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Borane complexes of aziridine, phosphirane, cyclopropylamine, cyclopropylphosphine, cyclopropylmethylamine, and
cyclopropylmethylphosphine have been prepared by the reaction at low temperatures of a borane complex or diborane
on the free phosphine or amine. The products characterized by NMR spectroscopy and mass spectrometry have then
been investigated by photoelectron spectroscopy and B3LYP/aug-cc-pVTZ quantum chemical study. The complexa-
tion led to rotamers with structures similar to the ones of the corresponding free systems. The main geometry change
with the complexation is the P—C bond elongation and the N—C bond shortening, which can be rationalized by the
charge transfer attached to the electron donation. The calculated relative stability order of the conformers changes with
the complexation only in the case of cyclopropylamine. The calculated complexation energies are higher for the
amines, in accord with the differences observed in the flash vacuum thermolysis of methylamine-, methylphosphine-,
and aziridine-borane. The photoelectron spectra indicate essential differences between the amines and phosphines
toward borane complexation. The dative bond is more stable in the studied amine-boranes than in phosphine-boranes,
while the o4 orbitals are more stable in the latter compounds. The enthalpy of the hydrogen release reaction of
aziridine-borane is almost thermoneutral, indicating the potential of this complex as recyclable hydrogen storage

material.

Introduction

The interest in phosphine-boranes and amine-boranes is
currently growing since such compounds present potential as
hydrogen storage materials.'~® It has been evidenced that the
substitution on the nitrogen can reduce the exothermicity of
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the dehydrogenation.'™'! Thus, to evaluate the hydrogen
storage potentiality of such compounds, the first step is a
better knowledge of the properties of simple amine- or
phosphine-boranes. Gas electron diffraction (GED) studies
of methylamine- and methylphosphine-borane have been
recently reported.'*' In the latter compound, it was shown
that the structural environment around the phosphorus atom
changes significantly upon complexation with borane, with
the P—C bond length shortening and the bond angles
widening."

The variation in the electronic effects during the com-
plexation of the simplest unsaturated phosphine-boranes
has been recently reported for methyl, vinyl, allyl, pro-
pargyl, ethynyl, and allenyl derivatives.'* Surprisingly,
the complexation has no remarkable influence for the
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o,fB-unsaturated compounds since similar structures have
been found for the conformers of the complexes and the
corresponding free systems. The only significant difference
in the geometries, similarly to the methylphosphine-
borane,'” is the P—C bond shortening in the complexes,
which is the obvious consequence of the charge transfer
during the complexation. The photoelectron spectra were
described in the case of a,f-unsaturated compounds since
the direct conjugation between the lone electron pair and
the 7 bond has to be exchanged to a hyperconjugation
between the op_p bond and the unsaturated moiety.
As expected, no interaction of the 7 bond with the phos-
phorus atom or the dative bond could be observed in the
f,y-unsaturated derivatives.

The conjugative interaction between the cyclopropyl rin%
and the 7 system of the vinyl group has been investigated.'> >
A similar effect can be presumed between the lone electron
pair and cyclopropyl ring skeleton, as it was confirmed in the
case of cyclopropylamine and suggested for cyclopro-
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Figure 1. Stable conformers of 7—9 (X = N) and 10—12 (X = P)
calculated at the B3LYP/aug-cc-pVTZ level.

pylphosphine.?®*° In cyclopropanol, the same interaction
was found, although theoretical and experimental studies of
the cyclopropanethiol, cyclopropaneselenol, and cyclopro-
panetellurol did not indicate direct conjugation between the
lone electron pair of X (X = S, Se, Te) and the three-
membered ring. > 3*

We report here the synthesis of borane complexes of aziri-
dine, phosphirane, cyclopropylamine, cyclopropylphosphine,
cyclopropylmethylamine, and cyclopropylmethylphosphine
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Figure 2. Complexation of aziridine 1 (left) and phosphirane 4 (right) with borane to form 7 and 10. Variation of (a) relative energy, (b) X—C bond length
(X=N, Pin A), (c) NPA (natural population analysis*®) charges, and (d) Wiberg bond index*’ of the dative bond with the X—B distance.

(Chart 1) and their characterization by NMR spectroscopy
and mass spectrometry. Photoelectron spectroscopy and a
B3LYP/aug-cc-pVTZ quantum chemical study were investi-
gated with the aim of defining the variation in the electronic
effects between the free systems and the corresponding
complexes and establishing comparisons between the nitro-
gen and phosphorus derivatives as a function of the distance
of the heteroatom with the cyclopropyl group. The hydrogen
storage possibility of the studied complexes was examined by
theoretical methods.

Results and Discussion

Synthesis of Compounds. The free amines and
phosphines used in this study are commercially available
or have been synthesized following reported pre-
parations.’**~*" Among the six complexes,** ** both

(39) Wystrach, V. P.; Kaiser, D. W.; Schaefer, F. C. J. Am. Chem. Soc.

1955, 77, 5915-5918.
(40) Wagner, R. 1; LeVern, D. F.; Goldwhite, H.; Rowsell, D. G. J. Am.

Chem. Soc. 1967, 89, 1102-1104.
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Table 1. Calculated Structural Parameters of the Investigated Phosphines, Amines, and Their Borane Complexes”
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b

