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Abstract 

The intrinsic acidity of CH2=CHXH2, HC≡CXH2 (X = N, P, As, Sb) derivatives and of 

their complexes with BeH2 and BH3 has been investigated by means of high-level 

density functional theory and molecular orbital ab initio calculations, using as a 

reference the ethyl saturated analogues. The acidity of the free systems steadily 

increases down the group for the three series of derivatives, ethyl, vinyl and ethynyl. 

The association with both beryllium dihydride and borane leads to a very significant 

acidity enhancement, being larger for BeH2 than for BH3 complexes. This acidity 

enhancement, for the unsaturated compounds, is accompanied by a change in the acidity 

trends down the group, which do not steadily decrease but present a minimum value for 

both the vinyl- and the ethynyl-phosphine. When the molecule acting as Lewis acid is 

beryllium dihydride, the π-type complexes in which the BeH2 molecules interact with 

the double or triple bond are found, in some cases, to be more stable, in terms of free 

energies, than the conventional complexes in which the attachment takes place at the 

heteroatom, X. The most important finding, however, is that P, As, and Sb ethynyl 

complexes with BeH2 do not behave as P, As, or Sb Brønsted acids, but unexpectedly as 

Be acids.       
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Introduction 

  In a great majority of non-covalent interactions involving closed-shell systems 

there is mutual polarization of the interacting systems, which may be strong enough as 

to lead to a net charge transfer from one of the subunits, acting as Lewis base, to the 

other, acting as a Lewis acid. When this happens, there is, in general, a significant 

distortion of one or both of the interacting molecules1-27 since both suffer a significant 

electron density redistribution, the Lewis base because is loosing electrons and the 

Lewis acid because its electron density is increasing. The immediate consequence of 

these electron density changes, besides the aforementioned structural distortion, is an 

alteration in their intrinsic reactivity properties, in particular their basicity and acidity.28-

34 Indeed when typical Lewis bases as amines and phosphines form complexes with 

borane30, 32 or alane,31 their intrinsic acidity changes dramatically, in most cases sixteen 

orders of magnitude in terms of the equilibrium acidity constant.30,32 These acidity 

enhancements are even larger when the Lewis acid is a beryllium derivative,34 an 

electron deficient system, that as borane or alane, behaves as a very strong Lewis acid. 

Some evidences seem to indicate that the effect depends on the nature of the Lewis base 

active site, since in general it has been found that the acidity enhancement is about 

twice as large in amine-boranes32 than in phosphine-boranes. 30 

 The aim of this paper is four-folded: i) to investigate the acidity trends down the 

group 15 of elements, more specifically when the heteroatom is directly bonded to an 

unsaturated moiety, in particular to a vinyl or to an ethynyl group, ii) to analyze the 

effect that the association of these compounds either with BH3 or BeH2 have on their 

intrinsic acidities, iii) to explore whether reactivity changes are directly related with the 

deformation of the base, the acid or both, and iv) to explore the possibility that this 

association may lead to a change in the nature of the group loosing the proton.  For this 

purpose we will analyze, through the use of density functional theory and ab initio 

molecular orbital methods, the structure of H2C=CHXH2 and HC≡CXH2 (X = N, P, As, 

Sb) compounds and their respective deprotonated forms, as well as those of their 

complexes with BH3 and BeH2 and their deprotonated structures. Although these 

complexes may not be very stable, two of them, namely H2C=CHPH2:BH3 and 

HC≡CPH2:BH3, have been already synthesized and spectroscopically characterized, 35, 

36 and some rather stable complexes between N-bases and BeCl2 have been also 

reported.37  
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 3 

 In our study we will consider not only the possibility of losing the proton from 

the XH2 group but also from the BH3 or BeH2 ones.  Since, it would be interesting to 

know whether unsaturation has some significant effect on the phenomena to be 

investigated, we have also included the series of the saturated ethyl derivatives as a 

suitable reference.  

