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Ab initio MP2/6-31G*//HF/6-31G*+ZPE(HF/6-31G *) calculations of the potential en- 
ergy surface in the vicinity of stationary points and the pathways of intmmolecular rearrange- 
meats between low-lying structures of the OBe3F3 + cation detected in the mass spectra of 
p_4-Be40(CF3COO)6 were carried out. Ten stable isomers with di- and tricoordinate oxygen 
atoms were localized. The relative energies of six structures lie in the range 0--8 kcal tool - l  
and those of the remaining four structures lie in the range 20--40 kcal tool -I .  Two most 
favorable isomers, a C2v isomer with a dicoordinate oxygen atom, planar six-membered cycle, 
and one terminal fluorine atom and a pyramidal C3v isomer with a tricoordinate oxygen atom 
and three bridging fluorine atoms, are almost degenerate in energy. The barriers to rearrange- 
ments with the breaking of one fluorine bridge are no higher than 4 kcal tool -I  , except for the 
pyramidal C3~ isomer (-16 kcal tool-I). On the contrary, rearrangements with the breaking of 
the O--Be bond occur with overcoming of a high energy barrier (-24 kcal tool-l).  A planar 
D3~ isomer with a tricoordinate oxygen atom and linear O--Be--H fragments was found to be 
the most favorable for the OBe3H3 + cation, a hydride analog of the OBe3F3 + ion; the energies 
of the remaining five isomers are more than 25 kcal tool - t  higher. 
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An in tense  peak  c o r r e s p o n d i n g  to an  OBe3F3 + ca t ion  
of  u n k n o w n  s t ruc tu re  was observed in a mass  spec t ro -  
met r ic  s tudy I o f l I 4 - B e 4 0 ( C F 3 C O O ) 6  vapors.  It has been  
suggested I tha t  the  OBe3F3 + ca t ion  has  a p lanar  s t ruc-  
ture  o f  a regular  t r i ang le  wi th  a t r i coo rd ina te  O a tom at 

its cen te r  a n d  l inear  O - - B e - - F  f ragments  (D3h). At first 
glance,  such  a suggest ion seems  to be jus t i f ied  by ana l -  
ogy with the  s t ruc tures  o f  o n i u m  ca t ions  of  alkali  metals ,  
OL3 + (OK3 § OCs3*, etc.2). Accord ing  to ab initio cal-  
cula t ions ,  3-'6 the  OLi3 + ca t ion  has a p l a n a r  t r igonal  
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structure (D3h). In principle,  the OM3X3 + cations, where 
M is an a lkal ine-ear th  metal  and X is a univalent  
sttbstituent (X = H, Hal),  can be built from OL3 § 
cations by rep lacement  of  the alkali metal  L by an 
isolobal MX group.  Indeed,  the calculat ions 7,s have 
shown that the global m i n i m u m  on the potential  energy 
surface (PES) corresponds to the most favorable isomer  
of  the OBe3H3 + cat ion (a hydride analog of  the OBe3F3 § 
cat ion) with D3h symmetry .  At the same time, a direct 
analogy between o n i u m  cations of  alkali metals and 
OM3X3 + ions may be oversimplif ied,  because new iso- 
mers of  the latter ions can exist due to the ability o f  X 
substituents to form th ree -cen t e r  bridging M - - X b - - M "  
bonds (hereaf ter  bridging X a toms are denoted by sub- 
script "b"). The  presence of  three bridging bonds leads to 
a pyramidal  (or quas i -pyramidal )  C3v structure with 
adjacent  f o u r - m e m b e r e d  OM2X cycles. In te rmedia te  
forms with one and two M - X b - - M "  bridges can also be 
formed. According to calculat ions,  7,8 the energy of  the 
pyramidal  C3~ structure of  the OBe3H3 + cation corre-  
sponding to a local m i n i m u m  on the PES is about 
25 kcal m o r  t h igher  than that  o f  the most favorable 
D3~ isomer* with three terminal  H t atoms (hereafter  
terminal  X atoms are denoted  by subscript "t ') .  

It has been men t ioned  8 that the relative stability of  
the structures is de te rmined  by several factors including 
the number  of  O - - B e  bonds,  i.e., by the coordinat ion  
number  (CN) of  oxygen atom (CN(O)) ,  the relative 
stability of  th ree-cen te r  bridging M - - X b - - M "  bonds com-  
pared to that of  two-cen t e r  M - - X  t bonds, the e lec t ro-  
static repulsion between the metal  a tom and the O and 
X atoms in the fou r -membered  OM2X cycles, by strain 
in the cycles, by the contr ibut ion of  donor -accep to r  
O--+M and X--+M 7t-bonds in planar structures, etc. The 
relative stability of  the structures can substantially vary 
upon rep lacement  o f  M or X atoms by their  analogs in 
t h e  subgroups  o f  the  P e r i o d i c  sys tem.  S ince  the  
B e - - F b - - B e "  fluoride bridges are stronger than the hy- 
dride B e - - H b - - B e '  bridges and the F ~ B e  x-bonds  can 
be formed in p lanar  structures,  it should be expected 
that the relative a r rangement  o f  the structures o f  the 
fluoride OBe3F3 + cation and its hydride analog, the 
OBe3H3 + cation, on the energy scale will differ and that 
their  most  favorable structures can also be different. 

The  aim of  this study was: (1) to find the structures 
and to de te rmine  their  relative stabilities, frequencies,  
and intensities o f  normal  vibrations o f  the most favor- 
able isomer  o f  the OBe3F3 + cat ion,  its hydride analog, 
the OBe3H3 + cat ion,  and thei r  low-lying isomers; (2) to 
localize the transit ion states and to evaluate the po ten-  
tial energy barriers to in t ramolecutar  rearrangements  
between the isomers;  and (3) to reveal differences and 
s imilar i ty  in the s t ruc tu r e - - ene rgy  diagrams of  the 
OBe3F3 + and OBe3H3 + cations.  

* The planar three-bridge D3h structure has one imaginary 
frequency, is energetically unstable, and decomposes with 
elimination of BeH~ or Bell*. 

Calculat ion procedure 

The initial set of configurations (1--10, Fig. 1) of OBe3X3 + 
(X = H, F) cations whose geometric parameters should be 
optimized included the above-mentioned structures 1 and 4 
with C3v and D3h symmetry, respectively, and the structures 2, 
3, and 7--9, which can be built from the three types, A--C, of 
isomers of OBe3X 4 (X = H, F) molecules "t-9 corresponding 
to low-lying energy minima on the PES by eliminating an X- 
anion from different positions. For instance, the forms 3, 4, 
and 9 can be built from structure A; the configurations 2 and 3 
can be built from structure B; and the structures 7 and 8 can be 
built from structure C (see Fig. I). Moreover, according to 
calculations, 7-9 there are two additional types, D and E, of 
isomers characteristic of OBe4X 6 (X = H, F) molecules, which 
also correspond to low-lying energy minima on the PES. The 
former contains a planar six-membered cycle and the latter 
contains a chain of two four-membered cycles lying in mutu- 
ally perpendicular planes. 
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Therefore, our study of OBe3X3 + cations also included the 
structures 6 and 10 related respectively to the forms D and E. 
Since the structure 6 can be considered as a bidentately 
coordinated ion pair formed by the OBe22+ dication and a 
BeX 3- anion, we also optimized its tridentately coordinated 
form 5. Consideration of several additional low-symmetric 
structures showed that all of them either are barrierlessly 
transformed into isomers 1--10 or appear to be energetically 
unfavorable upon geometry optimization; for this reason, they 
are not discussed in this study. 

