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The geometries and energies of the iminopnictoraneM@NH; M = P, As, Sb, and Bi) and their reaction
paths with formaldehyde are predicted by means of ab initio calculations. The multiplicity={ klonds is
discussed by comparing the=sN and M—H bond lengths, the bond length ratios¥:M—N, the bond angles

of M—N—H, and the barrier to internal rotation about thesM bond with those of the ylides, and it was concluded
that the contribution of the ionic canonical form™N~ is much more important than that of the=h form.

For the two reaction routes of the iminopnictoranes with formaldehyde (aza-Wittig and-Goheykovsky-type
reactions), all of the stationary points and transition states were fully optimized by using an analytical gradient
with the LANL1DZ and the 9s5p-d/[3s2p-d] basis set (DZ-d) at the MP2 level. For K and As, the aza-
Wittig reaction is more favorable than the Coreghaykovsky-type reaction from both the thermodynamic and
the kinetic viewpoint. In the case of M= Sb and Bi, the CoreyChaykovsky-type reaction takes place
predominantly. The higher level calculations, such as MP4(SDTQ)/DZ-d//MP2/DZ-d and QCISD(T)/DZ-d//
MP2/DZ-d, were performed to get accurate energies of these intermediates and transition states.

Introduction were proved to have versatile properties. Mann and Chaplin

There is considerable interest in the structures and reactionsprepared\l-p-toluenesulfonyllmlnotrlphenylphosphorane by the

of iminopnictoranes because of their similarity with methyl- reaction of triphenylphosphine with chloramine?TRecently,

enepnictogens (ylides). Iminopnictoranes are represented asother methods have been developed, such as the Krisanov

resonance hybrids of the two canonical structues 1A and 1B, Irﬁw?r?ggrio?gge Ez?sc::leéi?rc:;\ig\tvimlg(rasomtg iggf SHB\;;\Ilge(\a/ér
simple analogues to ylides. y ) '

the chemistry about iminoarsorane is less known than that of
. arsonium ylides. The only known example of an iminoarsorane
HsM=NH <~ H;M"—N"H is iminotriphenylarsorane, which was prepared by treatment of
1A 1B triphenylarsine with chloramin. Little is known about imi-
nostiboranes. Wittig and Hellwinkel reported the synthesis of
There must be some differences between them in their reac-triphenylstiboniumN-tosylimine by the reaction of triphenyl-
tivities and electron densities, as well as in the multiple bonding stibine with chloramine-T. There is no report about the
properties between the nitrogen and the pnictogen’s M, depend-existence of an iminobismorane so far. Concerning their
ing on the degree of negative hyperconjugation from the nitrogen molecular structure, X-ray crystallography?C-NMR 810 3}p.
lone pair orbital to thes* orbital of M—H bonds (r-0*)® or NMR,%-13 PE4 and IR spectrd®1¢and the dipole momerits
on the overlap between the filled nitrogen 2p-orbital and the of substituted iminophosphoranes have been reported.
vacant d-orbitals on the M atomszpdx). While the latter is
a classical idea about the double bond character of the (2) Staudinger, H.; Meyer, Helv. Chim Acta1919 2, 635.
hypervalent compounds, thg —o* ax negative hyperconjuga-  (3) Mann, F.; Chaplin, E. 1. Chem Soc 1937 527.

. : - L . (4) Krisanov, A. V.; Makitra, R. GZh. Obshch Khim. 1956 26, 907.
tion has been recently used to rationalize the bonding in various (5) gestmann, H. J.; Seng, Rngew Chem 1963 75, 475.

hypervalent XAY species, such asdRO and HPN~,! which (6) Appel, R.; Wagner, DAngew Chem 196Q 72, 209.

are isoelectronic to P=NH as well as to P=CH,. In this (7) Wittig, G.; Laib, H.Justus Liebigs AnnChem 1953 580, 57.
paper, while the MN single bonds in the reference aminopnic- ©) fgg&eig'ﬁg'de" T.; Boedeker, J.; Koeckritz Gyst Res Technol
togens, HM—NHo, are referred to as MN, the MN bonds in (9) Albright, T. A.: Freiman, N. J.; Schweizer, E. E.Org. Chem 1976
iminopnictoranes are mentioned as=M, irrespective of the 41, 2716. ' _

degrees of their double bond characters. (10) Pomerranz, M.; Chou, W. N.; Witczak, M. K.; Smith, C. &Org.

; : : : : Chem 1987, 52, 159.
Iminopnictoranes and methylenepnictogens are isoelectronic 11y chou, W.-N.; Pomerranz, M. Org. Chem 1991, 56, 2762.

and undergo a series of interesting chemical reactions that have12) Briggs, E. M.; Brown, G. M.; Cairns, P. M.; Jiricny, J.; Meidine, M.

been utilized extensively in synthetic works. Iminophospho- ';- Oag-k""agr} Eesokn%gsg_l}g, 306-” W Radedlial frakt Ch
ranes were synthesized in 1919 by Staudinger and Meyet (13) 1§8eqe32e2r’7§5.°ec ritz, P.; Koeppell, H.; Radeglia) feral em
(14) Ostoja-Starzewsky, K. O.; Tom Dieck, lHorg. Chem 1979 18, 3307.
T Chubu University. (15) Roesky, H. W.; Giere, H. HAngew Chem 1972 82, 255.
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§ Nagoya University. 38A 1181.
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Since the use of iminophosphorane as a versatile reagent was H;M=NH + CH,0 — H;MO + CH,=NH Q)
reported in 1970, many research papers and revfegishave
been written in great detail about the various uses in organic gnd the Corey Chaykovsky-type reaction
synthesis from the synthetic viewpoints. As aza-ylides, imi-
nopnictoranes are able to react with both nitrogen and pnictogen. H;M=NH + CH,0 — H;M + CH,NHO (2