 

Computational Details 

 In our survey we have employed a theoretical model which has been proved to 

be rather reliable for the description of protonation and deprotonation processes, 

whereas, at the same time, is not very time consuming.38, 39 Such a model is based on 

the use of fully optimized geometries obtained by using the B3LYP hybrid functional 

and a 6-31+G(d,p) basis set expansion. Final energies are then evaluated in single point 

calculations using the same functional but a larger 6-311+G(3df,2p) basis set. The 

harmonic vibrational frequencies obtained in the B3LYP/6-31+G(d,p) geometry 

optimizations are used to ensure that the stationary points of the potential energy surface 

are local minima, and to evaluate thermal corrections at 298.2K necessary to get the 

enthalpies and the free energies of the deprotonation processes. This theoretical model 

has been proved to provide reliable results for similar complexes when compared with 

experimental values and high-level ab initio methods such as G3 and G4 theories.30, 32 

Nevertheless we have assessed its reliability to reproduce the gas-phase acidities of the 

systems under investigation in this paper by using as a reference G4 theory40 

calculations, for a suitable set of benchmark cases. Obviously, the B3LYP/6-

311+G(3df,2p)//B3LYP/6-31+G(d,p) model is not applicable to Sb containing 

compounds, for which the aforementioned basis sets are not available, and where 

relativistic effects cannot be considered negligible. Hence, for the Sb derivatives we 

have used the same functional with two effective core potential (ECP) basis sets that 

account for the most significant relativistic corrections. The smaller Def2-TZVP ECP 

basis set41 was employed for the geometry optimizations and the calculations of the 

harmonic vibrational frequencies, whereas the single point calculations on these 

optimized structures were carried out using a larger Def2-QZVP  basis set expansion.41 

To assess the reliability of this model, and using the BeH2 complexes of ethynylstibine  

as a suitable benchmark system, we have taken as a reference acidities calculated at the 

CCSD(T)/Def2-QZVP level using the B3LYP/Def2-TZVP optimized geometries.  

 The bonding in the complexes under scrutiny was analyzed using four different 
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and complementary procedures, the quantum theory of atoms in molecules (QTAIM),42, 

43 the natural bond orbital (NBO) method,44  the Localized Molecular orbital Energy 

Decomposition analysis (LMO-EDA)45 and the Natural Orbitals for Chemical Valence 

(NOCV).46  Within the framework of the QTAIM, we have obtained the molecular 

graphs for all the complexes investigated. The molecular graphs are defined by the set 

of critical points, maxima (nuclei), minima (cage critical points) and saddle points 

(bond or ring critical points) of the electron density together with the bond paths, which 

correspond to the lines of zero gradient of the density, connecting two maxima and 

containing a first order saddle point, usually named bond critical point. The NBO 

method describes the bonding in terms of natural localized orbitals built as a 

combination of atomic hybrids, and allows to calculate the Wiberg bond orders.47 One 

of the advantages of this approach is that permits to identify intra- or inter-molecular 

charge transfer processes by a second order analysis of the Fock matrix, which yields 

the interaction energies between occupied and empty orbitals of the system. In the 

LMO-EDA approach the total interaction energy is decomposed as 

     (1) 

 where ∆Eelstat,  is the electrostatic term that describes the classical Coulomb interaction 

of the occupied orbitals of one of the interacting units with those of the other, ∆EEx+rep 

corresponds to the repulsive exchange component resulting from the Pauli exclusion 

principle,  ∆Epol  is the polarization term resulting from the orbital relaxation energy on 

going from each subunit to the complex, and ∆Edisp is the dispersion contribution not 

accounted for at the HF level. 

 The NOCV is based on the use of the eigenvectors of the deformation density 

matrix,46 and combined with the Extended Transition State (ETS) approach,48 permits to 

obtain the orbital interaction term in terms of the NOCV eigenvalues. In the ETS-

NOCV approach, the interaction energy is decomposed as,  

      (2) 

where the first two terms, ∆Eelstat, and ∆EPauli has similar meanings as in eq. (1), and  are 

usually named as steric interaction. The term ∆Eorb, accounts for the interactions 

between the occupied molecular orbitals of one subunit with the empty orbitals of the 

other, and within the same subunit. The ETS-NOCV calculations have been carried out 

by means of the ADF-2013.01 suite of programs.49   
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Results and discussion 

 The optimized geometries of the isolated amines, phosphines, arsines and 

stibines  and their deprotonated anions, as well as those of the complexes they form 

with BeH2 and BH3 have been summarized in Table S1 of the supporting information.  

 

Acidity enhancement 

The calculated intrinsic acidities, measured as the Gibbs free energy associated with the 

reaction: 

AH  → A- + H+       (1) 

are presented in Table 1. 