Among the ten structures selected, the isomers 1--4 and 9 
contain a tricoordinate O atom, while the remaining forms 
contain a dicoordinate O atom. The forms 1--4, which can be 
described by the general formula OBe3(Xb)k(Xt)'~_ k (0 < k < 3), 
differ from one another in the number of  terminal Xt and 
bridging X~ atoms. In these structures the O atom is included in 
the four-membered OBe2X cycle o r  the angular (or linear) 
O--Be--X fragment, and the CN of the Be atom (CN(Be)) is 
equal to 2 or 3, respectively. In structure 9 containing the OBe2X 
cycle one of the Be atoms with CN(Be) = I is a terminal atom 
bonded to the O atom only. The forms with CN(O) = 2 are 
more varied, since the O atom can be a constituent of linear 
Be--O--Be" groups (structures 7 and 8), four-membered cycles 
(form 10), or six-membered cycles (configurations 5 and 6). In 
these structures, also containing four-membered XBe2X cycles, 
the CN(Be) varies from 1 (structure 8) to 4 (structure 10). Most 
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Fig. I. Structures of isomers 1--10 and transition states (TS) of intramolecular rearrangements of OBe3X3 + (X = H, F) ions; 
b and t are bridging (Xb) and terminal (Xt) atoms; geometrically equivalent atoms are shown by equal number of primes. 

of the configurations are planar (except fo r  structures 1, 5, and 
10). All three OBe2X cycles in structure 1 and the XBe2X cycles 
in strnctures 5 and lO are nonplanar. 

According to preliminary calculations by the Hartree--Fock 
method using the 3-21G basis set (HF/3-21G), the relative 
energies of isomers 1--6 of the fluoride OBe3F3 + ion lie in the 
range 0--10 kcal mol - I ,  while those of the remaining isomers 
are significantly higher (30--60 kcal tool-l). The most favor- 
able structure 4 (X = H) of the hydride OBe3H3* ion lies on the 
energy scale more than 50 kcal tool -1 lower than the other 
forms. To elucidate whether the structures I--6 (X = F) corre- 
spond to kinetically stable isomers of the OBe3F3 + ion, in the 
framework of the HF/3-21G approximation the PES was 
scanned along the minimum energy pathways of intramotecular 
rearrangements between these structures, occurring with the 
breaking of both fluoride bridges and the O--Be bond, and 
corresponding transition states were localized. As was expected. 
the rearrangements with the simultaneous breaking of several 
flnoride bridges are strongly hampered. On the contrary, the 
barriers to rearrangements i ~ 2 (CI), 2 ~ 3 (Cs), 3 -~ 4 
(C 0. and 5 ~ 6 (C I) with the breaking of one fluoride bridge at 

each stage are substantially lower, though remaining appreciable 
(6--9 kcal mol - I ,  except for the rearrangement I ~ 2 with the 
barrier of ~20 kca[ tool-t). The energy barriers to rearrange- 
ments 2 ~ 5 (C 0 and 3 -q, 6 (C l) with the breaking of the 
O--Be bond and simultaneous formation of one fluoride bridge 
are rather high (~25 kcal tool-t).  

At the second stage we performed more accurate calcula- 
tions of the PES in the vicinity of the minima and saddle 
points (thereafter singular points) corresponding to the struc- 
tures 1--10 and to the transition states of rearrangements 
between the isomers 1--6 of OBe3X3 § (X = H, F) cations. 
Optimization of geometric parameters and calculations of  the 
frequencies of normal vibrations and zero-point vibrational 
energies (ZPE) were carried out in the HF/6-31G* (thereafter 
H F) approximation. The relative energies at the singular points 
were refined with inclusion of electron correlation at the 
second-order Moller--Plesset level of perturbation theory (in 
the MP2 /6 -31G ' / /HF /6 -31G*  approximation for X = F and 
in the MP2/6-31G**/ /HF/6-31G* approximation for X = H; 
thereafter MP2) both without (Erel.i) and with (Eret,2) inert-  
sion of ZPE corrections. The same procedure was used in 
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Fig. 2. Structure-energy diagram of isomers and transition states (TS) of intramolecular rearrangements of" OBe3X3 + cations, where 
X = H (I, 2), F (3, 4): 1, OBe3H3 § cation; 2, TS for OBe3H3+; 3, OBe3F3 + cation; and 4, TS for OBe3F3 +. 

calculations 1~ of the products of monomolecular decomposi- 
tion through the channels 

OBe3X3 § --~ OBe2X z + BeX ", (l) 

OBelX3* --* OBe2X* + t~eX z. (2) 

The HF and MP2 calculations were carried out using the 
GAMESS-94 II and GAUSSIAN-94 t2 programs on SGI and 
SUN workstations at Auburn University (Auburn, Alabama, 
USA) and on a Power Challenger workstation at the N. D. 
Zelinsky Institute of Organic Chemistry, Russian Academy of 
Sciences. The results obtained are shown in Figs. I, 2 and 
listed in Tables 1--6. Selected data for OBe3X3 + cations were 
reported earlier. 13,14 

Resul t s  and Discuss ion  

From the data ill Tables I and 2 it follows that 
within the f ramework of  the H F  approximat ion all ten 
structures of  the OBe3F3 + cat ion have only real f requen-  
cies and correspond to local min ima  on the PES. In the 
MP2 approximat ion  the Ere1, 2 values of  the six low- 
lying isomers (1 - -6 ,  X = F) lie in the range from 0 to 
8 kcal tool - l ,  those o f  the next two isomers (7 and 8, 
X = F) lie in the range from 19 to 25 kcal mol - l ,  
and the Erel. 2 values o f  the two high-lying isomers (9 
and 10, X = F) lie in the interval  f rom 40.0 to 
40.5 kcal tool - t .  All isomers are stable to decompos i -  
tion; the dissociat ion limit calculated for the most favor- 
able isomer 6 o f  the OBe3F3 + cation is equal to 87 and 
72 kcal tool -I  for channels  (1) and (2), respectively. 

The calculat ions did not  suppor t  the assumpt ion I 
that the most  favorable s tructure o f  the OBe3F3 + cation 
is planar structure 4* o f  D3h s y m m e t r y ;  isomers 1 and 6, 
which are a lmost  degenerate  in ei~ergy, appeared  to be 
the most stable. The  isomers 2 and  3 (X = F) also have 
very close energies (the d i f ference  in the Erel, 2 values is 
~0.2 kcal mo l - I ) ,  the structures 4 and 5 (X = F) are 
less stable than  the  s t ruc tu re  6 (AEr~I, 2 = 3 and 
8 kcal mo1-1, respectively). The  energies  o f  isomers  7 
and 8 obtained from the s t ruc tu re  C of the OBe3F 4 
molecule  differ by about 5 kcal  mol  - I .  Final ly ,  the 
difference be tween the Eret, 2 va lues  for isomers  9 and 10 
(X = F) does not  exceed 0.3 kcal  mol  - t .  

