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ABSTRACT: Thirty-seven calculation methods were benchmarked against the available experimental bond lengths and energies
data regarding the Ag−X bonds. The theoretical protocol PBE0/VDZ//ωB97x-D/mVTZ was found to be capable of accurately
predicting the homolytic bond dissociation energies (BDEs) of Ag−X complexes with a precision of 1.9 kcal/mol. With the available
method in hand, a wide range of different Ag−X BDEs were estimated. BDE(Ag−CH2X), BDE(Ag−PhX), BDE(Ag−OPhX), and
BDE(Ag−OCOPhX) (X = NH2, OMe, Me, H, Cl, and NO2) were found to be in the ranges of 27−47, 51−54, 19−39, and 64−70
kcal/mol, respectively. Subsequently, Hammett-type analysis was carried out with reactivity parameters. Good positive linear
relationships were found for BDE of Ag−O bands and decarboxylation barriers of Ag−OCOPhX with the Hammett constant σ. It
suggested that electron-donating substituents could promote either the homolytic cleavage of the Ag−OPhX bond to undergo a
radical process or Ag−OCOPhX decarboxylation. Moreover, ligand effects on Ag−H bonds were investigated using BDE(Ag−H)
and related NPA charges on Ag. In the case of P-ligands, carbene ligands, and other small molecule ligands (i.e., CO, CO2, and
H2O), a good negative linear relationship was found. In contrast, N-ligands could have a reverse effect. Understanding the intrinsic
relationships of BDE(Ag−X) with related reactivity parameters might help gain insights into the structure−reactivity relationships in
Ag−X-assisted C−H activation/decarboxylation.

1. INTRODUCTION

Silver-catalyzed/-assisted functionalization processes have
emerged as a promising field in organic reactions, such as
C−H activation and decarboxylation.1−4 Indeed, Ag reagents
play a crucial role in these processes during which the breaking
and formation of the Ag−X (X = C, O, and H) bonds may take
place.5−7 Accordingly, a fundamental understanding of the
factors controlling the Ag−X bond strength is of great
importance regarding rational design of Ag catalysts. However,
limited by insufficient experimental methods, there exist few
studies dealing with the thermodynamic parameters as well as
the reactivities of various Ag−X bonds. With the improvement
of the supercomputing and quantum chemical calculation
methods, theoretical methods have become an effective way to
accurately evaluate these features, that is, bond energies. To
this end, much effort has already been made. The Minenkov
group8 has systematically studied the thermodynamic proper-
ties of a series of simple silver salts in the gas phase using the

first-principles theory; the DLPNO-CCSD(T) method was
used to calculate the bond energies of Ag−X (X = H, F, Cl, Br,
I, CN, etc). However, for much larger Ag complexes, the
calculation with the coupled cluster method could be
unaffordably time-consuming. As an alternative, density
functional theory (DFT) has been widely employed in both
kinetic and thermodynamic calculations. For example, B3LYP/
ECP28MWB was utilized by the Siu group to evaluate the
binding energies between Ag(I) and neutral ligands (such as
H2O, CH3OH, CH3CN, and amide) with a precision of 4−6
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kcal/mol.9 The O’Hair group10 found that M06 could
accurately estimate the Ag−CH3 bond energies, and a series
of Ag−Calkyl bonds were investigated using this method.
Furthermore, the Hii group11 and the Chattaraj12 group have
studied the bond energies of Ag−carbene and Ag−bipyridine
and neutral small molecule ligands such as H2, N2, CO, and
CO2 using BP86 and PBE0, respectively. However, if not
controversial, the suitable DFT methods for the prediction of
the Ag−X bond energies may remain unclear. Moreover, the
essential correlation between the reactivity of the Ag complex
and the electronic structure of the Ag−X bond is highly
demanding.
In this work, a systematic theoretical study on the

relationship between BDE(Ag−X) and the reactivity param-
eters was carried out. At first, different density functionals (see
Table S1) were assessed by predicting the homolytic BDEs of
Ag−X (X = C, O, and H) against the available experimental
bond length and energetic data. Furthermore, with the selected
method, an extensive range of different Ag−X BDEs were
established. Last but not the least, the Hammett constants,
decarboxylation barriers of Ag−OCOPhX, and ligand effects
on Ag−H were discussed in detail. Understanding the intrinsic
relationships between BDE(Ag−X) and the related reactivity
parameters might help gain insights into the structure−activity
relationships in Ag−X-assisted C−H activation/decarboxyla-
tion.

