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BuP(NH,),—A Reactive Synthon for the Synthesis of Molecular
Imidophosphinates of Group 13 Metals

T. Bauer,'” S. Schulz,**! M. Nieger,"” and I. Krossing*!"!

Abstract: Reactions of (BuP(NH,),
with Group 13 trialkyls MR; (M =Al,
Ga, In; R=Me, Bu) were investigated
in detail. According to variable-tem-
perature (VT) NMR investigations, the
reaction proceeds stepwise with the ini-
tial formation of aminophosphane ad-
ducts, which subsequently react to give
iminophosphorane adducts and finally
the heterocyclic metallonitridophosphi-
nates. BP86/TZVPP (DFT) calcula-
tions were performed to verify this re-

ence of the central Group 13 element
on the stability of the reaction inter-
mediates and the heterocycles, as well
as to assess the thermodynamics of
their formation. The relative stability
of free and complexed aminophos-
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phane RP(NH,), and iminophosphor-
ane R(H,N)(H)P=NH (adducts) with
P and PY centers was studied in more
detail with DFT and MP2 methods. In
addition, the influence of the substitu-
ent R was investigated by variation of
R from H to Me, Bu, F, and NH,. In
general, the aminophosphane form was
found to be favored for the free ligand,
however, upon complexation with MR,
(M=Al, Ga; R=alkyl) both forms are
almost equal in energy.

action pathway, to elucidate the influ-

Introduction

The synthesis and reactivity of (dialkylamino)phosphanes of
the type R,P(NR",);_, (R, R'=alkyl, aryl; x=0-2), which
have been known for more than a century,!'! has been stud-
ied in detail. The presence of both hard (N) and soft (P)
Lewis basic centers (HSAB principle) renders them very in-
teresting for coordination chemistry. In contrast, (alkylami-
no)phosphanes R.P(NHR'), , (x=0,% 1,1 2¥) and amino-
phosphanes R, P(NH,);_, (x=1," 2 have been investigat-
ed to a much lesser extent. Compared to the NR,-substitut-
ed derivatives, their stability is significantly reduced both in
solution and in their pure form. Consecutive condensation
reactions leading to the formation of cyclic or oligomeric
phosphazanes is favored in the compounds containing an in-
creasing number of amino groups and decreasing steric
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demand of the organic substituents (R, R’). Consequently,
trisaminophosphane P(NH,); has only been isolated as
BH,"! and metal carbonyl complexes,® to date.”] In addi-
tion, only a single bis(amino)phosphane (fBuP(NH,),) has
been synthesized and characterized.®

We became interested in aminophosphanes due to their
potential capability for the generation of Group 13/15 com-
pounds containing an M-N-P backbone (M=Al, Ga, In).
The reaction of (Cy,N),PNH, with trialkyl- and dialkyl-
alanes proceeds with adduct formation to give (Cy,N),-
P(H)N(H)—AIR; (I) or with H, elimination and subsequent
formation of dimeric heterocycles [{(Cy,N),P(H)NAIR,},]
(IT; Scheme 1).1"

Both I and II adopt the iminophosphorane form (P(H)
form IV) which is thermodynamically favored over the cor-
responding aminophosphane structure (N(H) form V). In
contrast, tBuP(NH/Bu), reacts with Group 13 metal organic
compounds (AlH;—NMe,;, R,AlH, MR; (M=Al, Ga, In))
with preservation of the N(H) form."! The equilibrium
(Scheme 2) between the aminophosphane and iminophos-
phorane form is known to depend on the electronic proper-
ties of the ligands bound to the N and the P center!' as was
confirmed by computational calculations on the free
R,P-N(H)~ (N(H) form V) and R,P(H)=N- (P(H) form
IV) anions (R=H, NH, and NMe,) as well as neutral
Group 4 complexes.™

Consequently, we became interested in reactions of bis-
aminophosphanes RP(NH,), and Group 13 metal organic
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Scheme 1. Reaction products I-III previously obtained from the reactions
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Scheme 2. P(H) (IV) and N(H) (V) tautomeric forms of aminophos-
phanes.

compounds. To our surprise, the reaction of rBuP(NH,),
with Et,AlH yielded the -eight-membered heterocycle
[{fBu(H)P(NH),AlEt,},] (IIl); Scheme 1)."! Heterocycle III
represents the first structurally characterized aluminonitri-
dophosphinate. Its central structural motif is represented by
an eight-membered ring, containing two P, two Al, and four
N centers. Comparable structural units have been previously
observed for isoelectronic Group 13 phosphinates (replace-
ment of a NH group by an isoelectronic oxygen atom),
which were prepared by reactions of MR; with phosphinic
acid R,P(O)OH, and for Group 13 phosphonates and phos-
phates.™™ Such compounds are of interest due to their po-
tential conversion into microporous materials with promis-
ing applications as molecular sieves or in catalysis. The elec-
tronic and structural similarity between imido and oxo
anions, which has been subject to several studies within the
last decade, renders Group 13 nitridophosphinates, -phos-
phonates, and phosphates very interesting synthetic goals.!'"!
Herein we report on the reactions of tBuP(NH,), with
Group 13 element trialkyls MMe; (M=Al, Ga, In) and
MrBu; (M=Al, Ga). Quantum-chemical calculations were
performed to verify the proposed reaction pathway and to
gain a detailed understanding on the stability of possible re-
action intermediates.