no. X—-B X-C C(3)—C(4) C(1)—C(2) C(1)—-C@3) C(2)—C(3) Zangle P
base complex complex base complex base complex base complex base complex base complex base complex complex
1 7 1.619 1470 1472 1.480  1.482 281.3 2873 339.6
2a 8a 1.655  1.443  1.476 1.508  1.509  1.502  1.496 330.8 3225 338.8
2b 8b 1.650  1.443  1.466 1.514  1.512  1.494 149 1511  1.500 330.8 3254 340.1
3a 9a 1.642 1465 1489 1.514 1.504 1.507 1.504 1.504 1.504 1.505 1.509 3282 3243 339.5
3b 9b 1.647 1466 1495 1.507 1.502 1.507 1.505 1.502 1.502 1.507 1.509 329.3 3245 339.2
3c 9¢ 1.649 1469 1497 1.507 1.502 1.507 1.502 1.505 1.509 1.501 1.502 3284 3237 339.3
3d 9d 1.648 1459 1482 1.525 1.514 1.509 1.509 1.502  1.503 332.0  326.6 339.8
3e 9e 1.646 1466 1.495 1.517 1.520 1.508 1.503 1.501 1.503  1.505 1.511  329.1  323.1 338.9
4 10 1.950  1.875  1.825 1.490  1.519 2382 2574 343.9
5a 11a 1.936  1.841 1.812 1.498 1495  1.511 1.513 290.3 3059 341.5
5b 11b 1.931 1.845 1.812 1.504  1.500  1.509 1.510  1.505 1.508  288.9  304.8 3422
6a 12a 1.933  1.877 1.843 1.509 1.509 1.508 1.506  1.507 1.506  1.503  1.505 288.4  305.0 342.0
6b 12b 1.933  1.882  1.847 1.510  1.511 1.507  1.506  1.506  1.504 1.505 1.506  288.8  305.3 341.8
6¢ 12¢ 1.935 1.883 1.849 1.510 1.511 1.506  1.504 1.506  1.508  1.504 1.504 287.9  304.0 341.9
6d 12d 1.936  1.872  1.839 1.519 1517 1.508 1.508  1.503  1.504 292.4  308.5 3423
6Ge 12¢ 1.937 1.883 1.849 1.517 1.518 1.507 1.507 1.504 1.503 1.505 1.507  287.7 302.5 341.8

“B3LYP/aug-cc-pVTZ calculations, bond distances in A, angles in degrees.  See Figure 1. ¢ Sum of the bond angles around the heteroatom N or P.

cyclopropylmethyl derivatives 9 and 12 and phosphirane-
borane 10 are new compounds. Complexes 7—12 were
prepared by the addition of a freshly distilled BH3-THF
or BH3-Me»S complex or diborane on the corresponding
free system (Scheme 1). The three amine-boranes were
purified by removal of the low boiling compounds in
vacuo and used without further purification. The phos-
phine complexes are much more volatile than the corre-
sponding nitrogen derivatives and were purified by
distillation in vacuo and selective trapping in a cold trap.
The cyclopropylmethyl derivatives 9 and 12 are kineti-
cally stable compounds easily characterized by their
NMR and mass spectra. The phosphirane-borane 10 is
kinetically very unstable, and the NMR spectra recorded
at room temperature show the presence of about 20% free
phosphine.

In the 'H NMR spectra of compounds 7—12, the
complexation led to chemical shifts downfield, especi-
ally for the signal of the hydrogen on the heteroatom (Ad
2—3 ppm). While a very strong downfield effect was
observed in the *'P NMR spectra of phosphine-boranes
10—12 compared to those of phosphines 4—6 (up to
115 ppm between 4 and 10), the complexation of amines
1—3 only led to a weak downfield effect (5—8 ppm) of the
"N NMR chemical shifts of 7—9 (Table SI, Supporting
Information). In contrast, a weaker effect was observed
for the '*C NMR chemical shifts of the a-carbon of
phosphine-boranes 10—12 (A6 —3 to +2.5 ppm) than
those of amine-boranes 7—9 (A6 7—10 ppm).

We then performed the flash vacuum thermolysis
(FVT) of methylamine-borane and aziridine-borane 7.
In a previous study,'* we reported the complete decom-
plexation of methylphosphine-borane under FVT condi-
tions above 300 °C. At this temperature, the thermolysis
of methylamine-borane resulted in about 30% of the
free amine according to the '"H NMR spectra of the

(41) Cole, G. C.; Mollendal, H.; Guillemin, J.-C. J. Phys. Chem. A 2005,
109, 7134-7139.

(42) Burg, A. B.; Good, C. D. J. Inorg. Nucl. Chem. 1956, 2, 237-245.

(43) Johnson, K. M.; Kirwan, J. N.; Roberts, B. P. J. Chem. Soc. Perkin
Trans 2 1990, 1125-1132.

(44) Hurtado, M.; Ydnez, M.; Herrero, R.; Guerrero, A.; Davalos, J. Z.;
Abboud, J.-L. M.; Khater, B.; Guillemin, J.-C. Chem.—FEur. J. 2009, 15,
4622-4629.

thermolysis products. This ratio increased to 75% for
FVT at 500 °C, and traces of the complex were still
observed after FVT at 700 and 900 °C. Similar results
were obtained in the FVT of aziridine-borane 7. These
two examples exemplify higher thermodynamic stability
of amine-boranes compared to the phosphorus deriva-
tives. In all of the '"H and ''B NMR spectra of the
thermolysis products, attempts to detect a monomeric
or dimeric compounds corres;oonding to the loss of
dihydrogen were unsuccessful.*

Structure. Two and five stable rotamers were calculated
for 2, 5,8, and 11 and 3, 6, 9, and 12, respectively, and
there is no remarkable difference between the nitrogen
and the phosphorus derivatives (Figure 1). The complex
formation does not modify the number and orientation of
the conformers. Obviously, only one stable aziridine 7 or
phosphirane derivative 10 could be found.

In Figure 2, the structural changes during the complex
formation of 1 and 4 with one borane molecule are shown.
In each case, the geometrical parameters except the X—B
(X = N, P) bond distance were optimized. The most
striking observation is that the N—C bond elongates
while the P—C bond shortens around the equilibrium
bond distance during the complex formation. This ten-
dency is even much stronger for compounds 2, 3, 5, and 6
(Table 1 and Figures Slb and S2b in the Supporting
Information). This can be explained by the variations of
the atomic charges. The difference between the atomic
charges of P and C are higher after the complexation than
in the free phosphines (Figure 2¢ and Table S2 in the
Supporting Information). On the other hand, the N and C
atomic charge difference is smaller in the complexes than
in the free amines.

The electron donation during the complexation leads
the nitrogen and the phosphorus atoms to become more
positive while the boron atom becomes definitely nega-
tive. It was shown before that the atomic charges of P and
B change almost linearly within the P—B distance around

(45) Pasumansky, L.; Haddenham, D.; Clary, J. W.; Fisher, G. B.;
Goralski, C. T.; Singaram, B. J. Org. Chem. 2008, 73, 1898—1905.