2. RESULTS AND DISCUSSION

2.1. Benchmark Calculations on the Structures. For
silver compounds Ag−X (X = H, O, OH, F, Cl, Br, and I),
experimental bond lengths as benchmark values were selected
from the CRC Handbook of Chemistry and Physics13 as
shown in Table 1. The well-documented method B3LYP with
a series of basis sets was first tested to examine its accuracy on
the geometry optimization. Unfortunately, the bond lengths
were overestimated by B3LYP. Moreover, a flexible basis set
could be beneficial to predict the structures of Ag−X
compounds (Table 1, entries 1−6). Despite this, VDZ (cc-
pVDZ for H, O, F, and Cl; cc-pVDZ-PP for Br, I, and Ag,

Table S2) was employed for the further calculations with
different functionals instead of the time-consuming 3ξ def2-
TZVP and aVTZ (aug-cc-pVTZ for H, O, F, and Cl; aug-cc-
pVTZ-PP for Br, I, and Ag, Table S2) basis sets. Next, BP86
and PBE0 previously used by Hii and Chattaraj were employed
as well as other 34 DFT functionals involving different rungs of
the Jacob ladder.14,15 The results are presented in Tables 1 and
S3. Remarkably, PBE0/VDZ performed the best with a RMSE
of 0.018 Å. More detailed results are also shown in Figure S1.

2.2. Benchmark Calculations for BDE(Ag−X). The
BDEs (eq 1) of Ag−X compounds could be estimated
according to eq 2

− → + Δ = −• • HAg H Ag X BDE(Ag X)rxn (1)

− = + − +

+ −

E E E H

H H

BDE(Ag X) (Ag) (X) (AgX) (Ag)

(X) (AgX)
c

c c (2)

where E(Ag), E(X), and E(AgX) are the single-point energies
of the Ag, X, and AgX molecules, respectively, and Hc(Ag),
Hc(X), and Hc(AgX) are the energies of thermal correction to
enthalpy of Ag, X, and AgX molecules, respectively.
The signed error (SE) of each Ag−X bond length discussed

in this paper was calculated according to eq 3

= −R RSE computed standard (3)

where Rcomputed is the bond length calculated between the Ag
atom and the directly connected bonding atom and Rstandard is
the experimental bond length, which is shown in Table 1.
Similarly, the SE of each Ag−X BDE can be calculated
according to eq 4

= −SE BDE BDEcomputed standard (4)

where BDEcomputed is the BDE calculated using MP2 and DFT
methods according to eq 1 and BDEstandard is from
experimental values or CCSD(T)/CBS computational values,
which could be found in Table 2.
The absolute error (AE) reported in this paper is the

absolute value of SE; root mean square error (RMSE) refers to

Table 1. Calculated Bond Lengths of Ag−X with Various Methods and Basis Sets (See Table S2 for More Detailed Basis Set
Descriptions and References) and Deviation from Experimental Values

bond length (Å)

methods Ag−H Ag−O Ag−F Ag−Cl Ag−OH Ag−Br Ag−I MSE MAE RMSE

experimental 1.617 2.003 1.983 2.281 2.016 2.393 2.545
1 B3LYP def2-SVP 1.633 2.025 2.011 2.330 2.040 2.439 2.608

[0.016] [0.022] [0.027] [0.050] [0.024] [0.046] [0.063] 0.035 0.035 0.039
2 B3LYP 6-31 + G(d), def2-SVP 1.624 2.007 1.980 2.317 2.019 2.439 2.608

[0.007] [0.004] [−0.004] [0.036] [0.003] [0.046] [0.063] 0.022 0.023 0.033
3 B3LYP 6−311++G(2d,2p),

def2-TZVP
1.619 2.017 2.008 2.323 2.034 2.434 2.593

[0.002] [0.014] [0.025] [0.042] [0.018] [0.041] [0.049] 0.027 0.027 0.032
4 B3LYP def2-TZVP 1.619 2.007 1.997 2.308 2.025 2.434 2.593

