene and analogues NHE where E = C - Pb have been
recently investigated with the help of energy decomposition analysis (EDA) by some authors [4-
7). The fact is that geometrical structures and natural of chemical bonding of complexes that
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carry ligands might exhibit significantly trend when versatile ligands connect with appropriate
elements [5, 6] and change much in properties when extension from the slighter (C) to the
heavier homologues (Si, Ge, Sn, Pb). Transition metal complexes turn out to be fascinating
factors due to their flexibility in forming new bonds. Therefore, it is thus interesting to study the
structures and the bonding situation of transition metal complexes that carry NHE ligands. This
motivated us to investigate the bonding situation of main-group with transition metal chemistry.
We have chosen examples of the group-14 compounds and W(CO), which exhibit the chemical
bonding in complexes using EDA-NOCV method (Scheme 1). Herein we report on the first
theorelical mvestigation of N-heterocyclic carbene and analogues with the general formula
NHE. The calculations predict that the experimental unknown NHE compounds should be
synthetically accessible species with promising chemical properties. We hope that the data give
a well-defined quantitative answer to the questions about the strength of the divalent and
electrostatic nteractions and about the contribution of ¢ and nt electrons to the donor-acceptor
bond.
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Scheme 1. Compounds investigated in this study: [(CO);W-{NHE}} (W4-NHE) with E = C - Pb.

2. COMPUTATIONAL METHODS

The bonding analyses of the complexes were optimized with the program package ADF
2009.01 {8] at the BP86 level conjunction with a triple--quality basis set using uncontracted
Slater-type orbitals (STOs) augmented by two sets of polarization function with a frozen-core
approximation for the core electrons [9]. An auxiltary set of s, p, d, f, and g STOs were used to
fit the molecular densities and to represent the Coulomb and exchange potentials accurately in
each SCF cycle [10]. Scalar relativistic effects were incorporated by applying the zeroth-order
regular approximation (ZORA) [11]. This level of theory is denoted as BP86/TZ2P+. The nature
of the W-E bonds in [(CO),W—{NHE}] was investigated at BP86/TZ2P+ with C, symmetric
geometrics and fragmentation schemes which link the concepts of bond-order, bond-orbitals, and
charge rearrangement of the EDA-NOCV method which combines the energy decomposition
analysis (EDA) [12] with the Natural Orbitals for Chemical Valence (NOCV) [13].

3. RESULTS AND DISCUSSION

The nature of the W-E bonds was continuously analyzed using EDA-NOCV calculations to
give insight into the chemical bonding between N-heterocyclic carbene - analogues NHE and
W(CO)s. This leads to a donor-acceptor description of the W-E bond. Therefore, the W4-NHE
molecules are divided into the fragments NHE and W(CO),, and both are 1n the singlet state.
Table | shows the numerical results of EDA-NOCV calculations for the W4-NHE complexes.
The valence orbital interactions of the donor-acceptor bond between donor fragment NHE and
acceptor fragment W(CO), in W4-NHE are shown in Scheme 2. Like the [(CO);W-{NHE}]
(W5-NHE) system described in the recent past [2], the preparation energies AE,., vary very
little between 1.5 kcal/mol (W4-NHSn) and 2.9 kcal/mol (W4-NHSi). The order is W4-NHC >
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W4-NHS1 > W4-NHGe > W4-NHSn > W4-NHPb. The results of EDA-NOCV calculations for
the tungsten-NHE bonds of W4-NHC — W4-NHPb are shown in Table 1. The decrease of the
BDEs from the lighter to heavier adduct is determined by the intrinsic strength of the metal-

ligand boads AE,.
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Scheme 2. Valence orbital interactions of the donor-acceptor bond between E and W in WA-NHE:
o-donation via the -lone-pair and weak nt-donation from donor fragment NHE to acceptor fragment
W(CO)..

