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Abstract. Using computation, we examine the gener-
ality and strength of b-effects from transition metal 
centers on b-elimination. In particular, we find that a 
b-Pd(II) substituent imparts over twice the stabiliza-
tion to a carbocation as a Si substituent, representa-
tive of the well-known b-silicon effect. We established 
efficient and practical computational parameters to 
investigate the ss conjugation in an experimentally 
relevant system: N,N-picolinamide vinyl metalacycles 
with b-substituents that can undergo elimination. We 
have found that the b-Pd effect depends on the nature 
of the Cb substituent (X): This effect is negligible for X 
= H, Me, OH and F, but is significant for X = Cl, Br and 
I. We have also extended these studies to the b-effect 
in N,N-picolinamide vinyl metalacycles with b-sub-
stituents of other transition metals—Fe(II), Ru(II), 
Os(II), Co(III), Rh(III), Ir(III), Ni(II), Pd(II), Pt(II), 
Cu(III), Ag(III), and Au(III). We found that the elec-
tronegativity of the metals correlates reasonably well 
with the relative b-effects, with first-row transition 
metals exerting the strongest influence. Overall, it is 
our anticipation that a more profound appreciation of 
transition metal b-effects will facilitate the design of 
novel reactions, including new variants of transition 
metal catalyzed C–H functionalization. 

Introduction  
Hyperconjugative interactions—defined as stereoe-
lectronic interactions involving at least one s or-
bital—are ubiquitous in chemistry and have profound 
effects on reactivity and conformational equilibria.1-3 
A prominent example is the b-effect of silicon (or b-Si 
effect), where a R3Si substituent stabilizes positive 
charge at a position b to the silicon group, manifesting 
extraordinary rate accelerations,4-7 activation of typi-

cally inert functionalities8-9 (e.g., C–H bonds10), con-
trol over selectivity,11-13 and the isolation of typically 
high energy carbocation14-18 and carbene19-20 species.  
The b-Si effect is generally attributed to hyperconju-
gation (also called sp conjugation) through the inter-
action between a Si–Ca s orbital and the empty p-or-
bital of a carbocation centered on Cb (Figure 1A).21-25 
Other atoms with an empty orbital, such as boron, can 
engage in this type of hyperconjugation.26 This effect 
has also been evoked in considering hyperconjugation 
between a Si–Ca s orbital and an empty s* orbital of 
a Cb–X bond (also called ss conjugation, Figure 1B).27-
32 It should be noted that hyperconjugation is not the 
only factor that contributes to the b-Si effect. Most 
notably, neighboring group participation, whereby 
the b-Si migrates to stabilize the positive charge 
through a bonding interaction, has also been pro-
posed as a mechanism that rationalizes the b-Si effect 
(Figure 1C).33-36  
In general, the Si–C s–bond has several qualities that 
are well-suited to hyperconjugation: It is polarizable, 
matches the energy of the acceptor orbital, and Si is 
electropositive enough to accept the positive charge 
resulting from delocalization. Extensive studies on 
varying the substituents on Si,37 using other group 14 
metals (e.g., Ge, Sn and Pb),38-39 almost all second and 
third period elements,40-41, fourth period main group 
elements,42 as well as various phosphorous groups43 
and sulfonyls,44 have established electronegativity as 
a strong indicator of s-donor ability in connection 
with b-effects.  
On this basis, Lambert hypothesized that transition 
metals should also be well-suited to exhibiting b-ef-
fects.22 Consistent with this hypothesis, we recently 
reported the “b-Pd effect” as part of a mechanistic 
study of the regiodivergence in a Pd(II)-catalyzed C–
H alkynylation reaction.45-46 There, we showed that 
hyperconjugation between the Pd–Ca s donor orbital 



 

and  acceptor s* orbital of a Cb–Br bond (i.e., ss con-
jugation) facilitates vinyl b-bromide elimination to 
form an alkyne (Figure 1D).46 However, there are lim-
ited examples of transition metal hyperconjugative b-
effects proposed in the literature. Notably, it was 
shown that the stabilization of a carbocation from a 
b-Au substituent switches the Bergman cyclization 
from a diradical mechanism to a zwitter-ionic mecha-
nism and makes it a thermodynamically favorable re-
action.47 Additional examples include cobalt carbonyl 
cluster complexes,48 metallocenes,49 and mercury.25, 50 
Invoking this effect for Pd and other transition metals 
generally employed in catalysis has significant impli-
cations. 