(46) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83,
735-746.

(47) Wiberg, K. Tetrahedron 1968, 24, 1083—-1096.
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Table 2. Relative Energies, Complexation Energies, Free Energy, and Reaction Enthalpies of the H, Release Reactions”

no. AE‘:\nni?ne/phos phine17 AES\?]LCine/phos phine AEccgilclplex Eggllflplexali on AHH;:llgase[ AGHzxc'gllecasec
1(7) 117.0 1.1 —-35.8
2(8) a o. 0.0 0.0 98.8 —31.3 —65.6
b n.o. 7.4 —-1.7 108.0
309 a 0.00 0.0 0.0 116.3 —24.6 —59.6
b 0.1 +£0.2 0.4 4.6 112.0
c n. o. 3.9 10.8 109.3
d n. o. 6.2 11.4 111.1
e n. o. 6.4 22.8 99.8
4(10) 72.1 75.7 40.3
5(11) a o 0.0 0.0 96.9 84.0 47.1
b n.o 5.0 3.8 98.3
6 (12) a 0.0 0.0 0.0 98.8 83.5 48.4
b 1.7 1.6 1.6 98.8
¢ 2.4 2.2 4.0 96.9
d n. o 9.5 11.8 96.5
e n. o 10.4 15.0 94.1

“Energy values are in kJ/mol, calculations performed at B3LYP/aug-cc-pVTZ + ZPE level, counter Poise correction

4849 was used for calculating

complexation energies. ” Microwave measurements seen in refs 28, 31, 50, and 51. o. = observed, n. 0.= not observed. “ Considering the most stable

conformers.

the equilibrium bond distance (1.9 A).M In the case of
amines, however, at small N—B distances, the nitrogen
withdraws electrons from the boron and becomes more
negative. Around the equilibrium bond distance (1.65 A),
the nitrogen atomic charge is close to the maximum. As
can be seen, the charge on the carbon atom adjacent to
nitrogen is almost unchanged during the complex forma-
tion. From this, it may follow that the complexation
affects only the close surrounding of the N—B (or P—B)
bond, and there is only a small effect on the farther parts
of the molecules.

Comparing the P—B and N—B bonds, the Wiberg
indices in phosphine-boranes indicate a single bond
(about 0.96), while in the amine-boranes they are signifi-
cantly lower (cc. 0.63, see Figure 2 and Table S3 in the
Supporting Information). This can be rationalized by the
larger o electron withdrawing effect of N versus that of P
against B. Although the complexation of phosphines
causes bond angle widening around the heteroatom, the
opposite effect is observed in the studied primary amines.
The BH3 is more planar in the studied phosphine-boranes
than in amine-boranes.

From the microwave measurements, two and three
possible conformers were found for 3 and 6, respectively
(Table 2).°°3! These results are in line with the calculated
relative energies and the rotational barriers of PH, and
NH, groups. The calculated rotational barriers for all the
studied molecules vary in a wide range between 4 and 53
kJ/mol (Table S4, Supporting Information). The good
agreement for the free systems may suggest that the
calculated relative energies between the conformers are
also reliable for the investigated complexes. In the case of
cyclopropylamine, the complexation causes larger N—C
bond elongation in the symmetric (a) conformer than in
the asymmetric (b) conformer, and this is the only case

(48) Simon, S.; Duran, M.; Dannenberg, J. J. J. Chem. Phys. 1996, 105,
11024-11031.

(49) Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553-566.

(50) Marstokk, K.-M.; Mellendal, H. Acta Chem. Scand. A 1984, 38,
387-398.

(51) Cole, G. C.; Mollendal, H.; Guillemin, J.-C. J. Phys. Chem. A 2005,
109, 7134-7139.

Table 3. Complexation Energy (in kJ/mol) of NH;BH; System Calculated by
Different Methods

method Ef:glncqplcxationion
estimated®? 130.1
CCSD(T)/CBS? 108.4
G3 87.6
CBS-QB3 84.6
MP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ 104.4
B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ 95.5

where the relative stability order of the conformers
changes with the complexation.

The complexation energy between amines and borane
is larger than that between };)hosphines and borane, which
agrees with earlier results.>%'*5? The reliability of the
employed computational methods for phosphine-bor-
anes was studied in our former work.'* The best available
computational value for the complexation energy of the
NH;BH; system is 108.4 kJ/mol at the CCSD(T)/CBS
level.? The experimental value (130.1 kJ/mol) was extra-
polated from the measured bond strengths of a set of
methylamine—BH; and methylamine—BMe; complexes.>
This value is significantly higher than all the calcul-
ated results (Table 3). The B3LYP functional gives a
value 34.6 kJ/mol lower than the experimental value
and 12.9 kJ/mol lower than that reported by Dixon and
Gutowski.

The calculated proton affinities (PA) on the N or P site
are in line with the complexation energies; the relatively
low stability of the phosphirane-borane complex (10) can
be assumed from both properties (Table S5, Supporting
Information).

An appropriate material for hydrogen storage should
be stable both with and without hydrogen and should
release a relatively high amount of H, reversibly in a facile
process. It was published in earlier studies that the
hydrogen release in the case of phosphine-borane is a
strongly endothermic process (72.8 kJ/mol),° similarly to
our studied cases; thus, these compounds are not expected
to be appropriate materials in this aspect. Dixon et al.
have already suggested that NH3;BH; and CH3;NH,BH;

(52) Haaland, A. Angew. Chem., Int. Ed. 1989, 28, 992-1007.
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Table 4. Reaction Enthalpy and Free Energy of the H, Release Reaction of
Aziridine-Borane”

method AHH;:]lguse AGH;SII;\SS
CBS-QB3 12.3 —23.0
G3 16.2 —18.7
CCSD/aug-cc-pVDZ 26.2 —11.5
CCSD/6-311+G(2df,p)(scaled) 13.8 —23.5
MP2/aug-cc-pVTZ(scaled) 22.5 —14.7
B3LYP/aug-cc-pVDZ(anharm) 11.9 —=23.1

