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Abstract: The nature of beryllium-, magnesium- and zinc-carbene bonds in the cyclopropenylidene- • • MX2 
(M = Be, Mg, Zn; X = H, Br) and imidazol-2-ylidene- • • MBr2 dimers is investigated by the joint use of 
the topological QTAIM-based IQA decomposition scheme, the molecular orbital-based ETS-NOCV 
charge and energy decomposition method, and the LED energy decomposition approach based 
on the state-of-the-art DLPNO-CCSD(T) method. All these methods show that the C- • • M bond 
strengthens according to the following order: Zn <  Mg < <  Be. Electrostatics is proved to be the 
dominant bond component, whereas the orbital component is far less important. It is shown that 
QTAIM/IQA underestimates electrostatic contribution for zinc bonds with respect to both ETS-NOCV 
and LED schemes. The a  ca rb e n e ^ M X  donation appears to be much more important than the 
MX2 ^carbene back-donation of n  symmetry. The substitution of hydrogen atoms by bromine (X in 
MX2) strengthens the metal-carbene bond in all cases. The physical origin of rotational barriers has 
been unveiled by the ETS-NOCV approach.

Keywords: carbene; imidazol-2-ylidene; cyclopropenylidene; beryllium bond; magnesium bond; 
zinc bond; interaction; IQA; ETS-NOCV; LED

1. Introduction

Carbenes are undoubtedly one of the m ost im portant groups of organic com pounds [1- 18]. 
T h ey are ch aracterized  b y  h av in g  on ly  tw o  v alen ce  carb on  ato m s, thanks to  w h ich  it 
gen erally  form s tw o  single co v alen t b onds to  the substituents, C R 1R 2 . A s a con sequ en ce, 
the carb on  atom  retains tw o unb ou n d  electrons, w h ich  in a singlet state o ccu p y  the sam e  
p  orbital, creatin g  a lone electron  pair, w h ich  is th e cau se  of n ucleoph ilic p rop erties of 
carb en es. In o th er w o rd s , singlet carb en es are  g o o d  L ew is b ases. It is th erefore not 
su rp risin g  th at carb en es p articip ate  in v ario u s kinds of in term olecu lar in teraction s, such  
as h y d ro g en  b ond s [19- 27 ], lithium  b ond s [16,18,28- 3 0 ], b erylliu m  b on d s [16, 18,31- 3 5 ], 
m agn esiu m  bonds [16,18,34- 3 8 ], triel b onds [18,39- 42], tetrel b onds [18,43- 45 ], p nictogen  
b ond s [18,46- 4 8 ], ch alcogen  b ond s [18,4 9 ], h alo gen  b ond s [18,50- 5 3 ] (in p articu lar to  the  
iodine atom  [5 0 ,5 1 ]), and aerogen bonds [54 ] . H ow ever, carbenes in p articu lar are know n  
for their great ease of bonding w ith  transition m etal atom s [8, 12,16,36 ,55- 61] to form  various  
ad d u cts , w h ich  is the goal of n u m erou s studies in organ om etallic chem istry. In this case, 
the N -heterocyclic carbenes (N H C s), especially those derived from  im idazol-2-ylidene, are 
of p articu lar im p o rtan ce  [4 ,8 ,9 , 11, 12, 15- 18,2 7 ] . In tu rn , w ith in  th e gro u p  of the N H C -M  
com plexes, those involving zinc are of increasing practical im portance [35 ,36 ,3 8 ,62- 78], due  
in p art to the easy availability and relatively low  cost of precursors of such com plexes. Some 
practical applications of N H C -Z n  com plexes in organom etallic catalysis have recently been  
exten sively  d escrib ed  [62- 65] . It is w o rth  m en tioning , h ow ever, th a t a p a rt from  the lone  
electron  p air w h ich  gives singlet carb en es n ucleoph ilic p rop erties, singlet carb en es also
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feature electrophilic properties [7,79- 8 4 ] resulting from  the presence of an em p ty  p  orbital 
p erp end icular to the plane form ed b y  C R iR 2.

V ery recently, on e of us (M . J.) has in vestigated  [3 5 ] the b erylliu m  [85- 9 3 ], m ag n e
siu m  [85 ,92- 96 ] an d  zinc (sp od iu m ) [78 ,97- 100] b onds in a large grou p  of d im ers form ed  
b y carbenes ((N H 2)2C , im id azol-2-ylid ene, im idazolid in -2-ylid ene, te trah yd ro p y rym id -2-  
yliden e, an d  cy clop ro p en ylid en e) o r carb o d ip h osp h oran es ((P H 3)2C  an d  (N H 3)2C ) and  
M X 2 (M  = Be, M g, Z n  an d  X  = H , F, C l, Br, M e) m olecules. This w as the first stu d y  of 
b eryllium , m agn esiu m , and zinc b onds of the C- • • M  typ e. M oreover, in the v ast m ajority  
of cases, in earlier system s w ith  the b erylliu m  o r m ag n esiu m  b on d , the L ew is b ase w as  
a sm all m olecu le in vo lv in g  either a to m  b ein g good  electron  d o n o rs [85- 87 ,9 0 ,92 ,93 ,95 ] 
or n -electro n  b ond s [88 ] . O n th e o th er h an d , th eoretical research  on  zin c b ond s is rath er  
sp orad ic [35 ,78,97 ,100] .

A m on g m an y im portant findings w as the d em onstration  that carbene- • • M X 2 dim ers  
are ch aracterized  b y  a v e ry  h igh  ch arge  tran sfer from  carb en e to  th e M X 2 m olecu le [3 5 ] . 
N am ely, it w as  from  tw o  to alm o st fo u r tim es g reater th an  in the case  of H O H  • • O H 2 
an d  H O H  • • N H 3 d im ers. This resu lt sh ow ed  th a t th e carbene^ • • M X 2 (M  = Be, M g, Z n; 
X  = H , F, C l, Br, M e) d im ers are  u n d ou b ted ly  system s in w h ich  the ch arge  tran sfer effect 
plays a large role, especially  in the p resen ce of v e ry  p olarizable brom ine atom s as X . This, 
in turn, proves the strong interorbital interactions betw een the carbene m olecule and M X 2. 
Im portantly, it has been show n th at in term s of the electron density and the total electronic 
energy density values com p u ted  at the bond critical point [101] of C  • • M  the O  • • Zn zinc 
b ond  is sim ilar to  th e O  • • Be b erylliu m  b ond . T reating the v alu e  of electron  d en sity  as 
a m easu re  of b ond  stren gth  [101 ], this resu lt has sh ow n  th at the zin c b ond s should  be of 
sim ilar strength to the beryllium  bonds, while the m agnesium  bonds should be significantly  
w eak er th an  th em  [3 5 ] . M oreover, to g eth er w ith  p ositive valu es of the L ap lacian  of the  
electron  density, n egative valu es of th e to tal electron ic en erg y  d en sity  ob tain ed  for the  
b erylliu m  an d  zinc b ond s h av e in d icated  a significant d egree of electron  sh arin g, in tu rn  
reflecting a high degree of covalen ce [102 ] .

A  so m ew h at su rp risin gly  different p ictu re  of the sim ilarity  of th ese th ree typ es of 
bonding has been obtained on the basis of the delocalization index, £(C ,M ), w hich describes 
the exchange of the electrons in the basins of atom s C and M  [103- 106] . N am ely, the £(C,M ) 
valu es for the zin c b ond  w ere  large, w h ile th ose for the b erylliu m  an d  m ag n esiu m  bond  
w ere m u ch  low er and sim ilar to each  other [35 ] . Thus, taking into accou nt the relationship  
of £(A ,B ) to  the exch an g e  en erg y  [107] an d  th erefore treatin g  £(A ,B ) as a m easu re  of the  
covalen t ch aracter of an A -B  bond [108], this result has show n th at the zinc bond is m uch  
m o re  co v alen t th an  the b erylliu m  an d  m ag n esiu m  b ond . O n  the o th er h an d , th e N C I- 
based (the abbreviation N C I is derived from  the N on-C ovalent Interactions index [109,110]) 
analysis has show n [35]  th at the zinc bond is the strongest; how ever, the beryllium  bond is 
only slightly w eaker.