 

Table 1. Calculated acidity (∆acidG
0, kJ mol-1) for R-XH2 ( R = Ethyl, vinyl, ethynyl; X 

= N, P, As, Sb) bases and the corresponding R-XH2:BeH2  and R-XH2:BH3 complexes.  
 

∆acidG
0 

 free base RXH2:BeH2 RXH2:BH3 

R = Ethyl 

X = N 1627 (1638.9 ± 2.9)a 1431 1447 
X = P 1522 (1531. ± 12.)b 1409 1435 
X = As 

1492 (1501. ± 8.8)c 1377 1393 
X = Sb  1455 1357 1361 
R = Vinyl 
X = N 1533 1325 1360 
X = P 

1470 [1474]d (1477. ± 9.6)a 1346 [1343]d 1384 
X = As 1446 [1446]d (1448. ± 8.8)c 1322 [1320]d 1343 
X = Sb  1429  1316 1321 
R = Ethynyl 
X = N 

1472 1282 1320 
X = P 

1445 [1451]d (1459. ± 9.6)a 1319 [1315]d 1351 
X = As 1418 [1419]d (1434. ± 8.8)c 1291 [1292]d 1309 
X = Sb  

1401 [1397]e 1293 1290 
a Exp. value taken from ref. 50 
b Exp. value taken from ref. 51 
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c Exp. value taken from ref. 52 
d Values calculated at the G4 level of theory 
e Value calculated at CCSD(T)/Def2-QZVP level of theory  
  For the free compounds we have considered deprotonation at all possible acidic 

sites, X, Cα and Cβ.  In all cases the systems behave as heteroatom acids since 

independently of the nature of R or X, the R-XH- anion was found to be always the 

most stable one. This is in agreement with what has been found before for several 

amines32, 51 and phosphines,30, 51 as well as for vinylarsine,51, 52 vinylstibine53 and 

ethynylarsine.   

 It is worth noting that there is a very good agreement between our calculated 

acidities and the experimental values, whenever available. Also the estimates of our 

DFT model are in excellent agreement with the G4 calculated values. It is also apparent 

that the acidity increases down the group for the three families of compounds, although 

this effect is attenuated on going from the saturated compounds to the vinyl derivatives 

and further to the ethynyl ones. Indeed while ethylstibine is predicted to be 172 kJ mol-1 

more acidic than ethylamine, for the vinyl and the ethynyl analogues this gap is only 

104  and 71 kJ mol-1, respectively. As expected, the acidity increases as ethyl < vinyl < 

ethynyl, reflecting the larger electronegativity of the unsaturated groups with respect to 

the saturated one.   

 The complexation of the compounds under investigation either with BeH2 or BH3 

leads to a significant enhancement of their intrinsic acidities, similar to the ones 

reported in the literature for other compounds.30, 32, 34 The calculated acidity 

enhancement is larger for beryllium dihydride complexes than for borane complexes, 

and it can be easily rationalized through the thermodynamic cycle of Scheme 1, which 

relates the acidity of the free compound, RXH2, ∆rG4
0, and the acidity of its complexes, 

RXH2:Y (Y = BeH2, BH3), ∆rG2
0, with the stabilization of the neutral, ∆rG1

0, and the 

anionic deprotonated compound, ∆rG3
0 upon Y complexation. 
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     Scheme 1 

The values of ∆rG4
0 and ∆rG2

0 have been already summarized in Table 1, since they 

correspond to the intrinsic acidities of the free compounds and their corresponding 

complexes, respectively. Those of ∆rG1
0 and ∆rG3

0 are given in Table 2. 

 

Table 2.  Acidity enhancement, ∆∆acidG
0, and stabilization free energies of neutral, 

∆rG1
0, and deprotonated species, ∆rG3

0,  when R-XH2 ( R = Ethyl, vinyl, ethynyl; X = 
N, P, As, Sb) bases interact with BeH2 or BH3. All values in kJ mol-1. 
 