Results and Discussion
Quantum-chemical calculations 1I: It is known for

BuP(NH,), that the N(H) form is thermodynamically fa-
vored over the P(H) form, whereas for the corresponding
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OH-substituted derivative the P(H) form (:Bu(H)P(O)OH)
is preferred.'’”? To investigate the influence of both steric
and electronic properties of the ligand R on the relative sta-
bility of the N(H) form (RP(NH,),) and P(H) form
(R(H)(NH,)P=NH), the relative energies E,, for both tau-
tomers were investigated for R =H, CH;, /Bu, F, and NH,
by BP86/SV(P) and MP2/TZVPP [in brackets] (see Table 1).

Table 1. The relative energies E,; [kJmol '] of the aminophosphane
(NH) and iminophosphorane (PH) form of RP(NH,), at the BP86/SV(P)
level (MP2/TZVPP). P-N bond lengths in both forms are given in pm
[MP2/TZVPP values].

R E.(NH)  E.(PH)  d(P-N)(NH)  d(P-N) (PH)
F 0 (0) 70 (44) 169 154/166

NH, 0 (0) 58 (35) 172 156/168/169
H 0 (0) 101(75) 171 156/168

CH, 0 (0) 83 (61) 172 156/169
C(CH,);  0(0) 78 (63) 172 157/168

In agreement with the experiment, the calculations for
tBuP(NH,), showed the N(H) form to be more stable than
the P(H) form by 78 [63] kJmol ' These findings clearly
demonstrate that the equilibrium between the N(H) and the
P(H) form lies on the tBuP(NH,), side prior to the addition
of the Group 13 trialkyl. Changing R from /Bu to H leads to
a slight increase of the stability of the N(H) form by
23 [12] kJmol™". If R is changed from fBu to more electro-
negative NH, or F, the N(H) form is still the most favored
minimum but only stabilized by 58 [35] kJmol™' (NH,) and
70 [44] kJmol ' (F), respectively. In addition, electronega-
tive substituents also lead to gradually shorter P-N bonds.

Reactions of tBuP(NH,), with MMe;: Reactions of
tBuP(NH,), with MMe; (M=Al, Ga, In) between —78
and +425°C proceed with a smooth gas evolution and
the formation of  eight-membered  heterocycles
[{Bu(H)P(NH),MMe,},]  M=Al1, Ga 2, In 3; [Eq. (1)].

H
tBu H
N
— e
NH, IS N
-
tBuP. +MegM ———> | | Me ™)
_ Me—
MeH M N
Me N—P.
/ /\tB
H H u

M=Al1,Ga2In3

3P NMR spectra of 1 and 2 each show two well-separated
resonances with different intensities (6=46.0, 46.7 ppm
(65:35) 1; 6=46.5, 47.3 ppm (60:40) 2), whereas those of 3
(0=51.4 ppm) overlap. This indicates the presence of two
different isomers of the corresponding eight-membered het-
erocycles in solution as was previously observed for the re-
action with Et, AIH.'"! Consequently, 'H and *C NMR spec-
tra of 1, 2, and 3 also show two sets of resonances due to
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the organic ligands (Me, rBu, H). Intense vibrational bands
at typical positions for N—H and P—H moieties in the IR
spectra clearly prove the formation of the P(H) iminophos-
phoran form. Compounds 1, 2, and 3 are fairly stable in the
gas phase as is indicated by their mass spectra, which show
peaks for the molecular ion [M]* (1) or for the fragments
[M—Me]™T (2, 3).

Suitable single crystals for an X-ray structure determina-
tion were slowly grown from a solution of 1 in hexane at
—30°C (Figure 1). P NMR spectra of as-formed crystals

Figure 1. ORTEP diagram (50% probability ellipsoids) showing the
solid-state structure and atom-numbering scheme of 1. Selected bond
lengths [A] and angles [°]: P1-N1 1.612(2), P1-N2 1.603(2), P1—Cl1
1.831(2), PI-HIP 1.397(14), AllI-N1 1.882(2), AIl-N2#1 1.893(2),
All-C5 1.971(2), All-C6 1.977(2), NI1-HIN 0.860(15); N1-P1-N2
115.6(1), N2-P1-C1 109.7(1), N1-P1-C1 112.4(1), N1-AI1-N2#1 103.0(1),
N1-All-C5 112.0(1), N2#1-Al1-C5 108.2(1), C5-Al1-C6 118.1(1), P1-N1-
All 132.5(1), P1-N2-Al1#1 127.6(1).

almost exclusively show reso-

ed) tetrahedral environment and the tBu groups in a trans-
oid orientation. The three-coordinate N centers are almost
planar as is reflected by their sums of the bond angles
(359.6° N1, 359.2° N2). The endocyclic P-N-Al bond angles
(132.5(1), 127.6(1)°) are significantly larger than the N-P-N
(115.6(1)°) and N-AI-N angles (103.0(1)°). Analogous struc-
tural findings were observed for [{fBu(H)P(NH),AlEt,},]
and aluminophosphinates [R(H)P(O),AIR,],. The exocyclic
C-AIl-C and C-P-H bond angles are 118.1(1)° and 103.8(7)°,
respectively. The AI-N distances range from 1.882(2) to
1.893(2) A, as is typical for four-coordinate Al and three-co-
ordinate N centers. The P—N bond lengths (1.603(2),
1.612(2) A) clearly indicate the m-bonding character within
the PN, fragment. The AI-C (1.971(2), 1.977(2) A), N-H
(0.86(2), 0.83(2) A), P-H (1.40(2) A), and P—C bond lengths
(1.831(2) A) as observed in 1 are within expected ranges.

In an attempt to get some insight on the reaction pathway
leading to the formation of 1-3, variable-temperature 'H
and *'P NMR studies were performed (Figure 2).