They are readily protonated to give the corresponding amino-

phosphonium salts in the presence of mineral &€ié$ and The simplest models for iminopnictoranes and carbonyl com-

are prone to hydrolysis, giving amine and pnictogen ox#8$.  pounds were chosen, replacing all of the substituents on the
Alkylations ?>27?8acylations?® and halogenatiof$*°are also  heavy atoms by hydrogen atoms. Although none of these model
well-known reactions of iminophosphoranes. Besides these compounds, except formaldehyde, is known experimentally, it
reactions, analogous to methylenepnictogens (ylides), imino- can be assumed that the intrinsic property of the real compounds
pnictoranes can react under mild and neutral conditions with and that of the reaction behavior is present in these model
carbonyl compounds, an excellent method to introdueeNC  compounds. The validity of this hypothesis would be verified
double bonds in an aza-Wittig reaction. Especially, the in- by studying the substituent effect on the structures and energet-
tramolecular aza-Wittig reaction has played an important role jcs. Also, it is reasonable to expect, because of their isoelec-
in the synthesis of nitrogen-containing heterocycles. The tronic structure with ylides, that CoreyChaykovsky-type
mechanism of aza-Wittig reactions did not attract much attention reactions for iminopnictoranes take place. The ab initio
because it was supposed to be very similar to that of the calculationd? at the MP2/DZ-d level about the corresponding
isoelectronic Wittig reaction. It was simply mentioned thatthe reactions of ylides with formaldehyde have been recently
first step of the aza-Wittig reaction should be betaine formation reported, and some comparisons will be made with the present
via nucleophilic attack of the nitrogen on the carbonyl carbon, results.

followed by the transfer of oxygen from carbon to phosphorus,

and that the reaction could be either reversible or irreveréible. Method of Calculations

On the other hand, there are many experimental and theoretical = The first basis set used with the LANL1DZ basis set that was stored
reports about the mechanism of the Wittig reacfiért? The in the Gaussian program, which is composed from D95V for first-row
theoretical studies on the Wittig reaction revealed the direct atomg? and the Los Alamos effective core potentials (ECP) plus the
formation of four-membered intermediates by a concerted (2s valence double zeta (DZ) basis functions, developed by Wadt ané*Hay,
+ 2s) mechanism and the absence of a betaine in a gas phasé@r pnictogens. In the second basis set, abbreviated as DZ-d, the

To our knowledge, no theoretical study on the aza-Wittig WANL1DZ basis set was modified by adding a set of five d-type
polarization functions for the heavy atoms (d exponents: 0.600 (C),

0.864 (N), 1.154 (O), 0.340 (P), 0.293 (As), 0.211 (Sb), and 0.185
(Bi)).

The strucutres of all of the reactants, products, intermediates, and
transition states were optimized by using the analytical gradient methods
of Gaussian9% at the second-order MollefPlesset perturbation (MP2)
level® with the DZ-d basis set. The optimizations were performed
without any constraints, i.e., all of the 3N-6 internal coordinates were
relaxed. Vibrational analysis was carried out at the MP2 level to
characterize all of the stationary points. Furthermore, the vibrational
frequencies thus calculated, without scaling, were utilized to calculate
the zero-point correction.

In order to get more reliable energetics beyond the MP2 level
perturbation, the energy calculations on the MP2 optimized structures
were performed with full fourth-order MollerPlesset perturbations
(MP4(SDTQ)) and quadratic configuration interaction, including single
and double substitutions with triples contribution (QCISD(T)). Through-
out the paper, for clarity, we used the standard notation to specify the
level of calculation and the structure used. For instance, MP4(SDTQ)/
DZ-d//IMP2/DZ-d designates and MP4(SDTQ) calculation with the
DZ-d basis set using the structure determined at the MP2 level with
the same basis set.

reaction has been carried out so far. There is no experimental

report about the CoreyChaykovsky-type reaction products
from the reaction of iminopnictoranes with carbonyl compounds
so far; in this reaction, a trivalent pnictogen molecule would
act as a leaving group.

In order to get quantitative information about the molecular
structure, the relative energetics of iminopnictorane$/HNH;
M = P, As, Sh, and Bi), and about the reaction path in aza-
Wittig and Corey-Chaykovsky-type reactions, we have per-
formed ab initio calculations on iminopnictoranes and on the
simple model aza-Wittig reaction
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Inc.: New York, 1993.
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10080.

(33) Lischka, H.J. Am Chem Soc 1977, 99, 353.
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103 1066.
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Am Chem Soc 1983 105, 3806.
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Results

Character of Iminopnictoranes. The geometrical data of
all of the iminopnictoranes (#1=NH; M = P, As, Sbh, and
Bi) are listed in Table 1 along with the %N bond lengths for
H-M—NH, at the MP2/DZ-d level of calculations. The relevant
geometrical data of ylides @W=CH,) at the MP2/DZ-d level
are cited in Table 2. Tables 1 and 2 contain the bond length

(42) Dunning, T. H.; Hay, P. Modern Theoretical Chemistnpchaefer,
H. F., Ed.; Plenum: New York, 1977; Vol. 3, pp-27.

(43) Wadt, W. R.; Hay, P. J. Chem Phys 1985 82, 284.

(44) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong,
M. W.; Foresman, J. B.; Johnson, B. G.; Chlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, L.; Raghavachari, K.;
Binkley, J. S.; Gonzalez, R.; Martin, L.; Fox, D. J.; Defrees, D. J.;
Baker, J.; Stewart, J. J. P.; Pople, J. Gaussian92 Revision G.1;
Gaussian, Inc.: Pittsburgh, PA, 1992.