 (∆∆acidG

0)a 
∆rG1

0
 ∆rG3

0 

R = Ethyl Y = BeH2 Y = BH3 Y = BeH2 Y = BH3 Y = BeH2 Y = BH3 

X=N 226 179 -59 -74 -285 -253 
X = P 139 113 -12  -64 -151 -177 
X = As 117 99 -17 -54 -134 -153 
X = Sb  121 119 +17 -20 -105 -139 
R = Vinyl 
X = N 208 171 -29 -41 -237 -212 
X = P 

124 78 -2 [-11]b -65 -126 -143 
X = As 124 102 +13 [-2]b -24 -111 -126 
X = Sb  114 106 +17 -15 -97 -121 
R = Ethynyl 
X = N 

190 152 -7 -16 -197 -168 
X = P 125 93 +9 [+1]b -43 -116 136 
X = As 127 106 +26 [+9]b -11 -101 -117 
X = Sb  

108 110 +18 [+17]c -7 -90 -117 
a These values measure the acidity enhancement upon BeH2 or BH3 association and are 
given by the difference ∆rG2

0- ∆rG4
0
. 

b  Values calculated at the G4 level of theory 
c  Value calculated at the CCSD(T)/Def-QZVP level of theory 
 

 

 The values of ∆rG1
0 and ∆rG3

0 indicate that for both kinds of complexes the 

acidity enhancement is due to a much larger stabilization of the anion than the neutral, 

when associated with any of the two Lewis acids. Actually, for both BH3 and BeH2 the 

strength of the N-X  (X = Be, B) bond dramatically increases on going from the neutral 
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 8 

complex to the deprotonated one. This is well reflected in both, the values of the 

electron densities at the N-X BCPs and in the Wiberg bond orders. As shown in Figure 

1, using the complexes with vinylamine as suitable examples, upon deprotonation of the 

complex, the electron density at the N-Be  and N-B BCPs increases by 0.034 and 0.039 

a.u., respectively. Consistently, the N-Be and the N-B Wiberg bond orders also increase 

from 0.259 to 0.526 for the BeH2 containing complex and from 0.572 to 0.739 for the 

BH3 containing one.   

 

 

 

Figure 1. Molecular graphs of the BeH2 and BH3 complexes with vinylamine and their 
corresponding anionic deprotonated species. Green dots denote BCPs. Electron 
densities are in a.u. 
 
 

Consistently, the LMO-EDA also shows that for both, the BeH2 and the BH3 complexes 

the interaction energies between the two subunits are very large, but more than three 

times larger for the corresponding deprotonated species, as shown in Table 3 for the 

ethynyl derivatives. Similar results are obtained for the vinyl analogues (See Table S2 

of the Supporting information). 
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Table 3. LMO-EDA partition terms (kJ mol-1) for the complexes formed by association 
of  CH≡CXH2 and its deprotonated anions with BeH2 and BH3. 

 

 
Complex  Eint ∆Eelstat ∆Eex+rep. ∆Epol. ∆Edisp 

CH≡CXH2:BeH2      

X = N -83 -172 207 -110 -8 
X = P -53 -114 175 -109 -5 
X = As -32 -81 135 -81 -5 
[CH≡CXH:BeH2]

–      
X = N -318 -384 312 -240 -6 
X = P -216 -256 252 -206 -6 
X = As -198 -241 243 -194 -6 
CH≡CXH2:BH3      
X = N -119 -247 386 -247 -11 
X = P -143 -247 483 -370 -9 
X = As -99 -190 381 -282 -8 
[CH≡CXH:BH3]

–      
X = N -306 -410 553 -441 -8 
X = P -258 -312 501 -437 -10 
X = As -233 -291 466 -398 -10 
 
 
It is also worth noting that the most significant contributions to the interaction energy 

come from the electrostatic and polarization terms, whereas dispersion is marginal. The 

former results are expected taking into account that the direct interaction involves a 

negatively charged basic site and a highly positively charged acidic site. The large 

values of the polarization contributions are associated with significant charge donations 

from the unsaturated compound to the empty orbitals of the Lewis acid as shown by the 

NOCV analysis. For the CH≡CNH2:BeH2 and CH≡CNH2:BH3 complexes, taken as 

suitable examples, the main donation takes place from the N lone pair of the amine to 

the empty p orbital of the Be or B atom, accounting for orbital interaction energies of 94 

and 222 kJ mol-1, respectively. In both cases also a very small back-donation from the 