The low-temperature *'P NMR spectrum (—80°C) of the
reaction of rBuP(NH,), with AlMe; shows a signal of the
starting bisaminophosphane (0=58.5 ppm) and a singlet at
0=93.3 ppm, which most likely indicates the formation
of the amine adduct tBuP(NH,)NH,—AlMe; (A). In addi-
tion, a doublet at 0=42.3 ppm with a typical YJpy cou-
pling constant for a P(V)-H moiety (509 Hz), suggests the
formation of either the iminophosphorane adduct
Bu(H)P(NH,)NH—AIMe; (B) or the methane elimination
product tBuP(NH),MMe, (C). At —60°C, this compound is
the only P-containing species present in solution. It disap-
pears on raising the temperature with the subsequent ap-
pearance of the final two doublets with similar 'Jpy; coupling
constants (490 Hz, 460 Hz) for the trans and the cis isomer
of the eight-membered heterocycle 1.

In contrast, the *'P NMR spectra obtained from the reac-
tion of rBuP(NH,), with GaMe; and InMe; at —60°C each
show a singlet at 0 =51.5 and 49.5 ppm, respectively, indicat-

nances due to the trans isomer, »*
whereas only very small quanti-
ties of the cis isomer are pres-
ent (98:2). In contrast, several
attempts to obtain single crys-
tals of 2 and 3 failed. The pres-

ence of almost equimolar quan-
tities of both the cis and trans
isomer probably prevents sam-
ples of 2 and 3 from growing

60°C

X-ray quality crystals.

25°C

Compound 1 crystallizes in

o°Cc

the monoclinic space group P2,/c

-20°C

(no. 14). Its central structural

o A

parameters are very similar to
those of [{tBu(H)P(NH),Al-

-40°C

-60°C ¥ BorC

-80°C

Et,},]. The eight-membered

s

¢ D (cis/trans)

ring shown in Figure 1 adopts a 90 70 50
chairlike conformation with the
P and Al centers in a (distort-
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Figure 2. *P NMR spectra from the reaction of fBuP(NH,), with AlMe, recorded between —60 and +30°C.
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ing the formation of the P-coordinated adducts
tBu(H,N),P-MMe; (E). In addition, the spectrum of the
GaMe; reaction also shows a doublet in very low intensity
at 0=42.1 ppm ('Jp3 =506 Hz). Raising the temperature to
ambient temperature leads to the formation of the metallo-
phosphinates 2 and 3 (cis and trans isomers). In sharp con-
trast to the AlMe; reaction, the intermediate iminophos-
phorane adducts of type B or the methane elimination prod-
ucts of type C are detected in only very small concentra-
tions, demonstrating these species to be only fairly stable in
solution.

Quantum-chemical calculations II: To assign the chemical
shifts of the reaction intermediates and to establish the reac-
tion pathway with more confidence, we calculated the
*'P NMR shifts of all possible reaction intermediates (amine
adduct (A), phosphine adduct (E), iminophosphorane
adduct (B), intramolecular stabilized four-membered hetero-
cycle (C)). The calculated and the experimental values are
given in Table 2.

Table 2. BP86/TZVPP-calculated chemical shifts of [rBuP(NH,)-
(NH,MMe3)], [(BuP(H)(NH,)(NHMMe;)], [(Bu(H)P(NH),MMe,], and
[(Bu(NH,),PMMe;] (M=Al, Ga) relative to (BuP(NH,), (6('P)=
62 ppm). Available experimental values are given in parentheses.

Compound M=Al M=Ga
[(BuP(NH,)NH,MMe;] (A) 89 (93) 85 (—)
[(BuP(H)(NH,)=NHMMe;] (B) 34 (-) 33 (—)
[(BuP(MMe;)(NH,),] (E) 42 (-) 48 (52)
[BuP(H)(NH),MMe,] (C) 40 (42) 43 (42)

The calculated *'P NMR shift of the Me;Al-amine adduct
A (0=89 ppm) corresponds very well to the experimental
value (6=93 ppm) for the first reaction intermediate
formed at very low temperature. The formation of the phos-
phine adduct E (rBu(NH,),P—AlMe;) can clearly be ruled
out (calecd: 0 =42 ppm). In contrast, the experimentally ob-
tained *'P NMR shift for the reaction with GaMe, agrees
very well with the calculated value for the corresponding
phosphine adduct E (6 =48 ppm (calcd) versus 0 =52 ppm
(exptl)). The calculated chemical shift of the amine adduct
A is significantly shifted to lower field (6 =85 ppm). These
results are in good agreement with Pearson’s HSAB princi-
ple: the soft Lewis acid GaMe; prefers coordination to the
soft P center, whereas the reaction of the hard AlMe; Lewis
acid occurs at the hard N center. Analogous trends have re-
cently been observed for the reaction of tBuP(NH7Bu), and
MMe; (M=Al, Ga, In).'" Based on the results of the
NMR investigation and the BP86/TZVPP calculations, we
propose the reaction scheme given in Scheme 3.