 
Figure 1. Summary of the b-Si effect and its extension 
to transition metals. Here, [M] stands for the N,N-pic-
olinamide vinyl metalacycles with b-substituents of 
metal M. 
 
One likely reason for the limited examples of b-tran-
sition metal effects is the instability of transition 
metal alkyl and vinyl intermediates under typical ex-
perimental conditions. However, computation can be 
used to study the properties and reactivity of these 
high energy intermediates. Here, we use modern com-
putational methods, including density functional 
theory calculations, to establish a theoretical frame-

work and interrogate trends for transition metal b-ef-
fects (Figure 1E). Overall, it is our anticipation that a 
more profound appreciation of transition metal b-ef-
fects would facilitate the design of novel reactions, in-
cluding various types of catalytic C–H functionaliza-
tion. 
 
Results and Discussion 
As a starting point, we constructed a model system to 
demonstrate the aforementioned sp and ss conjuga-
tion and to establish the primary computational pa-
rameters used here to quantify these effects. (See the 
Supporting Information for more details.) We also use 
these model systems to compare the b-effects arising 
from Pd(II) and Si substituents using models [M] = 
PdCl(NH3)2 and SiH3

40-41, 51-53, respectively (Figure 2). 
 

 
Figure 2. Schematic presentation of the sp and ss 
conjugations and inductive effect in the model sys-
tems [M]CH2CH+CH3 and [M]CH2CHBrCH3, respec-
tively, where [M] = SiH3 and PdCl(NH3)2. 
 
As mentioned above, traditionally, the b-Si effect is at-
tributed to the sp conjugation involving the interac-
tion of the Si-Ca s donor orbital and acceptor p-or-
bital of a carbocation centered on Cb (Figures 1A and 
2A).21-25 Thus, the stabilization arising from sp conju-
gation from a substituent [M] relative to H can be 
quantified using the isodesmic reaction in equation 1.  
CH3CH2CH3 + [M]CH2CH+CH3 (A/B)® 
[M]CH2CH2CH3 + CH3CH+CH3  (1) 
To distinguish between the stabilization of the carbo-
cation due to hyperconjugation and non-directional 
inductive effects for [M] = SiH3 and PdCl(NH3)2, we 
calculated two rotational isomers for the cation 
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[M]CH2CH+CH3 as described in the literature40-41, 51-53: 
In its bisecting isomer (A), the [M] substituent is par-
allel with the empty orbital of the cationic center to 
form ideal hyperconjugative interactions. In the 
eclipsing isomer (B), the [M] substituent is perpen-
dicular to the empty orbital of the cationic center so 
that it is impossible to form hyperconjugative interac-
tions and any stabilization arises only from non-direc-
tional inductive effects (Figure 2A). The difference in 
stabilization energy (DE from Eq. 1) between these 
isomers (i.e., DDEAB = DEA – DEB) provides a measure 
of the stabilization from the sp hyperconjugation.  
For [M] = SiH3, we compute 18.0 kcal/mol stabiliza-
tion from sp hyperconjugation which is consistent 
with previous studies.40-41, 51-53 For [M] = PdCl(NH3)2, 
we compute 44.2 kcal/mol stabilization indicating 
that the Pd(II) ion can provide over twice as much sta-
bilization through hyperconjugation as Si. (See the 
Supporting Information for more details.) This trend 
is consistent with computations using other electro-
positive b-substituents.40-41   
With this understanding, it is reasonable that intro-
duction of an electronically diverse range of X substit-
uents at the Cb-center may perturb the nature of the 
b-effect by changing the acceptor orbital from an 
empty p-orbital of the carbocation to a s* orbital of 
the Cb–X bond. As a result, the interaction between 
the [M]–Ca s donor orbital and s* acceptor orbital of 
Cb–X bond becomes the major contributor to the b-
effect. This type of conjugation is termed ss conjuga-
tion.27-32    
To quantify ss conjugation, we adjusted the model 
system to [M]CH2CHXCH3, where X = Br (C in Figure 
2B). In this model, we expect that ss conjugation will 
lead to Cb–Br bond elongation relative to 2-bromopro-
pane (i.e., [M] = H), where D(Cb–Br) = 2.09 Å. To test 
this hypothesis, we calculated DD(Cb–Br) in C for [M] 
= PdCl(NH3)2 and SiH3. This change in bond distance 
is found to be 0.12 Å and 0.03 Å, for [M] = PdCl(NH3)2 
and SiH3, respectively. Thus, the degree of Cb–Br bond 
elongation, i.e. DD(Cb–Br), can be used as an effective 
parameter for quantifying the ss conjugation as part 
of the b-effect These data again show that the b-Pd(II) 
effect is substantially larger than the b-Si effect.  
In order to obtain additional support for this conclu-
sion, we also used natural bond orbital (NBO) analy-
sis to compute the extent of delocalization of elec-
trons between the occupied [M]–Ca s orbital and the 
empty Cb–Br s* orbital. Here, we used the second-or-
der perturbation energy, E(2)