“Values are in kJ/mol. scaled = published scaling factors were used
to determine the thermal corrections at MP2/6-311+ G(2df,p) level;*
anharm = anharmonic correction was used to determine the enthalpy
and free energy.

are potentially good chemical hydrogen storage com-
pounds on the basis of the calculated —21.3 kJ/mol?
and —14.6 kJ/mol'® reaction enthalpies, respectively.
Manners et al. recently studied the reversibility of the
hydrogen uptake. They found that electron donating
substituents on the N site and an electron withdrawing
substituent on B site raise the endothermicity of ammo-
nia-boranes.>® As can be seen in Table 2, the hydrogen
elimination reaction for cyclopropylamine- (8) and cyclo-
propylmethylamine-borane (9) is more exothermic; hence
the regeneration process is difficult.* >'%!" On the other
hand, the hydrogen elimination reaction of aziridine-
borane (7) is almost thermoneutral according to the
DFT (density functional theory) level. Although the
removable hydrogen content is only 4 wt %, the com-
pound is kinetically stable, it can be easily handled, and,
as a consequence, the utility for practical purposes seems
to be possible. To confirm this unexpected result, some
more reliable theoretical methods were employed (Table 4).
The most accurate methods are CBS-QB3 and G3, which
predict the enthalpy changes (for gas phase depro-
tonation) with chemical accuracy. (According to previous
tests, the predicted mean absolute deviation was less than
5.27 kJ/mol.54 It was shown, however, that for boron—
nitrogen compounds [B.N,H,, x = 2, 3; y > 2x] the
G3 method provided a 25 kJ/mol difference from the
CCSD(T)/CBS data.>®)

The results in the enthalpy of the H, elimination of
aziridine-borane suggest somewhat higher but acceptable
endothermicity. The free energy change of this reaction is
about 35 kJ/mol exergonic. (The calculated enthalpy and
free energy differences for all the studied borane com-
plexes are similar, see Tables 3 and 4.) Itis understandable
since the number of products is larger than the number of
reagents. Since the FVT experiment of aziridine-borane
does not result in the estimated dehydrogenated product,
the reaction pathway was studied using B3LYP/aug-cc-
pVTZ level (Figure 3). As can be seen on the free energy
profile of the H, release of aziridine-borane, the energy of
the calculated transition state is high (163.2 kJ/mol);
therefore the favorable process is the dissociation. This
observation is in line with the earlier results of Minh et al.

(53) Staubitz, A.; Besora, M.; Harvey, N. J.; Manners, 1. Inorg. Chem.
2008, 47, 5910-5918.

(54) Pokon, E. K.; Liptak, M. D.; Feldgus, S.; Shields, G. C. J. Phys.
Chem. A 2001, 105, 10483-10487.

(55) Matus, M. H.; Anderson, K.; Camaioni, D. M.; Autrey, S. T.; Dixon,
D. A. J. Phys. Chem A.2007, 111,4411-4421.

(56) Merrick, J. P.; Moran, D.; Radom, L. J. Phys. Chem. 4 2007, 111,
11683-11700.
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Figure 3. Freeenergy profile showing the H, release and the dissociation
of aziridine-borane (7) at the B3LYP/aug-cc-pVTZ level.
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Figure 4. Free energy profile of the dimerization of aziridine-boron at
the B3LYP/aug-cc-pVTZ level.

showing that the H, release from the NH3BH;3 has a
higher barrier than the dissociation energy of the
complex.* They suggest that, after the B—N bond clea-
vage, BH; behaves as a catalyst, which explains the
experimental observations of the thermal decomposition
of ammonia-borane.”’ Since our thermolysis experiments
were carried out in vacuo, this catalytic mechanism could
not be observed. It is known that the closely related
compound (CH3),N=BH, dimerizes.’® ®* Therefore,
we also investigated the dimerization of the dehydroge-
nated aziridine-borane. A stepwise mechanism was found
in which the first B—N bond formation is followed by the
B—N-—B—N four-membered ring closure (Figure 4). The
dimer is more stable by 31.6 kJ/mol (AG at B3LYP/aug-
cc-pVTZ level) than two monomers. Since the activation

(57) Baitalow, F.; Baumann, J.; Wolf, G.; Jaenicke-Rossler, K.; Leitner,
G. Thermochim. Acta 2002, 391, 159-168.

(58) Burg, A. B.; Randolph, C. L., Jr. J. Am. Chem. Soc. 1949, 71,
3451-3455.

(59) Jaska, C. A.; Temple, K.; Lough, A.; Manners, I J. Am. Chem. Soc.
2003, 125, 9424-9434.

(60) Chen, Y.; Fulton, J. L.; Linehan, J. C.; Autrey, T. J. Am. Chem. Soc.
2005, 127, 3254-3255.

(61) Luo, Y.; Ohno, K. Organometallics 2007, 26, 3597-3600.

(62) Friedlich, A.; Drees, M.; Schneider, S. Chem.—Eur. J. 2009, 15,
10339-10342. ,

(63) Douglas, T. M.; Chaplin, A. B.; Weller, A. S.; Ayand, X.; Hall, M. B.
J. Am. Chem. Soc. 2009, 131, 15440-15456.

(64) Chapin, A. B.; Weller, A. S. Inorg. Chem. 2010, 49, 1111-1121.
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Table 5. Experimental and Calculated Ionization Energies (in eV)*

Németh et al.