In light of th e p reviou sly  ob tain ed  results [3 5 ] briefly recalled  h ere, it is n ecessary  
to  in vestigate  co m p arativ ely  the p h ysical n atu re  of the b erylliu m , m ag n esiu m  an d  TM - 
ty p e  zin c b on d s, n o t on ly  q u alitatively  b u t also quantitatively . This is th e m ain  goal of 
this article, and this natu re w ill be analyzed u sing com p lem en tary  en ergy  decom position  
m eth od s, IQ A  (i.e., the In teractin g Q u an tu m  A tom s ap p roach  [111, 112]), w h ich  p rovid es  
a local p ictu re  of b o n d in g an d  E T S -N O C V  (i.e., the com b in ation  of the E xten d ed  Tran
sition State (ETS) m eth o d  [113] w ith  the N atu ral O rbitals for C h em ical V alence (N O C V ) 
m ethod [114- 118]), w hich is m ore suited for the description of bonding betw een m olecular 
fragm en ts. R esults w ill also be co m p ared  w ith  the state-of-th e-art D LPN O -C C SD (T ) (i.e., 
th e D om ain -b ased  L o calized  P air-N atu ra l O rbital Singles an d  D oubles C ou p led  C lu ster  
w ith  p ertu rb ative  Triples) [119- 123] calcu lation s an d  the L ocal E n erg y  D ecom p osition  
(LED ) sch em e [124,125].



2 . R esu lts an d  D iscu ssio n

A s a lread y  m en tio n ed  in the In trod u ction  section , one of us (M . J.) h as recen tly  in
v estigated  [3 5 ] b erylliu m , m ag n esiu m  an d  zinc (sp od iu m ) b on d s in a large g rou p  of 
d im ers form ed  by either a carbene ((N H 2)2C, im id azol-2 -ylidene, im idazolid in -2 -ylidene, 
tetrahydropyrym id-2-ylidene, and cyclopropenylidene) or a carbodiphosphorane ((PH 3)2C  
an d  (N H 3)2C) an d  the M X 2 (M  = Be, M g, Z n  an d  X  = H , F, C l, Br, M e) species. W hile  
the C* • • M  co n tact h as b een  sh o w n  to  be certain ly  d om in an t in all of these d im ers, som e  
of th em  con tain  ad d ition al in term olecu lar in teraction s (either h y d ro g en  b on d  or d ih y
d rogen  b ond ). Since the p u rp o se  of this article is to  q uan tify  the p h ysical n atu re  of the  
C« • • M  b on d , su ch  d im ers are n ot con sid ered  here. In o th er w o rd s, in this article, only  
those d im ers in w h ich  the d escribed interaction  C« • • M  is u n d ou b ted ly  d om in an t w ill be  
con sid ered . The stru ctu ral ch aracteristics of these d im ers will be briefly d iscu ssed  in the  
first subsection. T hen, in the secon d  and third  subsections, the descrip tion  of the C« • • M  
interaction  obtained b y  the IQ A  and ETS-N O C V  m eth od s, respectively, w ill be presented . 
The correspondence of the results w ith the outcom es originating from  the D LPN O -CCSD (T) 
m ethod, and based on it, LED  energy decom position will be show n in the fourth subsection. 
Finally, in the fifth su bsection , w e w ill an alyze the en ergy  ch an g es of d im ers d u rin g  the  
rotation  of carbene w ith  resp ect to the Z nB r2 subunit.

2.1. S tru ctural C haracteristics o f  the C onsidered  D im ers

To m eet the aforementioned condition, in this article only the cyclopropenylidene • • • M X2 
(M  = Be, M g, Z n ; X  = H , Br) an d , additionally, im idazol-2-ylidene^ • • M B r2 d im ers w ill 
be stu d ied  (see F igu res S1 an d  S2). It is w o rth  n otin g  th at in the form er case , the lack  of 
ad dition al in term olecu lar in teraction s (i.e., a p art from  the d escrib ed  O  • • M ) is en sured  
b y the p erp en d icu lar o rien tation  of the cyclo p rop en y lid en e an d  M X 2 m olecu les (see the  
representative cyclop rop en ylid en e' • • Z nB r2 d im er in Figure 1) .

Figure 1. Fully optimized cyclopropenylidene' • • ZnBr2 (left) and imidazol-2-ylidene^ • • ZnBr2 (right) 
dimer structures.

In the latter case, how ever, although the flatness of the entire d im er adm its the possi
bility of the presence of N - H  • • Br hydrogen  bonds, these interactions should be relatively  
w eak er th an  C  • • M  d ue to the large distan ce H  • • Br an d  the alm ost p arallel orientation  
of the N -H  an d  Z n -B r  b on d s relative to  each  o th er (see the rep resen tative  im id azol-2- 
ylidene» • • Z nB r2 dim er in Figure 1) . A  thorough analysis of these interm olecular N -H  • • Br 
hydrogen bonds will also be perform ed. The values of some fundam ental param eters charac
terizing the considered carbene • • • M X 2 dim ers are p resented  in Table 1 .



Table 1. Some fundamental data characterizing cyclopropenylidene• • • MX2 (X = H, Br) and imidazol- 
2-ylidene- • • MBr2 dimers (M = Be, Mg, Zn): C- • • M and M-X distance, change of the MX bond 
length (in A), XMX, CMX, LCL angles (in degrees), dissociation energy (in kcal/mol), charge transfer 
(in a.u.).

M X 2 dC -M dMX AdMX a XMX ®CMX a LCL AaLCL D q C T  a

cyclopropenylidene

B eH 2 1.743 1.374 0.039 135.1 112.4 56.6 0.8 29.1 - 0 .3 1 7
M gH 2 2.268 1.740 0.035 148.3 105.9 56 .7 0.9 20.9 - 0 .2 7 3
Z n H 2 2.121 1.575 0.036 144.6 107.7 57.3 0.9 15.2 - 0 .2 7 9
BeBr2 1.764 2.043 0.093 134.5 112.8 57.3 1.5 35.4 - 0 .4 1 4
M gB r2 2.206 2.376 0.052 145.4 107.3 57.0 1.3 32.1 - 0 .3 3 1
Z nB r2

BeBr2
M gB r2
Z nB r2

2.061

1.765
2.173
2 .037

2.298

2.059  
2.393 b 
2.311

0.083

imid

0.109  
0 .069  c
0.097

137.1 111.5  

azol-2-ylidene

132.9 113.6
147.9 106.1 d
139.2 110.4

57.3

104.2  
103.5
104.2

1.5

3.5  
2.8 
3.4

28.2

48.6
43 .7  
41.2

- 0 .3 8 0

- 0 .4 6 4
- 0 .3 6 3
- 0 .4 3 2

a The charge transfer was calculated based on Hirshfeld's atomic charges [126,127]. b The average value determined 
from the two values 2.386 A and 2.400 A .c The average value determined from the two values 0.062 A and 0.076 A. 
d The average value determined from the two values 102.9° and 109.2°.