ij, calculated from the 
Fock matrix element, Fij, and the energy gap, ΔE, for 
the interacting donor (i) and acceptor (j) orbitals.54 

Consistent with the calculated change in Cb–Br bond 
distance in C, we find a smaller E(2)

ij  value for [M] = 
SiH3 than for PdCl(NH3)2: 8.0 and 20.9 kcal/mol, re-
spectively.55 (See the Supporting Information for 
more details.) Thus, these model studies consistently 
show that the b-Pd(II) substituent is over twice as sta-
bilizing towards positive charge as a b-Si group either 
through sp or ss conjugation.  
These model studies also justify our use of ss conju-
gation to more broadly study b-transition metal ef-
fects. Using ss conjugation is desirable because the 
reactant complexes for substitution or elimination re-
actions (i.e., with a Cb–X s bond) are more computa-
tionally tractable than high energy carbocations. Fur-
thermore, practical computational parameters that 
have been identified above: a) the change in Cb–X 
bond distance relative to a suitable reference struc-
ture, DD(Cb–Br) and b) the second-order perturba-
tion energy, E(2)

ij, can be employed to quantify b-effect 
of various transition metals. Thus, this approach is 
more effective and convenient. On the basis of the re-
sults above, we expect that the magnitude of the sp 
conjugation will remain significant, but the computed 
trends from ss conjugation will be valid and helpful 
for design of novel transition metal catalysis.   
We next turned to a specific system to further investi-
gate the potential and scope for transition metal b-ef-
fects arising from ss conjugation: Pd(II)-mediated 
site-selective C(sp2)–H alkynylation of substrates 
with b-carbolinamide and picolinamide as N,N-bi-
dentate chelating groups using TIPS-alkyne-halide 
coupling partners (see Figure 3, π-complex structure 
1). We previously showed that the reaction using 
TIPS-alkyne-bromide proceeds through migratory in-
sertion transition state TS1 and leads to the formation 
of a Pd-alkenyl intermediate with a b-bromide sub-
stituent.46 This intermediate has two isomeric forms, 
2 and 3, which we term “constrained” and “relaxed” ge-
ometry intermediates, respectively.  
 