base complex
calculated measured assign. calculated measured assign.
a b c a b c
1 9.84 9.83 8a nn-0s 7 10.35 10.20 54" op_11
12.16 11.79 7a' nn+0; 10.60 10.6 11a’ op_py
12.33 12.16 42" o, 12.21 12.2 108’ On—p-0s
13.59 13.45 3a” oc_n 13.64 13.45 9a' oN_p+0s
16.18 15.69 62’ Oring 14.18 14.2 4" g,
17.69 17.19 58" Oying 14.77 145 38" ocn
15.97 15.9 84 Tying
18.39 17.9 5a’ Oyin
2 9.49 8.98 9.40 112’ nn-0s 8 10.61 10.54 10.14 Op-1 *
"
i
. . . ' nN+-0; 11.30 11.15 ON-B-Oa
13.06 13.21 12.80 43" oy 11.41 11.64 11.6 0
13.89 13.54 13.76 9a’ Tying-Oc—N 12.45 13.18 31-13.6 On_p+0a
15.73 15.87 15.47 82’ Tring 13.64 13.98 : : ocn
16.61 16.31 16.30 3a” on_n 14.94 14.68 14.53 Tring-0C—N
17.19 17.31 16.86 7a’ TyingtOc-N 16.41 16.66 16.15 Oring
17.21 17.51 16.9 Tring+0c—N
18.36 17.86
18.38 18.84
3 9.28 9.45 9.44 9.36 nn 9’ 10.49 10.49 10.35 10.1 Op_n
10.44 10.36 10.40 10.31 0s 10.55 10.53 10.45 OB,
1087 1059 1049  10.99 o, 1116 1101 1088 108 o,
12.95 12.41 12.26 1D8-130 Oc-H 11.32 11.21 11.18 113 A
13.15 13.11 13.03 ‘ : Oc—n 12.32 12.12 12.29 12.4 On-B
13.39 13.85 13.83 13.5 Oc ¢ 13.72 13.25 13.08 ocn
14.52 14.89 15.07 14.7 Oc-N 13.77 13.64 13.40 13.3 Ocon
15.79 15.45 15.41 155 Oring 14.47 14.79 14.63 14.0—14.1 Ocn
16.50 16.57 16.71 16.2 On-H 15.69 15.87 15.69 155 ON_H,0C-N
17.27 17.17 16.77 16.9 On-H 16.41 16.10 16.34 16.1 GringsOC—N
17.46 17.28 17.15 16.9 TringON-H
17.81 17.99 18.05
18.80 18.53 18.25
4 9.86 9.82 11a’ np 10 9.82
9.93 10.2 54" o, 10.2
11.85 11.78 102’ o, 10.32 10.69 6a" o,
13.35 13.1 4a" oc—yy 10.84 ’ 142’ op_p
14.84 14.74 92’ oe—_c 11.16 190 132’ op_n
16.42 15.9 8a' Te_c 11.94 : 54" Op_n
13.1
12.77 13.25 124’ o,
18.55 14.11 14.74 49" oc_p
15.57 15.9 112’ Gying
16.83
17.50
5 9.59 9.30 9.50 14a’ np 11 10.78 10.42 10.4-10.5 174’ op_p
10.67 10.68 10.51 6" o, 10.95 10.91 168’ opi
10.71 11.57 11.06 132’ o¢-0c—p 10.97 10.95 10.9—11.3 7a"” ogy
12.71 12.21 124’ G+0c_p 11.33 11.48 62" o,
13.27 13.28 12.7-13.1 54" Oc—p-Op—ni 11.44 12.22 11.6 154’ 05 (0c—p)
13.64 13.52 43" Oc_p+0op_n 13.58 13.27 13.3 142" Gc—p (Oring)
15.45 15.59 15.22 112’ Gring 13.68 13.90 13.6 58" o1
16.90 16.76 16.5 102’ ying 14.96 14.82 14.2—14.5 42" op_p
18.84 19.02 16.06 16.37 15.7 132’ Gring (03)
16.81 16.78 16.3 128’ opyy
17.48 17.59
6" 9.23 9.45 9.38 9.33 np 12 10.25 10.40 10.25 10.36 Op_p
10.47 10.17 10.32 10.31 Oa 10.91 10.84 10.71 OBH
1077 1063 10.60  10.87 o 1092 1091  1osg 1076 OsH
12.57 12.46 12.42 Op_11-Oc_p 11.12 10.99 11.13 Yy oA
12.74 12.74 12.52 123131 Op-n+oc_p 11.50 11.14 11.20 : : O,
12.86 13.18 13.18 : : Oc—c 13.35 13.04 13.00 12.59 Oc—c
13.22 13.41 13.52 Oc-n 13.56 13.51 13.34 13.06 Ocn
i“l 14.58 14.61 14.43 Ocie 13.83 13.99 13.68 135-143sh  OP-HOC—p
5.74 15.73 15.74 15.5 Oring 14.03 14.39 14.68 Op—n+0c—p
16.84 16.86 16.78 16.47 Tring 15.57 15.27 15.18 15.4 o
19.08 18.94 19.00 16.21 16.19 16.21 ring
16.97 16.90 16.71 OBH
17.40 17.30 17.30 Tring

“Calculations are performed using the OVGF/cc-pVTZ method. ® Calculated ionization energies for conformers d and e are in Table S6 in the

Supporting Information.
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Figure 5. Correlation diagram of cyclopropylmethyl derivatives 3, 6, 9,
and 12.

barrier is G* = 109.2 kJ/mol, it suggests that the dimer is
thermodynamically stable, but the dimerization is kineti-
cally hindered and not preferred under mild conditions.
Nevertheless, the dimerization seems to be a more facile
process than the H, addition; therefore we tried the effect
of a catalyst. An analogous reaction pathway as Minh et
al. suggested with a second BH; molecule* was investi-
gated, and we found a good catalytic effect (Figure 3). On
the new reaction channel, the activation barrier reduced
by 78.8 kJ/mol, suggesting that seeking an appropriate
catalyst is a promising way toward an applicable reaction.
For a similar compound, dimethylamine-borane, seve-
ral catalysts are known to be effective in the H, release
reaction.” %

Photoelectron Spectroscopy. The UV photoelectron
spectra of aziridine 1, cyclopropylamine 2, and phosphir-
ane 4 have been previously published.?***-*36¢ The spec-
tra of cyclopropylmethylamine 3, cyclopropylphosphine
5, and cyclopropylmethylphosphine 6 and the investi-
gated borane complexes 7—12 are collected in the Sup-
porting Information (Figures S3—S11). The observed and
calculated ionization energies and the assignment based
on OVGF (outer valence Green’s function®”) calcula-
tions and MO correlations can be seen in Table 5. To
study the important electronic effects in the molecules,
we compare the first few PE bands of the studied mole-
cules to those of cyclopropane, methylamine (or methyl-
phosphine), and BH;.>®® The correlations of the

(65) Basch, H.; Robin, M. B.; Kuebler, N. A. J. Chem. Phys. 1969, 51,
52-66.