[0.002] [0.004] [0.014] [0.027] [0.009] [0.041] [0.049] 0.021 0.021 0.027
5 B3LYP VDZ 1.623 1.994 1.973 2.312 2.011 2.434 2.603

[0.006] [−0.009] [−0.010] [0.031] [−0.050] [0.041] [0.057] 0.016 0.023 0.030
6 B3LYP aVTZ 1.616 1.999 1.992 2.306 2.020 2.425 2.585

[−0.001] [−0.004] [0.009] [0.025] [0.004] [0.032] [0.040] 0.015 0.017 0.022
7 BP86 VDZ 1.610 1.959 1.968 2.292 2.004 2.412 2.580

[−0.007] [−0.044] [−0.015] [0.011] [−0.012] [0.019] [0.035] −0.002 0.021 0.024
8 PBE0 VDZ 1.621 1.989 1.968 2.294 2.000 2.412 2.578

[0.004] [−0.014] [−0.015] [0.013] [−0.016] [0.019] [0.033] 0.003 0.016 0.018
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the root mean square of SE; and mean SE (MSE) and mean
AE (MAE) discussed below are the means of the SE and AE,
respectively.
According to Luo’s CRC Comprehensive Handbook of

Chemical Bond Energies16 and related literature,17 14
experimental Ag−X bond energies were collected to examine
the performance of different theoretical methods (Tables 2 and
S6). First, CCSD(T) with complete basis set (CBS) (derived
from a 3ξ/4ξ two-point extrapolation, more calculation details
shown in the Supporting Information) was found to accurately
predict the Ag−X bond energies with an error of <2.0 kcal/mol
(R2 = 0.99, N = 10 while the fixed slope is 1, Figure S3) with
the exception of BDE(Ag−CH3), BDE(Ag−OH), BDE(Ag−
Sn), and BDE(Ag−I). The calculated BDE(Ag−CH3)CBS is
42.8 kcal/mol, which deviates much from the experimental
values as observed previously by Chen18 and Rijs10 et al.
Considering the good agreement between the theoretical and
the experimental results for the other silver systems, the
experimental BDE(Ag−CH3) might need further validation.
Herein, for Ag−CH3, Ag−OH and Ag−I, and Ag−Sn, the
BDEs calculated using CCSD(T)/CBS were judged as the
most appropriate benchmark. In contrast, BP86 and PBE0
previously used by Hii and Chattaraj performed with the
RMSEs of 4.5and 3.3 kcal/mol, respectively. For MP2 and
DFT methods, the mVTZ (may-cc-pVTZ for H, C, O, S, F, Si,
and Cl; may-cc-pVTZ-PP for Ge, Sn, Se, Te, Br, and I; and cc-
pVTZ-PP for Ag) basis sets were used.19

Based on Figure 1, we conclude that the theoretical protocol
PBE0/VDZ//ωB97x-D/mVTZ could accurately predict the
homolytic BDEs of Ag−X complexes with a precision of 1.9
kcal/mol. A more detailed diagram (Figure S4) and related
analysis of different functionals could be seen in the
Supporting Information.
2.3. Calculations of Different Ag−C and Ag−O BDEs.

With the screened theoretical protocol in hand, a series of Ag
complexes mainly including Ag−C and Ag−O bonds were
selected for further investigation, which might be the key
intermediates involved in the transition-metal catalyzed C−H
activation and decarboxylation. The calculated BDE(Ag−C)

and BDE(Ag−O) results are summarized in Tables 3 and 4,
respectively.
As shown in Figure 2, the BDE (Ag−X) (X = C and O)