Unfortunately, the AlMes;—amine adduct (A), which ac-
cording to DFT calculations is about 10 kJmol™' more
stable than the phosphine adduct E, could not be isolated. It
shows a strong tendency to react either to the iminophos-
phorane adduct (type B) or, even more likely, to undergo a
methane elimination reaction with the consequent formation
of the intramolecularly-stabilized four-membered heterocy-
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o : M= Al:
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H u o o
H AG°=-51  AG°=-31 Al -
D

8('P)=40 (caled) 43 (caled)
42 (exptl) 42 (exptl)
Scheme 3. Most likely formed reaction intermediates of the reaction of
tBuP(NH,), with MMe; (M= Al, Ga) based on NMR investigations and
BP86/TZVPP calculations. AH® and AG® are given in kJmol™" and in-

clude the non-scaled zero point energy and thermal corrections to the en-
thalpy (Gibbs energy) at 298 K.

cle Bu(H)P(NH),AlMe, (type C), whose formation is
strongly supported by the calculated thermodynamics. In
sharp contrast, the phosphine adduct formed with GaMe;
(B) is stabilized by about 4 kJmol™" compared to the corre-
sponding amine adduct of type A. tBu(NH,),P—-GaMe; (4)
was found to be fairly stable below —30°C. It was clearly
identified by its *'P NMR spectrum, showing a singlet at 6 =
51.5 ppm, and its "H NMR spectrum, which shows resonan-
ces due to the rBuP and GaMe moieties in a relative intensi-
ty of 1:1. However, due to the tendency of 4 to react in solu-
tion with methane elimination, resonances of the heterocy-
cle 2 are also present (about 10% even at —30°C). Unfortu-
nately, suitable single crystals of 4 could not be obtained so
that the structures of 2 and the other species were calculated
by DFT methods (Figure 3).

The calculated bond lengths of the AlMe; and GaMe; ad-
ducts in Figure 3 are very similar (usually within 1-2 pm).
The only exception from this notion are the M—N distances:
dative Al-N bonds are significantly shorter than Ga—N

www.chemeurj.org  Chem. Eur. J. 2004, 10, 17291737
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spectra show the expected reso-
nances of the tBuP, N—H, P—H,
and tBuM groups, whose inte-
gration is consistent with the
formation of the iminophos-
phorane adducts 5 and 6. The
P—H group of 6 shows a hyper-
H fine structure with couplings to
the P atom (d, Jpy=>510 Hz)
the imino protons (d, *Jyu=
10.6 Hz) and the amino protons
(t, 3gu=22 Hz), which proof
H the formation of the iminophos-
phorane-GarBu, adduct
H (Figure 4).

In addition, small resonances
due to the formation of the cor-
responding heterocycles are
present in the spectra (doublet
at 0~6.6 ppm), which demon-
strate the lability of both 5§ and
6 toward alkane elimination as

202 (213)
H

H
28

&
198 (207)

H
28

Figure 3. BP86/TZVPP optimized geometries of the proposed reaction intermediates A, B, C, and E as well as

important bond lengths [pm]. The bond lengths of the Al compounds are given first and those of the Ga com-
pounds in parenthesis. For comparison, the calculated P—-N bond lengths in /BuP(NH,), are 174 pm and those
of the P(H) iminophosphorane form tBu(H,N)(H)P=NH are 158 and 170 pm.

bonds (by 11 to 12 pm) as is typical for alane— and gallane—
amine adducts. The P—N distance of the coordinated NH,
group in adduct A is elongated by 7 to 9 pm upon complexa-
tion, whereas the coordinated P=NH moiety of the imino-
phosphorane adduct B is only elongated by 2 to 3 pm com-
pared to free tBu(H,N)P(H)=NH. The methane elimination
products C show similar P-N and the M—N bond lengths.
The short P—N distance of 163 pm reflects the delocalized
bonding situation (see also Supporting Information).

Reactions of BuP(NH,), with M/Bu; at low temperature:
Since no further experimental information on the MMe; re-
action intermediates could be obtained, we extended our
studies on reactions of rBuP(NH,), with sterically more
crowded AlfBu; and GarBu;, which were expected to kineti-
cally stabilize the corresponding reaction intermediates.

Reactions of ruP(NH,), with AlfBu; and GarBus, respec-
tively, at —30°C and subsequent storage of the resulting solu-
tions at —60°C yielded Bu(H,N)(H)P(=NH)-M:Bu; (M=
Al 5, Ga 6) as colorless solids [Eq. (2)].

NH -
N _30°C ||4 /NH MtBu,
tBuP\ + tBuzM e tBuP\ (2)
NH, NH,
M=Al5 Ga6

The *'P NMR spectra of 5 and 6 each show one doublet
(5: 442ppm (ddz, Jpy=515Hz, 3Jpy=18.1Hz); 6:
44.5 ppm (ddz, Jpy =510 Hz, *Jpy=17.8 Hz)) with 'Jpy cou-
pling constants typically observed for PV centers. 'H NMR

Chem. Eur. J. 2004, 10, 1729-1737 www.chemeurj.org
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was already found for the
MDMe; derivatives 1-3.

Quantum-chemical calculations
III: To obtain further evidence
for the formation of the iminophosphorane adducts 5 and 6
we calculated the vibrational frequencies of their fully opti-

Ga tBuj
T
AN %NH
P
[ B NH
5.22 520 518 5.16 5.14 5.12 5.10
S/ppm

M

A LJJ . A

74 72 70 68 66 64 62 6.0 58 56 54 52 5.0

o/ppm

Figure 4. Selected sector of the 'H NMR spectrum of the iminophosphor-
ane-GarBu; adduct 6 showing the hyperfine structure.

mized structures at the BP86/SV(P) level. The simulated
and experimental IR spectra of the AlfBus-iminophosphor-
ane adduct 5 are in very good agreement. In particular the
wavenumbers and intensities of the two separate N—H
stretches at 3468 cm™ (caled: 3490 cm™") and 3377 cm™!
(caled: 3379 cm™!) as well as the P—H stretching vibration at
2366 cm™! (caled: 2293 cm™') agree very well (see Support-
ing Information). The calculated and experimental IR spec-
tra of the GarBu;—-iminophosphorane adduct 6 are very simi-
lar. The very good agreement between experiment and
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theory lends further credibility to the assignment of the iso-
lated compounds as the iminophosphorane adducts § and 6.