 

  
Figure 3. Mechanism for Pd(II)-mediated site-selec-
tive C(sp2)–H alkynylation of substrates with b-carbo-
linamide and picolinamide as N,N-bidentate chelat-
ing groups using TIPS-alkyne-bromide coupling part-
ners 
 
We found that the direct product of the migratory in-
sertion transition state (see TS1) is a “constrained” ge-
ometry structure (2) where the double bond is in-
volved in direct interactions with the Pd. Interest-
ingly, this structure resembles an intermediate ex-
pected via the neighboring-group mechanism (Figure 
1C). However, in this Pd-alkenyl intermediate, hyper-
conjugation, which is initiated in TS1, is clearly also 
present: The trans s(Pd–Ca) and s*(Cb–Br) orbitals 
are strongly interacting (E(2)

ij = 28.1 kcal/mol) and the 
Cb–Br bond is significantly elongated (DD(Cb–Br) = 
0.09 Å). However, structure 2 is DG = 15.6 kcal/mol 
less stable than the “relaxed” geometry intermediate 
3. The computed hyperconjugation parameters of 3, 
E(2)

ij  = 28.5 kcal/mol and DD(Cb–Br) = 0.10 Å, are very 
similar to those of 2. For Pd(II), this indicates that the 
hyperconjugation is the dominant factor in the b-ef-
fect regardless of the possible interactions between 
the metal d orbitals and the alkene p orbitals. Then, 

from 3, the established b-Pd effect enables elimina-
tion of the vinyl b-bromide via transition state TS2 
with a small free energy barrier (DG‡

elim = 3.6 
kcal/mol). Of note, prior to our study, additives56-58 or 
a b-silicon substituent22 was thought to be necessary 
to facilitate this step.  
Close analysis of the electronic structure of Pd-alkenyl 
intermediate 3 reveals the existence of complex do-
nor-acceptor interactions between the alkene and Pd. 
In this intermediate, the s(Pd–C1) and s*(Pd–C1) or-
bitals interact with the px(CbºCa) and combined l* = 
c1s*(Cb–X) + c2px*(CbºCa) orbitals to form new s(C1–
Cb) and Pd–Ca/alkene s/p bonds (Figure 4).  

 
Figure 4. The alkyne orbitals that mix to form the hy-
brid orbitals, l* (see Figure 5). 
For X = Me, the s*(Cb–X) orbital is higher in energy 
than the anti-bonding px*-orbital of CbºCa, so it con-
tributes less to the hybrid l* orbital (termed lp*) and, 
consequently, to the Pd-alkene interaction, which 
makes the hyperconjugation weaker. (Figure 5) In-
deed, for the interaction between the s(Pd–C) orbital 
and the s*(C–CH3), E(2)

ij = 8.2 kcal/mol in complex 3. 
However, as the s*(Cb–X) orbital becomes lower in 
energy, its involvement in the l* orbital becomes 
larger (termed ls*), and, consequently, the hypercon-
jugation is enhanced. (Figure 5) For example, for X = 
Br, the s*(Cb–Br) orbital is more stable than the 
px*(CbºCa) orbital [i.e. s*(Cb–X) to px*(CbºCa) where 
an orbital switch has occurred!]. This results in a 
stronger interaction of the s*(Cb–Br) orbital with the 
s (Pd–Ca) orbital.  
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Figure 5. Molecular orbital diagrams for the formation of Pd-alkenyl complexes with TIPS-alkyne-X, where X = 
Me and Br. 
 
 
Table 1. Hyperconjugation parameters for Pd-alkenyl 
intermediate 3 with different X substituents.  

X = DD(Cb

–X) Å 
E(2)

ij 

kcal/
mol 

DE 
a.u. 