(45) Krishnan, R.; Pople, J. Ant. J. Quantum Cheml978 14, 91.
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Table 1. Calculated Parametéref HsM=NH (M = P, As, Sh, and Bi)

P \
M M=N BOP M—H3 M—H4,5 N-H M—N—H HsMNH Me Nd M=N:M—N¢& (M—N)
P 1.601 1.667 1.414 1.438 1.022 113.6 180.0 1.063—1.299 0.912 (1.755)
As 1.715 1.537 1.504 1.533 1.023 111.3 180.0 1.456—1.388 0.919 (1.866)
Sb 1.899 1.492 1.687 1.720 1.030 111.4 180.0 1.791-1.431 0.927 (2.049)
Bi 1.977 1.315 1.738 1.776 1.036 107.4 180.0 1.630 —1.301 0.927 (2.133)

a At MP2/DZ-d level. All lengths in angstroms and angles in degrédseyer—Mulliken NBO bond order of BM—NH at MP2/DZ-d.¢ Natural
charges on MY Natural charges on N.Bond lengths ratiof Bond lengths of BV —NH,.

Table 2. Calculated Parametéref HsM=CH, (M = P, As, Sb, and Bi)

M M=C BOP M—H3 M—H4,5 C-H M—-C—H me cd M=C/M—C¢ (M—C)
P 1.679 1.414 1.453 1.417 1.094 1141 0.889 —1.167 0.902 (1.861)
As 1.799 1.301 1.557 1.508 1.098 1115 1.056 —1.182 0.905 (1.988)
Sh 1.933 1271 1.740 1.693 1.102 110.2 1.403 —-1.233 0.915 (2.113)
Bi 2.124 1.049 1.779 1.746 1.109 105.3 1.264 -—1.108 0.943 (2.252)

a At MP2/DZ-d level.” Meyer-Mullkien NBO bond orderS Natural charges on M! Natural charges on C.Bond length ratiof Bond length of
HM—CHs.

ratio (M=N:M—N) of the iminopnictoranes to the aminopnic-
togens (HM—NH,) and that (M=C/M—C) of the ylides to the
methylpnictogens (lM—CHz). The X-ray crystallography for
N-pyrid-4-yl-iminotriphenylphosphorane (f#NPy) revealed the
P=N bond length to be 1.574%Aand that for phenyliminotri-
aminophosphorane to be 1.539*A Although the P=N bond
distance calculated at the MP2/DZ-d level seems to be incon-
sistent with the X-ray analysis, this discrepancy could be
ascribed to the substituent effects. The RHF/4-31G* calculation
has, on the other hand, given the bond length to be 1.542 A,
closer to the experimental ones. However, as shown later, the
restricted HartreeFock (RHF) wave function is not satisfied 0 50 100 150 200

to give the proper geometry and energetics. Accordingly, we Rotation Angle from Optimized Structure (Degree)

Relative Energy (kcal/mol)

keep using the results obtained at correlated level. HP=CHa ; ;
The M—N—H bond angles are close to the tetrahedral angle ;é\s /é;é /@\
(109.5), suggesting that the nitrogen atoms in all of the P s 4 37 e
compounds calculated have essentially spbridization and HsP=NH 1Y’ 4 v NS
that they have two lone pairs opposite of one of theibonds.
Note that there is a slight variation in the bond angles; the 3 3 3
M—N—H bond angles change in the order of P (1136 As Figure 1. Rotation barrier aboutPN and P=C bonds at the MP2/

(111.3) = Sb (111.4) > Bi (107.#). Since there is N0 DZ-d level: (©), HsP=CHy; (O), HsP=NH.

significant difference in the bonding nature among pnictogens, ] ]

the change in the N bond lengths, which become longer ~Pairs are longer than the %/H3 bond andi-periplanar to NH

progressively from 1.601 A for P to 1.977 A for M=Bi, bond, suggesting the existence of theat negative hypercon-

simply reflects the change in the size of M. Jugation. ) o _
One way to estimate the contribution of the double bond Because of their smaller electronegativity, the negative

character in M=N bonds based on these bond lengths might be hyperconjugation in the iminopnictoranes with a heavier M is

with the bond length ratio (¥N:M—N shown in Table 1). The ~ harder to take place, resulting in the smaller double bond

ratio listed in Table 1 varies from 0.912 forsN to 0.927 for character, which can be seen in various results in addition to

Sb=N and BiEN; comparing this with the MN bonds, the the bpnd Igngth ratio. Thg MN—H angles decrease frqm P
to Bi, which would be increased by the—p* negative

M=N bonds are substantially shorter, suggesting the eXIStencehyperconjugation. The MayeMulliken bond orders shown

of the double bond character. Note that the electrostatic .
attraction force in the canonical form, ™-N~ (vide infra), T E?ble 1 also decrease from 1.667 forP to 1.315 for M

would give shorter distances than those of the single bond, and™ The rotational barriers to the internal rotation aroune-M
therefore, the bond length ratio could exaggerate the double bondbonds could be the energetic measure of the double bond
character. It is worth mentioning that for all of the iminopnic- characteru The energy prgfilé of the :Jotation aboutl: NP
toranes, the MH4,5 bonds situated anti-periplanar to the lone bond of th.e model iminophosphorane as a function of the HPNH
dihedral angle at MP2/DZ-d level is shown in Figure 1. The

(46) ng’lg&é fgeide" I.; Bodeker, J.; Kockritz, €ryst Res Technol geometries were optimized with the HPNH dihedral angle fixed
(47) Marre, M. R.; Sanchez, M.; Wolg, Ran J. Chem 1984 62, 2186. at 20. The small energy barrier of 2.54 kcal/mol was obtained.