The  s t ruc ture- -energy d iag ram o f  the  OBe3H3 + hy- 
dride ion is qui te  different (see Fig .  2). Six isomers ,  1 
and 4- -8 ,  o f  this cat ion were loca l i zed  within the  frame- 
work o f  the H F  approximat ion ,  while the  o the r  four 
isomers are barrierlessly t r ans fo rmed  into the former  
(see note to Table  I). A global m i n i m u m  on the  PES 
corresponds to i somer  4 (X = H) o f  D3h symmetry .  The  
isomers 1 and 6 (X = H) with t h e  c losest - ly ing Erel, 2 
energies are ~25 kcal tool - t  less s table than the  struc- 
ture 4. The  differences in the Erel. 2 values for structures 

* Our MP2 calculations showed that the energy of the pyrami- 
dal isomer I (X = F) is merely 0.6 kcal mot -I higher than 
that of the planar isomer 6 (X = F). According to calculations 
in the MP2(full) approximation, the isomer I appears to be 
0. I kcal tool -I more stable than isomer 6 (see note to Table 1). 
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Table 1. Total (Etoffau), relative (E, eL 1 and Erel.ffkcal tool-I) a energies, and zero-point vibrational energies (ZPE/kcal mot - I )  of 
isomers, trunsition states (TS) of intramolecular rearrangements, and decomposition products b of OBc3X3* (X = H, F) cations 
calculated at different levels of theory 

Strt,c- Sym- CN(O) Num- HF MP2 c 

ture, TS merry bet Eto ~ ZPE Eret, I Erel, 2 f.to t Erel, I Erel. 2 
(channel) X b 

OBe3F3 + cation 

1 C3,. 3 3 -417.24419 14.8 5.6 6.6 -418.05150 -0 .3  0.6 
2 C, 3 2 -417.23894 13.8 8.8 8.8 -418.04184 5.8 5.8 
3 C~ 3 1 -417.24244 13.3 6.7 6.2 -418.04126 6.1 5.6 
4 D3~ , 3 0 -417.24431 12.7 5.5 4.4 -418.04426 4.2 3.1 
5 C~ 2 3 -417.23526 14.3 11.2 11.7 -418.03922 7.4 7.9 
6 C2~. 2 2 -417.25318 13.8 0 0 -418.05097 0 0 
7 C_~,, 2 2 -417.22143 13.1 19.9 19.0 -418.01929 19.9 19.0 
8 C2,, 2 2 -417.21171 13.2 26.0 25.4 -418.01076 25.3 24.6 
9 C2~ 3 I -417.1863l  12.8 41.9 41.0 -417.98504 41.1 40.4 
10 C~ 2 3 -417.18003 13.1 45.9 45.2 -417.98591 40.8 40.1 

i -~ 2 C~ 3 3/2 -417.22036 14.0 20.6 20.8 -418.02509 16.6 t6.8 
2 ~ 3 C~ 3 2/I -417.23551 13.2 II.1 10.5 -418.03679 9.2 8.6 
3 -.-, 4 C s 3 I/0 -417.23528 12.8 I1.1 9.2 -418.03409 10.9 8.9 
2 --~ 5 C~ 3/2 2/3 -417.19685 13.5 35.3 35.6 -418.00483 29.3 29.6 
5 ~ 6 C~ 2 3/2 -417.23052 13.8 14.2 14.2 -418.03253 l l .6  11.6 

(I) 2 0 -417.11372 11.4 87.5 85.1 -417.90783 89.8 87.4 
(2) 2 0 -417.14023 11.5 70.9 68.6 -417.93224 74.5 72.2 

OBe3H3 + cation a 

1 C3,, 3 3 -120.34197 23.4 35.7 39.9 -120.65505 21.6 25.8 
4 D3n 3 0 -120.39884 19.2 0 0 -120.68946 0 0 
5 C s 2 3 -120.33342 23.1 41.1 44.0 -120.64549 27.6 30.5 
6 C2v 2 2 -[20.35037 21.8 30.4 33.0 -120.65393 22.3 24.9 
7 C2v 2 2 - 120.34467 20.4 34.0 35.2 - 120.64249 29.5 30.7 
8 C2~ 2 2 - t20 .31690 21.8 51.4 53.6 -120.61935 44.0 46.2 

I ~ 4 C I 3 3/2 -120.33336 21.7 41.1 43.6 -120.63944 31.4 33.9 
5 ~ 6 C l 2 3/2 -120.33344 22.3 41.0 44.1 -120.64083 30.5 33.6 

(I)  2 0 -120.26930 17.2 81.3 79.3 -120.55924 81.7 79.7 
(2) 2 0 -120.28147 17.7 73.7 72.2 -120.56689 76.9 75.4 

a The EreLt and Erel, 2 values were calculated without and with inclusion of ZPE corrections, respectively. 
b For the sum of decomposition products of OBe3X3 + cations through channels (1) and (2). 
c Our calculations of isomers 1--6 of the OBe3F3 + ion in the MP2(full) approximation, in which both valence and core electrons 
are involved in the active space, give close Erel. 2 values: -0.1,  5.4, 5.3, 3.0, 7.6, and 0 kcal tool - t ,  respectively. 
'Y Structures 2 and 3 of the OBe3H3* cation are barrierlessly transformed into structure 4 upon geometry optimization. Structure 10 
undergoes an analogous barrierless transformation into structure 7. Structure 9 is characterized by one imaginary frequency (66i), 
~ot values of 120.30096 au (HF) and [20.60168 au (MP2), a ZPE value of 20.8 kcal tool - I ,  and Erel, 2 values of 63.0 kcal mol -I 
(HF) and 56.7 kcal tool -I (MP2). 

5, 7, and  8 c o m p a r e d  to s t ruc tu re  4 (X = H) are 
- 3 0  kcal tool - I  and  larger. All i somers  are s table to 
d e c o m p o s i t i o n :  the  d issoc ia t ion  l imit  ca lcu la ted  for iso- 
m e r  4 of  the  OBe3H3 + ca t ion  is equal  to  80 and  
75 kcal mo1-1 for c h a n n e l s  ( I )  and  (2),  respect ively.  

If the  energies  are ca lcu la ted  relat ive to tha t  of  
s t ruc tu re  1, the  o rder  in wh ich  the  forms 5 - - 8  of  the  
OBe3H3 + and  OBe3F3 + ca t ions  are a r r anged  on the  
energy  scale is the  same and  the  relative energ ies  (except  
for tha t  of  s t ruc tu re  7) are close to each  other .  The  
ma jo r  d i s t iuc t ion  is observed for the  br idgeless  i somer  4, 
wh ich  is obvious ly  preferable  in the  case of  the  hydr ide  

ion and  is -3  kcal tool - I  less s table  t han  the  s t ruc tu re  1 
in the  case of  f luor ide ion. 

F rom the  data  in Tab le  3 it fol lows t ha t  t he  O - - B e  
b o n d  lengths  in OBe3X3 + ca t ions ,  as well  as in the  
OBe2X2, OBe3X 4, OBe4X6, and  OBe2X + sys tems  we 
s tudied  previously,  7-1~ are lit t le ( to  0.005 ~ )  d e p e n d e n t  
on  the  subs t i tuen t  X. Only  for the  s t ruc tu re  1 do  the  
O - - B e  bond  lengths  in the  OBe3H3 + and  OBe3F3 + 
ca t ions  differ by -0 .02  ,~. The  d i f fe rence  in the  b o n d  
angles lies in the  range f rom 0 to 10 ~ and  t ha t  in the  
tors ion  angles does not  exceed  1 ~ (see Tab le  4). The  
R ( O - - B e )  d is tances  in a s y m m e t r i c  OBe  k (k = 2, 3) 
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Table 2. Frequencies (vi) and relative intensities (/) of normal vibrations in the IR spectra of isomers 1--6 of OBe3X3 ~ 
(X = H, F) cations 

Sym- vi/cm - j  Sym- vi/crn -t  Sym- v~cm -I Sym- vi/cm - t  Sym- v//cm -1 
merry ( / ( % ) )  metry (1 (%)) metry ( / ( % ) )  metry ( l  (%)) metry (1 (%)) 

1, X --__E I , X = H  

e 299 (I)  e 628 (1) 
299 (I)  628 (I) 

al 310 (3) a I 734 (9) 
e 558 (18) e 814 (1) 