The relative stabilities of the aminophosphane adduct A
versus the iminophosphorane adduct B are worthy of com-
ment. From the MrBu; reactions it was convincingly con-
cluded that the iminophosphorane adduct B is formed.
However, the DFT calculations suggest that both forms, A
and B, are close in energy in favor of the aminophosphane
tautomer A. Since A and B show phosphorus compounds in
different oxidation states (411 and +V) and different bond-
ing modes—including only single bonds for A but also a P=
N double bond for B—it appeared likely that for a correct
energetic description of both tautomers flexible basis sets
and good correlated methods would be needed. Conse-
quently, we optimized the AIR; adducts A and B at the
BP86 and MP2 levels and increased the size of the basis set
from SV(P) to TZVPP. The relative Gibbs energies of these
species at 298 K are compared in Table 3.

Table 3. Relative Gibbs energies at 298 K of the two tautomeric forms A
and B of AIR; adducts (R=Me, tBu) at the BP86 and MP2 levels with
SV(P) and TZVPP basis sets [kJmol™'].

Level A (AlMe;) B (AlMe;) A (AliBu;) B (AlBus)
BP86/SV(P) 0 +25 0 +16
BPS6/TZVPP 0 +14 0 +7
MP2/SV(P) 0 +24 - -
MP2/TZVPP 0 +4 OR (—=3)

[a] Extrapolated value, see text.

From Table 3 it can be seen that the aminophosphane tau-
tomer A is thermodynamically favored (4 to 25 kJmol™).
However, changing the substituent R of the coordinated tri-
alkylalane AIR; from Me to fBu, the iminophosphorane
adduct B is relatively stabilized by 7 to 9 kJmol™". In addi-
tion, increasing the size of the basis set from SV(P) to
TZVPP again increases the relative stability of B by 9 to
20 kJmol~'. The use of the best correlated method (MP2)
and the largest basis set (TZVPP) for the AlMe; adduct B
reduces the energetic difference between the tautomers B
and A to 4 kJmol™'. Unfortunately, due to the size of the
system we could not optimize the structures of the two tau-
tomeric AlfBu; adducts at the MP2/TZVPP level."® Consid-
ering the AlrBus-iminophosphorane adduct B at the BP86/
TZVPP level to be stabilized by 7 kJmol ™' compared to the
AlMe; adduct B, it is reasonable to conclude that at the
higher MP2/TZVPP level a similar stabilization of the
AlrBus-iminophosphorane adduct B should be expected.
Therefore, the missing component of the relative Gibbs
energy of the AlfBus-iminophosphorane adduct B with
MP2/TZVPP is estimated to be about —3kJmol™
(+4 kJmol ™' minus 7 kJmol™!), thus favoring the formation
of the iminophosphorane-AlfBu; adduct of type B. This is in
agreement with the experimental findings.

From the calculations it may be stated that the correct en-
ergetic description of the P™ and PY adducts A and B is
very delicate. Taking into consideration the size of the
system, it is impossible for us to use higher correlated meth-
ods than MP2 (i.e. MP4 or CCSD(T)) and larger basis sets
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than TZVPP (i.e. cc-pVQZ)."8! From the analysis of Table 3
it seems reasonable to conclude that at such a high level
(i.e. CCSD(T)/cc-pVQZ) the iminophosphorane structure B
represents the global minimum, however, a direct proof for
this conclusion awaits highly correlated computational meth-
ods applicable on systems of the given size.

MrBu; reactions at ambient temperature: Reaction of
tBuP(NH,), with Bu;Al and rBu;Ga, respectively, at ambi-
ent temperature led to the formation of
[{Bu(H)P(NH),M(¢Bu),},] M=Al 7, Ga 8; [Eq. (3)]) as is
demonstrated by 'H and *'P NMR spectroscopy.

H
tBu H
\P/ N/ B!
— u
NH, N N S
J/ 25°C N M— 5
tBuP\ + tBuM | | u 3)
—tBuH  Bu— N
NH, ~N
/N~ OH
tBu /N /P\
H tBu
M=Al7,Ga8

Again, two sets of doublets with Jpy coupling constants
between 470 and 515 Hz are observed in the P NMR spec-
tra of 7 and 8 according to the typical formation of both the
cis and trans isomers. Consequently, 'H NMR spectra also
show two sets of resonances due to the organic groups. The
presence of both N—H and P—H groups is confirmed by IR
spectroscopy. The spectra of 7 and 8 show strong N—H ad-
sorption bands at 3170 cm™' (7) and 3375 and 3360 cm™! (8)
as well as P—H absorption bands at 2363 cm™' (7) and
2355cm™! (8).

Conclusion

According to variable-temperature (VT) NMR investiga-
tions, tBuP(NH,), reacts with Group 13 trialkyl compounds
MR; (M=Al, Ga, In; R=Me, tBu) with the initial forma-
tion of aminophosphane adducts, which undergo 1,2-H shift
with the subsequent formation of iminophosphorane ad-
ducts. Finally, alkane elimination reactions yield metalloni-
tridophosphinates. Alanes AIR; initially form amine ad-
ducts, whereas the less Lewis acidic gallanes and indanes
prefer coordination by the softer phosphorus atom. The sta-
bility of the subsequently formed iminophosphorane adducts
depends on the steric demand of the Lewis acid. Bu;M
(M=Al, Ga) adducts were found to be fairly stable at low
temperature, whereas the corresponding MMe; adducts
could not be isolated. BP86/TZVPP (DFT) calculations veri-
fied the proposed reaction pathway and gave insights into
the thermodynamics of the reaction. The central Group 13
element was found to have a significant influence on the sta-
bility of both the reaction intermediates and the finally
formed heterocycles.
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Experimental Section