A s can  be seen from  Fig u re  1 an d  Table 1 (see the a XMX an gle), the ch aracteristic  
feature of the con sid ered  d im ers is th e clearly  b en t stru ctu re  of the M X 2 m olecule. It is 
w orth  noting th at this bend is sim ilar in the case of M X 2 m olecules w ith  beryllium  or zinc, 
w hile it is clearly  sm aller in the case of the m agn esiu m  atom , w hich  form s m ore ionic and  
thus m o re  resistan t M -X  b onds. T hus, the valu e of the angle a XMX suggests the sim ilarity  
betw een the Be and Z n  atom s. It should be noted th at the b ending of the M X 2 m olecule is 
a ch aracteristic  effect of the p resen ce of a b erylliu m  o r m ag n esiu m  b on d  in d im ers w ith  
d ifferent L ew is b ases [85 ,8 6 ,88 ,9 2 ] . M oreover, M arttn -S óm er et al. [8 6 ] h av e  sh ow n  th at 
in  th e case  of H 3N  • • B eH 2- n X n (X  = F, C l, Br; n <  2 ) d im ers, the n on lin earity  of the 
BeH 2- n X n m olecule is due to the decrease in LU M O  energy. It is also w orth  noting that for 
the bond length M -X  the relation B e < Z n < M g  applies so th at for a given X the m agnesium  
a to m  form s th e lon gest M -X  b ond . It sh ould  also  be em p h asized  th at the fo rm atio n  of 
th e C- • • M  b ond  lead s to  significant elon gation  of th e M -X  b ond  (see AdMX in Table 1) 
an d  a g reater op en in g  of the L - C - L  an gle in the carb en e m olecule (see A a ^ cl in Table 1) . 
For the sam e M X 2 m olecule, both of these effects are clearly  greater in im idazol-2-ylidene  
th an  in cyclop rop en ylid en e, su g gestin g  th a t th e G  • • M  in teractio n  sh ould  be stron ger  
in  the d im ers of im id azol-2-ylid en e. This is con firm ed  b y  the co m p u ted  d issociation  
en ergies [3 5 ] . F o r im id azol-2-ylid en e, th ese energies are  in  the 4 1 .2 -4 8 .6  k c a l/m o l ran ge, 
w hile for cyclopropenylidene, only 2 8 .2 -3 5 .4  k ca l/m o l (for the sam e set of M X 2 m olecules, 
i.e ., M B r2), sim ilar ou tcom es are valid  w h en  con sid erin g  o th er X C  an d  D LPN O -C C SD (T ) 
m ethod , Table S1. The greatest dissociation energy valu e characterizes the dim ers w ith  Be, 
w hile th e sm allest D0 are  n oted  in the d im ers con tain in g  Z n , w h ich  can  only p artially  be 
exp lain ed  b y  the sh ortest d istan ce G  • • M  in the case w h en  M  = Be. This is b ecause in the 
case of M g and Z n, the distance G  • • M g is longer than that of G  • • Z n, but the m agnesium  
b ond  is stro n g er th an  the zin c b ond . F o r exam p le , for th e cy clo p ro p en y lid en e• • • M H 2 
d im ers, the G  • • M  lengths for Be, M g, an d  Z n, respectively, are 1 .7 4 3 ,2 .2 6 8 , an d  2 .121  A , 
w hile the dissociation energies are 2 9 .1 ,2 0 .9 , and 15.2 k ca l/m o l. This result show s th at the 
dissociation en ergy is not com p letely  d epen d en t on the distance G  • • M . Such a trend has 
alread y been observed in literature [35 ] .

It has a lread y  b een  m en tion ed  in In trod u ctio n  th a t the carb en e • • • M X 2 d im ers co n 
sid ered  h ere are  ch aracterized  b y  a v e ry  h igh  ch arge  tran sfer effect from  th e L ew is base, 
i.e., the carbene m olecule, to the Lew is acid, i.e., the M X 2 m olecule, and this effect is p artic



ularly  large in the presence of highly polarizable brom ine atom s. Indeed, in the case of the 
im id azol^-yliden e^  • • B eBr2 d im er, the valu e of the ch arg e tran sfer (based  on  ch em ically  
reliable [128- 130] H irshfeld atom ic ch arges [126, 127]) is as high as - 0 .4 6 4  au. It is enough  
to m ention that the charge transfer determ ined on the sam e level of theory in the case of the 
w ater dim er is only - 0 .0 9 8  au. This com parison suggests the presence of strong interorbital 
interactions betw een the carbene m olecule and the M X 2 unit. Their significance, how ever, 
can  be quantified b y  ETS-N O C V  and L ED  m ethods.

2.2. IQ A -B ased  R esu lts

A s alread y m entioned in the M ethods section, the IQ A ap proach  is a unique m ethod  
th at enables the d eterm ination  of the interaction  en ergy of an y tw o atom s and the d ecom 
position of this energy into individual term s, according to Equations (1)  and (2) . The results 
of such  decom position  carried  out for the con tact C  • • M  are show n in Table 2 .

Table 2. The IQA-based energy (in a.u.) terms (see Methods) computed for the G  • • M interaction in 
the carbene' • • MX2 dimers.

m x 2 E neen E nn E ee E ee,C E ee,xc 0/ r/op,ee,xc E elst E int

cyclopropenylidene

B eH 2 -1 2 .2 8 3 9 7.2846 4.6505 4 .6963  -0 .0 4 5 8 13.1 -0 .3 0 3 0 -0 .3 4 8 8
M gH 2 -3 2 .4 9 9 9 16.8017 15.5098 15.5405 - 0 .0 3 0 7 16.3 - 0 .1 5 7 7 -0 .1 8 8 4
Z n H 2 -9 0 .1 2 7 7 44 .8987 45.0634 45.1726  -0 .1 0 9 1 65.9 -0 .0 5 6 4 -0 .1 6 5 5
BeBr2 -1 2 .1 0 1 7 7.1990 4.5383 4 .5810  -0 .0 4 2 8 11.7 - 0 .3 2 1 7 -0 .3 6 4 4

M gB r2 -3 3 .3 9 3 4 17.2713 15.9040 15.9383 -0 .0 3 4 3 15.7 -0 .1 8 3 8 -0 .2 1 8 1
Z nB r2 -9 2 .5 8 1 6 46 .2217 46.1682 46.2894  -0 .1 2 1 2 63.2 -0 .0 7 0 5 - 0 .1 9 1 7

im id azol-2 -ylidene

BeBr2 -1 1 .3 6 0 9 7.1976 4.1093 4 .1554  -0 .0 4 6 1 85.5 -0 .0 0 7 9 -0 .0 5 3 9
M gB r2 -3 2 .0 3 4 1 17.5351 14.5370 14 .5767  - 0 .0 3 9 7 - 1 0 4 .7 0 .0777 0.0379
Z nB r2 -8 8 .3 0 8 6 46.7541 41.5418 41.6735  - 0 .1 3 1 7 1037.0 0.1190 - 0 .0 1 2 7

A  certain  in con ven ien ce of IQ A  (w h ich  is also a ch aracteristic  feature of en erg y  d e
com position m ethod s) is th at the com ponents of the interaction energy are generally  m uch  
larger th an  the in teraction  en erg y  itself. This is ob viou sly  d u e to the close can cellation  of 
th e n egativ e  an d  largest E neen an d  th e p ositive su m  of Enn an d  Eee,C. It is ob viou s th at  
th e rap id  g ro w th  of the relevan t com p on en ts w ith  th e ch an g e B e ^ M g ^ Z n  results from  
both the increase in the atom ic num ber of M , i.e., the charge of the atom ic nucleus, and the 
increase in the num ber of electrons. H ow ever, it is m uch m ore im portant th at accord in g to  
IQ A , the O  • • M  (M  = Be, M g, Z n ) in teraction  in all the d im ers w ith  the p articip atio n  of 
cyclop ro p en ylid en e is stabilizing, w h ich  is in d icated  b y n egative valu es of the obtained  
in teraction  energies. F o r th e sam e X , the b in din g  effect in creases in the Z n ^ M g ^ B e  
direction  an d  is slightly stron ger w h en  X  = Br, so th a t th e stron gest O  • • M  b ond  is for 
BeBr2 ( - 0 .3 6 4 4  a.u.).