Fij 

au 
DG‡

eli

m 
kcal/
mol 

H 0.00 6.5 0.87 0.067 N/A 
CH3 0.00 8.2 0.79 0.072 N/A 
OH 0.00 12.1 0.68 0.085 > 50* 
F 0.01 15.5 0.58 0.088 > 40* 
Cl 0.07 25.0 0.41 0.093 7.5 
Br 0.10 28.5 0.36 0.092 3.6 
I 0.11 27.5 0.33 0.088 1.0 

 
*Values estimated from relaxed potential energy scan 
of the Cb–X distance. (See the Supporting Infor-
mation) 
 
Armed with this fundamental insight, we next sought 
to assess the generality and define trends for transi-
tion metal b-effects using our established computa-
tional tools: (a) change in Cb–X bond distance in 3 rel-
ative to a reference alkene Ph(X)C=CH(TIPS), where 

X and TIPS are in a cis relationship, DD(Cb–X), (b) in-
teraction energy between the participating orbitals, 
E(2)

ij, along with Fij and DE, and, where possible, (c) 
the free energy barrier for b-elimination of the X 
group, DG‡

elim. 
 
Trends in transition metal b-effects: Impact of 
the X substituent at Cb . The hyperconjugation pa-
rameters for 3 with X = H, Me, OH, F, Cl, Br, and I, and 
M = Pd(II) are shown in Table 1. (The values computed 
for 2 are consistent. See the Supporting Information.) 
The computed values for DD(Cb–X), E(2)

ij (including Fij 
and DE, where i and j stand for the s(Pd–Ca) donor 
and s*(Cb–X) acceptor orbitals, respectively) fully val-
idate the molecular orbital diagram illustrated in Fig-
ure 5, as well as the conclusions made on the basis of 
that fundamental knowledge. Indeed, for substitu-
ents with high energy s* orbitals, X = H, Me, OH and 
F, the calculated (a) DE is a very large, (b) E(2)

ij inter-
action energies are relatively small, and (c) DD(Cb–X) 
is essentially zero. These calculated parameters clearly 
show that the b-Pd effects via hyperconjugation for X 
= H, Me, OH and F are going to be relatively small. 
Indeed, the b-elimination barriers for these substitu-
ents are very high, DG‡

elim > 40.0 kcal/mol. Neverthe-
less, as expected, the importance of the b-Pd effect in 
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these systems increases with electronegativity from 
left to right (b-effect follows the trend X = H < CH3 < 
OH < F).54   
However, moving down the group, the s* orbitals of 
Cb–X get lower in energy for X = Cl, Br and I in that 
order, and the b-Pd effects are enhanced. This is ob-
served in the decrease of energy difference, DE, be-
tween the Pd–Ca s donor and Cb–X s* acceptor orbit-
als. However, the energy of the orbital interaction, 
E(2)

ij, (and the Fij term) follows the trend Cl < Br > I, 
which is in agreement with those previously reported 
for substituted ethenes.54 The trends in b-elimination 
barriers generally decrease as hyperconjugation in-
creases. The slight discrepancy for X = I indicates that 
other factors inherent in X and its leaving group abil-
ity will also affect the elimination barrier. However, we 
can generally conclude that the b-Pd effect is a signif-
icant factor in lowering the b-elimination barrier.  
As shown previously for Pd(II)-catalyzed C–H al-
kynylation with alkynyl halides (i.e., X = Br, I),46 the 
b-Pd effect originates at the stage of the migratory in-
sertion (MI) transition state TS1 (Figure 3). Therefore, 
it is natural to expect the hyperconjugation to also in-
fluence the migratory insertion barrier. We previously 
found that the difference in reactivity between 
bromo- and iodo-alkynes was partially due to an in-
creased MI barrier for X = I.46 To gain further insight 
into this effect, we also computed the MI barrier (DG‡) 
and reaction energy (DG) for X = Me relative to 1. The 
calculated values for X = Me are DG‡ = 20.9 kcal/mol 
and DG = 13.3 kcal/mol, which are 7.3 and 17.6 
kcal/mol higher than those previously reported for X 
= Br (DG‡ = 13.6 kcal/mol and DG = –4.3 kcal/mol, re-
spectively).46 Therefore, we would expect Pd(II)-
catalyzed C–H alkynylation with a TIPS methyl alkyne 
substrate (i.e., with X = Me) to be impeded in two 
ways: i) increase in MI barrier, and ii) inability to un-
dergo b-elimination. However, X groups with s*(Cb–
X) acceptor ability and bond strength similar to Cl and 
Br could be successfully employed for this or similar 
reactions.  
To summarize, hyperconjugation is critical for the b-
Pd effect in the alkenyl systems that we have studied. 
The hyperconjugation increases with (1) electronega-
tivity in the order X = H » CH3 < OH < F), and (2) 
decreasing DE (i.e. energy difference between the s 
(Pd–Ca) donor and s*(Cb–X) acceptor orbitals) until 
it is outweighed by other factors related to electroneg-
ativity (i.e., in the order X = F > Cl > Br < I). These 
insights may be applied to reaction design, where the 

