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Structures of the complexes (1 and 8) of the guanidinium ion (H,N)sC* with super Lewis acidic BH,* and AlH,*
were calculated using the DFT method at the B3LYP/6-311+G** level. 3C NMR chemical shifts were also calculated
by the GIAO-MP2 method. Each of the dicationic complexes contains a hypercoordinate boron or aluminum atom
with a two-electron three-center (2e-3c) bond. Guanidinium ion was found to form a strong complex with BH,* but
a relatively weak one with AlH,*. On the other hand, complexations of guanidinium ion with neutral BH; and AlH;
lead only to very weak complexes (5 and 9). The structures of mono- and dicationic complexes were compared
with the structures of protonated and methylated guanidinium dications.

Introduction might also play an important role in some enzyme-catalyzed
Guanidine and its derivatives are of significant biological "€actions. For example, a metal-free hydrogenase enzyme
importance. They are present as substructures in the aming-atalyzes the reversible dehyrogenation of methylenetetra-
acid arginine, the pyrimidine base of DNA, and many other hydromethaneopterin (GHH,MPT) to methenyltetra-
biologically significant molecules. Protonated guanidine Nydromethanopterin (CHMIPT®) and H. It was suggested
[guanidinium ion, (NH)sC*] is an abundant highly resonance- that the.am.|d|n|um ion ent|ty_|s further actlvgted by N-
stabilized ion. The ion owes its thermodynamic stability to Protonation in the enzyme to bind & Fholecule via a two-
the efficient p-p interaction between the carbon atom and €lectron three-center (2e-3c) bond.
the nonbonded electron pairs on the three adjacent nitrogen Lewis acid-base interactions are also involved in many
atoms. The guanidinium ion is so stable that it is inert even important catalytic reactions. We have previously investi-
in boiling water? gated the structures of the complexes of £@OS, and
We have previously reportéthe protonation of guanidine ~ CS; with the super Lewis acidic BH cation, as well as
in superacids. Guanidine was found to be diprotonated in With neutral BH, by the density functional theory (DFT)
superacids to give stabl®l,N-diprotonated guanidinium  method. Complexations with the BHcation were calculated
dication. No persistent triprotonated guanidine could be to be exothermic by 2642 kcal/mol. However, complex-
observed. However, Olah et al. suggested that the superations with neutral Billed only to very weak complexés.
electrophili¢ activation (protosolvolytic activation) of dipro- ~ Such Lewis acid coordination of guanidinium ion (BJsC*
tonated guanidine in superacids (in the limiting case leading has not yet been considered. The present theoretical study
to the triprotonated guanidine) could be possilesuper-  Of guanidinium ion with the super Lewis acids XH(X =
electrophilic activation, nonbonded electron pairs of onium B and Al), as well as with Xkl is therefore also relevant to
ions further interact with Basted or Lewis acids. In their @ better understanding of protolytic activation of guanidine-

studies, Thauer et al. have suggested that such activatiorcontaining systems. We have previously reported the com-
puted structures of four-coordinate boronium’i@H,* (i)
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Table 1. Total Energies fau) and ZPE5
B3LYP/6-31HG**

ZPE (kcal/mol)

1 232.61590 80.9
2 205.83555 54.2
3 205.94851 62.6
4 245.28879 80.0
5 232.45798 74.2
6 231.41066 68.8
7 231.31208 62.0
8 450.25664 73.1
9 450.06830 68.1
10 449.06447 63.8
11 448.91845 56.6
BH3 26.62112 16.1
BH4" 26.85011 21.7
AlH3 244.22910 11.4
AlH 4" 24451754 16.4
H> 1.17957 6.2

aZPEs at B3LYP/6-311G** scaled by a factor of 0.98.

and alonium iof AlH 4% (ii). Structures of the cations are
planar with a 2e-3c bond. Recently, the ion BHwas
prepared in the gas phase by reacting,Blnd H.°