It is in terestin g  to look a t th e valu es of th e exch an g e-co rrela tio n  en erg y  (E ee,xc) as 
w ell as th e p ercen tag e  sh are of this co m p o n en t in the to tal in teraction  en ergy  (% Eee,xc). 
O f co u rse , in d ep en d en tly  of X , E ee,xc in creases (i.e., b ecom es m o re  n eg ativ e) in the d irec
tion  M g ^ B e ^ Z n ,  w ith  the corresp on d in g  valu es being slightly greater for Br than  for H . 
Im portantly, the valu es for Zn are significantly greater than  those for Be or M g (e.g., E ee,xc 
is - 0 .1 0 9 1  a .u . in cyclo p rop en y lid en e• • • Z n H 2 an d  only - 0 .0 4 5 8  a.u . an d  - 0 .0 3 0 7  a .u . in 
cy clo p rop en y lid en e• • • B eH 2 an d  cyclo p rop en y lid en e• • • M gH 2, resp ectively). The con tri
bution of n egative electrostatic en ergy (Eelst) in the case of the cyclopropenylidene dim ers  
quickly d ecreases in the B e ^ M g ^ Z n  series, as a con seq u en ce of w h ich  th e p ercen tage  
of the exch an g e-co rrela tio n  en erg y  quick ly  in creases from  ca. 1 2 -1 3 %  for the b erylliu m  
b on d , to  ca . 16%  for th e m agn esiu m  b on d  an d  up  to  ca. 6 3 -6 6 %  for the zin c b ond . This



result show s th at the IQ A  m ethod  su ggests th at the zinc bond is highly covalen t, w h ereas  
th e b erylliu m  an d  m ag n esiu m  b ond s are electrostatic  in  n atu re . O f co u rse , su ch  a resu lt 
w as to be exp ected , b ecau se , as a lread y  m en tion ed  in th e In tro d u ction  section , th e sam e  
tren d  has a lread y  been  ob tain ed  earlier for the d elocalization  in d ex  £(C ,M ) [3 5 ], w h ich , 
as is know n [107, 108], correlates v ery  w ell w ith  the exch ange-correlation  energy.

Interestingly, IQ A  has given  quite sm all in teraction  en ergies for th e im id azol-2-  
y ^ e n e ^  • • M B r2 dim ers, w hich  do not m atch  the significant dissociation energies for these  
com plexes; Table 1 . Even m ore surprisingly, a positive interaction energy value (0.0379 a.u.) 
h as been  ob tain ed  for the im idazol-2-ylidene^ • • M gB r2 dim er. This d estab ilizin g effect 
of C  " M g (0 .0379  a .u .) is d u e to  a significant destab ilizin g electrostatic  con tribu tion  
(0 .0777  a .u .), w h ich  exceed s th e n egative  exch an g e-co rre la tio n  en ergy  ( - 0 .0 3 9 7 ,  i.e., ca. 
51%  only). In the case of im idazol^-ylidene^ • • Z nB r2, E elst is also positive (0.1190 a.u.; and  
th erefore the p u rely  C ou lom b ic con trib u tion  gives n o  b on d in g), b u t unlike for im id azol- 
2-ylidene^ • • M gB r2, this con trib u tion  is excessively  o v ersh ad o w ed  (o v er 110% ) b y  E ee,xc 
( - 0 .1 3 1 7  a .u .), w h ich  gives stabilizing G  • • Z n  b on d , w h ich  cou ld  be co n sid ered  as an ti
electrostatic and covalent.

These diatom ic IQA data do not explain the stability of the imidazol-2-ylidene• • • M gBr2 
species. To this en d , w e  h av e  also su m m ed  the in teractio n  en ergies co rresp o n d in g  to  the  
p airs of a to m s in the grou p s rep resen tin g  the {carb ene} • • • {M X 2} fragm en tation  (i.e., all 
th e com b in ations w h ere  one of the a to m s is in th e {carb en e} m o iety  an d  the o th er on e in  
{M X 2}). In su ch  treatm en t, w h ich  in fact ignores m an y-b o d y  effects, all th e E int v alu es are  
n egative , as exp ected . F u rth erm o re , the IQ A  fragm en t-b ased  d ata  (see Table 3 ) in d icate  
d o m in ation  of E elst o v er E xc for the Be- an d  M g-b ased  system s ( ca. 5 1 -5 8 %  of Eint), w ith  
th e Z n -b ased  species as th e on ly  excep tion s an d  the sh are of e lectrostatics in th eir total 
stabilization reaching ca. 16 -2 1 %  only.

Table 3. Sums of the IQA-based energy terms (in kcal/m ol) computed (M P2/6-311+G(d,p)) for 
groups of atoms reflecting the ETS-NOCV fragmentation, that is {carbeneb • • {MX2} .

m x 2 E int E elst % E elst E ee,xc 0/  p/oj_, ee,xc

cyclop rop en ylid en e

B eH 2 -1 4 3 .2 8 - 7 3 .6 8 51.4 - 6 9 .6 0 48.6
M gH 2 - 7 1 .8 1 - 3 8 .5 5 53 .7 - 3 3 .2 5 46.3
Z n H 2 - 9 1 .4 5 - 1 4 .8 6 16.2 - 7 6 .5 9 83.8
BeBr2 -1 6 2 .7 4 - 9 0 .9 8 55.9 - 7 1 .7 6 44.1

M gB r2 - 8 8 .2 5 -4 9 .4 1 56.0 - 3 8 .8 5 44.0
Z nB r2 -1 0 5 .0 0 -1 8 .6 1 17.7 - 8 6 .3 8 82.3

im id azol-2-ylidene

BeBr2 -1 9 0 .2 4 - 110.00 57.8 - 8 0 .2 7 42.2
M gB r2 -1 1 3 .0 4 - 6 3 .8 7 56.5 - 4 9 .1 7 43.5
Z nB r2 -1 2 7 .2 5 - 2 6 .1 9 20.6 - 1 0 1 .0 5 79.4

For the im idazol-2-ylidene com p lexes, am ong all the {carb en e}• • • {M X2} atom ic pairs, 
th e m o st stabilizing acco rd in g  to  IQ A  are N^ • • M  in teraction s, p ro v id in g  from  ca. 
- 1 5 0  k c a l/m o l in  th e case  of Z n  v ia . ca . - 2 2 0  k c a l/m o l (M g) to ca. - 2 5 0  k c a l/m o l  
(B e), follow ed b y G  • • Br (from  ca. - 4 3  k c a l/m o l to  ca . - 3 9  k ca l/m o l) an d  H  • • Br (from  
ca. - 4 8  k ca l/m o l to ca . - 3 2  k ca l/m o l), Table S2. Surprisingly, the G  • • M  interactions are 
n o t am o n g  the m o st stabilizing on es, ran g in g  from  + 20 k c a l/m o l (M g) to  - 4 0  k c a l/m o l  
(Be). In the case  of cyclop rop en ylid en e co m p lexes, th e G  • • M  in teraction s are  definitely  
the m ost im portan t, ranging from  ca. - 1 0 0  to over - 2 0 0  k ca l/m o l, Tables S3 and S4.

In the fragm en t-b ased  treatm en t, a  quite different p ictu re of the G  • • M  bond n atu re  
h as been  ob tain ed . N am ely, for cy clo p ro p en y lid en e• • • M X 2, the exch an g e-co rre la tio n  
en erg y  co m p o n en t b ecam e m o re  p rom in en t (ca. 45%  for Be an d  M g, an d  u p  to  80%



in  th e case  of Z n ; Table 3 ) . C oncu rrently , in the fragm en t-b ased  ap p ro ach , all th e M X 2 
com p lexes w ith  im id azol-2-ylidene h ave n egative Eint valu es, as w ell as their electrostatic  
and exchange-correlation com ponents; Table 3 . M oreover, the ch aracter of these interactions  
ch anged  in the case of Be and M g as the electrostatic en ergy  b ecam e dom inant.