covers a wide range from 15 to 70 kcal/mol. In detail,
BDE(Ag−Calkyl) is generally from 27 to 47 kcal/mol, while
BDE(Ag−Caryl) ranges from 45 to 69 kcal/mol. The BDE(Ag−
Calkyl) turned out to be generally higher compared to
BDE(Ag−Caryl). It is thus suggested that the cleavage of the
Ag−Calkyl bond could easily go through a radical process rather
than Ag−Caryl. For Ag−O, BDE(Ag−OCOPhX) bond energies
occupied a narrow scale from 64 to 70 kcal/mol, much smaller
than BDE(Ag−OPhX), which ranges from 19 to 39 kcal/mol.
It is worth noting that with the same substituents, BDE(Ag−
PhX), BDE(Ag−OPhX), and BDE(Ag−OCOPhX) range from
51 to 54, 19 to 39, and 64 to 70 kcal/mol, respectively. It
indicated that the intermediates Ag−OCOPhX may undergo
decarboxylation generating an Ag−PhX complex instead of
generating Ag−OPhX.

2.4. Hammett-Type Analysis of Reactivity Parame-
ters. Based on a linear free-energy relationship theory, the
Hammett constant was quantitatively applied to describe the
substituent effect on reactivity.21−23 In addition to the para
Hammett constants σ, natural population analysis (NPA)
charge on the Ag atom was chosen to explore the quantitative
correlation with the reactivity parameters, such as BDE(Ag−
O) and decarboxylation barriers.

2.5. Correlation of Hammett Constants with BDE-
(Ag−O). In terms of Ag−OPhX (X = NH2, OMe, Me, H, Cl,
and NO2) complexes, a liner relation was found between the
Hammett constants and the BDE(Ag−OPhX), as shown in
Figure 3. The correlation coefficient R2 is 0.9449. This means
that the electron-donating substituents on the benzene ring
could promote the homolytic cleavage of the Ag−OPhX bond
to afford a radical process. Correspondingly, the NPA charges
on Ag of Ag−OPhX (listed in Table 4) were found to correlate
well with the BDE(Ag−OPhX) with a correlation coefficient
R2 of 0.9678, as shown in Figure 4 and eq 6. Most likely, the
electron-donating substituents in Ag−OPhX weaken the
polarization of the Ag−O bond.

σ− = + =RBDE(Ag OPhX) 28.57 13.32 0.94492

(5)

Table 2. CCSD(T)/CBS Calculated, Experimental BDEs,
and Performance of Several DFT Methods (DFT/mVTZ for
Single-Point Calculations and PBE0/VDZ for Geometry
Optimization) (Unit: kcal/mol)

no. complexes CBS calc. expt. B3LYP PBE0 ωB97x-D

1 Ag−H 53.2 55.016 53.6 51.2 54.7
2 Ag−O 45.5 46.417 45.7 44.4 46.8
3 Ag−F 81.7 82.316 76.1 75.3 80.0
4 Ag−S 52.5 51.816 49.7 52.3 54.3
5 Ag−Cl 75.7 75.116 68.0 71.9 74.7
6 Ag−CH3 42.8a 32.116 39.4 40.9 43.4
7 Ag−OH 56.3a 50.3 50.6 54.3
8 Ag−Br 69.9 70.016 62.1 66.0 67.0
9 Ag−I 63.9a 60.916 56.1 60.2 60.9
10 Ag−Se 50.0 50.216 47.1 49.2 51.2
11 Ag−Te 48.4 46.816 44.7 46.9 49.4
12 Ag−Si 42.5 44.216 42.6 42.6 42.9
13 Ag−Ge 40.2 41.716 40.7 39.9 42.6
14 Ag−Sn 40.3a 32.516 39.7 39.0 42.6

RMSE 4.5 3.3 1.9
aAs benchmark value.

Figure 1. Performances of different methods involving DFT
functionals and MP2 (DFT/mVTZ for single-point calculations and
PBE0/VDZ for geometry optimization).
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− = − + *

=R

BDE(Ag OPhX) 198.02 290.62 NPA

0.96782 (6)

Furthermore, again, a good liner correlation was addressed
between the BDE(Ag−OCOPhX) and the Hammett constants
(Figure 5) as well as the NPA charges on Ag (Figure 6). The
correlation coefficients R2 amount to 0.9808 and 0.9979,

respectively. According to eqs 5 and 7, the slopes are 13.32 and
3.65 for Ag−OPhX and Ag−OCOPhX complexes, respec-
tively. It turned out that the electronic properties of the
substituents could affect the BDE(Ag−O) more for Ag−OPhX
rather than for Ag−OCOPhX. This may be attributed to the
different hapticities on the Ag center. For Ag−OPhX and Ag−
OCOPhX, the hapticities are η1 and η3, respectively. With