558 (18) 814 (I)  
e 597 (0) a 2 872 (0) 

597 (0) e 902 (27) 
a2 597 (0) 902 (27) 
a I 763 (5) a I 1042 (23) 
e 867 (54) a I 1114 (21) 

867 (54) e 1316(100) 
al 902 (57) 1316(100) 
e 995(100) e 1741 (28) 

995(100) 1741 (28) 
a I 1102 (68)  a I 1781 (23)  

2, X = F  

a" 69 (1) 
a" 188 (2) 
a '  198 (2) 
a" 354 (6) 
a" 375 (0) 
a" 376 (3) 
a '  475 (5) 
a" 577 (39) 
a" 592 (2) 
a 694 (14) 
a 798 (9) 
a 935 (87) 
a 1227 (18) 
a 1318(100) 
a 1455 (61) 

3, X = F  4, X..= F 

a '  65 (4) e" 60 (4) 
a" 89 (4) 60 (4) 
a" 179(0) a2" 83 (13) 
a" 199 (7) a 2" 158 (0) 
a" 32t (4) e" 220 (0) 
a" 354 (3) 220 (0) 
a" 430 (2) a I" 428 (0) 
a" 479 (22) e" 435 ( t7)  
a '  525 (17) 435 (17) 
a" 530 (70) a2" 486 (56) 
a" 762 (24) e '  796 (15) 
a" 1063 (51) 796 (15) 
a" 1252 (73) e" 1558(100) 
a" 1454 (53) 1558(100) 
a '  1601(100) a j '  1611 (0) 

4, X = H  5, X = F  5. X = H  

e '  202 (9) a" 234 (2) a" 341 (24) 
202 (9) a" 302 (1) a" 360 (23) 

a2" 211 (8) a" 330 (15) a" 484 (1) 
a 2" 350 (0) a '  370 (9) a" 545 (5) 
e" 449 (0) a" 37l (0) a" 813 (15) 

449 (0) a" 447 (38) a" 899 (0) 
e" 567 (31) a" 512 (4) a" 915 (38) 

567 (31) a" 603 (40) a" 1044 (8) 
ar 598(100) a '  691 (33) a" 1200 (48) 
a I' 792 (0) a '  718 (45) a '  1274 (5) 
e '  997 (61) a" 832 (11) a" 1357 (76) 

997 (61) a" 973 (78) a" 1448(100) 
e '  2355 (18) a" 995 (17) a" 1726 (86) 

2355 (18) a" 1199 (91) a" 1842 (46) 
a~" 2367 (0) a" 1395(100) a '  1935 (27) 

G X = F  6. X = H  

b I 57 ( l)  b I 168 (18) 
b 2 226 (2) a I 347 (7) 
a I 273 (2) b I 417 (0) 
a 2 387 (0) b 2 425 (3) 
b 2 341 (16) a I 558 (5) 
b t 359 (1) b 2 559 (26) 
b I 484 (70) a 2 629 (0) 
a I 485 (I) b~ 786 (46) 
a I 564 (6) b 2 1084 (32) 
b 2 690 (37) a I 1208 (19) 
a I 855 (35) a I 1279 (I)  
b 2 868 (11) b 2 1384 (100) 
a I 1358 (I00) b 2 2002 (4) 
b 2 1410 (84) a I 2050 (92) 
a I 1428 (36) a I 2323 (13) 

c lus ters  can be varied over  a r a the r  wide range,  from 
1.42 to 1.66 A at CN(O) = 3 and  from 1.36 to 1.45 h at 
CN(O) = 2. Cur iously ,  the  averaged R ( O - - B e )  dis- 
t ances  for each s t ruc ture  lie, as a rule, in na r row in ter -  
vals ( I .52  to 1.54 ~, at CN(O) = 3 and 1.40 to 1.42 .~ at  
CN(O) = 2) and  vir tually co inc ide  with R ( O - - B e )  dis- 
fauces  in s y m m e t r i c  s t ruc tures  1, 4 and  6, respectively.* 
Th i s  is cons i s t en t  with  ca lcu la t ions  of  the  to ta l  over lap 
popu la t ions ,  Z Q ( O - - B e ( i ) ) ,  o f  all O - B e  b o n d s  in OBet~ 

�9 t 

clus ters  using the  data  in Tab le  5. The  co r r e spond ing  
values  are near ly  cons t an t  ( they  vary over  a na r row 
interval  from 1.8 to 2.0) and virtually i n d e p e n d e n t  o f  the  
CN of the  O a t o m ,  a,~d are d is t r ibuted  e i t he r  ove r  th ree  
or  over  two O - - B e  bonds .  

An ana logous  regulari ty is observed for the  B e - - X  b -  
Be" bridging bonds  (see Table  3). The  R(Be- -Xb)  and  

* The same values of R(O-Be) distances were obtained for 
neutral OBe-nBeX 2 (X = H. F; n = 1, 2. 3) molecules 7-9 
and OBe2 X+ (X = H. F. CI) ions. I~ 

R(Xb- -Be"  ) d i s tances  also can  vary  over  a wide  range 
( f rom 1.41 to 1.76 ik f o r X  = F a n d  f rom 1.36 to 1.69 
for X = H),  whereas  the  averaged  R(Xb- -Be  ) d i s t ances ,  
1 .55--1.58 ~, (X = F) and  1.48--1.51 A. (X = H) ,  are 
close to co r r e spond ing  R ( B e - - X b )  d i s tances  in s y m m e t -  
ric Be2X 4 molecu les  (1.56 h for X = F and  1.48 h for  
X = H) and  OBe2 X+ ca t ions  (1 .56 and  1.51 ,~ for X = 
F and  X = H, respect ively)  (Fig.  3). T h e  to ta l  over lap  
p o p u l a t i o n  ( Z Q ( X - - B e ( i ) ) =  0 . 8 - - 0 . 9 )  e i t h e r  c o r r e -  
sponds  to o n e ' B e - - X  t b o n d  (at  CN(X)  = 1) or  is d is t r ib-  
u ted  over  two br idging bonds ,  B e - - X  b and  X b - - B e '  (at  
CN(X) = 2). 

In bo th  p l ana r  and  n o n p l a n a r  f o u r - m e m b e r e d  OBe2X 
and  XBe2X cycles the  d i s t ances  b e t w e e n  Be a t o m s  ( l . 9  
to 2.2 ~ )  are close to those  in neu t ra l  Be2X 4 m o l e c u l e s  
and  0 .1 - -0 .2  A longer  t han  in OBe2X + ions (see Fig. 3). 
In the  s t ruc tu res  con ta in ing  n (n = I, 2, 3) four-  
m e m b e r e d  cycles there  are n sho r t  ( no  longer  t h a n  
2.2 ~ )  and  3 - n long (>2.8 A) Be. . .Be d i s t ances ;  cor -  
r e spond ing  O. . .X or  X.. .X d i s t ances  are close to or  
s o m e w h a t  longer  than  those  in O B e z X  + ions or  in Be2X 4 
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Table 3. Interatomic distances (R) in isomers 1--10 of OBe3X3 § (X = H, F) cations 

Iso- Distance R/A lso- Distance R/~, 
mer X = F X = H met X = F X = H 

O--Be(l)  1.541 1.521 
Be(l)...Be(2) 2.032 1.967 
Be(I)--X b 1.562 1.513 

O--Be( I ) 1.587 
O--Be(2) 1.424 
O-- Be(3) 1.58 I 
Be(I)...Be(3) 2.156 
Be(2)...Be(3) 2.009 
Be(2)--Xb 1.509 
Be(3)--X b 1.601 
Be(I)--X b. 1.716 
Be(3)--X b. 1.448 
Be( I )--X t 1.360 