choice of an appropriate leaving group will enhance 
the b-Pd effect to facilitate novel reactivity.  
 
Trends in transition metal b-effects: Impact of 
the transition metal. It is also expected that the b-
transition metal effect is going to be heavily influ-
enced by the identity of the participating transition 
metal center. Therefore, we have also studied the hy-
perconjugation for a series of transition metals to as-
sess some trends in the b-transition metal effect. For 
our purposes, we focused on the late transition metals 
Fe(II), Ru(II), Os(II), Co(III), Rh(III), Ir(III), Ni(II), 
Pd(II), Pt(II), Cu(III), Ag(III) and Au(III) because they 
are invoked in many organometallic transformations 
and catalysis. We wish to emphasize that a general 
and comprehensive description of the effect of the 
transition metals on the hyperconjugation is a com-
plex task with several complicating variables. These 
may include, but are not limited to, the nature of the 
auxiliary ligands and the geometrical environment of 
the metal centers, availability of multiple lower-lying 
electronic states, and electronic configurations (such 
as s0dn, s1dn-1 and s2dn-2), and the tendency of metals 
to form various types of complexes with alkenes and 
alkynes, as exemplified by 2 (i.e., “constrained” geom-
etry or metal-p complexes) and 3 (i.e., “relaxed” geom-
etry or free metal complexes) (Figure 6). Therefore, 
for the sake of simplicity, we focus on selected transi-
tion metal complexes in the closed shell singlet state 
in order to build a general picture for transition metal 
b-effects that can be extrapolated for future studies of 
these and other important variables.  
In order to account for the differences in oxidation 
states of metals, we derived model systems, [M] 
(where the brackets denote the picolinamide ligand 
system), from the picolinamide substrate studied for 
Pd(II) as shown in Figure 6.  Although the computa-
tionally located structures depend on the nature of 
the transition metal, below we discuss only the most 
energetically favorable complexes in the closed shell 
singlet state. It is our anticipation that such an ap-
proach will provide a consistent picture. The calcu-
lated hyperconjugation parameters and the free en-
ergy barriers for b-bromide elimination for these are 
provided in Table 3. With some exceptions, we gener-
ally find that 2 and 3 give consistent results and lead 
to the same conclusions. (See the example with M = 
Pd(II) above and the Supporting Information for the 
full dataset.)  
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Figure 6. Model complexes used to compute hyper-
conjugation parameters with different transition met-
als. Transition metals in the 2+ oxidation state are as 
is and those in the 3+ oxidation state have an addi-
tional pentamethylcyclopentadienyl (Cp*) ligand. 
  