General considerations: All manipulations were performed in a glove
box under an argon atmosphere or by standard Schlenk techniques. Sol-
vents were distilled from sodium benzophenone ketyl or Na/K alloy prior
to use. tBuP(NH,),,”! GaMe,,"” InMe;,* AlrBu,?! and Ga(rBu);*! were
prepared according to literature methods, whereas AlMe; was commer-
cially available (Aldrich) and used as received. NMR spectra were re-
corded using a Bruker DPX 300 spectrometer. 'H and "*C{'H} spectra are
referenced to the resonances of the solvents C¢Dg (6(*H)=7.15 ppm,
0(*C)=128.0ppm) and [Ds]toluene (6('H)=7.09 ppm, d("*C)=
137.5 ppm); *'P{'H} spectra are referenced to external H;PO, (6(*'P)=
0 ppm). Infrared spectra were recorded between KBr plates using a
Bruker Vector 22 spectrometer. Mass spectra were recorded on a VG
Masslab 12-250 spectrometer in the electron impact mode (EI). Melting
points were measured in wax-sealed capillaries and are not corrected. El-
emental analyses were performed at the Mikroanalytisches Labor der
Universitdt Bonn.

General preparation for [{tfBu(H)P(NH),MMe,},]: At —78°C a solution
of MMe; (2 mmol) in hexane (30 mL) was slowly added to tBuP(NH,),
(0.24 g, 2 mmol) dissolved in hexane (30 mL). The resulting solution was
slowly warmed to ambient temperature, leading to a smooth gas evolu-
tion, stirred for an additional 2 h and concentrated to 10 mL. Storage at
—30°C for 24 h gave colorless crystals.

[{rBu(H)P(NH),AlMe,},] (1): M.p. 125°C; yield 0.23 g (65%); elemental
analysis caled (%) for C,,H;ALN,P, (M,=352.35): C: 40.90, H 10.30;
found: C 40.45, H 10.15; *'P, 'H, and C NMR spectra in C¢Dg at ambient
temperature show a mixture of the cis and trans isomer (35:65). 'H NMR
(300 MHz, CDq, 30°C): 6=-0.43 (s, 6 H; AICH;, cis), —0.40 (s, 12 H;
AICHS, trans), —0.37 (s, 6 H; AICHs, cis), 0.63 (d, *Jpy=17.0 Hz, 36 H;
PC(CH,),, cis/trans), 0.93 (s (br), 8 H; NH, cis/trans), 6.25 (dt, Jpy=
492 Hz, *Jpy=7.4 Hz, 2 H; PH, trans), 6.27 ppm (dt, 'Jp; =481 Hz, *Jpy=
5.9 Hz, 2 H; PH, cis); *C NMR (75 MHz, C¢Dq, 30°C): 6=22.9 (d, *Jpc=
2.9 Hz; PCMe;, cis), 23.3 (d, Jpc=2.9 Hz; PCMes, trans), 30.6 (d, Jpc=
74.7 Hz; PCMes, trans), 30.8 (d, 'Jpc=74.7 Hz; PCMe;,, cis); *'P NMR
(120 MHz, C,Dg, 30°C): 0=46.0 (ddz, Jpy=492 Hz, *Jpy=17.0 Hz;
trans), 46,7 ppm (ddz, 'Jpy =464 Hz, *Jp;=17.6 Hz; cis); IR (Nujol): 7=
3377, 3338, 3318 (N—H), 2364, 2325 (P—H), 1188, 1165, 967, 944, 925, 700,
669 cm™'; EI-MS (16 eV, 150°C): m/z (%): 353 (1) [M]*, 339 (68)
[M—Me]*, 322 (100) [M—2Me]*, 265 (22) [M—2Me—Bu]*, 161 (2)
[(BuP(NH)N(H)AI(H)Me]*.

[{Bu(H)P(NH),GaMe,},] (2): M.p. 130°C; yield 0.24 g (55%); elemental
analysis caled (%) for C,,H3;Ga,N,P, (M,=437.83): C 32.92, H 8.29;
found: C 32.26, H 8.12; *'P, 'H, and *C NMR spectra in C4D; at ambient
temperature show a mixture of the cis and trans isomer (40:60). '"H NMR
(300 MHz, C¢Dy, 30°C): 6=-0.11 (s, 6 H; GaCHj, cis), —0.07 (s, 12 H;
GaCHj, trans), —0.02 (s, 6 H; GaCHa, cis), 0.71 (d, *Jpy=16.7 Hz, 18 H;
PC(CH,)s, cis), 0.72 (d, *Jpy;=16.6 Hz, 18 H; PC(CH,);, trans), 0.78 (s
(br), 8 H; NH, cis/trans), 6.27 (dt, Jpy =487 Hz, *Jp;=8.2 Hz, 2 H; PH,
trans), 6.37 ppm (dt, 'Jpy =475 Hz, *Jp,=5.8 Hz, 2 H; PH, cis); "C NMR
(75 MHz, C¢Dy, 30°C): 6 =—6.5 (s (br); GaMes, cis/trans), 23.3 (d, *Jpc=
2.9 Hz; PCMe;, cis), 23.8 (d, *Jpc=2.9 Hz; PCMes, trans), 31.1 (d, Upc=
74.4 Hz; PCMe,, trans), 313 (d, Jpc=74.4 Hz; PCMe;, cis); *'P NMR
(120 MHz, C,Dg, 30°C): 0=46.5 (ddz, Jpy=487 Hz, *Jpuy=16.5Hz;
trans), 47.3 (ddz, 'Jpy =475 Hz, *Jpy=16.8 Hz, cis); IR (Nujol): #=23390,
3363 (N-H), 2357, 2312 (P-H), 1191, 1129, 986, 926, 816, 724, 668 cm™";
EI-MS (12eV, 175°C): miz (%): 423 (90) [M*-Me], 406 (40)
[M—2Me—H]*, 320 (20) [M—2Me—PrBu]*, 303 (80) [M—3Me—PrBu]*,
219 (10) [M/2]*, 203 (100) [M/2—MeH]*.