H
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Calculations

Calculations were performed using the Gaussian 98 prodtam.
The geometry optimizations and vibrational frequency calculations
were performed at the B3LYP/6-335G** level.!l Vibrational
frequencies were used to characterize stationary points as minim
[number of imaginary frequencies (NIMAG; 0] and to evaluate

zero-point vibrational energies (ZPEs), which were scaled by a

factor of 0.98'2 Final energies were calculated at the B3LYP/6-
311+G** + ZPE level. Calculated energies are given in Table 1.
Atomic charges and Wiberg bond indiéggbond order) were
obtained using the natural bond orbital analysis (NB@)ethod

at the B3LYP/6-313G** level. The13C NMR chemical shifts were

(8) Olah, G. A.; Rasul, Glnorg. Chem.1998 37, 2047.
(9) DePuy, C. H.; Gareyev, R.; Hankin, J.; Davico, G.JEAmM. Chem.

S0c.1997 119 427. DePuy, C. H.; Gareyev, R.; Hankin, J.; Davico,
G. E.; Krempp, M.; Damrauer, R. Am. Chem. S02998 120 5086.

(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
R. E.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; M. Head-Gordon,
M.; Pople, J. AGaussian 98revision A.5; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(11) Becke, A. DJ. Chem. Physl993 98, 5648. Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785.

(12) Foresman, J. B.; Frisch, Axploring Chemistry with Electronic
Structure MethodsGaussian, Inc.: Pittsburgh, PA, 1996.

(13) Wiberg, K. B.Tetrahedron1968 24, 1083.

(14) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

8060 Inorganic Chemistry, Vol. 42, No. 24, 2003

Rasul et al.

calculated using the B3LYP/6-33G** optimized geometries by
the GIAO method® The GIAO-MP2 calculatior$ were performed
with the following basis set¥17 triple-{ polarization (tzp),
consisting of a (9s5p1d/5s3p1d) contraction for B, C, and N with
d exponents of 0.5 for B, 0.8 for C, and 1.2 for O, and douple-
(dz), consisting of a (4s1p/2s1p) contraction for Hhadtp exponent

of 0.8 for H. For comparison, GIAO-SCF calculations using the
tzp/dz basis set were also performed. The GIAO calculations were
performed with the ACES Il prograf$.The 33C NMR chemical
shifts were referenced to (G}4Si [calculated absolute shift, i.e.,
0(C) = 193.0 for GIAO-SCF ands(C) = 198.7 for GIAO-MP2].

Results and Discussions

Complexation of guanidinium ion [(#)sC*] with BH4*
leads tol, which was found to be a stable minimum at the
B3LYP/6-31H-G** level (Figure 1). The structuré contains
a five-coordinate boron atom involving a 2e-3c bond. The
B—N bond distance ol is 1.662 A, 0.004 A shorter than
that in the neutral ammonia borane complexBNH;
calculated at the same B3LYP/6-3t&** level. For com-
parison, the structures of guanidinium idrand protonated
and methylated guanidinium dicatioB&nd4, respectively,
were also calculated (Figure 1). The computedN{BH,)
and C-N(NH) bond distances df are 1.467 and 1.309 A,
respectively, 0.132 A longer and 0.026 A shorter than the
C—N bond distance oR. However, these bond lengths are
very close to the EN(NH3) and C-N(NH;) bond distances
of 3 and the C-N(CH3) and C-N(NH,) bond distances of
4, which indicats a strong (HN):C*" and BH;* interaction
in dication1 despite chargecharge repulsion. The relative
bond strengths were estimated using the Wiberg bond t&dex
analysis at the B3LYP/6-3H1G** level (Figure 2). The
strong interaction is in agreement with the calculated bond