(66) Aue, D. H.; Webb, H. M.; Davidson, W. R.; Vidal, M.; Bowers,
M. T.; Goldwhite, H.; Vertal, L. E.; Douglas, J. E.; Kollman, P. A.; Kenyon,
G. L. J. Am. Chem. Soc. 1980, 102, 5151-5157.

(67) Ortiz, J. V.; Zakrzewski, V. G.; Dolgounircheva, O. In Conceptual
Perspectives in Quantum Chemistry; Calais, J.-L., Kryachko, E., Eds.; Kluwer
Academic: Norwell, MA, 1997; pp 465—517.

(68) Cowley, A. H.; Kemp, R. A.; Lattman, M.; McKee, M. L. Inorg.
Chem. 1982, 21, 85-88.
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Figure 6. Correlation diagram of cyclopropyl derivatives 2, 5, 8, and 11.

CH,—NH, BH, BH, CH,—PH,
, NH NH PH PH CH,
\ N 7\ L\ AR
HC—CH, HC—CH, HC—CH, BH, HE—CH, HCE—CH, HC—CH
&) @
I - P
|
eV ny 1 3_ -
il " .. _Ba'nqo ,;?,\ Man, . .
10+ ﬁ.(. ¥ 58" Gy \ - sa'o, ! ‘t
4 e . : 11a’ a!.:-‘ 14’ 6oy 0‘:" - 3
+ at % i o 4 LY
"1 s u R& Loa ' 30
F 3 v il o 73 e
et k® U, B, P
| %@ . 7a'nqo, | A 13a’,5a" 10a'c, ,” ,b
e : bl o
12+ ‘da'o,  40a'a,, o . '
1 Ja % e T
I ﬁ‘; " I » L I
134 R . I B )
1} 8,
r L 98" a,,ta, ;i' —_—
14+ i
A" g,

Figure 7. Correlation diagram of 1, 4, 7, and 10.

respective bands with the shapes of the important MOs
can be seen in Figures 5—7.

The two lowest energy bands in the PE spectrum of
cyclopropane originate from the 3¢’ orbitals (split by the
Jahn—Teller effect). The first two bands can be assigned
to the orbital antisymmetrical and symmetrical to a o,
symmetry plane (0, and o, Figure 5). The third band of
cyclopropane originates from the a, orbital of the ring,
and it will be symbolized by 0yjn.. In the cyclopropyl-
methyl derivatives 3 and 6, both o, and o, and the lone
pair bands of N or P can be clearly recognized. The bands
are destabilized within a few tenths of an electrovolt
relative to their parent compounds (Figure 5).

Conjugation between the lone electron pair and the
cyclopropyl ring could not be expected for 9 and 12
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because of the distance between the respective orbitals.
Nevertheless, a slight conjugation can be seen on the
shape of the MOs of the most stable conformer 12a. In
the complexes, the newly formed B—N (B—P) bond
substitutes the lone electron pair of N or P. Therefore
the photoelectron spectra of 9 and 12 differ significantly
from those of the free systems (3 and 6 respectively). op_p
is less stable than on—g, in line with the higher complexa-
tion energy of the amine derivatives. The Wiberg bond
indices suggest a lower electron density between the N—B
atoms than P—B atoms, which is in accord with the IP
difference of the two dative bonds (Table S3, Supporting
Information). In the BH; group, the hydrogen atoms are
positive in 12 while they are negative in 9 (Table S2,
Supporting Information). This is why the positions of the
respective og_y bands in 9 and 12 are different.

In cyclopropylamine 2 and its complex 8, a conjugation
between the lone electron pair of the nitrogen atom and
the cyclopropyl ring can be assumed (Table 5, Figure 6).
The conjugation is, however, different in the two cyclo-
propylamine conformations. In the symmetric conformer
(2a), the o, ring orbital combines with the lone electron
pair similarly to that observed in allylamine (Figure 6).%
On the other hand, in the asymmetric conformer (2b), o,
mixes with the ny orbital, similarly to in vinylamine. The
ionization energies calculated by the OVGF method are
closer to the experimental values for 2a than for 2b, which
is in line with the relative energy calculations and the
microwawe measurement.”® Therefore, we assume that
mainly this conformer was observed in the spectrum
(Tables 2 and 5, Figure 6). In complex 8, the lone electron
pair of nitrogen disappears, and the N—B dative bond
appears, which substitutes the lone pair conjugation with
a hyperconjugation. In 8a, however, the mutual orienta-
tion makes any interaction between the N—B bond and
the ring impossible. Hyperconjugation can take place
only in the b conformer, as shown in Figure 6; therefore
the stability order changes in favor of 8b. However, the
energy difference between 8a and 8b is less than 2 kJ/mol,
the rotational barrier is 4.4 kJ/mol, and the calculated IPs
of both conformers fit with the broad peaks obtained in
the spectrum. Hence, we assume that both conformers
exist together in the gas phase.

Investigating the band positions of the respective phos-
phines 5 and 11, it can be concluded that these interac-
tions are formally negligible, although in allyphosphine a
conjugation between the lone electron pair and the un-
saturation was observed.”

Earlier assignments®>® of the aziridine spectrum did
not indicate any conjugation. According to our calcula-
tions, however, the lone electron pair mixes with the oy
orbital (Figure 7). In the complex, all the molecular
orbitals are stabilized, and according to the reduced split
between the g, and the dative bond, only a weak interac-
tion can be assumed.

Unfortunately, we could not separate 4 and 10 because
of the decomposition of the complex at the experimental
conditions of the measurement. Therefore, the photoelec-
tron spectrum provides only a mixture of the compounds.

(69) Katrib, A.; Rabalais, J. W. J. Phys. Chem. 1973, 77, 2358-2363.
(70) Le Serre, S.; Guillemin, J.-C.; Karpati, T.; Soos, L.; Nyuldszi, L.;
Veszprémi, T. J. Org. Chem. 1998, 63, 59-68.
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This fact makes the assignment uncertain. Nevertheless,
the same differences can be seen between the positions of
og—y in 7 and 10. Also, op_p is destabilized compared to
the on—_g band of aziridine.