[{Bu(H)P(NH),InMe,},] (3): M.p. 112°C; yield 0.29 g (55%); elemental
analysis caled (%) for C;,HzsIn,N,P, (M,=528.02): C 27.30, H 6.87;
found: C 26.82, H 6.75; '"HNMR (300 MHz, CDs, 30°C): 6=0.01 (s,
12 H; InCH;), 0.61 (s (br), 4H; NH), 0.73 (d, *Jpy=16.4 Hz, 18 H;
PC(CH,;);), 6.39ppm (d (br), YJpy=469Hz, 2H; PH); “CNMR
(75 MHz, C,Dy, 30°C): 6=23.5 (m (br); PCMe;), 31.8 ppm (d, Jpc=
71.8 Hz; PCMe;); *'P NMR (120 MHz, C,Dy, 30°C): 6 =51.4 ppm (d (br),
Upy=469 Hz); IR (Nujol): #=3383, 3359 (N-H), 2285 (P-H), 1260,
1087, 1048, 975, 939, 811, 695 cm™"; EI-MS (12 eV, 75°C): m/z (%): 513
(18) [M—Me]*, 248 (11) [BuP(H)N(H)InMe,]*, 192 (21)
[P(H)N(H)InMe,]*, 144 (100) [In(Me),]*.
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[BuP(NH,),—GaMe;] (4): A solution of rBuP(NH,), (0.24 g, 2 mmol) in
hexane (20mL) was combined at —78°C with a solution of GaMe;
(0.23 g, 2mmol) in hexane (10 mL). The resulting solution was slowly
warmed to —30°C (no gas evolution!) and stored for 24 h at —60°C, re-
sulting in the formation of a colorless crystalline solid.

M.p. 36°C (decomp); yield 0.23 g (50%); elemental analysis calcd (%)
for C;H,,GaN,P (M,=234.96): C: 35.78, H 9.44; found: C 35.31, H 9.09;
'HNMR (300 MHz, C,Dg, 30°C): 6=-0.01 (s, 9 H; Ga(CHs);), 0.76 (d,
*Jpn=14.5Hz, 9 H; PC(CH,);), 1.35ppm (s (br), 4 H; NH); "C NMR
(75 MHz, C¢Dy, 30°C): 6=—6.0 (s (br); GaMes), 24.3 (d, *Jpc=8.4 Hz;
PCMe;), 32.1 ppm (d, 'Jp=27.8 Hz; PCMe;); *'P NMR (120 MHz, C,D,,
30°C): 6=56.4ppm (s); EI-MS (12eV, 100°C): m/z (%): 219 (77)
[M—Me]*, 203 (22) [M—-2Me]*, 120 (17) [M—GaMe;]*, 99 (100)
[GaMe,] ", 63 (94) [M—GaMe;—Bu]*.

General preparation of [Bu(H)P(NH)NH,—MrBu;]: MrBu; (2 mmol)
and /BuP(NH,), (0.24 g, 2 mmol) dissolved in hexane (20 mL) were com-
bined at —78°C. The resulting solution was slowly warmed to —30°C,
stirred for 15 min, and then stored for 24 h at —60°C. Colorless crystal-
line solids were formed.

[Bu(H)P(NH)NH,—AlBu;] (5): M.p. 85°C (decomp); yield 0.51¢g
(80%); elemental analysis calecd (%) for C;sH,AIN,P (M,=318.46): C
60.34, H 12.66; found: C 59.92, H 12.37; 'HNMR (300 MHz, C¢Ds,
30°C): 6=043 (d, Y/pu=17.9 Hz, 9 H; PC(CH,);), 1.21 (m (br), 2 H;
NH,), 1.33 (s (br), 1 H; NH), 1.37 (s, 27 H; AIC(CHs;);), 6.01 ppm (dd,
Ypu =515 Hz, *Jy 3 =10.4 Hz, 1 H; PH); "C NMR (75 MHz, C,D,, 30°C):
0=22.7 (d, *Jpc=2.3 Hz; PCMe;), 23.4 (s; Al(CMe;);), 31.2 (d, Upc=
184 Hz; PCMe;), 33.4 ppm (s; Al(CMes);); *'P NMR (120 MHz, C,Ds,
30°C): 6=44.2 ppm (ddz, 'Jpy; =515 Hz, *Jpy=18.1 Hz); IR (Nujol): 7=
3472, 3381, 3350 (N—H), 2392 (P—H), 1543, 996, 928, 612 cm™'; EI-MS
(12 eV, 50°C): m/z (%): 57 (10) Bu*, 63 (100) [M—AlBu;—Bu]*, 120
(60) [M—AlBu;]*, 203 (4) [M—2rBu—H]*, 261 (3) [M—tBu] ™.
[Bu(H)P(NH)NH,—GarBu;] (6): M.p. 65°C (decomp); yield 0.61¢g
(85%); elemental analysis caled (%) for C;(H,GaN,P (M,=361.20): C
5320, H 11.16; found: C 52.71, H 10.79; 'HNMR (300 MHz, C¢D,,
30°C): 6=0.48 (d, Jpy=17.6 Hz, 9 H; PC(CH,);), 1.27 (m (br), 2 H;
NH,), 1.56 (s (br), 1 H; NH), 1.42 (s, 27 H; GaC(CH,);), 6.03 ppm (ddt,
Ypu=510Hz, Jyuy=10.6Hz, *Jyuy=22Hz, 1H; PH); “CNMR
(75 MHz, C¢Dy, 30°C): 6=22.9 (d, /pc=2.6 Hz; PCMe;), 33.2 (s (br);
PCMe;), 33.6 ppm (s; Ga(CMes),); *'P NMR (120 MHz, C,Dy, 30°C): 0=
44.5 ppm (ddz, Jpy =510 Hz, *Jpy=17.8 Hz); IR (Nujol): #=3473, 3379,
3362 (N—H), 2356 (P—H), 1538, 1403, 1349, 1158, 932, 612 cm ™.