O - -  Be(  1 ) 1.49 I 
O--Be(2) 1.455 
O--Be(3) 1.655 
Be(2)...Be(3) 2.074 
Be(2)--X~ o 1.443 
Be(3)--X b 1.674 
Be(I)--X t 1.347 
Be(3)--X r 1.356 

4 O--Be(I)  1.523 1.520 
Be(I)...Be(2) 2.639 2.632 
Be(I)--X t 1.341 1.310 

5 O--Be( l )  1.446 1.441 
O--Be(2) 1.392 1.392 
O...Be(3) 2.752 2.627 
Be(l)...Be(2) 2.308 2.259 
Be(l)...Be(3) 2.050 1.920 
Be(2)...Be(3) 2.437 2.280 
Be( I)--X b, 1.648 1.595 
Be(2)--X b 1.533 1.451 
Be(3)--X b. 1.502 1.413 
Be(3)--X~ 1.560 1.525 

6 O--Be( l )  1,407 1,401 
O...Be(3) 3.254 3.039 
Be(I)--X b 1.476 1.388 
Be(3)--X b 1.604 1.571 
Be(3)--X t 1.358 1.315 
Be(l)...Be(2) 2.31 l 2.275 
Be(l)...Be(3) 2.711 2.495 

7 O--Be( l )  1.433 1.433 
O--Be(2) 1.371 1.367 
Be(2)...Be(3) 2.170 2.022 

Iso- 

mer  

10 

Distance 

X = F  X = H  

Be(2)--X b t.710 
Be(3)--X b 1.430 
Be(t)--Xt 1.363 

O--Be( l )  1.331 
O--Be(2) 1.476 
Be(2)...Be(3) 2.176 
Be(2)--X b 1.520 
Be(3)--X b 1.583 
Be(3)--X t 1.364 

O--Be( 1 ) 1.361 
O--Be(2) 1.662 
Be(2)--X b 1.544 
Be(2)...Be(3) 2.221 
Be(2)--X t 1.360 

O -- Be ( 1 ) 1.404 
O--Be(2) 1.457 
Be(l)...Be(2) 1.933 
Be(2)...Be(3) 2.184 
Be(1)--Xb 1.492 
Be(2)--X b 1.717 
Be(2)--Xb. 1.762 
Be(3)--X b. 1.419 

1.696 
1.361 
1.323 

1.330 
1.483 
2.003 
1.445 
1.517 
1.322 

molecules.  In most  structures of  OBe3X3 + ions the 
R(Be.. .Be) distances are considerably (by 0 .1--0 .2  ,~) 
shorter  than the R(O...X) or  R(X...X) distances,  which is 
due to larger ionic radii of  negatively charged O and X 
a toms compared  to those of  Be ca t ions )  ~ Cor respond-  
ingly, the sum o f  the angles  with vertices at the O and X 
a toms in such cycles is less than 90 ~ (see Table  4), and 
the f o u r - m e m b e r e d  cycles are strained structural  e le-  
ments.  The  s i x -membered  cycles, in which the angles 
deviate from 120 ~ (spLhybr id iza t ion)  by no more  than 
+ 15 ~ are m u c h  less strained,  and the distances be tween  
the  Be atoms there in  are 0.3--0.5 A longer  than  in the 
fou r -membered  cycles. The  longest dis tances be tween 
all three Be a toms correspond to the bridgetess struc- 
ture 4. 

As follows from the data in Table 5, the negative 
effective charges on oxygen atoms, as well as the O - - B e  

bond lengths, are little dependen t  on the X substituent 
and lie in the range f rom - 0 . 4 l  to - 0 . 5 0  au at 
CN(O) = 3 and from - 0 . 3 0  to - 0 . 4 0  au at CN(O) = 2. 
The negative effective charges of  H atoms lie in the range 
from 0 to - 0 . 2 0  au and those on F atoms lie in the 
range from - 0 . 3 0  to - 0 . 4 0  au; as usual, ~ bridging X b 
atoms bear larger charges than terminal  X t atoms. The  
charges on Be atoms vary in the range from 0.30 to 
0.70 au for X = H and from 0.60 to 1.I0 au for X = F. 
Since in all structures of  OBe3X3 + cations the distance 
between Be atoms is shorter  than that between O and X 
atoms and the  positive charges on the former  (Z(Be)) are 
always larger, it is the interactions between Be atoms that 
should make the m a x u m u m  contr ibut ion to the e lectro-  
static repulsion energy (Ees) in each structure. It is obvi- 
ous that the Ees values for the fluoride cat ion are higher 
than for the hydride one. For  both cations the Ees value 

2,216 -0.44 
0,87 [2.1641 l-0.151 1.894 10.70] 

I1.a611 " ~  Be 1.562 
~ .375 , ' 1.336 1.46.3 1.asa ~ ', % 1 ~  .5~61 ~2: 83-7~ 

ll .a~l [0.191 l-0.0al [t.aa61 BeU.3161 x 8e<4q -fB  x o. t --o.= -o4o r82.BJ , [0.90] Be 0 [1460] X I-0.01] . . . .  ,, 

1-S_54_~ I /Y  ~ 2,179 -0.25 0.65 1-0"2~I[407]t 
[1.479] X [2.017] [-0.29] [0.40] "Be ~_  2.301 [75.8] 

q%: 89.1 ~ [2.2521 

O2h [86.0] C,,~v C2v 

Fig. 3. Structural parameters (bond lengths (R/A) and bond angles (~/deg)) and effective charges on the atoms (Z/au) of Be2X 4 
molecules and OBe~X + cations for linear and cyclic structures with X = F and X = H (figures in brackets). 
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Table 4. Bond (to) and torsion (0) angles in isomers 1--10 of OBe3X3* (X = H. F) cations 

Iso- Angle '0, 0/deg Iso- Angle 

mer X = F X = H mer 

! Be(I )--O--Be(2) 82.5 80.4 
Be(l )--X.b-- Be(2) 81.1 81.1 
O--Be(I )...Be(2)--X b 158.2 158.2 

2 Be(t)--O--Be(3) 85.8 
Be(2)--O--Be(3) 83.8 
Be(I )--Xb.--Be(3) 85.4 
Be(2)--Xb--Be(3) 80.4 
O--Be( 1 )--X t 142_6 

3 Be(2)--O--Be(3) 83.4 
Be(I )--O--Be(2) 149.9 
Be(2)--Xt:,--Be(3) 83. l 
O--Be(3)--X t- 135.3 
O--Be( I )--X t 173.7 

5 Be(I)--O--Be(2) 108.9 I05.8 
X,o,--Be(3 ) --X b- 94.9 99.2 
Xb.--Be(l)--X ~. 84.4 84.8 
O-- Be(2)--X b 125.8 129.1 
Be(2)--Xb--Be(3 ) 104.0 100.0 
Xb,--Be(3)..,Be(l)...Be(2 ) 112.0 111.0 

~,  O/deg 

X = F  X = H  

6 Be(l)--O--Be(2) 110.5 
Xb--Be(3)--X b 104.7 
O--Be( I )--X b 123.2 

7 Xb--~eQ-)-~ 82,3 
Xb--Be(3)--X b t03.8 

8 X~--Be(2)--X b 93.3 
Xb--Be(3)--X b 88.6 

9 Be(2)--O--Be(3) 83.8 
Be(l)--Xw--Be(3) 92.1 
O-- Be(2)~X t 124.8 

10 Be(l)--O--Be(2) 85.0 
Be(2)-Xb--Be(3) 73.7 
Xb.--Be(2)--X b, 80.8 
Xb,--Be(3)--X b. 107.2 
Be( I ) - - B e ( 2 ) - -  Be(3) 166.4 
O--8e(l)--X b 107.2 
Be(2)--X b. ,..Xb---Be(3) 177.7 
X b.-Be(2)... Be(3)--X b, 177.9 

t 08.5 
114.9 
133.4 

83.6 
112.4 

98.0 
91.9 

increases as the number of bridging X b atoms and that of 
four-membered cycles with short Be...Be distances in- 
creases. For this reason, the destabilizing effect due to 
electrostatic repulsion is maximum in structure ! with 
three bridging X atoms and three four-membered cycles 
and is minimum in structure 4; for the planar form 6 this 
effect is somewhat more pronounced than for 4. 