Table 3. Calculated Bond Energies of Different Ag−C Complexes (Unit: kcal/mol)

Table 4. Hammett Constant, NPA Charge on Ag, and Calculated Bond Energies of Different Ag−O Complexes
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three atoms O, C, and O bound to the Ag atom, the electronic
effect of the substituents could be attenuated. Moreover,
compared with Ag−OPhX, the NPA charges on the Ag atoms
of Ag−OCOPhX are more positively charged (listed in Table
4). Stronger polarization of the Ag−O bond thus prevails,
resulting in larger bond energies.

σ− = + =RBDE(Ag OCOPhX) 66.97 3.65 0.98082

(7)

− = − + *

=R

BDE(Ag OCOPhX) 151.44 270.23 NPA

0.99792 (8)

To gain more insights about Ag−O complexes, the
BDE(H−O) values for H−OPhX and H−OCOPhX com-
plexes were estimated for comparison. The calculated results
are shown in Table S11 and Figures S6 and S7. As we

expected, positive linear relationships could be found for
BDE(H−O) as well as BDE(Ag−O). According to the fitting
results, the slopes of Hammett plots are 8.50 and 1.49 for
HOPhX and HOCOPhX systems, respectively. In comparison,
the slopes of Hammett plots are 13.32 and 3.65 for Ag−OPhX
and Ag−OCOPhX systems, much larger than those for
HOPhX and HOCOPhX. It was indicated that except for
the stability trends of radicals, the polarizability of the
substituent on Ag−O bonds might play a more important
role in the homolytic cleavage.

σ− = + =RBDE(H OPhX) 83.56 8.50 0.90692 (9)

σ− = + =RBDE(H OCOPhX) 107.45 1.49 0.98102

(10)

2.6. Correlation of Hammett Constants with Decar-
boxylation Barriers. With regard to Pd-catalyzed decarbox-
ylation, both experimental and theoretical works have been
extensively reported.24−27 Not only the R−H gas-phase
acidity24 but also the BDE of R−COOH25 were found to
correlate well with Pd-catalyzed R−COOH decarboxylation
energy barrier. By contrast, little efforts involving Ag-assisted
decarboxylation have been made. Herein, with the method
PBE0/VDZ//ωB97x-D/mVTZ, silver-assisted decarboxylation
barriers ΔH⧧ were calculated, as listed in Table 5. The
structures of the key intermediates and related transition states
are presented in Table S11. A linear relationship was found

Figure 2. Ranges of BDE(Ag−C) and BDE(Ag−O).

Figure 3. BDE(Ag−OPhX) with different substituents plotted against
the Hammett constants σ

Figure 4. BDE(Ag−OPhX) with different substituents plotted against
the NPA charges on Ag.

Figure 5. BDE(Ag−OCOPhX) with different substituents plotted
against the Hammett constants σ

Figure 6. BDE(Ag−OCOPhX) with different substituents plotted
against the NPA charges on Ag.
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between the decarboxylation barriers and the BDE(Ag−
OCOPhX) with a correlation coefficient R2 of 0.9289, as
shown in Figure 7. It revealed that the Ag−OCOPhX complex

with small BDE(Ag−O) was inclined to undergo a
decarboxylation process. Interestingly, a better linear relation-
ship was also found between the Hammett constants and the
reactivity with a correlation coefficient R2 of 0.9737, as shown
in Figure 8. The intercept of eq 12 represents the
decarboxylation barrier of Ag−OCOPh with a value of 37.57
kcal/mol. Last but not the least, it suggests that electron-
donating substituents could be of benefit for Ag-assisted
decarboxylation.