Conclusions

A series of amine- and phosphine-boranes which contain
a cyclopropyl ring was synthesized. 'H, '*C, °N, or *'P
NMR; photoelectron; and mass spectra were recorded to
study the differences between the complexation of amine and
phosphine group with borane. Quantum chemical calcula-
tions were performed to gain extensive insight into the borane
complexation of the lone electron pair of these amines and
phosphines and to have greater knowledge of the properties
of these new complexes. The observed ionization potentials,
the flash vacuum thermolysis, as well as the results of the
complexation energy calculations denote that the dative
on-p bond is more stable than the op_g bond. In the case
of amine-boranes, more electrons are donated to the B—H
bonds than in the phosphine analogues, which can be seen by
the comparison of the photoelectron spectra. It is in accord
with the calculated atomic charges and Wiberg bond indices.
Similar conformers and in all but one case similar relative
energy orders of the conformers were obtained after the
complexation of nitrogen and phosphorus compounds. The
most conspicuous geometry difference is that the P—C bond
shortens while the N—C bond elongates during the com-
plexation, which is in line with the changes of the atomic
charges; the atomic charge difference increases between P and
C while decreases between N and C.

The photoelectron spectra of cyclopropylamine 2 and its
complex 8 prove a conjugation between the o, ring orbital
and the lone electron pair or the o, and the dative bond
(on—p), respectively. The observed o,—ny direct conjugation
in aziridine changes to a o,—on_p Interaction with the
complexation. The energy of the investigated hydrogen
elimination reactions exhibits a wide range from strongly
exothermic to endothermic. The hydrogen elimination of
aziridine-borane 7 is however close to thermoneutral. It was
shown by high level quantum chemical calculations that the
reaction is slightly endothermic. Moreover, it is a stable and
easily handled compound; thus it has a huge potentiality of
being convenient hydrogen storage material.

Experimental Section

Caution! Phosphines and phosphine-boranes are malodorous
and potentially toxic compounds. All reactions and handling
should be carried out in a well-ventilated hood.

Materials. Cyclopropylamine 2 and cyclopropylmethylamine
3 were purchased from the Aldrich Company and used without
further purification. 2-Chloroethylphosphine,”" cyclopropyldi-
ethylphosphonate,’? cyclopropylmethylphosphine,*! cyclopro-
pylphosphine-borane,* aziridine,* aziridine-borane,** and
methylamine-borane®' were prepared as previously reported.
Phosphirane 4, cyclopropylphosphine 5, and cyclopropylamine-
borane 8 have been prepared as described in the Supporting
Information.

General. "H (400.13 MHz), '*C (100.62 MHz), *'P (161.97 MHz),
"'B (128.4 MHz), and >N (40.55 MHz) NMR spectra were

(71) Mellendal, H.; Konovalov, A.; Guillemin, J.-C. J. Phys. Chem. A,
2009 /13, 12904—12910. DOI: 10.1021/jp907.

(72) Zafrani, Y.; Chen, R.; Ashkenazi, N.; Segall, Y. Synth. Commun.
2008, 38, 848-857.
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recorded on a Bruker Avance III 400 MHz spectrometer. For
the "N NMR experiments, an INEPT pulse sequence with
decoupling was employed. Chemical shifts are given in ppm
(0) relative to tetramethylsilane ('H), solvent ('*C, CDCls, d
77.0 ppm), external HyPO, (85% in water; °'P NMR), external
BF3-Et,0 (''B NMR), and external nitromethane ('’N NMR).
All the experiments were performed under nitrogen. In all the
studied compounds, only the phosphirane (4) and the corres-
ponding borane complex (10) are kinetically unstable com-
pounds and were kept at a low temperature (—78 °C).

He I photoelectron spectra were recorded on an instru-
ment described earlier.”> The resolution at the Ar 2P1/2 line
was 40 meV during the measurements. For internal calibration,
N>, Mel, and He " peaks were used.

Calculations. DFT calculations for some phosphine-boranes
have already proved that using the hybrid functional B3LYP
(Becke’s three-parameter functional employing the Lee, Yang,
and Parr correlational functional)’*”> and aug-cc-pVTZ basis
set gives reliable molecular geometries to make a comparison
between the free and the complexed systems;'# therefore in this
study, the same method was employed. The stationary points
were characterized by second derivative calculations. Zero-
point vibrational energy (ZPE) correction for relative energies
and counterpoise correction®®* for complexation energies
were calculated using the same level of theory. All calculated
reaction pathways were justified by intrinsic reaction co-
ordinate (IRC) calculations at the B3LYP/6-31G* level.
To determine atomic charges in the studied molecules, NPA
calculations*® were carried out at the B3LYP/aug-cc-pVTZ
level. Wiberg bond indices*’ are obtained at the same level of
the theory. The OVGF® method was employed for the pre-
diction of ionization energies with the cc-pVTZ basis set. In our
earlier study, the mean absolute deviation (MAD) of this
method for free phosphines and their borane complexes was
found to be 0.30 eV, which is similar to the present investiga-
tion (0.26 eV).'* For different system, in a recent paper, the
MAD was found to be between 0.09 and 0.21 eV.”® The
influence of the diffuse function was studied for some phos-
phine-boranes (Table S7—S8 in the Supporting Information),
and only a weak and almost constant effect was obtained;
therefore it was concluded that, for the assignment, the cc-
pVTZ basis set is sufficient. HF /aug-cc-pVTZ molecular orbi-
tals were calculated to support the assignment of the ionization
bands. All calculations were carried out using the Gaussian 03
program package.”’

(73) Kovér, L.; Kovér, A.; Cserny, 1.; Veszprémi, T.; Zsombok, Gy. Surf.
Interface Anal. 1986, 9, 69.