Table 1. EDA-NOCV results at the BP86/TZ2P+ level for compounds W4-NHC — W4-NHPb using the
moieties [W(CO).] and [NHE]. The complexes were analyzed with C, symmetry Energy values 1n

keal/mol.
Compound W4-NHC W4-NHSi W4-NHGe W4-NHSn W4-NHPb
W(CO), W(CO), W(CO), W(CO), W(CO),
Fragmentation
NHC NHSi NHGe NHSn NHPb
AE,, -63.0 -48.2 -37.5 -319 -27.3
AEppun 1253 116.6 85.3 66.2 50.0
AEqal” -133.3 -104.1 (63.2 -72.2 -54.0 (55.0%)  -40.3 (52.2%)
(71.8%) %) (58.8%)
AEq ™ -52.4 (28.2%)  -60.7 (36.8%) -50.6 440 (45.0%)  -36.9 (47.8%)
(41 2%)
AE, ™ 2326(622%)  -37.9 (62.4%) 313 -27.9(63.3%)  -30.2 (81.8%)
(61.9%)
AE, -16.4 (31.3%)  -20.2(33.3%) -18.3 -15.3(34.7%)  -5.4 (14.6%)
(36.2%)
AE" 3.4 (6.5%) -26(4.3%) S0 (1.9%)  -0.9 (2.0%) -1.3 (3.6%)
A 238 29 2.0 LS 24
AE(=-D,) -57.5 45.3 35.5 -304 249
CHrhe values in heses are the ibutions to the total attractive interactions AEy, + Ay
"The values in heses are the butions 1o the total orbitat interactions AE,
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Table 1 also shows that the Pauli repulsion AEp,,, has the largest value of 125.3 kcal/mol
for W4-NHC and gets smaller from E = C to E = Pb (50.0 kcal/mol), which means that the
decrease in bond strength comes from weaker attractive interactions. Moreover, the electrostatic
term AE. ., continuously decreases from W4-NHC (-133.3 kcal/mol) to the heavier tetrylenes
W4-NHS!1 (-104.1 kcalUmol), W4-NHGe (-72.2 kcal/mol) and it becomes weakest in the lead
complex W4-NHPb (-40.3 kcal/mol). The same trend 1s shown for the orbital interactions, which
indicates decreases in the orbital interactions, the percentage contribution of the orbital
interactions increases from W4-NHC to W4-NHPb and the absolute values decrease as stated
above. Two thirds of the value of 4F,,, comes from o-contributions. The decrease in bond
strength from W4-NHC to W4-NHPb correlates with the decrease of AE .y, and 4E,,s.

W4-NHC (o) lE’

e

W, (-0.50) W, (0 50) Ap) (AE = -31.4 keal/mol)  (a)
& Q "
WA4-NHC (1)
W, (-0.38) ¥, (0.38) . Aps (AE =-9.9 keal/mol)  (b)
& £ <
. 4
[4
: W4-NHC ()
W (-0.18) ¥, (0.18) Apy (AE = -2.5 keal/mol)  (c)
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W.i(-0.16) Y., (-0.16) Aps (AE=-4.0 kcal/mol)  (d)

Figure 1. Most important NOCV pairs of orbitals .y, y, with their eigenvalues -vy, vy, which are given in
parentheses, and the associated deformation densitics, py., and orbital stabilization cnergies, AE,