A few general observations emerge from the dataset. 
We observe strong s donating ability of the [M]–Ca 
bonds with E(2)

ij > 18.9 kcal/mol. This is consistent 
with significant elongation of the Cb–Br bond in the 
range of 0.06-0.21 Å. The calculated trends in the hy-
perconjugation parameters are consistent with the 
electronegativities of the studied ions, which roughly 
fall within the range of 1.4–1.8.59 In general, trends in 
the calculated E(2)

ij and DD(Cb–Br) values correlate 
with the free energy barriers for b-bromide elimina-
tion, which are very low, DG‡

elim < 5.6 kcal/mol. This 
is an indication of the generality of transition metal b-
effects for the studied metals and suggests that this 
effect may be more prevalent than has been appreci-
ated. Au(III) has the lowest combination of E(2)

ij and 
DD(Cb–Br) values that we computed, and likewise its 
DG‡

elim is the highest (8.7 kcal/mol).  
Close analysis of these data show that upon going 
down a group (i.e., in going from the first-row metals 
to the third-row metals), the E(2)

ij and DD(Cb–Br) pa-
rameters decrease, and consistently the free energy 
barriers for b-bromide elimination increase. Thus, in 
general, it can be predicted that first row transition 
metals will exhibit the strongest hyperconjugative in-
teractions and therefore the strongest b-effects. 
 

Table 2. Hyperconjugation parameters for Pd-alkenyl 
intermediate 3 with different [M] substituents, where 
the brackets denote the picolinamide ligand system. 

 
[M], 
where 
M = 

Str. DD(Cb–
Br) Å 

E(2)
ij 

kcal/ 
mol 

DE 
au 

DG‡
eli

m 
kcal/ 
mol 

Fe(II) 2 0.19 58.6 0.29 0.2 
Ru(II) 2 0.15 43.6 0.33 0.4 
Os(II) 2 0.06 25.7 0.43 3.9 
Ni(II) 3 0.15 38.3 0.32 0.7 
Pd(II) 3 0.10 28.5 0.36 3.6 
Pt(II) 3 0.09 20.2 0.44 5.6 
Co(III) 3 0.21 32.4 0.33 –0.5 
Rh(III) 3 0.20 29.0 0.35 0.6 
Ir(III) 3 0.15 21.5 0.42 2.3 
Cu(III) 3 0.16 37.5 0.29 –0.4 
Ag(III) 3 0.16 39.9 0.27 0.3 
Au(III) 3 0.07 18.9 0.45 8.7 

 
 
Moving along the period of the transition metal series 
does not provide a clear trend but does indicate that 
early metals exhibit stronger hyperconjugative inter-
actions. However, in the data, we see various anoma-
lies. For example, careful inspection of the geometric 
and NBO data for the Rh(III) case suggest that the Cb–
Br bond is also activated by donation from the Cp* lig-
and which changes the geometry around the Rh(III) 
center and consequently, hyperconjugation parame-
ters. This reiterates the importance of ligand environ-
ment and molecular geometry on stereoelectronic ef-
fects in transition metal complexes. Regardless, it is 
likely that trends for s-donating ability of [M]–Ca 
bonds within the periodic rows follow electronegativ-
ity, but that the results are very sensitive to electron 
count and the ligand environment.  
 
Conclusions 
We provide a comprehensive theoretical and histori-
cal context for the b-effects of transition metal ions, 
in particular Pd(II). We found that Pd(II) imparts a 
stronger b-effect than Si to stabilize a cation through 
hyperconjugation (sp conjugation,) or in stabilizing 
the transition state for a departing nucleofuge (ss 