Another destabilizing factor is a strain in four-mem- 
bered cycles. From this point of view, the structure 1 
with three and structures 2 and 10 with two such cycles 
are the most unstable. Since the lengths of bridging 
Be- -H--Be  and Be--F--Be bonds and the angles in the 
cycles are close, one can suggest that the effect of this 
factor on the OB%H3 + and OBe]F3 + cations is nearly 
the same. Finally, the third destabilizing factor can be 
the presence of terminal Be atoms with unsaturated 
valences and C N  = I (structures 8 and 9). 

Among stabilizing factors the most important are the 
following: the number of strong O--Be bonds (particu- 
larly in the structures 1--4 and 9), the number of strong 
bridging Be--X--Be bonds, and the possibility of the 
formation of additional O~Br  and F-oBe donor-accep- 
tor rt-bonds stabilizing the planar forms 2--4 and 6--9 
and the planar fragment in structure 5. 

Judging from the dimerization energies of BeX 2 
molecules ,  the fluoride Be- -Fb- -Be  bridges are 
- 8 - - [ 0  kcal tool - l  more stable than the hydride 
Be--Hb--Be bridges. 7-9 At the same time, the electro- 
static repulsion between the Be atoms in the fluoride 
cation is stronger than in the hydride cation due to a 
higher polarity of the former. These factors compensate 
each other in structures 5, 6, and 8. The sharp differ- 
ence in the relative stability of structures I atld 4 is 

likely due to the large difference ill the strength of the 
three fluoride and hydride bridges. For the OBe3H3 + 
cation, the bridgeless structure 4 with min imum elec- 
trostatic repulsion is the most favorable, whereas in the 
case of the OBe3F3 + cation, the isomers ! and 4 are 
close in energy. The high stability of the form 6 and the 
planar structure of isomer 2 of the OBe3F3 + cation is 
most likely due to the formation of  F-+Be donor-accep- 
tor 7t-bonds despite the presence of two strained adja- 
cent four-membered cycles and lengthening of several 
fluoride bridges in structure 2. 

The wave functions of almost each isomer of OBe3X3 + 
cations with CN(O) = 2 can be represented as a super- 
position of covalent and ionic components .  The analysis 
of structural parameters and effective charges on the 
atoms of isomers 7 and 10 and comparison with analo- 
gous data for OBe2X + cations (see Fig. 3) suggest that 
the major contribution to their reave functions comes 
from a structure of the OBe2X § BeX 2 type with the 
bidentate coordination of the BeX 2 molecule to one of 
the Be atoms of the linear or cyclic form of the OBe2X + 
ion. Therefore, a barrierless transformation of structure 
10 into 7, caused by the breaking of a weak Be(2)--H b 
bond, is natural for the OB%Hs + hydride, whereas the 
stronger Be(2)--F b bond in the OBe3F3 + fluoride is not 
cleaved, despite its weakening and lengthening up to 
1.72 ~.. The state of isomers 5, 6, and 8 can be de- 
scribed by superposition of a covalent structure and the 
structure of the OBe22+" BeX 3- iota pair with tri- and 
bidentate coordination of the BeX3- anion to both Be 
atoms (structures 5 and 6, respectively) and its bidentate 
coordination to one of the Be atoms (8) of the OBe22+ 
dication. For isomer 6 one should take into account the 
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Table 5. Effective charges on atoms (Z(A)) and Mulliken overlap populations of bonds (Q(A--B)) for isomers of OBe3X3 + (X = 
H. F) cations 

Iso- Atom, Z/au, [Ql/au Iso- Atom, Z/au, [Ql/at, Iso- Atom, Z/au, [Ql/au 

met bond X = F X = H met bond X = F X = H met bond X = F X = H 

O -0.50 -0.41 
Be 0.91 0.66 
X h -0.41 -0.19 
O--Be [0.60] [0.551 
Be--X b [0.391 [0.391 

O -0.45 
Be(l) 0.77 
Be(2) 0.89 
Be(3) 0.89 
xb -0.38 
X b. -0.37 
X t --0.34 
O--Be(I) 10.531 
O--Be(2) [0.88] 
O--Be(3) {0.401 
Be(I)--X b. [0.241 
Be(3)--X b. [0.591 
Be(2)--X b [0.441 
Be(3)--X b [0.371 
Be(1)--X t [0.84] 

O -0.46 
Be( I ) 0.70 
Be(2) 0.92 
Be(3) 0.80 
Xb -0.37 
X, -0.29 
X t . -0.33 
O--Be(l)  [0.791 
O--Be(2) [0.771 
O--Be(3) [0.371 
Be(1)--X t [0.861 
Be(2)--X b [0.551 
Be(3)--X b [0.271 
Be(3)--Xt. [0.85] 

4 O -0.41 -0.50 Be(l)--X, 10.83] 
Be 0.73 0.50 Be(2)--X b [0.23] 
X t -0.26 0 Be(3)--Xb [0.59] 
O--Be [0.681 [0.651 
Be--X t [0.88] [0.841 8 O -0.31 

B e ( l )  0.88 
5 O -0.40 -0.36 Be(2) 0.82 

Be(i) 0.84 0.68 Be(3) 0.84 
Be(2) 0.78 0.59 X b -0.43 
Be(3) 1.03 0.51 X t -0.35 
X b. -0.41 -0.13 O--Be( l )  [1.18] 
X b -0.42 -0.16 O--Be(2) {0.751 
O--Be(I)  [0.83] [0.83] Be(2)--X b [0.421 
O--Be(2) [0.981 [0.981 Be(3)--Xb [0.361 
Be(l)--Xb, [0 .311  [0.27] Be(3)--X t [0.831 
Be(2)--X b [ 0 . 4 2 1  [0.46] 9 O -0.48 
Be(3)--X~. [0 .391  [0.391 Be(I ) 1.02 
Be(3)--X b [0.48] [0.551 Be(2) 0.80 

6 O -0.36 -0.32 Xb --0.40 
Be( 1 ) 0.82 0.62 X t -O.37 

O--Be( l )  11.051 
Be(3) 0.88 0.40 O--Be(2) [0.35] 
X b -0.41 -0.15 Be(2)--X b [0.41 ] 
X t -0.34 -0.03 Be(l)--Xt [0.831 
O--Be(1) [0.921 [0.921 
Be(1)--X b [ 0 . 5 0 1  [0.55] 10 O -0.43 
Be(3)--Xb [0.33] [0.32] Be(I) 0.72 
Be(3)--Xt [0.84] [0.861 Be(2) 0.85 

Be(3) 1.05 
7 O -0.33 -0.34 X b -0.44 

Be(l) 0.57 0.33 X b- -0.37 
Be(2) 0.74 0,56 O--Be(I)  [0.931 
Be(3) 1.09 0.60 O--Be(2) [0.75] 
X b -0.37 -0.06 Be(2)--Xb. [0.2l] 
Xt -0.33 -0.02 Be(3)--Xb. 10.611 
O--Be(1) 10.911 {0.891 Be(I)--X~ [0.471 
O--Be(2) [t.051 [1.08] Be(2)--Xb [0.23t 

10.851 
[0.I81 
[0.65] 

-0.29 
0.86 
0.43 
0.26 

-0.14 
0 

[1.191 
[0.76] 
[0.431 
[0.391 
o.8tl 

contr ibut ion o f  the OBe2X 2" BeX § structure since the 
X b atoms are 0.13 ~, (X = F) and 0.19 A (X = H) 
closer to Be a toms bonded to the O atom. 