dndex of 0.63 for the B-N bond of 1. This value is three-

fourths of the C(CH)—N bond index of4 (0.84).
Complexation of guanidinium ion with neutral Bteads
to a relatively weak comple® with a long B-N bond of
1.951 A. The weak interaction between,{#J:C* and BH
is also in agreement with the calculated bond index of 0.34
for B—N bond, which is almost one-half that of th€Figure
2). The C-N(BH3) and C-N(NH,) bond distances d are
1.392 and 1.320 A, respectively, only 0.057 A longer and
0.015 A shorter than €N bond distance o2. Both BH,*
and BH; contain an empty p orbital, which can formally
accept an electron pair. However, only BHorms (because
of greater electrostatic attraction) a strongerNBbond with
a relatively poor base such as guanidinium BbnConse-
guently, BH* can be classified as a super Lewis acid, being
a significantly stronger electron acceptor thans;BH
NBO charge¥ of structuresl—5 were also calculated
(Figure 2). The charge of the carbon of the dicatiqr-0.72)
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Figure 1. B3LYP/6-31HG** structures of1—5.
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Figure 2. B3LYP/6-311-G** calculated Wiberg bond index and NBO

charges (given in parentheses)1of5.

is slightly more positive than that of the dicati8r{+0.70).
In 1, the BH, group as a whole bears+0.60 charge, and

the guanidinium [(NH)sC"] group as a whole bears+al.40
charge, which indicates thatieD.40 charge was transferred
from BH4™ to the (NH)sCt group upon complexation. In
comparison, in dicatiod, a +0.57 charge was transferred
from CH;™ group to the (NH)sC" group upon methylation

of guanidinium ion. In monocatiob, a +0.18 charge was
transferred from the Bkigroup to the (NH);C" group upon
complexation. From these comparisons, the dicatiri;
and 4 can be considered as similarly charged delocalized
ions where one of the positive charges is located on the
NH,—BH,, NH3, or NH,—CHjs group and the second positive
charge is delocalized among,—C—NH,, as shown in
Figure 2. On the other hand, in monocatidhand5, the
positive charge is delocalized among ,{,C—NH,, as
shown in Figure 2.

Several different dissociation paths for dicatibrwere
computed (Scheme 1). Deprotonation bfto form 5 is
unfavorable by 92.4 kcal/mol. Possible proton transfer from
BH,* to guanidinium ior2 to form protonated guanidinium
dication3 was also computed and was found to be unfavor-
able by 75.6 kcal/mol. Expectedly, the dissociatior @fto
BH,4 and guanidinium ior2 was calculated to be exothermic
by 48.8 kcal/mol. In comparison, the dissociation of mono-
cation5 into BHz and2 is endothermic by 3.1 kcal/mol. The
dissociation ofl into 6 and H is unfavorable by 10.2 kcal/
mol (Scheme 1). Structucan be considered as a complex
of the guanidinium ion and BH.

Dissociation into protonated guanidinium dicatidrand
BH; was also considered and found to be substantially
endothermic by 26.8 kcal/mol. Dissociation into monocation
7, Hy, and H" was calculated to be even more endothermic
by 65.9 kcal/mol. However, dissociation bfnto 7 and H"

Inorganic Chemistry, Vol. 42, No. 24, 2003 8061
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Scheme 1
8 -
H3B
SO0+
Nll:lz
T
Hz[‘}/-i- ‘ H
2 +
5 ) B\WHz
. +92.4 kcal/mol + H,
l~1H3 HZN/ \NH2
+ BH; 6
N +26.8 kcal/mol
HZN/ +10 2 kcal/mol
3
-48.8 kcal/mol
+65.9 kcal/mol
. /C: + BH4*
+ 17 + Hy + g+ H + N
2 H2
HZN/C 2

was calculated to be exothermic by 33.1 kcal/mol. Strucfuran
be considered as a complex of the neutral guanidine,J;)dHH
and BHt.

We have also calculated the structure of the complex of
guanidinium ion with AlH*, 8 (Figure 3). Structur® also
contains a 2e-3c bond involving aluminum and two hydro-
gens. The AN bond distance 08 is 2.334 A. However,
from the calculated bond index of AN (0.21) in 8, it
appears that the interaction betweenNBCt and AlH;" is
rather weak. Complexation of guanidinium ion with neutral
AlH 3 leads to the even weaker compl@xwith an Al-N
bond length of 2.538 A. The calculated-AN bond index
of 9 (0.12) is one-half the AtN bond index of8.

NBO charges of structure® and9 were calculated and
are given in Figure 4. 18, the AlH, group as a whole bears
a+0.88 charge, and the (NJAC™ group as a whole bears a
+1.12 charge, which indicates that very littte@.12) charge
was transferred from Algt to the (NH);Ct group upon
complexation.