(74) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

(75) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
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Phosphirane-Borane (10).” In a Schlenk flask under nitrogen
and cooled at —60 °C were introduced under stirring the
phosphirane (60 mg, 1 mmol), diborane (56 mg, 2 mmol), and
dichloromethane (5 mL). The mixture was allowed to warm to
room temperature, stirred for 20 min, and then distilled in a
vacuum line equipped with a trap immersed in a bath at —70 °C.
The phosphirane-borane complex was selectively condensed in
vacuo in this trap. The complex is kinetically unstable (half-life
T1)2 ﬁS% of 10 in CD>CL,): 1 h). "H NMR (CD,Cl,): 6 0.88 (q,
3H, "Jguy =103 Hz, BH3); 1.19 (m, 2H, 1 H of each CH,); 1.53
(m, 2H, 1 H of each CH.); 2.50 (d, 2H, 'Jpy; = 384.6 Hz, PH,).
BCNMR (CDCl3): 60.20 (t, 'Jey=165.7Hz, 'Jcp=7.3 Hz (d),
(CH,),). *'P NMR (CD,Cl,): 6 — 194.3 (\Jpg =22 Hz (q)). ''B
NMR (CD,Cl): 6 —39.4 (" Jgp =22 Hz (d)). Attempts to record
the mass spectrum of 10 were unsuccessful and only led to that of
the free phosphine.

Cyclopropylmethylphosphine-Borane (12). In a Schlenk flask
under nitrogen, a borane-tetrahydrofurane or borane-di-
methylsulfide complex solution (5 mL of I M sol., 5 mmol)
was slowly added to the previously frozen (—196 °C) solu-
tion of cyclopropylmethylphosphine (0.40 g, 4.5 mmol) in
dry dichloromethane (5 mL). The reaction mixture was al-
lowed to warm to room temperature and was stirred for 5 min
at this temperature. The mixture was then distilled off in a
vacuum line, and the cyclopropylmethylphosphine-borane 12
was selectively condensed in a trap cooled at —40 °C
(0.1 mmHg). The compound is stable at room temperature
under nitrogen.

Yield: 96% (based on the free phosphine). '"H NMR (CDCls):
0 0.14 (m, 2H, CH; cycle); 0.50 (qt, 3H, "Jgy =96.6 Hz, *Jy =
6.1 Hz, BH3); 0.56 (m, 2H, CH, cycle); 0.87 (m, 1H, CH); 1.70
(m, 2H, CH,P); 4.45 (dq, 2H, *Jyp = 360.9 Hz, *Jyyyy = 7.7 Hz,
PH,). *C NMR (CDCl5): 6 5.6 (td, 'Jey = 157.4 Hz, *Jcp =
7.3 Hz, CH; cycle); 8.0 (dd, ' Ve =156.9 Hz, 2Jcp= 5.8 Hz, CH);
22.0 (t,"Jey =133.5 Hz, 'Jep = 35.6 Hz, CH,P). *'P NMR
(CDCl3): 0 —52.5(q, 'Jpp=63 Hz). "BNMR (CDCl5): 6 —42.3
(d, Jpp=63 Hz). IR (v,cm ™", film, 293 K): 1029 (m), 1455 (m),
2350 (m, vggy), 2401 (s, vpu), 2936 (W), 2960 (m). HRMS calcd
for C4H,;BP™. [M — H]": 101.069. Found: 101.069.

Cyclopropylmethylamine-borane (9). In a flask under nitro-
gen, a borane-tetrahydrofurane or borane-dimethylsulfide
complex solution (5 mL of 1 M sol., 5 mmol) was slowly added
to a cooled (—78 °C) solution of cyclopropylmethylamine
(5 mmol) in dry dichloromethane (5 mL). The reaction mixture
was allowed to warm to room temperature and was stirred for
15 min at this temperature. The solvent and low boiling com-
pounds were removed in vacuo at room temperature, and the
crude cyclopropylmethylamine-borane was wused without
further purification. Yield: 97%. Compound 9 is stable for
months at room temperature under nitrogen. 'H NMR
(CDCls): 6 0.24 (m, 2H, 3Jun=4.8 Hz, 1 H of each CH, cycle);
0.58 (m, 3Juu = 5.7 Hz, 1 H of each CH, cycle); 1.08 (m, 1H,
3Jun=7.5Hz, *Jyy = 5.7 Hz, *Jyy =4.8 Hz, CH); 1.46 (m, 3H,
' Jgn = 92.7 Hz, BH;); 2.61 (m, 2H, AB system, >Jyy3 = 7.5 Hz,
CH.); 3.94 (s brd, 2H, NH,). ">*C NMR (CDCl;): 6 3.8 (t, Ve =
160.6 Hz, CH, cycle); 10.5 (d, 'Jey = 160.6 Hz, CH); 53.8 (t,
'Jen=140.9 Hz, CH,). "B NMR (CDCl3): 6 —19.5. "N NMR
(CDCl5): 6 —345.2 ppm. HRMS caled for C4H; BN'. [M —
H]": 84.0988. Found: 84.0984. IR (v, cm ™, film, 298 K): 3262
(m), 3161 (m), 3085 (m), 2954 (s), 2379 (s, vgn), 1457 (s), 1377 (s),
1270 (m), 1027 (s), 722 (m).
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Supporting Information Available: Preparation of phosphir-
ane, cyclopropylphosphine, and cyclopropylamine-borane;
flash vacuum pyrolysis of methylamine-borane and aziridine-
borane (7); >N and *'P NMR chemical shifts (Table S1); NPA
charges of heavy atoms in the investigated structures (Table S2);
calculated Wiberg indices (Table S3); calculated P—C rotational
barriers (Table S4); calculated PAs (Table S5); calculated IEs for
cyclopropylmethyl derivatives (Table S6); OVGF calculations
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for some phosphine-boranes with different basis sets (Tables S7
and S8). Variation of (a) relative energy, (b) X—C bond length
(X=N, Pin A), (c) NPA charges, and (d) Wiberg bond index
of the dative bond with the X—B distance for the cyclopro-
pyl derivatives (Figures S1 and S2). Photoelectron spectra
(S3—S11); x,y,z coordinates of all the studied molecules and
their total energies (in a.u.). This material is available free of
charge via the Internet at http://pubs.acs.org.