for the complex WA4-NHC. The charge flow in the deformation densities is from the yellow — blue region.
(a) 6-NOCV of W4-NHC; (b) - (d) t-NOCVs of W4-NHC.
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The plots of the pairs of orbitals y/y/, that yield the NOCVs providing the largest
contributions to the o- and m-orbital terms AE, and A€, in W4-NHE (E = C, Pb) and the
associated deformation densities Ap and stabilization energies are shown in Figure 1 and Figure
2. The homologues W4-NHSi — W4-NHSn exhibit simular shapes to those of the lighter
homologues (W4-NHC) and therefore, they are not shown in those figures. The shape of the
NOCV pairs y,/y., and the deformation densities Ap, of W4-NHC exhibit typical features for
(CO),WNHE o-donation. Figure 1(a) shows that the o-type interaction is clearly from the
donating NHC fragment to the accepting W(CO), fragment. The deformation density reveals
that the charge flow is from the NHC ligand toward the W(CO), fragment. [nterpretation of the
results for the m-type interaction is also straightforward. The shapes of the NOCV pairs ya/y.,
and y/y.4, and particularly the deformation densities Ap; and Ap. in Figure 1(b) and Figure 1(d)
clearly show that stabilizations of -9.9 and -4.0 kcal/mol can be assigned to (CO);W«NHC n-
donation in W4-NHC. The second (y»/\y.; Ap;) and the fourth (Wo/y.; Aps) contributions are
combinations of charge redistribution in the NHC and the n-donation from the (CO)W to the
NHC. In contrast to this, the shape of the charge flow Ap; indicales that the small stabilization
of -2.5 kcal/mol exhibits typical features for (CO);W«NHC n-donation and the relaxation of
the W(CO); fragment as shown in Figure 1(c) Thus, the bonding in the tetrylene complexes
W4-NHE exhibits the typical feature in terms of strong 6-donation and weak n-donation.

= A [

WA4-NHPb ()

W, (0.65) ¥, (0.65) Api (AE = -28.4 keal/mol) (e)
5 WA4-NHPb (1) E

¥, (0.24) v, (0.24) Ap: (AE =-3.0 keal/mol)  (f)

@

W4-NHPb (1)
¥,(0.22) ¥, (0.22) Apy (AE = 2.4 keal/mol)  (g)

Figure 2. Most important NOCV pairs of orbitals y.i, Wy with their eigenvalues —vy, vy, which are given
inp h and the iated deformation densities, py, and orbital stabilization energies, AE, for the

complex W4-NHPb. The charge ow in the deformation densities is from the yellow — blue regjon.
(e} 6-NOCV of W4-NHPb, (f) and (g) n-NOCVs of W4-NHPb.
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Figure 2 shows significantly different EDA-NOCV results for W4-NHPb because of the
surprising structure of the plumbylene ligand, which is bonded through its m-electron density.
Figure 2(e) clearly shows that the G-type interaction has the direction of the charge flow of
(CO);WNHPb. Like the plumbylene adduct [(CO)sW-{NHPb}] (WS5-NHPb) described by
Nguyen [6], the shape of the y., donor fragment of the NOCV pair of W4-NHPb suggests that
o-donation comes from the HOMO of NHPb which has n-symmetry with respect to the free
ligand. In order to further explain about the bonding situation of the current system. We want to
point out that the designation of - and m-orbitals of the ligands depends if they are considered
as free molecules or as ligands in the transition metal complex.

This is because the designation of - and m-symmetry depends on the choice of the mirror
plane which 1s used as reference for the assignment. An orbital may have G-symmetry in a
complex while it has m symmetry in the ligand, because the classification is made with regard to
different mirror planes. For example, in the free NHE ligand it is the molecular plane which 1s
used as reference for the assignment. In the complexes [(CO)sW-{NHE}] (W5-NHE) [6], the
reference plane contains the W-E axis and 1t bisects the plane of the P-E-P or NHE ligand. In
this case, the significantly different binding mode of the NHPb ligand exhibits strange NOCV
pairs compared with the lighter homologues.

The acceptor fragment y, of W4-NHPb looks very similar to the 6 acceptor fragments of
W4-NHC (Figure 1). The deformation density y, exhibits a small area of charge donation
(yellow area) at the W(CO), moiety associated with the deformation density Ap, and a
stabilization energy of -28.4 kcal/mol. Figure 2(f) and 2-g show that the very weak nt-type orbital
interactions in W4-NHPb come from typical n-donation (CO);W«NHPb and the relaxation of
the (CO):W fragment, The shape of the charge flow W/, and y3/y.; indicates stabihzation of -
3.0 and -2.4 kcal/mol From the above results, we can assert that the weaker bonds of the heavier
complexes [(CO)sW-{NHE}] result from a strong decrease in the electrostatic component of the
W-E bonds. The n-interactions in [(CO),W-{NHE}] are due to very weak m-backdonation and
are also irrelevant for the bond strength, The decrease in the donation (CO),W« NHE, which is
manifested in the calculated values for AE, and in the electrostatic attraction, AEy , provides a
rationale for the weaker bonding of the heavier atoms E.