C learly, the fragm en t-b ased  ap p ro ach  seem s to  be m u ch  m o re credible for the d e
scription of the carbene- ■ ■ m etal bonds in both cyclopropenylidene and im idazol-2 -ylidene  
com p lexes. H ow ever, the lack of the C- ■ ■ M  interaction  am on g the m ost im portan t con tri
bution s is a larm in g , as m u ch  as th e cou n terin tu itiv e  p ositive E int v alu e  for th e im id azol-  
2-ylid ene- ■ ■ M gB r2 d im er (Table 2 ) . The m o st probable exp lan atio n  is a  quite significant 
positive QTAIM  charge on the m etal atom s (e.g., the Q TAIM -based atom ic charge of M g is 
as m uch as 1.687 a.u. com pared to 0.616 a.u. only obtained from  the H irshfeld m ethod) [3 5 ]. 
This, cou p led  w ith  the in co rrect sign  of ch arges on  the carb en e carb on  a to m  (a lread y  
stressed  in  th e first w o rk  co n cern in g  th ese system s [3 5 ]), p u ts the reliability of IQ A  elec
trostatics in  question . Since th e IQ A  m eth o d  clearly  d ep en d s on  the ch arg e  d istrib ution  
b etw een  Q TA IM  ato m ic basins an d  th erefore p rovid es variab le o u tco m es for different 
charge density partitionings, w e will sw itch to ETS-NOCV, w hich  estim ates E elst in a m ore  
reliable w a y  th ro u g h  the quasi-classical ap p ro ach  b ased  on  self-con sisten tly  con v erged  
fragm en t electron densities; see M ethods.

2.3. E T S -N O C V -B ased  R esu lts

In this section, w e w ill present the results obtained by m eans of the m olecular orbital
based ETS-N O CV m ethod. We have used singlet {carbene} and {M X 2} fragm ents w hich have  
appeared to be m ore suitable than triplets since they deliver the sm allest orbital interaction  
con trib u tion . The ob tain ed  valu es of th e E T S -N O C V  en erg y  term s (see E q u ation  (5 )) are  
listed in Table 4 .

Table 4. The ETS-NOCV-based energy (in kcal/m ol) contributions to carbene- • • MX2 bonding.

m x 2 A E int A E elst A E Pauli A E disp A Eorb A Eorb A E £ b a e N H -Br

cyclopropenylidene

B eH 2 —45.69 —69.29 (56% ) 77.03 — 2.56 (2% ) - ■50.87 (41% ) —40.33 —10.11 n / a
M gH 2 —26.20 —45.85 (70% ) 39.55 — 2.58 (4% ) —17.32 (26% ) —14.16 —2.88 n / a
Z n H 2 —23.63 —75.38 (6 8 %) 87.86 — 2 .87 (3% ) —33.24  (30% ) —27.31 —5.19 n / a
B eBr2 —52.23 —82.67  (58% ) 90.98 —4.90 (3% ) —55.64  (39% ) —47.43 —6.34 n / a

M gB r2 —38.57 —57.23 (69% ) 44.25 —4.14 (5% ) —■21.44 (26% ) —17.67 —2.56 n / a
Z nB r2 —37.74 —95.45 (67% ) 104.58 —4.52 (3% ) —42.34  (30% ) —36.96 —3.53 n / a

im id azol-2-ylidene

B eBr2 —66.86 — 103.25 (61% ) 102.10 — 6.61 (4% ) —■59.10 (35% ) —47.92 —5.24 —1.71
M gB r2 —50.49 —77.00 (71% ) 58.24 —6.01 (5% ) —25.72 (24% ) —18.57 —3.13 —1.10
Z nB r2 —50.92 — 122.82 (68%) 128.22 — 6.45 (4% ) —4 9 .87  (28% ) —42.15 —3.70 —1.11

C o n trary  to  th e a to m ic resolu tion -b ased  IQ A  resu lts, all E T S -N O C V  in teraction  en 
ergies (A Eint) are  n egative an d  co rresp o n d  b etter to  the b ond  d issociation  en ergies (D 0 
valu es in Table 1) . Bonds form ed by beryllium  are the strongest, follow ed by energetically  
sim ilar m agnesium  and zinc bonds. System s w ith Br atom s are bonded noticeably stronger 
than  w ith  H  atom s, and com p lexes w ith  im idazol-2-ylidene are stabilized m ore than their 
cyclop rop en y lid en e co u n terp arts . The carbene- ■ ■ m etal b ond s are d om in ated  b y electro
statics (AEelst, Table 4 ), w ith  its p ercen tag e  con trib u tion  to  the to tal stabilization  being  
6 7 -7 1 %  in the case  of M g an d  Z n  d im ers an d  5 6 -6 1 %  in  system s w ith  Be. This is sim ilar 
to  o th er rep orts of b on d in g in tran sition  m etal com p lexes of im id azo l-2 -y lid ene-based  
N H C s [12,56- 59 ,61] an d  o th er m od el carb en es [55 ,5 8 ,61 ] . F o r exam p le , it tu rn ed  o u t th at  
the electrostatic contribution to C- ■ ■ M  bonds in im idazol-2-ylidene com plexes w ith C u, A g  
an d  A u  halides accou n ts for m ore  th an  65%  of the b inding en ergy  [5 6 ] . This contribution



w as also very  sim ilar (ca. 2 / 3  of the interaction energy) in the various N H C -T M  com plexes 
stu d ied  b y  Tonner et al. [5 8 ] . It is w o rth  m en tioning at this p oin t the excellen t review  on  
the N H C -M  b on d  b y  Jacob sen  et al. [12], in w h ich  it w as found th at N H C -M  b on d s are  
m ainly electrostatic in origin  w ith  a percen tage contribution from  60%  to 80% .

O rbital in teraction  is the secon d  stron gest en erg y  term , reach in g  u p  to 40%  of total 
stabilization in beryllium  system s and 2 5 -3 0 %  in the case of M g and Z n  system s, Table 4 . 
The c a rb e n e ^ m e ta l  d on ation  (the L P ( C ) ^  c* (M X ) transfer in M O  lan gu age) d om in ates  
b y far (7 2 -8 7 % ) over the m e ta l^ c a rb e n e  b ack -d on ation  in n  sym m etry , w ith  1 6 -2 0 %  
con trib u tion  in the case of system s w ith  X  = H  and 7 -1 2 %  for X  = Br. The clearly  low er  
b ack -d on ation  effect is visible in the latter case, resulting from  the electron -w ith d raw in g  
p rop erties of Br atom s. It should be p oin ted  ou t th at in m an y  transition  m etal com p lexes, 
the n -b ack -b on d in g  m ay  be far m ore p ro n ou n ced  an d  can  reach  even  40%  of the overall 
orbital interaction energy [60] . Finally, it should be com m ented that the geom etry distortion  
term  appeared  to be the m ost p ronounced for Be-species, Table S5. A lso notew orthy, w eak  
(up to —1.7 k ca l/m o l, i.e., ca. 3% of the orbital interaction energy) side N -H - • • Br hydrogen  
b onds have been identified in the im idazol-2-ylidene- • • M Br2 com p lexes, Figure 2 .

Figure 2. Dominant NOCV-based deformation density contributions determined for imidazol-2- 
ylidene- • • BeBr2 dimer.

S uch a negligible sh are of N -H - • • Br h y d ro g en  b on d s really  confirm s the co rrect  
choice of system s w ith  the d om inant C- • • M interaction. A s ETS-N O C V  is only capable of 
sep aratin g  the A Eorb con tribu tion , it is n ecessary  to  su p p o rt it w ith  co m p lem en tary  IQ A  
results, w h ich  ind icate a stron g electrostatic co m p o n en t (EHst Br rep resen ts 95%  of EHt" Br 
am o u n tin g  to - 4 5 .5  k c a l/m o l). Such p ro n ou n ced  in teraction  en ergies are co m m o n  for a 
tw o-ato m ic ap p roach . F or exam p le , for the h y d ro g en  b on d  in w ater, the AEP't"H valu e  
am ou n ts to ca. - 1 0 0  k ca l/m o l [1 11 ] .