(48) Gonbeau, D.; Pfister-Guillouzo, Gan J. Chem 1985 63, 3242. The rotational barrier around the=sfN bond of 2.13 kcal/mol
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for iminophosphorane was reported by others with ab initio H;M=NH — H,M—NH,

calculations at the RHF/6-31G* leland that of 1.67 kcal/

mol for MesPNPh with the CNDO/2 method. These small AE (kcal/mol)= —34.4 (P),—49.1 (As),

barriers show that the negative hyperconjugation would not —63.5 (Sh),—63.8 (Bi)
energetically make a significant contribution to the barrier to

the internal rotation. Thesp-d interaction might diminish  The same relative energies of ylides at the same level of

the barrier, which is invariant to the rotational angle. calculations were reported by Naito et3alas shown below.
The above structural features suggest thabth negative
hyperconjugation exists in iminopnictoranes. However, the H,M=CH, — H,M—CH,

positive charges on the M atoms of iminopnictoranes are not
counterbalanced by the-w™ hyperconjugation (Table 1), and  AE (kcal/mol)= —52.3 (P),—68.2 (As),

there are large negative charges on the nitrogen atoms of —77.3 (Sh),—93.0 (Bi)
iminopnictoranes, demonstrating that the contribution of an ionic '
canonical form M—N~ is much more important than #N.
Consistent with the negative charges, #i@-NMR chemical
shifts of N-phenyltriarylphosphorane fell in the range-65 to

+8 ppm, relative to 85% EPOy, and are deshielded by ca. 30
ppm from their phosphonium safts!* The!>N-NMR chemical
shifts of the iminophosphoranes were found to be very shielded
compared with those of the amitéand deshielded compared
with the other M=N compounds$? Also, the lone pair basicity

of the nitrogen atom on the iminophosphorane was investigated

by using IR spectroscopyand was found to be stronger than reaction is more exothermic than that for a lighter M; the relative

those of ammophosphmes@RQ. ) stability order is P> As > Sb~ Bi. As will be discussed in
Next, the above geometrical and electronic features for the next section, this affects the potential energy surface for

iminopnictqranes are compared with thpse for ylides lgriefly. the aza-Wittig and the CoreyChaykovsky-type reaction. It is

As shown in Table 2, the MH3 bond anti to the lone pair of  yery interesting that the same level of stability foBi and

any of the ylides is longer than the-MH4,5 bonds anti to the  sp=N can be expected. Although, as we mentioned in the

C—H bonds, suggesting-fu* hyperconjugation. The trend in  noduction, there is no report about the synthesis of arsMBi

the bond length ratio C:M—C (P (0.902)< As (0.902) < compounds, preparing this type of compound by the same

Comparison with M=N:M—N shows that for P, As, and Sb,  possiple.

the M=N bonds have a multiplicity smaller than that of the Aza-Wittig and Corey —Chaykovsky-type Reactions. The
M=C bonds whereas the multiplicity of the-BN bond is larger 54| reactions of iminopnictoranes with formaldehyde are

than that of the BFC bond. Since the donation from the gynacted to proceed through the following two paths. One is
nitrogen lone pair is more difficult than that from the carbon ;4 aza-Wittig reaction (1) and the other is the Cerey

lone pair, the trend for P, As, and Sb seems reasonable; thechaykovsky-type reaction (2), as mentioned in the Introduction.
natural charges on the nitrogen atoms of the iminopnictoranes aq giscussed in the last section, iminopnictoranes are largely
are much more negative than those on the carbons of the yl'despolarized with a positive charge on the pnictogen, M, and a

The small ratio of the Bi iminopnictorane may be ascribed 10 negative charge on the nitrogen, similar to an ylide. Thus, in
the electrostatic attraction, due to an ionic canonical Structure reactions 1 and 2, formaldehyde carbon with a positive charge
in Bi=N bond, because of the large difference in electronega- o |q attack nitrogen. Also, formaldehyde oxygen with a
tivity. The energy profile of the rotation about the=€ bond negative charge could interact with pnictogen. The previous
(HsP=CHj) as a function of the HPCH dihedral angle at the - yqqretical studies have shown that although the Wittig reaction
MP2/DZ-d level is alsq shown in Figure 1. The energy barrier ;g formally a symmetry-forbidden (2<2s) addition, polar

of 3.8 keal/mol is higher than that of 2.54 kcal/mol for characters of the reagents make the reaction rather@asy.
iminopnictorane, consistent with the larger double bond char- We have determined the structures at the MP2/DZ-d level
acter in the ylide. The MayerMulliken bor!d orders of M-C and carried out the energy calculations at the several levels as
bonds are .mUCh lower than thos_e of the ylldes_, contrary to W_hatmention in Methods of Calculations section. In this section,
was described above, suggesting that quantitative comparisonye i yse, in the discussion of the chemistry, the energies

of the bor]d character with the population analysis is difficult, calculated at the most sophisticated level, QCISD(T)/DZ-d. The
as found in many other studies. effect of electron correlation will be discussed later. The
The relat_ive stab_ility of the iminopnictoranes can be estimated optimized structures at the MP2/DZ-d level are shown in Table
by comparing the internal transfer energfés->° 3, and the potential energy profiles, as well as the energy profiles
with zero-point corrections, are shown in Figures 2, 3, 4, and 5

(49) Molina, P.; Alajarin, M.; Leonardo, C. L.; Claramunt, R. M.; Foces-  for P, As, Sh, and Bi, respectively.
Foces, M. C.; Cano, F. H.; Catalan, J.; de Paz, J. L. G.; Elguedo, J.

Note that we must take the energy barrier of the H transfer into
consideration to get the relative kinetic stability. Simply from

these results, iminopnictoranes are thermodynamically more
stable than ylides with respect to hydrogen transfer, because
the energy differences between the hypervalent compounds
(iminopnictoranes) and the normal valent compounds (amino-
pnictogens) are smaller compared with those for the corre-
sponding ylides. Iminopnictorane, as well as ylide, with a

heavier M is relatively unstable, and thus, the hydrogen transfer

Am Chem Soc 1989 111 355. Aza-Wittig Reaction. We found therf_e_are the three inter-
(50) Starzewski, K. A. O.; Dieck, H. Tinorg. Chem 1979 18, 3307. mediates, 11, 12, and I3, and three transition states, T1, T2, and
(51) l\/slg%rgn, G. J.; Sanchez, M.; Marre, M-Retrahedron Let1983 24, T3, for aza-Wittig reactions of any pnictogen, M. The first

4989.