3. CONCLUSION

In summary, quantum-chemical calculations suggest that transition-metal complexes
tetrylenes [(CO),W-{NHE}] (E = C - Pb) should be synthetically accessible compounds with
tetrylenes act as two-electron-donor ligands in transition-metal complexes. The EDA-NOCV
calculations suggest that the trend of the W-E bond strength was W4-NHC > W4-NHSi > W4-
NHGe > W4-NHSn > W4-NHPb. The EDA-NOCV indicates that the decrease in bond strength
from W4-NHC to W4-NHPb correlates with the decrease of AE ., and AE.,.s. The decrease in
the donation (CO). W« NHE, which is manifested in the calculated values for AE, and in the
electrostatic attraction, 4E,, , provides a rationale for the weaker bonding of the heavier atoms
E. The bonding in the complexes with N-heterocyclic carbene and analogucs W4-NHE exhibits
the typical feature in terms of strong o-donation and weak n-donation. Thus, the donation of a
second pair of electrons does not play a role to the trend in the dissociation energies. Analysis of
the bonding situation suggests that the NHE ligands in W4-NHE are strong 6-donors and weak
n-donors.

488



Acknowledgements. The jobs of this study were run via Erwin account which 1s excellent serviced by the
Hochschulrechenzentrum of the Philipps-Universitdt Marburg-Germany. N.T.A.N thanks Prof. Dr. Gernot
Frenking for allowing her to continuously use her own account at Frenking’s group. Further computer
time was provided by the HLRS Stuttgart, the HHLRZ Darmstadt, and the CSC Frankfurt.

REFERENCES

Petz W., Kutschera C., Heitbaum M., Frenking G., Tonner R., Neumiiller B. - Experimental
and Theoretical Studies of Carbodiphosphorane-CX,Aadducts with Unusual Bonding
Situations: Preparation, Crystal Structures, and Bonding Analyses of S,CC(PPhy),,
0O,CC(PPhy),, and [(CO)MS,CC(PPhy);] (M = Cr, Mo, W), Inorganic Chemistry 44 (2005)
1263-1274.

Tonner R., Frenking G. - C(NHC),: zweibindige Kohienstoff(0)-Verbindungen mit N-
heterocyclischen Carbenliganden — theoretische Belege fiir emne Molekiimasse mit
vielversprechenden Eigenschaften, Angew. Chem. 119 (2007) 8850.

Herrmann W. A. - N-Heterocyclische Carbene: ein neues Konzept in der metallorganischen
Katalyse, Angew. Chem. 114 (2002) 1342-1363.

Petz W., Frenking G. - Carbodiphosphoranes and Related Ligands., Topics 1n
Organometallic Chemistry 30 (2010) 49-60.

Tonner R., Oxler F., Neumiiller B., Petz W, Frenking G - Carbodiphosphoranes:
Chemistry of Di-Valent Carbon(0)., Angew. Chern. 118 (2006) 8206.

Weil J., Stetzkamp D., Nuber B., Fischer R. A., Boehme C., Frenking G.-[(n*-Cp*)Al-
Fe(CO).]-Synthese, Struktur, Bindungsverhaltnisse., Angew. Chem 109 (1997) 95-190.
Nguyen T. A N., Frenking G.- Transition-Metal Complexes of Tetrylones [(CO)sW-
E(PPh;);] and Tetrylenes [(CO)sW-NHE] (E=C-Pb): A Theoretical Study.”, Chem. Eur. J.
18 (2012) 12733-12748.

van Gisbergen S. J. A., Snijders J. G., Ziegler T.,- Chemistry with ADF, J. Comput. Chem.,
22 (2001) 931-967.

Snijders J. G., Baerends E. J., Vemoojs P - Roothaan-Hartree-Fock-Slater Atomic Wave
Functions. Single-Zeta, Double-Zeta, and Extended Slater-Type Basis Sets for SO,
At. Data. Nucl. Data Tables., 26 (1982) 483-509.