2.4. L E D -B ased  R esu lts

Local Energy D ecom position [124,125] allows for partitioning of the binding energy at 
the D LPN O -CC SD (T) [120- 122] level of theory, often considered as the 'gold  stan d ard ' for 
calcu latin g  in teraction  energies. The sam e fragm en ts as before, i.e., {carb en e} and {M X 2}, 
h ave been chosen. The binding energies obtained at the D LPN O -C C SD (T ) level of th eory  
are consistent w ith  the D FT-based energies, th at is, the beryllium  b ond s are the strongest, 
follow ed by m agn esiu m  and zinc (sp od iu m ) b ond s; com p are Tables 1 and 5 .



Table 5. DPLNO-CCSD(T)/ccpv-tz Local Energy Decomposition analysis of the {carbene}- • • {MX2} 
bonding (carbene names shortened for clarity: cpy = cyclopropenylidene and imi = imidazol-2- 
ylidene). Energies in kcal/m ol.

c p y -B e B r2 c p y -M g B r2 cp y -Z n B r2 im i-B e B r2 im i-M g B r2 im i-Z n B r2

Eint —39.60 —34.28 —29.08 —54.28 —46.37 —42.63
Eref
E elst —218.44 —152.51 —327 .12 —251.84 —190.31 —393 .52
E ref,exch
Eref __

—20 .12 —11.84 —33.73 —20.84 14.59 —39.32
14.88 6.23 10.76 17.58 6.73 11.24

E ref 190.33 126.75 325 .62 210.63 158.28 387 .67el—prep
ECnon—disp -0.69 0.12 1.91 —2.74 —1.83 —0.17

e cE disp —5.35 —2.93 —6.14 —6.43 —4.10 —7.67

EC —0.21 —0.10 —0.38 —0.63 —0.55 —0.85

C T 1 ^ 2 —16.96 —9.52 —13.44 —19.17 —11.11 —16.32
C T 2 ^ 1 —3.33 —2.43 —7.58 —3.56 —2.53 —8.14

Local Energy D ecom position partitioning confirm s the im portance of electrostatics in 
m etal-carb en e  bond in g, w ith  E ”f t ~  90%  of total stabilization for all com p o u n d s, Table 5 . 
D ispersion  con tribu tion  of ca. 2%  of the total in teraction  en ergy  p ro v ed  to  be v ery  sm all. 
The ch arge-tran sfer contributions, b ottom  of the Table 5 , confirm  qualitatively the picture  
obtained b y ETS-N O CV, i.e., the carbene ^  M X 2 d onation  being far m ore im p ortan t than  
M X 2 ^  carbene b ack -d on atio n .

2.5. F lat vs. P erpen d icu lar S tructure o f  the C arben  • • • M X 2 D im er

L ook in g at F igu re 1, sh o w in g  the cyclop rop en ylid en e • • • Z n B r2 an d  im id azol-2-  
ylidene- • • Z n B r2 d im ers, the fu n d am en tal difference b etw een  th em  in the orientation  
of the Z n B r2 m olecu le relative to  the carb en e p lan e is clearly  visible. N am ely, the Z n B r2 
and carbene units are p erp en d icu lar to each  other in cyclopropenylidene- • • Z n B r2, w hile  
im id azol-2-ylid ene- • • Z n B r2 is planar. Taking into acco u n t the fact th at the cau se  of the  
tw istin g of the m etal-u n it in relation  to  the carb en e p lane w as d escrib ed  in the literatu re  
only very  sporadically [78 ], and taking advantage of the relatively high structural sim plicity  
of the studied system s, it w as tem pting to investigate the cause of the structural differences 
regard in g  the tw istin g  of the M X 2 an d  carb en e plan es in relation  to  each  other. F o r this  
p u rp o se , w e h av e p erfo rm ed  ad d ition al calcu lation s for the tw isted  stru ctu res of b oth  
d im ers, i.e., cyclop rop en ylid en e- • • Z n B r2 an d  im id azol-2 -ylidene- • • Z n B r2, in w h ich  the  
tw ist angle (denoted by 0 ) L-C -Z n-Br (L is either C or N ) w as changed every 10° from  0° to 
90°. Figure 3 (left) show s the energy profile related to the change in 0 from  0° to 90°.

Figure 3. Relation between the relative energy (i.e., determined in relation to the minimum for a 
given dimer) (left) or the distance dc...Zn (right) and the twist angle of the ZnBr2 unit plane with 
respect to the carbene plane for dimers cyclopropenylidene- • • ZnBr2 (cpy-ZnBr2) and imidazol-2- 
ylidene- • • ZnBr2 (imi-ZnBr2).



It is clearly visible that although the equilibrium  geom etry  of the cyclopropenylidene  
• • • Z n B r2 d im er corresp on d s to  the p erp en d icu lar structure (i.e., w ith  6 = 90° ), the p lan ar  
stru ctu re (6 = 0 °) is en ergetically  less stable by only 1 k c a l/m o l so th at the rotation  of the  
Z n B r2 unit arou n d  the C- • • Z n  b on d  axis is p ractically  free, F igu re 3 . D im er im id azol- 
2-ylidene- • • Z n B r2 p resen ts a com p letely  different situation , n am ely  the flat stru ctu re  of 
this d im er is m ore stable th an  the p erp en d icu lar stru ctu re  b y  ab ou t 6 .5  k c a l/m o l w h ich  
p ro ves h in d ered  rotation  of Z n B r2 d ue to  the p resen ce of ad jacen t N -H  b on d s, Figu re 1 . 
P lan arization  clearly  favors the fo rm ation  of residu al h y d ro g en  b on d s N -H - • • Br giving  
rise to Zn- • • C bond con traction  b y  ca. 0 .023 A ; Figure 3 , right.

A cco rd in g  to  the W alsh rule [131], a m olecule ad op ts the co n form ation  th at m ost 
ensures stabilization of H O M O . A  W alsh d iagram  sh ow in g the d epen d en ce of the orbital 
energies of the three highest occupied orbitals, i.e., H O M O , H O M O-1 and H O M O -2, on the 
tw ist angle 6 is show n in Figure 4 .

Figure 4. Dependence of the orbital energy of the three highest occupied orbitals (i.e., HOMO, 
HOMO-1 and HOMO-2) on the twist angle of the ZnBr2 unit plane with respect to the carbene plane 
for dimers cyclopropenylidene- • • ZnBr2 (cpy-ZnBr2) and imidazol-2-ylidene- • • ZnBr2 (imi-ZnBr2).

It is clearly  visible th at in the case of im i-Z n B r2, i.e., the im id azol-2-ylid en- • • Z n B r2 
com plex, the 90° ^  0° rotation leads to a greater stabilization of all the orbitals considered, 
and th u s also of H O M O . T hu s, b ased  on  W alsh 's rule, the p lan ar stru ctu re  sh ould  be 
m ore stable for this co m p lex  th an  the p erp en d icu lar stru ctu re , w h ich  is in d eed  tru e  (see 
Figu res 1 an d  3 ) . B y the w ay, it is w o rth  n otin g  th at b oth  stru ctu res are ch aracterized  b y  
reversed positions of H O M O  and H O M O -1. In the case of the cyclopropenylidene- • • ZnB r2 
dim er, the 0° ^  90° rotation  lead s to  the stabilization  of H O M O , b u t this stabilization  is 
so m inim al th at it is d oubtful to see this stabilization  as the cau se of the p erp en d icu lar  
stru ctu re  of this d im er (Figure 1) . N everth eless, sm all ch an ges in orbital en ergies m ay  
p erh aps explain  a sm all ch ange in total en ergy (Figure 3 ) and alm ost u nhindered  rotation  
around the C- • • Z n  axis.