(52) Martin, G. J.: Martin, M. L.: Gouesnard, JN-NMR Spectroscopy- intermediate (I11) has long NC and M—O distances, and as a

NMR, Basic Principles and ProgresBiehl, P., Fluck,., Kosfeld, R.,

Ed.; Springer Verlag: Heidelberg 1981; Vol. 18, pp 570. (55) Yates, B. F.; Bouma, W. J.; Radom, L.JJ.Am Chem Soc 1984
(53) Mathis, R.; Zenati, N.; Ayed, N.; Sanchez, $pectrochimActa, 1982 106, 5805.

38A 1181. (56) Yates, B. F.; Bouma, W. J.; Radom, L.JJ.Am Chem Soc 1987,
(54) Dixon, D. A.; Dunning, T., Jr.; Eades, R. A.; Gassman, PJ.Gm 109, 2250.

Chem Soc 1983 105 7011. (57) Philips, G. M.; Hunter, J. S.; Sutton, L. E.Chem Soc 1945 146.
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Figure 2. Energy profile for reaction of BP=NH with H>CO,
calculated at the RHF/DZ-d//MP2/DZ-d (dotted line) and QCISD(T)/
DZ-d/IMP2/DZ-d (solid line) levels. Energies (kcal/mol) are relative
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Figure 3. Energy profile for reaction of Asg=NH with H,CO,
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Figure 4. Energy profile for reaction of ggb=NH with H,CO,
calculated at QCISD(T)/DZ-d//MP2/DZ-d level. Energies (kcal/mol)
are relative to the reactants, and the energies in parentheses are the

values with the zero-point correction.
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Figure 5. Energy profile for reaction of EBi=NH with H,CO,
calculated at QCISD(T)/DZ-d//MP2/DZ-d level. Energies (kcal/mol)
are relative to the reactants, and the energies in parentheses are the
values with the zero-point correction.

When formaldehyde complexes from side A, as seen for M

calculated at QCISD(T)/DZ-d//MP2/DZ-d (solid line) level. Energies — P and As, the formaldehyde carbon with a positive charge
(kcal/mol) are relative to the reactants, and the energies in parenthese€an interact with the two lone pair orbitals on the nitrogen
are the value with the zero-point correction. simultaneously and, thus, strongly. However, one of theh
bonds would prohibit the formaldehyde oxygen from approach-
result, each fragment has only a small perturbation from the ing the pnictogen, M. As a matter of fact, the-ND distances
geometry of the isolated reactant, suggesting that the dipole of |1 for M = P and As (3.394 and 3.469 A) are even longer
dipole interaction between reactants is a driving force of than those for M= Sb and Bi, although the size of the P and
complexation. Consistent with this, the formaldehydtai- As atoms is smaller. While for M= P and As the &N
nopnictorane binding energy is not very large, 5 kcal/mol for jnteraction occurs predominantly in this manner, the formalde-
any M. While for every M I1 has an almost planar four-  hyde oxygen interacts strongly with heavier Sb and Bi, because
membered ring, there is difference in the location of H7; H7 these atoms have larger positive charges (Table 1). As a result,
for P and As is almost in the ONMC plane, but H7 for heavier the M—0 distances for M= Sb and Bi are shorter than those
Sb and Bi is out of the plane, with the ONMC dihedral angle fgr M = P and As and, accordingly, side B is chosen to avoid
There are two sides available in the complexation of formal- \—q interaction compensates for the loss of interaction of the
dehyde to iminopnictoranes, as shown in the scheme below,formaldehyde carbon with one of the nitrogen lone pair orbitals.
depending on M. The first transition state (T1) leads to formation of the second
cyclic intermediate (12). Thus, at T1, formaldehyde approaches
iminopnictorane resulting in the formation of the almost planar,
tight OMNC ring. The newly forming N-C bond for M= P
(M:BSb Bi) is shorter than that for M= As, which, in turn, is shorter than
' that for M = Sb and Bi. The €0 bond, which is changed
A CH,O from a double bond to a single bond, is the longest for=NP,
(M=P,As) ﬂ those for M= Sb and Bi are the shortest, and that for=MAs
CH,0 is in between. These structural features indicate that T1 for M
= P is located later, for M= As next, and for M= Sb and Bi
11 earlier, consistent with the order of energy of reaction;+1

H7
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Table 3. Optimized Geometriéf the Intermediates and Transition States of the Reaction of Iminopnictoranes with Formaldehyde

v v et

i ’ : . " X ?/\)\ /b ))