Be-H (B-H) bonding orbitals towards the πCC* antibonding orbital is observed, 

accounting for additional orbital interaction energies of 8 and 20 kJ mol-1. For the 

corresponding deprotonated complexes, namely [CH≡CNH:BeH2]
– and 

[CH≡CNH:BH3]
–, the aforementioned charge donations become much stronger, with 

interaction energies of 151 and 355 kJ mol-1, as well as the back-donations, with 

interaction energies of 37 kJ mol-1 for the BeH2 complexes, and  46 kJ mol-1 for the BH3 
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 10

complexes. On top of that, for both systems, there is a second charge donation also from 

the bonding πCC to the antibonding σBeH* or σBH* orbitals, which accounts for an 

additional interaction energy of the order of 40 kJ mol-1.  

 
 It is worth noting that calculated acidity enhancement (first two columns of Table 

2) is systematically larger when the Lewis acid is BeH2. Note however, that in general, 

the stabilization of both the neutral base and its deprotonated form is larger when the 

Lewis acid is BH3 than when it is BeH2. Therefore, the larger acidity enhancement 

observed for BeH2 complexes comes from a larger difference between ⊗rG1
0 and ⊗rG3

0 

even though each individual value is smaller than for BH3, implying that the extra-

stabilization of the anion is larger in relative terms when the Lewis acid is BeH2. This is 

in harmony with the interaction energies (see Table 3) and the electron densities (see 

Fig. 1). Indeed, from the values in Table 3, whereas the interaction energy for the BeH2 

complexes increases ca. 280% upon deprotonation, for the BH3 analogues this increase 

is of only ca. 160%. Similarly, whereas the electron density at the N-Be BCP increases 

65% upon deprotonation of the complex, that at the N-B BCP only increases by 40%. 

 There are other subtle differences between both series of data. While for the BH3 

complexes the value of ⊗rG1
0 is always negative, i.e., the neutral compound is always 

stabilized by association with borane, this is not necessarily the case upon association 

with BeH2. In principle, as shown in Table 2, the formation of BeH2 complexes for 

ethylstibine, vinylarsine, vinylstibine, ethynylphosphine, ethynylarsine and 

ethynylstibine are predicted to be endergonic processes, even though they are 

exothermic in terms of enthalpies. Since the reaction free-energies are rather small, we 

decided to verify whether these predictions could be an artifact of the DFT approach 

used, so for the P and As containing complexes the values of ⊗rG1
0 were re-evaluated at 

the G4 level. For the Sb containing compounds, for which the G4 procedure is not 

available, the ab initio reference calculations were carried out at the CCSD(T)/Def2-

QZVP level of theory. These high-level ab initio values showed that, although the 

B3LYP method slightly underestimate the stability of the neutral BeH2 complexes, the 

formation of the complexes of BeH2 with ethynylarsine and ethynylstibine are indeed 

slightly endergonic. This moved us to explore the relative stability of complexes in 

which BeH2 interacts with the double or triple CC bond rather than with the heteroatom 

(See Figure 2).  
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Figure 2.  G4 relative stabilities (kJ mol-1) for the more stable conformations of 
complexes of BeH2 with vinyl- and ethynyl phosphine and arsine, showing that for 
ethynyl the π-type complex is the most stable.  
 

 

 This survey, carried out at the G4 level, showed that the global minimum for the 

interaction between both ethynylphosphine or ethynylarsine and BeH2 corresponds to a 

π-type complex, which was found to be 4 and 16 kJ mol-1 lower in free energy than the 

complex in which BeH2 interacts with the P or the As atom, respectively. However, a 

similar survey for the complexes involving the analogous vinyl derivatives showed that 

always the complex in which BeH2 is directly attached to the heteroatom, is more stable 

than the π-complex (29 kJ mol-1  for P and 13 kJ mol-1
 for As). These findings are 
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consistent with studies that showed that for some fluxional beryllium allyl complexes, 

recently synthesized, both σ- and π-bound forms would be potential energy minima.54 

It is worth noting that although for BH3 containing complexes the value of ⊗rG1
0 for the 

ethynyl containing systems is smaller in absolute value than for the vinyl containing 

analogues, in all cases the formation of the complexes is predicted to be exergonic. 

 

Acidity trends 

 Besides the acidity enhancement discussed above, the complexation also results in a 

change in the acidity trends. Whereas, as we have indicated before, the acidity of the 

free compounds increases down the group, the values of ∆acidG
0, for both the BeH2 and 

the BH3 complexes, present a maximum (minimum acidity) for the vinyl and the 

ethynyl phosphine (See Figure 3).  