According to M P2 calculations o f  the O Be3F3 + cation 
(see Tables 1 and 6), the barriers to rearrangements 
2 ~ 3, 3 --, 4, and 5 ~ 6 occurring with the breaking 
of  one fluoride bridge lie in the range 2.8--3.7 kcal tool -1. 
The F b atom in the transition state is displaced from its 
equil ibrium position in the initial structure (toward the 
final one) by 0.50 to 0.70 tk, and the earliest transition 
state (0.50 A,) is fouud for the rearrangement  5 ~ 6. 
The  energy barrier to rearrangement 1 ~ 2 is apprecia- 
bly higher (16.2 kcal tool - t )  and the shift of  the bridging 
F b atom from its position in structure 1 (X = F) is 
about I A. 

For compar i son ,  we performed calculat ions of  mini-  
m u m  energy pathways and found the transit ion states of  
two rear rangements  occurr ing  with the breaking of  

hydride bridges in the isomers 1 and 5 o f  the  OBe3H3 + 
cat ion (see Table I). In contrast  to the f luor ide analog, 
the shift of  the bridging H b a tom by 0.8 /k from its 
equil ibr ium position in s tructure 1 (X = H) causes 
s imultaneous cleavage o f  two o the r  B e - - H - - B e  bridging 
bonds, and this structure is immedia te ly  t ransformed 
into the most  favorable bridgeless form 4 (X = H) with 
overcoming  of  a barrier o f  - 8  kcal mol  - t ,  bypassing 
corresponding two- and one-br idge  forms 2 and 3, 
respectively. The  energy barrier to rear rangement  5 --~ 6 
for the OBe3H3 § cat ion (~3 kcal tool - I )  is also lower 
than for the OBe3F3 + cat ion.  

If the F t a tom in isomer  2 o f  the  OBe3F3 + cation 
approaches the Be(3) a tom with CN = 3 wi thout  impos-  
ing symmetry (C  I) restrictions, the O - - B e  bond is cleaved 
s imultaneously with the format ion  of  a f luoride bridge 
(the rearrangement  2 --~ 5). In the t ransi t ion state of  
this rearrangement  the F t a tom is at a distance o f  1.42 .~ 
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Table 6. Imaginary frequencies (v), interatornic distances (R), 
and bond (q~) and torsion (0) angles of transition states (TS) of 
intramolecular rearrangements of OBe3F3 + cation 

TS Distance R/~ Angle ~0, O 
(v/cm-I) /deg 

1 -* 2 O--Be(I) 1 .600 Be(2)--O--Be(3) 83.9 
( 1890 O-- Be(2) 1.459 Bet 1 )--O--Be(3) 82.0 

O--Be(3) 1.559 Be(l)--O--Be(2) 101.3 
Be(1)--F b, 1.636 Be(2)--Fb--Be(3) 80.5 
Be(I)--F t 1 .399 Be(l)--Fb.--Be(3) 83.0 
Be(2)--F b 1.506 Ft--Be(1)--O 112.9 
Be(3)--F b 1.616 Fb--Be(2)._Be(3)--O 170.4 
Be(3)--F b, 1.488 Fb---Be(l)...Be(3)--O 158.5 
Be(2)--F t 2 .529 Ft--Be(1)...Be(2)--O 152.8 

2 ~ 3 O--Be(l) 1 .518 Be(2)--O--Be(3) 83.5 
41780 O--Be(2) 1 .432 Be(l)--O--Be(3) 96.4 

O--Be(3) 1 .627 Be(2)--Fb--Be(3) 82.0 
Be(2)--F b 1.484 F t .--Be(3)--O 108.4 
8e(3)--F b 1.623 Ft--Be(1)--O 160.9 
Be(I)--F t, 2.241 Fb--Be(2)--O 104.3 
Be(I)--F t 1.352 Fb--Be(3)--O 90.2 
Be(3)--F c 1.390 Be(2)--O--Be(3) 83.9 

2 --* 5 O--Be(l) 1 .539 Be(2)--O--Be(3) 80.6 
(2880 O--Be(2) t.407 Be(l)--O--Be(3) 71.0 

O--Be(3) 1.734 Be(2)--Fb--Be(3) 82.8 
Be(2)--F b 1.513 Be(l)--Fb.--Be(3) 72.9 
Be(3)--F b 1.582 Ft--Be(1)--O 108.1 
Be(I)--F h. 1.721 Fb--Be(2)--O 106.8 
Be(3)--F b. 1.471 Fb--Be(2)...Be(3)-O 179.8 
Be(I)--F t 1.431 Be( 1 )...Be(2)...Be(3)--O 165.9 
Be(3)--F t 2 .083 Fb.--Be(1)...Be(3)--O 127.5 

Ft-- Be(I )...Be(3)--O 121.6 

3 ~ 4 O--Be(t) 1 .502 Ft--Be(l)--O 173.7 
(159i) O--Be(2) 1.501 Ft,--Be(2)--O 120.2 

O--Be(3) 1 .554 Ft-~Be(3)--O 159.7 
Be(1)~F t 1.344 
Be(2)--F t. 1.365 
Be(3)--F t, 1.345 
Be(3)~F t. 2.377 

5 ~ 6 O--Be(l) 1 .424 Be(I)--O--Be(2) 110.8 
(189i) O--Be(2) 1 .400 Fb~Be(3)--O 66.9 

O--Be(3) 2 .788 Fb~Be(2)--O 127.3 
Be(2)--F b 1.5ll Fb.--Be(1)--O 123.5 
Be(3)~F b 1.578 Ft--Be(3)--O 76.7 
Be(I)~F b. 1.529 Be(l)--Fb.--Be(3) 89.8 
Be(3)--F b- 1.565 Fb--Be(1)...Be(2)--O 179.5 
Be(3)~F t 1.416 Be(3)...Be(1)...Be(2)--O 169.2 
Be(l)~Ft 2 .148 Fb.--Be(I)-..Be(2)--O 153.6 

Ft--Be(I)...Be(3)--F b. 132.6 

(0.58 A) from its equilibrium position in the structure 2 
(5), atad the O--Be(3) bond is only 0.15 A longer 
than in isomer 2. In this case the energy barrier is 
~25 kcal mol -L. Thus, the isomers 1, 4, and 6 (X = F) 
are separated from the other isomers by rather high 
(from 11 to 25 kcal tool - t)  or appreciable (-6 kcal tool -I 
between isomers 3 and 4) barriers and are likely to be 
observed at moderate (4) and even elevated (I and 6) 
temperatures. The remaining tbrms (2, 3, alld 5) of the 

OBe3F3 ~ cation can be stabilized only in inert matrices 
at low temperatures. 