Krijn J., Baerends E. J.- Fit Functions in the HFS-Method., Intermal Report, Vrije
Universiteit Amsterdam, The Netherlands, (1984).

van Lenthe E. Ehlers A., Baerends E. J. Relativistic  regular two-component
Hamiltonians, J. Chem. Phys. 110 (1999) 8943.

Frenking G., Wichmann K., Fréhlich N., Loschen C., Lem M., Frunzke J., Rayén V. M. -
Towards a rigorously defined quantum chemical analysis of the chemical bond in donor-
acceptor complexes, Coord. Chem. Rev. 55 (2003) 238-239.

Michalak A., Mitoraiy M., Ziegler T. - A Combined Charge and Energy Decomposition
Scheme for Bond Analysis., J. Chem. Theory. Comput. 5 (2009) 962-975.

489



Nguyen Thi Ai Nhung, Nguyen Van Ly, Do Dien, Pham Van Tat

TOM TAT
PHAN TiCH NANG LUONG PHAN HUY KET H()P \76)] PIEN TICH TRONG ORBITAL

LIEN KET HOA TRI CUA CAC HOP CHAT CHUA PHOI TU N-HETEROCYCLIC
CARBENE VA CAC DONG DANG

Nguyén Thi Ai Nhung" ", Nguyén Van Ly', B8 Dién', Pham Vin Tat*

!Khoa Hoa hpc, Pai hoc Khoa hoc Hué
Khoa Moi truong, Dai hoc Hoa Sen
"Email: ainhungnguyen.chem@gmail.com

Ban chit lién két hoa hoc cia h¢ phirc chira phdi tr N-heterocyclic carbene va cic dong
ding sau cacbon trong nhom 14 [(CO),W-{NHE}] (W4-NHE) véi E = C, Si, Ge, Sn, Pb dugc
tinh todn bing phuong phap phan tich nang luong phén hiy két hep vai dién tich trong orbital
lién két hoa tri (EDA-NOCV), véi sy Két hop gitra phan dign tich (NOCV) va phan néng lugng
(EDA) & mirc BP86/TZ2P+. Ke( qua EDA- NOC\/ chi ra rang d6 manh cua lién két W-E trong
c4c hop chét nghién ciu glam din tr W4-NHC dén W4-NHPb trong (g vai sy giam cdc mirc
nang lugng twong tac tinh dién AL o va nang luong téng cba cac orbital tham gia lién két
AE,,. Nang lugng phén ly lién két cua lién két chinh W-E cho |hay, lién két W-C manh nhét va
giam dan tir C dén Pb: W4-NHC > W4-NHS1 > W4-NHGe > ‘W4-NHSn > W4-NHPb. Cac phan
tich vé& cdu triic va tinh cbat cua hé phire nghién ctru chi ra mng céc lién két W-E duge hién thi
dic tnumg bang su cho electron (CO)We NHE, duge thé hién qua cac gi4 tri cua nang luong
tong cua cic orbital tham gia lién két AL, va mic néng lugng tuomg tac tinh dién 4E,,, 1a co
s& cho vigc mb 1a day du ban chét cua cac lién két yéu cua cdc dong ding sau cacbon trong
nhom 14 v&i E = Si, Ge, Sn, Pb. Tinh chét dic trung cua phéi tir NHE 1a “manh-lién két & cho
va yéu- lién két 7 cho™ (strong G-donation and weak - donation). Chu tric va tinh chat cia cac
hé phirc chia phéi tir N- -heterocyclic carbene va céc dong déng sau cacbon trong nhém 14
[(CO):W-{NHE}] trong nghién ciru li thuyét niy hoan toan phii hgp & dinh hudng cho cic phan
ung tong hop v&i viéc md ra mot hudng nghién ciru méi cho céc nghién ciru thye nghiém.

Tir khoa: twong tac cho nhan; phan tich lién két; ning lugng phan huy (EDA).
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