 

 

 

Figure 3. Variation of the intrinsic acidities of R-XH2 (R = vinyl, ethynyl; X = N, P, 
As, Sb) compounds and of their R-XH2:Y ( Y = BeH2, BH3) complexes. 
 

 

 Why the complexes of vinyl- and ethynyl-phosphine are less acidic than the 

corresponding amine complexes can be understood by comparing the bonding patterns 

exhibited by the corresponding neutral and deprotonated systems. For this purpose we 

present in Figure 4 the molecular graphs of the BeH2 complexes of vinyl and ethynyl-

amine and their deprotonated species as compared with those of the phosphine 

containing analogues. These molecular graphs denote already some differences between 

the structure of vinylamine:BeH2 and vinylphosphine:BeH2 complex. In the latter the 

BeH2 Lewis acid lies in the same plane as the C=C double bond favoring the formation 

of a dihydrogen bond between one of the H atoms of the beryllium dihydride 
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(negatively charged) and one of the H atoms of the unsaturated moiety (positively 

charged). This is not the case, however, for the vinylamine:BeH2 complex where the 

BeH2 group is out of the C=C plane. 

 

Figure 4. Molecular graphs of the BeH2 complexes with vinyl- and ethynyl-amine and  
vinyl- and ethynyl-phosphine, and their corresponding anionic deprotonated species. 
Green dots denote BCPs. Electron densities are in a.u. 
 

 

 However, the most dramatic differences are observed when comparing the 

deprotonated anionic complexes.  For the amines, the BeH2 molecule now lies in the 

same plane as the C=C bond in the vinyl derivative and in the same plane as the CCNH 

group in the ethynyl derivative, whereas for the phosphorous containing complexes the 

BeH2 lies always in a different plane from the one containing the double bond or the 
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CCPH moiety. These geometrical rearrangements point out to the existence of a strong 

conjugation of the amino group with the π-system of the unsaturated moiety, which is 

not observed for the phosphines. Several features ratify this. The electron density at the 

C-N BCP increases dramatically (from 0.271 to 0.326 a.u. in the vinyl complex and 

from 0.308 to 0.348 a.u.  in the ethynyl complex) on going from the neutral to the 

deprotonated form. Concomitantly, the C-N bond lengths shrink 0.08 Å in the vinyl  

case and 0.06 Å in the ethynyl one. The NBO analysis also shows a significant increase 

in the Wiberg bond order of the C-N (from 1.02 to 1.28 in the vinylamine complex and 

from 1.05 to 1.30 in the ethynylamine complex) on going from the neutral to the 

deprotonated complexes. As expected, the conjugation of the N lone pair with the CC π-

system, necessarily implies a decrease of the double and triple bond character of the C-

C bonds of the vinyl and the ethynyl moieties, which in the first case is mirrored in a 

lengthening of the C=C bond from 1.332 to 1.366 Å. For ethynyl, not only the C≡C 

bond lengthens from 1.205 to 1.231 Å but the HCC fragment is not linear anymore, the 

HCC angle being 159º, showing the significant change in the hybridization of the 

carbon atoms of the unsaturated moiety. Conversely, for the complexes involving 

vinylphosphine and ethynylphosphine, the behavior observed is just the opposite. In the 

first place the PH2 is situated in a different plane than the unsaturated moiety, what does 

not favor conjugation, and on going from the neutral to the deprotonated species, in 

both vinyl and ethynyl complexes, the C-P bond becomes weaker. Indeed, the electron 

density at the C-P BCP decreases from 0.161 to 0.153 a.u. for vinyl and from 0.160 to 

0.149 a.u. for ethynyl, and the C-P bond becomes longer (ca. 0.01 Å). The same kind of 

behavior is also observed for the analogue complexes with BH3. All these results 

indicate that the N containing anions become much more stabilized in relative terms 

than the P containing ones, what should result in a much larger increase in the acidity 

for the amines than for the phosphines, explaining the appearance of the maxima in 

Figure 3.  Why the conjugation is favored in amines is a well known mechanism related 

to the efficiency of the overlap between the lone pairs of the heteroatom and the π-

system when the heteroatom belongs to the first row.  