NO
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Br

N

O
N
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Br

2 3

NO
N M(III)
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Br
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conjugation). Due to the established connection be-
tween these modes of hyperconjugation, we are able 
to focus on one (ss conjugation) to study the strength 
and generality of transition metal b-effects in an ex-
perimentally relevant system.  
We established convenient and practical computa-
tional parameters to investigate the hyperconjugation 
for various X substituents on Cb–center and transition 
metals: (a) the degree elongation of Cb–X bond, i.e. 
DD(Cb–X), relative to a reference with baseline levels 
of hyperconjugation (i.e., [M] = H for a given system); 
(b) the second-order perturbation energy, E(2)

ij, ex-
tracted from the NBO analysis, that measures the in-
teraction energy between the occupied s([M]–Ca) 
and the empty s*(Cb–X ) orbitals; (c) the energy gap 
between these orbitals, ΔE; and (d) the free energy 
barrier for b-elimination of the X group, DG‡

elim.  
We have shown that the nature of a substituent (X) on 
Cb critically affects the ss conjugation and, conse-
quently, the energy barrier to vinyl b-elimination. We 
find that the b-Pd effect is relatively small for X = H, 
Me, OH and F, but significant for X = Cl, Br and I.  
We subsequently investigated b-effects (via ss conju-
gation) in N,N-picolinamide vinyl metalacycles with 
b-substituents, [M], of other transition metals, such 
as M = Fe(II), Ru(II), Os(II), Co(III), Rh(III), Ir(III), 
Ni(II), Pd(II), Pt(II), Cu(III), Ag(III), and Au(III). All 
of the metals studied have exceptional [M]–Ca s-do-
nating ability and facilitate rapid vinyl b-bromide 
elimination. Interestingly, the first-row transition 
metals exhibit the strongest b-effects. Electronegativ-
ity is an adequate guide for predicting relative [M]–Ca 
s-donating ability, but with the caveat that the b-ef-
fects appear to be highly sensitive to ligand environ-
ment, d-electron count and molecular geometry. 
These findings lead us to propose that transition 
metal b-effects may be more common than previously 
appreciated. The presented results provide a founda-
tion: (a) to build a better theoretical understanding of 
the factors that may affect transition metal b-effects, 
such as specific metal-ligand interactions and elec-
tronic states of catalyst, and (b) to invoking transition 
metal b-effects in the reaction design. Specifically, the 
choice of an appropriate leaving group (X) and transi-
tion metal could facilitate novel reactivity with differ-
ent types of catalysts.  
 
Computational Details 

The Gaussian 09 suite of programs60 was used for all 
calculations. Geometry optimizations and frequency 
calculations for all reported structures were per-
formed at the B3LYP-D3BJ/BS1 level of theory, where 
BS1 = Lanl2dz for Cl, Br, I, Fe, Ru, Os, Ni, Pd, Pt, Co, 
Rh, Ir, Cu, Ag, Au with the corresponding Hay-Wadt 
effective core potentials (ECP) and 6-31G(d,p) for all 
other atoms. Grimme’s empirical dispersion-correc-
tion with Becke-Johnson damping was used for 
B3LYP.61 Each reported minimum has zero imaginary 
frequencies and each transition state (TS) structure 
has only one imaginary frequency. Intrinsic reaction 
coordinate (IRC) calculations were performed for 
transition state structures to confirm their identity.  

Model system calculations (A-C) were optimized in 
the gas phase. These energies are reported in the text. 
Singlet point energies computed using the self-con-
sistent reaction field polarizable continuum model 
(IEF-PCM)62-64 with dichloromethane as the solvent 
as well as at the B3LYP-D3BJ/BS2, where BS2 = Def2-
TZVPD, and CCSD(T)/BS1 levels of theory are re-
ported in the Supporting Information. All other ener-
gies in the text (2, 3, etc.) are calculated for structures 
optimized with the solvation model at the B3LYP-
D3BJ/BS1 level of theory. 

Natural bond orbital (NBO) analysis65-66 was per-
formed for selected structures using the NBO pro-
gram (version 3.1)67, as implemented in G09. Donor-
acceptor interactions are analyzed with the second-
order perturbation of the natural bond orbitals. This 
analysis provides a quantitative measure (E(2)

ij) of the 
interaction between an occupied donor NBO (i) and 
an empty acceptor NBO (j).54  
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