= − + * −

=R

barriers 2.07 0.59 BDE(Ag OCOPhX)

0.92892 (11)

σ= + =Rbarriers 37.57 2.24 0.97372 (12)

2.7. Ligand Effects on BDE(LAg−H). Transition-metal
hydrides do not only serve as a hydride donor but also play a
crucial role in the hydrogen atom transfer process.28−30 Uddin
et al.31 systematically investigated the intrinsic nature of the
LnM−H (M = group 10−11 metals) bond and the relationship
with dissociation enthalpies. Herein, BDE(Ag−H) and NPA
charges on Ag were calculated with various ligands, such as P-
ligands, carbene ligands, and N-ligands so forth (Table 6).

Note that the silver hydride without ligands has the lowest
homolytic Ag−H BDE. Ligands coordinated to the Ag centers
could increase the electron densities located at Ag, leading to
strengthening of the Ag−H bond. In particular, in the cases of
P-ligands, carbene ligands, and other small molecule ligands
(i.e., CO, CO2, and H2O), it is surprising that a good negative
linear relationship was found between the NPA charges on Ag
and the BDE(Ag−H) with a correlation coefficient R2 of
0.9509, as shown in Figure 9. In contrast, N-ligands could have

Table 5. Theoretical Activation Enthalpies of Ag-Assisted
Decarboxylation with Different Substituents

substituent X Hammett constant σpara
20 ΔH⧧

decarboxylation (kcal/mol)

−NH2 −0.66 35.9
−OMe −0.27 36.8
−Me −0.17 37.4
−H 0 37.8
−Cl 0.23 38.1
−NO2 0.78 39.2

Figure 7. Decarboxylation barriers with different substituents plotted
against BDE(Ag−OCOPhX).

Figure 8. Decarboxylation barriers with different substituents plotted
against Hammett constants σ.

Table 6. Calculated Ag−H Bond Energies with Different
Ligands
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a positive effect on the BDE(Ag−H). In this case, the
correlation coefficient is 0.9555 (Figure 9).

3. CONCLUSIONS
The breakage and generation of Ag−X (X = C, O, and H)
bonds are the vital processes in silver-catalyzed/-assisted C−H
activation/decarboxylation. However, the basic knowledge of
the structure−reactivity relationship between Ag−X bond
energy and reactivity parameters was still unclear. To achieve
this goal, we found that the theoretical protocol PBE0/VDZ//
ωB97x-D/mVTZ could accurately predict the homolytic BDEs
of Ag−X complexes with a precision of 1.9 kcal/mol by
benchmarking 37 calculation methods against the available
experimental bond length and energy data. With the aid of
such a procedure, a wide range of different Ag−X BDEs were
estimated. It is worth noting that with the same substituents,
BDE(Ag−CH2X), BDE(Ag−PhX), BDE(Ag−OPhX), and
BDE(Ag−OCOPhX) (X = NH2, OMe, Me, H, Cl, and
NO2) were in the ranges of 27−47, 51−54, 19−39, and 64−70
kcal/mol, respectively. Subsequently, Hammett-type analysis
was conducted for reactivity parameters. Good positive linear
relationship was found for BDE of Ag−O bands and
decarboxylation barriers of Ag−OCOPhX with the Hammett
constants σ. It suggested that electron-donating substituents
could promote either the homolytic cleavage of the Ag−OPhX
bond to undergo a radical process or Ag−OCOPhX
decarboxylation. Moreover, ligand effects on Ag−H bonds
were investigated with NPA charges on Ag and BDE(Ag−H).
In the case of P-ligands, carbene ligands, and other small
molecule ligands (i.e., CO, CO2, and H2O), a good negative
linear relationship was found. In contrast, N-ligands could have
a reverse effect.

4. METHODS
4.1. Computational Details. All the computational

studies were performed with Gaussian 16, Revision C.01.32

All the geometries were optimized in the gas phase without any
constraints and confirmed as true energy minima by analysis of
the vibrational frequencies at the same level of theory. For
molecules or clusters with multiple relatively stable con-
formations, different initial conformations were given to find
the most stable conformation with the lowest energy. For the
single-point energy calculations of DFT (excluding the double

hybrid functional) and HF methods, the keyword “stable” was
used to ensure the stability of wave functions. The NPA was
performed to obtain NPA charge using the NBO 3.1
program33 as implemented in the Gaussian 16, Revision C.01.
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