 

Active center for deprotonation 

 In our previous discussion it was implicitly assumed that for the complexes 

between BeH2 or BH3 and H2C=CHXH2 or HC≡CXH2 (X = N, P, As, Sb), the lost 
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proton would always come from the XH2 group, as it has been showed to be the case for 

different phosphine-boranes30 and amine-boranes32 as well as for similar complexes 

with BeH2 derivatives.34 However, when dealing with the unsaturated systems we 

found, in particular for the ethynyl-BeH2 complexes, that when optimizing the species 

deprotonated at the BeH2, the process yields structures in which the BeH group inserts 

into the C-X ( X = P, As, Sb) bond. A further analysis, showed that all deprotonated 

structures, in which BeH or BH2 appear inserted into the C-X bond are more stable than 

the conventional ones in which the proton departs from the XH2 group, with the only 

exception of vinylamine  (see Figure 5).  

 

Figure 5. Relative stabilities (kJ mol-1) for the more stable conformations of the anionic 
deprotonated complexes of BeH2 with vinyl- and ethynyl-XH2 (X = N, P, As, Sb) 
derivatives, showing that in all cases, but vinylamine, the most stable isomer 
corresponds to the form deprotonated at the BeH2 group.  The values within brackets 
correspond to the complexes with BH3, showing that also the species deprotonated at 
the BH3 group are more stable than those deprotonated at the XH2 group.   
 

 

To understand the enhanced stability of the Be or B deprotonated complexes let us take 

the couples [CH2=CHPH–BH3]
–/[CH2=CHBH2–PH2]

– and [CH≡CPH–BH3]
–

/[CH≡CBH2–PH2]
– as a suitable examples. Since the two complexes involved in each 
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couple have the same unsaturated moiety, the different stability of the two forms should 

come essentially from the differences arising when a C–PH bond is replaced by a       

C–BH2 one and when a P–BH3 is replaced by a P–BH2. These differences have been 

estimated by calculating the LMO-EDA interaction energies between the fragments 

resulting from the bond fissions indicated in Figure 6.  

 

 

Figure 6. LMO-EDA Interaction energies (kJ mol-1) between the fragments resulting 
from the bond fissions indicated by the wiggled red line.  
 

It is apparent that whereas the interaction energies between CH2CH (or CHC) and 

PHBH3 and between CH2CH (or CHC) and BH2PH2 are rather similar, the interaction 

energy between CH2CHBH2 (or CHCBH2) and the PH2 group is much larger than that 

between CH2CHPH (or CHCPH) and BH3. Hence, we can conclude that B prefers being 

di-coordinated to both C and the heteroatom (P in our example) that only to the 

heteroatom, due to its high electron deficient character. Thus, the B deprotonated 

species becomes much more stable than those deprotonated at the heteroatom.  Similar 

results are found for the corresponding complexes involving BeH2 rather than BH3 (See 

Figure S1 of the supporting information). 
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A final question that needs to be addressed is the feasibility of the formation of the 

[HCC-Y-XH2]
– and [H2CCH-Y-XH2]

– ( Y = BH2, BeH; X =N, P, As, Sb) complexes. 

Two mechanisms are in principle possible depending on whether the insertion of the Y 

group into the C-X bond takes place before or after deprotonation of the complex. These 

possibilities were explored using HC≡C-AsH2:BH3 and HC≡C-AsH2:BeH2 as suitable 

benchmark cases. As shown in Figures 7a and 7b, the first step for the insertion before 

deprotonation, corresponds to the formation of the π-complex B, which is followed by a 

proton transfer from the BH3 group towards the AsH2 one to yield complex C. From 

here the insertion of the BH2 group into the C-As bond takes place through the TS_CD 

transition state.  The subsequent deprotonation of the AsH3 group yields the most stable 

[HCC-BH2-AsH2]
– deprotonated form D–. It should be noted that the mechanisms are 

similar for both BH3 and BeH2, although for the latter the π-complex B is more stable 

than adduct A.  However, in both cases the energy barriers involved are high enough to 

likely prevent these processes in the gas phase. Similar mechanisms are found for the 

vinyl derivatives and other  heteroatoms (see Figures S2a-c of the supporting 

information). 