H ow ever, in o rd er to  m ak e a m ore reliable assessm en t of stru ctu ral ch an ges, ETS- 
N O C V  contributions along rotation  angle h ave been d eterm ined and depicted  in Figure 5 .



Figure 5. Changes in the values of the ETS-NOCV-based interaction energy components (left) or 
the orbital energy components (right) with the change of the rotation angle of the ZnBr2 unit plane 
with respect to the carbene plane for dimers cyclopropenylidene- ■ ■ ZnBr2 (changes relative to 0 = 0° ; 
ZnBr2-cpy) and imidazol-2-ylidene- ■ ■ ZnBr2 (changes relative to 0 = 90° ; ZnBr2-imi).

It can  be seen th at the significant sh orten in g  (0 .024  A ) of the C- ■ ■ Z n  d istan ce u p on  
p lan arization  of the im id azol-2-ylid en e- ■ ■ Z n B r2 d im er (see Figu re  3 , right) is d u e  to  an  
increase in the orbital interaction term  and, to a larger extent, the electrostatic contributions, 
w h ich  cau ses a d ro p  of A E;nt b y  ca. 4 .7  k c a l/m o l. The form er, i.e ., th e orbital in terac
tions, results m ainly  from  the am p lification  of the a (Z n -C ) co m p o n en t an d , to  a lesser 
exten t, the rc(Z n -C ) co m p o n en t, F igu re  5 . Interestingly, the effect of tw istin g  (0° ^  90°)  
th e cyclop rop en ylid en e- ■ ■ Z n B r2 d im er also  cau ses a sim ilar sh orten in g  (0 .025  A ) of the  
d istan ce  C- ■ ■ Z n  (Figu re 3 , right). N ev erth eless, th e overall C- ■ ■ Z n  in teraction  en ergy  
(A E;nt) changes only slightly by ca . 1.3 k ca l/m o l, w hich  is consistent w ith  a facile rotation. 
Such  sm all variatio n s in  C- ■ ■ Z n  b ond  in teraction  en ergies are  cau sed  b y  m odifications  
of b oth  orbital in teractio n  an d  electrostatic con trib u tion s, F igu re  5 . Finally, it is w o rth  
m entioning that rotation around the C- ■ ■ Zn axis in the cyclopropenylidene- ■ ■ Z nB r2 dim er 
has practically no effect on the Z n -B r bond length, w hile in the im idazol-2-ylidene- ■ ■ ZnBr2 
dim er the transition from  p erpendicular to planar structure slightly lengthens the bond by  
0 .006  A . This effect can  be attributed to a larger L P(C ) ^  a*  (Z n -B r) donation.



3. M eth od s an d  M aterials

G eom etries of m onom ers and dim ers w ere fully optim ized on the m B 97X -D /6-311+ + G  
(2df,2p) level of theory, that is utilizing the mB97X-D range-separated  hybrid GGA exchange- 
correlation  fu n ction al [132] of D en sity  Fu n ction al T h eory  (D FT) [133- 136] an d  the 6 - 
311+ + G (2d f,2p ) basis set [137- 143], w h ich  in clu d es b oth  p o larizatio n  an d  diffuse fu n c
tions. M ard irossian  an d  H ead -G ord o n  h av e sh ow n  [136] th a t m B 97X -D  is on e of the b est 
exch an g e-co rrela tio n  fu n ction als am o n g  2 0 0  fo r g en eral p u rp o ses in clu d in g  in term olec-  
u lar in teraction s. To in crease the a ccu ra cy  of the op tim ization  p ro ced u re  an d  n u m erical  
in tegration , cutoffs o n  forces an d  step  size th a t are  u sed  to  d eterm in e co n v erg en ce  w ere  
additionally tightened (0.000015 and 0.000010 for m axim u m  force and its root m ean square, 
resp ectively , an d  0 .0 0 0 0 6 0  an d  0 .0 0 0 0 4 0  for m axim u m  d isp lacem en t an d  its ro o t m ean  
square, respectively) and integration grid w as increased to the (99, 590) one (U ltraFine) h av
ing 99 radial shells and 590 angular points per shell. Vibration analysis show ed th at all the 
considered system s correspond to real m inim a on potential energy surfaces. Both geom etry  
op tim ization  and vibration  analysis w ere p erform ed b y  m ean s of G aussian 09 [144] .

The Interacting Q uantum  A tom s (IQA) approach  [111 ,112], w hich is based on B ader's  
Q TAIM  (i.e., Q u an tu m  T h eory  of A tom s in M olecu les) [101], allow s the to tal en erg y  of a 
system  to be divided into m on o- and p olyatom ic contributions. O f the m an y  useful term s  
defined b y  the IQ A m ethod , this article w ill utilize the interatom ic interaction energy:

(1)

w h ere  E Ĵ 2 is th e rep u lsion  en erg y  b etw een  nuclei of a to m s E 3 an d  E 2, V ^ E 2 is the  
attractio n  en erg y  b etw een  the n u cleu s of the a to m  E 1 an d  th e electron s of th e a to m  E 2, 

E ^ 2 is the attraction energy betw een electrons of the atom  Ex and the nucleus of the atom  

E 2 and E ^ p 2 is the interatom ic tw o-electron  repulsion energy. The su m  of the m iddle tw o  

term s gives the en ergy  of the interatom ic n u cleu s-electron  attraction  (E^em). Im portantly, 
the interelectron repulsion energy can be further divided into a sum  of the purely classical 
(C oulom bic) contribution and the exchange-correlation  (i.e., the non-classical term ) energy:

(2 )

M oreover, the su m  of the first th ree term s in E q u ation  (1) an d  the classical in terelectron  
en ergy  contribution  gives the electrostatic energy, such  that:

(3)

A s one can  see, all the term s in the IQ A equations have strictly  defined physical m eanings. 
It is also w orth  em phasizing that an extrem ely valuable feature of the IQ A  decom position  
m eth o d  is th e fact th a t it d o es n o t require an y  referen ce system  an d  th a t th e in teratom ic  
interaction energy can  be determ ined for any p air of E 1 and E 2 atom s, e .g ., not necessarily  
co n n ected  w ith  each  o th er b y  a b ond  p ath . In this article , the in teratom ic in teraction  
energy and its com ponents will be determ ined for the C- ■ ■ M  (M = Be, M g, Zn) interaction. 
M oreover, for an  estim ation  of the to tal in teractio n  en erg y  b etw een  carb en e an d  m etal 
m oieties, pair atom ic energies betw een all atom s in both fragm ents w ere su m m ed , such as 
for m oieties G and H :

(4)

The AIM All p rogram  [145] w as utilized for this purpose. M P 2/6-311+ G (d ,p )-b ased  [146,147] 
w a v e  fu nctions gen erated  in G au ssian 09 w ere  u sed  b ased  on  the aforem en tion ed  
geom etries.

The ETS-N O CV m ethod [118] is a com bination of the ETS Z iegler-R au k  m ethod [113] 
w ith  the N atu ral O rbitals for C h em ical V alence (N O C V ) m eth o d  [114- 117] . In the ETS



Calculations under the ETS-N O CV m ethod w ere perform ed on the BLYP-D3(BJ) [148- 150] /  
T Z P -Z O R A  [151, 152] level of th eory  u sin g the A D F p ro g ram  [153] . Such a com p u tation al 
p roto co l p ro v ed  to  be ad eq u ate  for b on d in g an alysis b oth  in  o u r an d  o th er p reviou s  
studies [154,155]. In this w ork, w e will focus on the instantaneous interaction energy A Eint, 
since total en ergy has already been studied in Ref. [35 ] .