As for 1, several dissociation paths for compl&xvere

also computed, and they are presented in Scheme 2.

Dissociation of8 into AlH;* and (NH)sC" was computed
to be exothermic by 62.5 kcal/mol. On the other hand,
dissociation of9 into AlH3; and (NH,)sC" is endothermic
by only 0.2 kcal/mol. Deprotonation (int® and dehydro-
genation (intal0) of 8 were computed to be unfavorable by
113.2 and 6.8 kcal/mol, respectively. DissociatiorBafto

3 and AlH; and dissociation 08 into 11, H,, and H™ were
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65.9 kcal/mol, respectively. Dissociation of 8 intd and

Hs™ was calculated to be exothermic by 9.1 kcal/mol.
We have also calculated th&C NMR chemical shifts of

1-5, 8, and9 by the correlated GIAO-MP2 meth&dusing

9(Cp
also calculated and found to be endothermic by 50.5 andFigure 3. B3LYP/6-31HG** structures of8 and9.
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Scheme 2
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B3LYP/6-311G** geometries (Table 2). The calculated Table 2. Calculated and Experiment&l!3C NMR Chemical Shifts
013C of guanidinium ior2 is 158.6, which agrees very well GIAO—SCF/tZD/gf// GIAO-MPZ/th/di//
the experimental value of 15637The calculated3C of B3LYP/6-314G B3LYP/6-31HG expt

protonated guanidinium dicati@®) 148.5, is almost identical % igg-i igg-g 156.7
to the experimental value of 148:The 6*C shift of dication 3 1588 1485 148.9
3 is, in fact, shielded by about 8 ppm from that of the 4 164.7 155.9
monocation2. The calculated*3C shifts of guanidiniura g %52 igg-j
BH,* complex 1 (155.4) and methylated guanidinium 9 171.3 163.6

a13C NMR chemical shifts were referenced to (§i$i.  Experimental

H::;O];?) values were taken from ref 3.
0.2;‘\ (+0.01) dication4 (155.9) are also shielded by about 3 ppm from
EFZ that of guanidinium ion2. However, thed'3C shift of
=1 monocation guanidiniumBH; complex5 (165.4) is deshield-
WA ’C~E*°'69) ed by about 7 ppm from that @& The calculate@d*3C shifts
HNZ-" + \’NHZ of guanidinium-AlH s+ complex8 and guqmdlnlunﬂ‘rAIHa
(+0.21) +021) complex9 are 158.4 and 163.6, respectively.
8 Olah previously reportédhat superelectrophilic interac-
0.0d) tions offer an adequa?e explanation qf the observed experi-
HAAL mental data for a variety of superacid-catalyzed reactions.
Our present studies will help in elucidating the nature of
ng\\\ +0.05) such interactions of electrophilic guanidinium ion with Lewis
NH, and super Lewis acids. If the nitrogen atom of guanidinium
2 ion is further coordinated with Lewis and super Lewis acids,
o ’C~(+0.69) the electron deficie_ncy. of the systems wqu_ld become more
HZN'/'"\"NH pronounced, resulting in enhanced reactivity.
(0.9 0 +0.15) Conclusion
Figure 4. B3LYP/6-31H-G** calculated Wiberg bond index and NBO Complexesl and8) of guanidinium ion with super Lewis
charges (given in parentheses)&and9. acidic BH;t and AlH;™ were found to be stable minima at
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the B3LYP/6-313#-G** level of calculation. Each of the tion paths oflL and8 were computed. ThEC NMR chemical
dications1 and8 contains a 2e-3c bond. The structuredof  shifts of the ions were also calculated by the GIAO-MP2
and8 were compared with the structures of protonated and method.

methylated guanidinium dication8 &nd4), indicating that
guanidinium ion forms a strong complex with BHbut a
relatively weak complex with Algi". Complexation of
guanidinium ion with neutral Bkland AlH; leads to weak
complexes% and9). Energies of possible different dissocia- 1C030143X
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