M M—N N—-C C-0O M-0O O-M—N M—-N-C N—-C-0O C-0—M OMNC OMNH7

11
P 1.606 2.698 1.229 3.394 70.1 103.6 103.9 82.2 1.7 184.9
As 1.720 2.703 1.229 3.469 67.6 104.5 104.3 83.5 0.8 181.3
Sb 1.909 2.697 1.230 3.300 71.9 95.4 105.9 86.5 2.3 2335
Bi 1.992 2.624 1.232 3.182 71.4 94.0 104.7 89.6 2.4 233.4
T1
P 1.647 1.856 1.275 2.510 70.2 100.4 104.0 84.0 6.6 214.9
As 1.751 2.015 1.261 2.577 71.3 97.2 103.3 88.0 2.3 220.8
Sh 1.925 2.186 1.247 2.671 68.5 96.9 97.7 96.9 0.0 185.0
Bi 2.006 2.176 1.249 2.751 67.2 96.3 100.9 94.9 4.1 210.1
12
P 1.724 1.480 1.409 1.830 74.6 94.9 96.5 93.0 6.8 216.2
As 1.845 1.486 1.409 1.929 71.6 94.5 99.4 93,5 6.5 223.6
Sb 1.995 1.477 1.413 2.070 66.4 97.0 100.8 95.8 0.0 179.9
Bi 2.142 1.491 1.415 2.143 65.5 93.1 105.9 95.3 2.6 240.0
T2
P 1.844 1.459 1.447 1.727 75.2 90.6 97.3 75.2 7.2 234.0
As 1.941 1.466 1.441 1.851 71.9 91.2 100.0 95.8 6.7 2351
Sh 2.092 1.473 1.435 2.023 67.2 92.4 103.1 96.5 5.8 234.2
Bi 2.179 1.481 1.426 2.115 65.2 92.0 105.5 96.3 6.2 237.9
T3
P 2.289 1.347 1.831 1.598 77.6 83.4 102.3 94.3 12.3 264.3
As 2.390 1.340 1.897 1.706 75.3 84.8 103.1 93.8 13.9 265.5
Sb 2.530 1.327 2.055 1.871 73.0 88.8 102.2 92.2 16.1 265.9
Bi 2.618 1.328 2.041 1.941 70.6 88.1 104.0 93.3 16.1 266.5
13
P 3.036 1.296 3.109 1.527 80.9 103.6 81.0 94.5 0.0 180.0
As 2.973 1.296 3.071 1.645 80.1 106.0 81.0 92.9 0.1 180.0
Sb 2.753 1.295 2.997 1.829 79.6 113.3 78.5 88.7 0.0 180.0
Bi 2.857 1.296 3.029 1.898 78.8 111.3 81.2 88.8 0.0 180.0
Cky
P 1.860 1.494 1.333 2.001 122.8 89.9 203.5 71.8
As 1.928 1.532 1.316 2.069 124.1 92.8 198.0 65.4
Sb 2.051 1.595 1.299 2.162 126.8 96.2 195.8 58.4
Bi 2.093 1.707 1.278 2.264 129.9 97.6 178.3 49.1
a At MP2/DZ-d level.
12, P (—14.0 kcal/mol)> As (—18.1) > Sb (—28.3) ~ Bi H7 H H7
(—24.7). The activation energy relative to 11 agrees with this H H [
order as well, P (12.5 kcal/mof As (6.9) > Sb (2.0)~ Bi
(2.2). The transition state for the more exothermic reaction is H H
located earlier and the corresponding activation energy is %CH o ﬁ

smaller, consistent with the Hammond principle. Note that the
M—0O bond distance is an exception. While the newly forming
M—0 bond distance at T1 for M P is 1.37 times longer than M=P,As,Bi M=Sb
that of 12, that for M= Bi is only 1.28 times longer; though
T1 for M = P is located earlier, the MO bond formation is

not so. Presumably, the MO static interaction mentioned
above for the heavier M results in the acceleration of M

T

As stated above, the reaction from |1 to 12 is exothermic.

bond formation. The products, 12, are in a deep well on the potential energy
In T1, one can again observe the difference in the position Surface. Since the order of the exothermicity is parallel to that
of H7 as shown below. The conformation of T1 for M P, of the stability of the iminopnictoranes discussed in the last

As, and Bi is similar to one another, where the nitrogen atom Section, the larger exothermicity for M Sb and Bi may be
with partially formed N-C bond is pyramidalized. On the other ~ascribed to the instability of the iminopnictoranes.

hand, H7 for M= Sb is almost in the OMCN plane. Thus, the The central pnictogen of 12 is five-coordinate and hypervalent.
nitrogen atom is planar and seems to bé Isybridized (vide The electronegative oxygen atom in 12 is located at an apical
infra). position, and thus, 12 should be a stable conformer. Vibrational
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analysis shows I2 has all positive frequencies, and thus, it is an
equilibrium structure.

Since the size of the central M is different, in 12 there are
differences in the bond angles, such as theMA-C angle,
among four M. However, the difference in the-€ and C-O
bond lengths is small. In 12, similar to T1, H7 for M Sb is
almost in the OMNC plane. The position of H7 might be
determined by the subtle balance between the nitrogen hybrid-
ization and the sterical interaction among the N7 bond and
the adjacent €H bond, as well as the in plane MH bonds.

12, having a trigonal bipyramidal M, could undergo a
pseudorotation to form another four-membered cyclic T2 that
has, in turn, a less electronegative nitrogen atom at an apical
position and, therefore, is about-3 kcal/mol less stable than
12; the more electronegative substituent would favor the apical
position (apicophilicity). T2 has one imaginary frequency, and
the intrinsic reaction coordinate, IRC, search starting from T2
reveals that T2 is the pseudorotational transition state at the M
center, leading to 12 and 12 The structural changes during the
pseudorotation connecting 12 and' through T2 are shown
below. The arrows on T2 indicate the vectors of the imaginary

Koketsu et al.

for iminopnictorane. The activation energy increases in the
order P (21.1 kcal/molx As (22.6) < Sb (24.3)< Bi (24.3),
consistent with the order of the energy of reaction. The
structural change is consistent too, as seen in the longe& N
bond and the shorter-80 bond for M= P at T3. It has actually
been calculated that the oxygen affinity of M decreases in
the order P> As > Sh > Bi.

The last step, imine dissociation from complex 13, is uphill
and endothermic by 7.2, 8.2, 11.3, and 11.0 kcal/mol for P, As,
Sb, and Bi, respectively. Slightly different from 11, the imine
binding energies in 13 is larger with the heavier elements.