The D o m ain -b ased  L ocalized  P air-N atu ral O rbital Singles an d  D oubles C oup led  
C lu ster w ith  p ertu rb ative  Triples [120- 123] (D L P N O -C C S D (T )) ap p ro ach  is a  relatively  
n ew  ap p ro xim atio n  of th e C ou p led  C lu sters m eth o d , w h ich  in tu rn  is often  referred  to  
as a 'g o ld en  stan d ard ' for q u an tu m -ch em ical calcu lation s [142] . D L P N O -C C SD (T ) itself 
recovers > 9 5 %  of triples con tribu tion  an d  99 .8%  of correlation  energy, an d  thanks to  its 
scaling being close to DFT, it is the first C CSD (T) approxim ation  capable of calculating the 
entire protein  [122] . It is p erform ed by localizing the orbitals and gen erating the Projected  
A to m ic O rbitals from  o ccu p ied  localized  orb itals, follow ed  b y creation  of P air N atu ral  
O rbitals from  selected PAO s [119, 120] .

Local Energy D ecom position [124 ,125] w as created for the D LPN O -CCSD (T) approach  
in ord er to harness its accu racy  in determ ining interaction energies and provide an energy  
decom p osition  sch em e on the CCSD (T) level of theory. It d eco m p oses the binding en ergy  
into the follow ing quantities:

m eth o d , the to tal in teractio n  en erg y  b etw een  fragm en ts A  an d  B (a to m s, frag m en ts and  
m olecules) is d ecom p osed  accord in g  to the follow ing equation:

(5)

w h ere  A E dist is th e d istortion  en erg y  th a t is n eed ed  to  tran sfo rm  the stru ctu res of the  
isolated fragm ents A  and B into the geom etries they have in the created A -B  system , AE elst 
is the energy of the electrostatic interaction of fragm ents A  and B (in their final positions in 
the m olecule, b ut frozen electron densities), AE Pauli is the Pauli repulsion energy resulting  
from  the repulsion betw een electrons w ith  sam e spins of fragm ents A  and B, A Edisp is the 
dispersion energy, and AE orb is the orbital interaction energy associated w ith the form ation  
of the A -B  system  (e.g., an A -B  bond) and results from  the interaction betw een the occupied  
orbitals of th e A  su b system  w ith  th e v irtu al orbitals of the B su bsystem  an d  v ice  v ersa . 
This term  also  con tain s th e p o larizatio n  en erg y  related  to  the electron  d en sity  ch an ges  
in  each  of th e A  an d  B su bsystem s an d  the in terfragm en t ch arg e  transfer. The last four 
term s of E q u ation  (5 ) form  th e in teraction  energy, AE int. O n th e o th er h an d , the N O C V  
orbitals are  e igen vecto rs of the differential ch arg e an d  b ond  o rd ers m atrix , A P =  P — P q, 
w h ere P is the d en sity  m atrix  of a m olecule (e .g ., A -B ) , an d  P q is the su m  of the d ensity  
m atrices of the orthogonalized  fragm ents A  and B, P ^  +  P ^ . The overrid in g feature of the  
N O C V  orbitals representation  is the ability to decom p ose the differential electron density, 
Aporb =  pAB — P a  — pB, into chem ically m eaningful A p ^  diagonal contributions:

(6)

w here v  are the eigenvalues obtained by diagonalizing the m atrix A P, and M  is the num ber 
of basis set fu nctions. V isualization  of con tribu tions A pkorb enables th e id entification  and  
ch aracterizatio n  of th e in d ivid u al com p on en ts (a , n , S, e tc .) of a  b ond . Im portan tly , 
under the ETS-N O CV m ethod, it is possible to quantify the energies (A Eo^) corresponding  

to the individual A p ^  com ponents:

(7)



Terms AECiSp and A EjCo_ disp are correlation energy contributions associated w ith  dispersion
C—(T)an d  n o n -d isp ersiv e  co rrection s, respectively. The term  d en o ted  b y  A Eint ( ; is th e triples

correction  arising from  CCSD (T).

4. C o n clu sion s

This article presents a com p arative stu d y of a series of m etal-carb en e bonds betw een  
m ain - an d  transition  grou p  m etals: b eryllium , m agn esiu m  an d  zin c, an d  m od el carb en es: 
cyclop rop en y lid en e (a  regu lar carb en e), an d  im id azol-2-ylid en e (N -h eterocyclic  carb en e, 
N H C ). The p h ysical n atu re  of th ese carbene- ■ ■ M X 2 (X  = H , Br) in teraction s has been  
described for the first tim e by the joint use of topological QTAIM -based IQ A decom position  
schem e, m olecular orbital-based ETS-N O C V  charge and energy decom position m ethod, as 
well as LED  energy decom position basing on the state-of-the-art D LPN O -CCSD (T) m ethod.

All m eth od s agree  on  the in creasin g  b ond  stren gth  in a series: Z n  <  M g < <  Be. 
F o r beryllium  and m agnesium  bonds, electrostatics proved  to be the m ost im portant bond  
co m p o n en t (5 5 -9 0 %  of total stabilization), follow ed b y  stabilization  d u e to  electron  sh ar
in g (1 0 -4 5 %  of to tal stabilization), w h ile d isp ersion  in teraction s p ro v ed  to  be m argin al 
(2 -5% ). Q T A IM /IQ A  underestim ates electrostatic contribution for zinc bonds w ith  respect 
to  b oth  ET S -N O C V  an d  L E D  schem es w h ich , sim ilarly to  Be an d  M g  species, identify the  
follow in g im p o rtan ce  of Z n -ca rb e n e  b ond  con stitu en ts: E elstat >  Eorb >  Edispersion. B oth  
ETS-N O C V  and LED  also provide a consistent picture of these carbene bonds on an orbital 
level, w ith  the a  carb en e  ̂ M X 2 d on ation  stron gly  d o m in atin g  o v er the M X 2 ^  carb en e  
b ack -d on ation  of n  sym m etry . S ubstitution  of h y d ro g en  a to m s b y  b rom ines (X  in M X 2) 
strengthen s th e m eta l-ca rb e n e  b ond  in all cases d u e to  th e am p lification  of electrostatic  
forces as w ell as d on ation  an d  b ack -d on ation  effects. The fo rm er is likely d u e  to m ak 
in g m etal a to m s m ore  electrop hilic. Finally, the con fo rm atio n al p references (p lan ar vs  
tw isted ) are controlled by the nature of C -Z n  bonding as unveiled by ETS-N O C V  analyses 
p erform ed  along rotation coord in ate p ath w ays.
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(11 )

w h ere AEHF prep is the en erg y  n eed ed  to d isto rt the electronic stru ctu re  of fragm en ts into  

the state op tim al for frag m en t interaction . E lectrostatic in teraction  b etw een  m on om ers is 
denoted by AE elstat, and the H F exchange by AE exch. C orrelation energy is decom posed into:

(10 )

The H a rtre e -F o ck  p art can  in tu rn  be exp and ed  into:

(9)

The first com p on ent is the en ergy needed to distort fragm ents A  and B from  their optim al 
geom etries to their final state in the AB ad du ct. On the other hand, AE int is the interaction  
en erg y  of said fragm en ts, w h ich  can  be fu rth er d eco m p o sed  into referen ce (H F) energy, 
AEHF, and a correlation  contribution (A E ^ ) :
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A b b rev iatio n s

The following abbreviations are used in this manuscript:

QTAIM Quantum Theory of Atoms in Molecules
IQA the Interacting Quantum Atoms approach
ETS the Extended Transition State method
NOCV the Natural Orbitals for Chemical Valence method
DLPNO Domain-based Localized Pair-Natural Orbital
CCSD(T) the coupled cluster (CC) single-double-triple method
LED the Local Energy Decomposition scheme
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