 

 

 

    (a)      (b) 
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     (c)       (d) 

Figure 7.  Energy profiles (kJ mol-1) for:  (a) and (b) the insertion mechanisms that 
connect the HCCAsH2-BH3 and HCCAsH2-BeH2 complexes with the insertion isomers, 
HCCBH2-AsH3 and HCCBeH-AsH3, as a precursors of the [HCCBH2-AsH2]

– and 
[HCCBeH-AsH2]

– deprotonated species, respectively; (c) and (d) the proton transfer 
process with origin in the As deprotonated species (A–) [HCC-AsH-BH3]

– and [HCC-
AsH-BeH2]

–. In mechanism (c) an [HCC-AsH2-BH2]
–  (A'

–) isomer is produced, which 
further isomerizes to yield form D– whereas in (d) this latter form is directly produced 
because the insertion of the BeH group into the C-As bond takes place concomitantly 
with the proton transfer. 
 

 

If the insertion mechanism takes place after the deprotonation of the system, the first 

step from the As deprotonated form, A–, corresponds to a H shift from the BH3 or the 

BeH2 group towards the AsH one (see Figures 7c and 7d). However, in this case there is 

a significant difference between BH3 and BeH2. Whereas in the first case, the hydrogen 

shift produces an intermediate isomer [HCC-AsH2-BH2]
– (A'

–), which finally 

isomerizes, through TS_ A'
–
D

–, to yield the most stable anion [HCC-BH2-AsH2]
–  (D–), 

for BeH2 the H transfer is concomitant with the insertion of the BeH group into the C-

As bond, yielding directly the most stable [HCC-BeH-AsH2]
– Be-depronated species, 

D
–.  This implies that, as mentioned above, for the ethynyl-BeH2 complexes the direct 

deprotonation of the BeH2 group leads to the [HCC-BeH-AsH2]
–

 (D–) anion in a 

barrierless process. We have verified, however, that this is not the case, for the 

corresponding amine, for the vinyl-derivatives, or when the Lewis acid is borane, where 

the insertion process requires a rather high activation barrier.   
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The obvious consequence is that the acidity enhancement, for the ethynyl P, As and Sb 

containing derivatives is actually much larger than expected from the values reported in 

Tables 1 and 2. Hence, in general the complexes of the ethynyl derivatives with BeH2 

are between 75 and 92 kJ mol-1 more acidic than expected if the deprotonation would 

take place at the BeH2 group. The important implication is that the complexes between 

ethynylarsine and ethynylstibine with BeH2 are predicted to be Be acids (∆acidG
0  = 

1206 and 1211 kJ mol-1, respectively) as acidic as perchloric acid (∆acidG
0  = 1200 ±  50 

kJ mol-1)!55  

 

Conclusions 

 The intrinsic acidity of the unsaturated vinyl- and ethynyl- amines, phosphines, 

arsines and stibines is systematically larger than that of the saturated ethyl analogues, 

reflecting the larger electronegativity of the vinyl and ethynyl groups with respect to the 

ethyl one. For the free systems a steadily increase of this intrinsic acidity down the 

group is observed no matter the nature of the organic moiety to which the XH2 (X = N, 

P, As, Sb) acidic site is bound. The association with both beryllium dihydride and 

borane leads to a dramatic acidity enhancement due to a much larger stabilization of the 

deprotonated anion than the neutral molecule. This acidity enhancement is larger for 

BeH2 than for BH3 complexes, and for the unsaturated compounds, is accompanied by a 

change in the acidity trends, which do not steadily increase down the group, as for the 

free systems, but present a minimum for both the vinyl- and the ethynyl-phosphine. 

This unexpected result is due to a much larger increase of the acidity of N containing 

systems, due to the ability of the N to conjugate with the π-system in the anionic 

deprotonated species. Although BeH2 and BH3 complexes exhibit a rather similar 

behavior, there are subtle differences between both series of systems. When the 

molecule acting as Lewis acid is beryllium dihydride, the π-type complexes in which 

the BeH2 molecules interact with the double or triple bond are found, in some cases, to 

be more stable, in terms of free energies, that the conventional complexes in which the 

attachment takes place at the heteroatom, X. The most important finding, however, is 

that P, As, and Sb ethynyl complexes with BeH2 do not behave as P, As, or Sb Brønsted 

acids, but unexpectedly as Be acids.       
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