The energy of the overall reactions is in the order29.9
kcal/mol) < As (—15.0) < Sb (-12.3) < Bi (—9.1). This
energy is formally calculated to be the difference betwEen
(HsM=NH) + E (H,CO) andE (HsM=0) + E (H,CNH). The
fact that the reaction for a lighter pnictogen is more exothermic
suggests that a lighter pnictogen favorgM4=0, relative to
H3sM=NH, and the extent of preference decreases with going
down the rows. The activation energy for+42 13 through T3
is the largest among the elementary steps of the whole aza-
Wittig reaction and, therefore, controls the overall reactivity of

frequency, the reaction coordinate vectors. The activation thjs reaction. Accordingly, the present calculations show that
energy for this pseudorotation decreases in the order. P (5.2the aza-Wittig reaction for P is the easiest with the lower barrier

kcal/mol) > As (4.2) > Sb (1.2)~ Bi (2.0). Comparison of
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the geometrical parameters between 12 and T2 shows the

structural features of hypervalent compounds. For instance, the

apical M—O bond in 12 and the apical MN bond in T2 are
longer than the equatorial WO bond in T2 and the equatorial
M—N bond in 12, respectively. In 12, the position of H7 is
almost the same for every M.

In the aza-Wittig reaction, the imine finally dissociates from
the cyclic intermediates. The calculations showed that this

dissociation passes through T3. This process was traced by IRC

analysis starting from T3. At one end of the reaction path from
T3 is the hydrogen bonded product, 13, and at the other end is
T2, the transition state for pseudorotation. Therefore, before
reaching T2, there must be a point where the reaction coordinat
bifurcate§® toward 12 and 12on the potential energy surface;
i.e., in kMO approaching HC=NH, we have two possible
products, 12 and I2 depending on the conformation of thg\
component. This also indicates that the real reaction would not
necessarily pass through the transition point T2. Consequently,
the energy differences between 12 and I3 and between 12 and
T3 are regarded as an energy of reaction and an activation
energy, respectively. The similar features of the potential energy
surface were found in the theoretical calculations of Wittig
reactions’?

The energy of reaction for this step, 2 13, increases in
the order, P{6.8 kcal/mol)< As (1.3) < Sb (10.4)~ Bi (11.0).
This order is opposite of that for the reaction+112. This is
not surprising, because 2 13 giving HsM=0, isoelectronic
to HsM=NH, is regarded as a ‘reverse’ reaction ofH 12,
starting from HM=NH. It is also suggested that the order of
the relative stability for pnictogen oxides is the same as that

(58) Baker, J.; Gill, P. M. WJ. Comput Chem 1988 9, 465.

e

and that, going down the rows, the reaction becomes more
difficult with the higher barrier.

Corey—Chaykovsky-Type Reaction. The geometrical pa-
rameters of thetransbetaine transition state (Cky) for the
Corey—Chaykovsky-type reaction are also shown in Table 3.
The energy profiles for the reactions are shown in Figures 2, 3,
4, and 5 as well. IRC analysis confirmed that the reaction path
from Cky leads to MH and cyclic azaoxaridine (GIMIHO) as
the products and C#0 + HsM=NH as the reactants. Contrary
to the case of an ylid& the reactant complex formation was
not observed before reaching Cky.

The reaction energy becomes more negative in the order of
P (12.0 kcal/mol)> As (—=1.8) > Sb (=7.1) > Bi (—30.2).
Since this reaction is the transformation from hypervalent
compounds to normal valent compounds, this order shows the
same trend as that in the relative stability that was calculated
as the internal proton transfer energy. Iminopnictorane with
the heavier atom is relatively less stable, and therefore, the
eaction is more exothermic. This difference in the energy of
reaction is reflected by the activation barrier, as well as by the
structures of Cky. The activation barrier decreases in the same
order, P (32.3 kcal/moly As (21.8)> Sb (12.6)> Bi (6.6).

The N—C, C-0, and N-O bond distances clearly show that
Cky for a heavier atom is located earlier, consistent with the
energy of reaction and, thus, the Hammond principle. The
features in the energy profiles and in the structures resulted from
the stability of the iminopnictoranes.

Compared with those in T1, the-NC bond lengths of Cky
are much shorter. Presumably, a two-center interaction at Cky,
different from four-center interaction in T1, results in these
shorter distances. The-ND bond distances being much longer
than the N-C bond suggests that the bond formation at Cky is
asynchronous.

Comparison of the Energy of the Aza-Wittig and Corey—
Chaykovsky-type Reaction. The energy profiles with zero-
point energy correction, that are the profiles of the enthalpy at
0 K, are shown in Figures-25. However, qualitatively these
corrections do not affect the energy relations. While the aza-
Wittig reactions for all iminopnictoranes were calculated to be
exothermic, the CoreyChaykovsky-type reactions are also
exothermic, except that of iminophosphorane. The activation
energies for the CoreyChaykovsky-type reaction (P As >
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Sb> Bi) is in the reverse order as those of the rate determining
step of the aza-Wittig reaction (R As < Sb < Bi). As

Inorganic Chemistry, Vol. 36, No. 4, 199701

Effect of the Electron Correlation. The calculations with
the MP perturbation theory up to MP4(SDTQ) and those by

discussed before, they are governed by the relative stability for QCISD(T) with the DZ-d basis set at the MP2/DZ-d optimized

HsM=X (P > As > Sb > Bi). The Corey-Chaykovsky-type
reaction starts from §M=NH, and the aza-Wittig reaction leads
to HsM=0O. For M = P, the activation energy of the
rate-determining step of the aza-Wittig reaction is lower than
that of the CoreyChaykovsky-type reaction. The former is
also more exothermic than the Coreghaykovsky-type reac-
tion. Therefore, for M= P, the aza-Wittig reaction is more
favorable. For M= As, while the activation energies for both

geometries were performed to check the effect of electron
correlation. The results are displayed in Figure 2 as potential
energy surfaces. Comparison of the RHF results with those by
the other methods shows that the influence of the electron
correlations on the relative energies for each stationary point
and for different M atoms are quite important. The difference

is not so large between MP4(SDTQ) and QCISD(T). Indeed,

the MP2 level, by which the relative energies are close to those

reactions are similar, the aza-Wittig reaction is more exothermic by the more sophisticated method, is good enough to get the

and, therefore, should be more favorable thermodynamically.