Several assumptions can be made of changes in the 
relative arrangement of key structures 1, 4, and 6 of 
YMjX3 + (Y, X, and M are chalcogen, halogen, and 
alkaline-earth metal atoms, respectively) cations on the 
energy scale in the case of replacement of light Y, M, 
and X atoms by their heavier analogs in the subgroups of 
the Periodic system. For instance, the Be--CI--Be and 
M g - - H - - M g  bridges are a lmost  as strong as the 
Be- -H--Be  bridging bonds; however, the lengthening of 
the Be--CI, O--Mg,  and Mg- - H  bonds upon replace- 
ment of H by CI or Be by Mg should result in flattening 
of the OM 3 pyramid in the structure l ,  lengthening of 
the distances between metal atoms, and hence, in a 
reduction of the electrostatic repulsion and approach of 
the relative energies of forms 1 and 4 as compared to 
those of the corresponding forms of the OBe3H3 + cat- 
ion. For the same reasons, replacement of the O atom 
by S atom should lead to stabilization of isomer I with 
X = H compared to corresponding isomer 4. The latter, 
with three terminal H atoms in the SM3H3 + cation, will 
likely have C3y symmetry since a pyramidal structure is 
characteristic of a tricoordinate S atom. For fluoride 
cations with Y = O, S and M = Be, Mg and most 
strong fluoride M - - F - - M  bridges the structure I should 
be the most favorable. Appreciable stabilization of the 
planar form 6 is most probable for beryllium fluorides, 
since the strength of Y ~ M  and X--~M donor-acceptor 
n-bonds decreases sharply if the Y(X) and M atoms 
belong either to different periods or to the second row of 
the Periodic system. 

As can be seen from the data in Table 2, all planar 
structures are characterized by low frequencies of the 
out-of-plane and in-plane bending vibrations (60--70 
and 170--200 cm -1 for the OBe3F3 + and OBe3H3 + 
cation, respectively), which, taken together with the low 
energy barriers to intramolecular rearrangements, indi- 
cates their structural nonrigidity. The highest frequen- 
cies of bending vibrations (300 and  600--700 cm -1 for 
the OBe3F3 + and OBe3H3 + cations,  respectively) were 
found for the most rigid three-bridge forms of 1 sepa- 
rated from other structures by higher barriers. 

Our calculations revealed that  tile frequencies of 
stretching vibrations (in the region 800--1600 cm - t )  of 
the key isomers 1, 4, and 6 are appreciably different. For 
instance, four intense bands corresponding to the vibra- 
tions of the O--Be and Be- -F  bonds were found in the 
IR spectrum of the C3~ isomer 1 of  the OBe3F3 + cation 
in the region 850--1100 cm - l .  There are only two 
intense bands in the IR spectrum of isomer 4 (X = F) 
with D3h symmetry; one of them,  of the e '  symmetry, 
(at ~1500 cm-t) ,  corresponds to stretching vibrations of 
Be atom in the linear O - - B e - - F  fragment, while the 
other band (at ~500 cm -I)  corresponds to the a2" type 
out-of-plane bending vibration of the OBe 3 polyhe- 
dron. On the contrary, the most  intense band (at 
~600 crn - t )  in the spectrum of isomer 4 of the OBe3H3 + 
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cation corresponds to the a2" type bending vibration, 
while the less intense e '  type band (at ~I000 cm -I)  
corresponds to the stretching vibration of the O--Be 
bonds (the vibrations of the O--Be and Be--H bonds of 
this isomer are observed in different spectral regions). 
Finally, there are six rather intense bands in the region 
500--1400 cm -I in the spectrum of the planar isomer 6 
(X = F)with  C2v symmetry. 

A more complex picture is observed for the C s struc- 
tures 2, 3, and 5 of the OBeaF3 + cation, which are 
characterized by a large number of intense bands in the 
region 600~1600 cm - j .  The most intense band in the 
IR spectrum of isomer 3 lies near 1600 cm -l  (the 
stretching vibration of the O- -Be - -F  fragment, like in 
structure 4), whereas in the spectra of isomers 2 and 5 
(and 6) they lie in the region 1300--1400 cm -I. These 
distinctions can be used for experimental identification 
of isomers, e.g., by matrix-isolation IR spectroscopy. 

The authors express their gratitude to the Alabama 
Computational Network and to the N. D. Zelinsky 
Institute of Organic Chemistry, Russian Academy of 
Sciences, for providing computational resources on SG I, 
SUN, and Power Challenger workstations. 

This work was partially supported by the Russian 
Foundation for Basic Research (Project No. 93-03- 
04486). 

References 

I .V.A.  Sipaehev and Yu. S. Nekrasov, Org. Mass. Spectrom., 
1988, 23, 809. 

2. K. S. Krasnov, N. V. Filippenko, V. A. Bobkova, N. L. 
Lebedeva, E. V. Morozov,-T..I. Ustinova, and G. A. 
Romanova, Molekulyarnye postoyannye neorganicheskikh 
soedinenii [Molecular Constants of Inorganic Compoundsl, 
Ed. K. S. Krasnov, Khimiya, Leningrad, 1979, 448 pp. (in 
Russian). 

3. N. M. Klimenko, V. G. Zakzhevskii, and O. P. Charkin, 
Koord. Khim., 1982, 10, 325 [Soy. J. Coord. Chem., 1982, 
10 (Engl. Transl.)l. 

4. A. M. Mebel', N. M. Klimenko, and O. P. Charkin, 
Zh. Strukt. Khim., 1988, 2.9, No. 3, 12 [J. Struct. Chem. 
(USSR), 1988, 29, 357 (Engl. Transl.)]. 

5. N. M. Klimenko, in Khimicheskaya svyaz'i stroenie motekul 
[The Chemical Bond and Molecular Structure], Nauka. 
Moscow, 1984, 36 (in Russian). 

6. P. v. R. Schleyer, New Horizons in Quantum Chemist~, 
Dordrecht, Reidel--New York, 1983, 427 pp. 

7. E. A. Rykova and N. M. Klimenko, Zh. Neorg. Khim., 
1995, 40, 1879 [Russ. J. lnorg. Chem., 1995, 40, 1810 
(Engl. Transl.)]. 

8. E. A. Rykova, N. M. Klimenko, and A. !. Grigor'ev, Int. 
J. Quant. Chem., 1996, 57,697. 

9. E. A. Rykova and N. M. Klimenko, Int. Workshop "Small 
MoL Indaba,'Abstrs., South Africa, 1995, 14. 

10, N. M. Klimenko and Zh. E. Grabovskaya, Zh. Neorg. 
Khim., 1999, 44, No. 3 [Russ. J. Inopg. Chem., 1999, 44, 
No. 3 (Engl. Transl.)l. 

1 I. M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. 7". Elber~, 
M. S. Gordon, J. H. Jensen, S. Koseki, N. Matsunaga, 
K. A. Nguyen, S. J. Su, T. L. Windus, M. Dupuis, and 
J. A. Montgomery, .I. Comput. Chem., 1993, 14, 1347. 

12. M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, 
B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, 
G. A. Petersson, J. A. Montgomery, K. Raghavachari, 
M. A. AI-Laharn, V. G. Zakr-zewski, J. V. Ortiz, J. B. 
Foresman, J. Ciostowski, B. B. Stefanov, A. Nanayakkara, 
M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, 
M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, 
R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, 
J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, 
and J. A. Pople, GAUSSIAN-94, Revision C.2, Gaussian 
Inc., Pittsburgh (PA), 1995. 

13. N. M. Klimenko, E. A. Rykova, and M. L. McKee, XVI 
Austin Syrup. on /14ol. Struet., Abstrs., Austin (Texas, USA), 
1996, 129. 

14. E. A. Rykova, M. L. McKee, I. N. Senchenya, and N. M. 
Klimenko, Vseros. konf. po teor. khimii, Tez. dokl. [Abstrs. 
All-Russian Conf. on Theor. Chem.], Kazan" (Russia), 1997, 
65 (in Russian). 

Received July 20, I998 