In the case of M= Sb, the activation barrier for the Corey
Chaykovsky-type reaction (ca. 5 kcal/mol) is much lower than
that for the aza-Wittig reaction (ca. 24 kcal/mol). Accordingly,
the former is kinetically more favorable but thermodynamically
slightly less favorable. On the other hand, with=¥Bi, the
Corey—Chaykovsky-type reaction becomes kinetically and
thermodynamically more favorable than the aza-Wittig reaction.
Apparently, going down the rows the Coreghaykovsky-type
reaction becomes easier. Although the Ceréhaykovsky-

proper energies and geometries.

Summary

This work investigates the geometries and bonding nature of
iminopnictoranes and the mechanism of their reactions with
formaldehyde as a model reaction system. Our findings are as
follows.

There are two possible canonical structures for iminopnic-
toranes:

type reaction has not been reported for pnictogens, the calcula-

tions predict that for iminobismorane, if prepared, as well as
iminostiborane, the CoreyChaykovsky-type &2 reaction
would be favored.

SbH; and BiH; could be good leaving groups because of their
poor affinity to the oxygen atom, so azaoxaridine might be a
final product in the case of Sb and Bi iminopnictoranes.

Comparison with the Ylides. For the ylides, the differences

H,M=NH < H,;M " —NH"

The population analysis has shown that between the two
canonical forms, the ionic one is predominant, consistent with
the electronegativity consideration and the barrier to internal
rotation. However, the ratio of the #N bond length to the
M—N bond length in HM—NH, shows that the N bond

in the reactivity among the pnictogens and in the energy profiles has a double bond character. The-M bond lengths have

between the Wittig and the Corefhaykovsky reaction were
discussed based on the bond strengths of theCMand M—O
bonds32 which is closely related to the relative stabilities used
in the foregoing discussions.

As we expected, the energy profiles of the reactions of

shown that the no* negative hyperconjugation that was

recently proposed makes a contribution to this double bond
character. Because of their smaller electronegativity, the
negative hyperconjugation in the iminopnictoranes with heavier
M is harder to take place, resulting in the smaller double bond

iminopnictoranes with formaldehyde are qualitatively close to character. The bond length ratio as well as the barrier to the
those of ylides$? because iminopnictoranes are isoelectronic to internal rotation demonstrated that the double bond character
ylides. However, there is an essential difference in the energy in the M=N bonds is smaller than that in the ylides, consistent
of reaction; the reactions of ylides are more exothermic than with the larger electronegativity of the nitrogen atom, which
those of iminopnictoranes. This apparently originates from the results in the weak hyperconjugation.
difference in the stabilities that were evaluated by using  The relative stability of iminopnictoranes, as well as ylides,
hydrogen internal transfers. Ylides were estimated to be that was calculated as the energy of internal hydrogen transfer
relatively less stable than iminopnictoranes. shows that iminopnictoranes are thermodynamically more stable
Even the Corey Chaykovsky reaction of P ylide is exother- than ylides and that the stability decreases with going down
mic. The large exothermicity of the ylide Corehaykovsky the rows in the periodic table (P As > Sb~ Bi). This order
reaction directly results in the low activation energy. Conse- of the stability for iminopnictoranes, as well as the same order
quently, the CoreyChaykovsky reactions of ylides could take for ylides, affects the features of the potential energy profiles
place easily and actually have been observed. The activationof the reactions. Also, the order for the pnictogen oxides,
energies at the MP2 level were reported to be 15.6, 8.2, 5.2, H3M=0, isoelectronic to pM=NH as well as HM=CH,, was

and 7.4 kcal/mol for P, As, Sh, and Bi, respectivély.

The Wittig reactions of ylides are more than 11 kcal/mol more
exothermic than the aza-Wittig reaction. For-¥P, it is 28

estimated to be the same.

The potential energy profiles were investigated for aza-Wittig
and Corey-Chaykovsky-type reactions. The profiles are quali-

kcal/mol more exothermic. In this reaction, the rate-determining tatively similar to those for the reactions of the isoelectronic
step starts from the intermediate 12. Therefore, the overall ylides. In the aza-Wittig reaction, there are four-membered
exothermicity is not directly related to the activation energy of cyclic intermediates with hypervalent pnictogens. The reaction
the rate-determining step. The activation energies of normal from this intermediate, giving the pnictogen oxide and imine,
Wittig ractions that have been reported (P (25.7 kcal/mol), As has a high barrier and is rate-determining. The activation
(30.9), Sb (34.0), Bi (34.93 at the MP2 level) are close to those energies of this step is in the order<PAs < Sb < Bi. Since

of the aza-Wittig reaction. Though the reactivity order is the the product of this step is pnictogen oxidgNH=0, this is in
same, the activation energies of the latter are smaller, comparedhe reverse order as the relative stabilities faM=+X (X =

with those of the former. The dipotadipole interactions NH, O, CH,) according to the Hammond principle. In the
between polar HC=NH and M=0 presumably contributes = Corey—Chaykovsky-type reaction leading to Midnd azaox-

to the lower barrier, whereas in the Wittig reaction, one of the aziridine, the order of the activation energies is FAs > Sb
interacting fragments is nonpolarn,&=CH,. > Bi, the same as that of the stability order of the reactants
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and opposite of that for the aza-Wittig reaction. Since this iminobismorane, if prepared, the Core@haykovsky-type &2
reaction transforms iminopnictoranes to normal valent com- reaction would take place.

pounds, according to the Hammond principle, the activation
energy is in fact in the same order as the stability of imino-
pnictoranes. The CoreyChaykovsky-type reaction of the most
reactive iminopnictorane, with M= Bi, is thermodynamically
and kinetically more favorable than the aza-Wittig reaction.
Therefore, though the CoreyChaykovsky-type reaction has not
been reported for pnictogens, the calculations predict that for IC951220U
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