General preparation of[{fBu(H)P(NH),MsBu,},]: M/Bu; (2 mmol) and
tBuP(NH,), (0.24 g, 2 mmol) dissolved in hexane (20 mL) were combined
at —78°C. The resulting solution was slowly warmed to ambient tempera-
ture and stirred for 2 h. Colorless solids were formed, which were filtered
and recrystallized from a solution in toluene at —60°C.

[{Bu(H)P(NH),AlrBu,},] (7): M.p. 210°C; yield 0.23 g (45 %); elemental
analysis calcd (%) for C,HgALN,P, (M,;=520.67): C 5536, H 11.62;
found: C 55.02, H 11.39; *'P, 'H, and *C NMR spectra in C;D, at ambient
temperature show a mixture of the cis and trans isomer (50:50). 'H NMR
(300 MHz, C¢Ds, 30°C): 6=0.73 (d, *Jpy=17.1 Hz, 36 H; PC(CH;)s, cis/
trans), 0.97 (m (br), 8 H; NH, cis/trans), 1.22 (s (br), 54 H; AIC(CHj;)s,
trans), 123 (s, 18 H; AIC(CH,)s, cis), 6.57 (dt, Jpy=497 Hz, *Jyyu=
8.7 Hz, 2 H; PH, trans), 6.58 ppm (dt, 'Jp; =487 Hz, *Jy;=7.5 Hz, 2 H;
PH, cis); "CNMR (75MHz, CiD,, 30°C): 6=23.6 (d, %Jpc=2.6 Hz;
PCMes, cis), 23.7 (d, 2Jpc=2.3 Hz; PCMe;, trans), 31.5 (s; AICMe;, cis),
31.6 (s; AICMes, cis), 31.8 ppm (s; AICMes, trans); *'P NMR (120 MHz,
C¢Dy, 30°C): 6=47.3 (ddz, Jpy=>515 Hz, *Jp;;=17.2 Hz, trans), 43.0 ppm
(ddz, 'Jpy =487 Hz, *Jpyy=17.2 Hz, cis); IR (Nujol): #=3170 (N-H), 2363
(P-H), 1145, 950, 719, 667 cm™'; EI-MS (12 eV, 100°C): m/z (%): 463
(100)  [M—rBu-H]*, 405 (49) [M-2Bu-H]*, 277 (39)
[M—4Bu—NH—H]", 57 (39) Bu*.

[{Bu(H)P(NH),GarBu,},] (8): M.p. 232°C (decomp); yield 036¢g
(60%); elemental analysis caled (%) for CpHq Ga,N,P, (M,=606.15): C
47.56, H 9.98; C 46.98, H 9.67; 'H and “C NMR spectra in C4Dg at ambi-
ent temperature show a mixture of the cis and trans isomer (25:75).
'HNMR (300 MHz, C¢D,, 30°C): 6=0.81 (d, *Jpy=164Hz, 18H;
PC(CHa)s, trans), 0.82 (d, *Jpy=16.4 Hz, 18 H; PC(CH,)s, cis), 1.27 (s,
36 H; GaC(CH,);, trans), 1.29 (s, 18 H; GaC(CHs)s, cis), 1.42 (m (br),
8H; NH, cis/trans), 6.61 (dt, 'Jpy=490Hz, °Jy;;=8.5Hz, 2H; PH,
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trans), 6.64 ppm (dt, 'Jp;; =482 Hz, *Jyy=7.8 Hz, 2 H; PH, cis); "C NMR
(75 MHz, C¢Dq, 30°C): 6=24.1 (d, *Jpc=2.6 Hz; PCMe;, cis), 24.1 (d,
2Jpc=2.6 Hz; PCMe;, trans), 31.4 (s; GaCMe,, cis), 31.6 (s; GaCMe,,
trans), 31.8 ppm (s; GaCMes, cis); *'P NMR (120 MHz, C¢Ds, 30°C): 0=
49.7 (ddz, Jpy=490Hz, *Jpy=163 Hz, trans), 50.7 ppm (ddz, Jpu=
465 Hz, *Jpy=16.5 Hz, cis); IR (Nujol): #=3375, 3360, 3349 (N—H), 2355
(P-H), 1161, 983, 948, 937, 614 cm™'; EI-MS (20 eV, 150°C): m/z (%):
549 (100) [M—rBu]*, 245 (87) [M—6:Bu—NH-4H]|*, 491 (3)
[M—2Bu—H]*, 63 (3) [P(NH,),]|*.

X-ray structure solution and refinement. Crystallographic data of 1 are
summarized in Table 4, Figure 1 shows the ORTEP diagram (50 % proba-
bility ellipsoids) of its solid-state structure. Data were collected on a
Nonius KappaCCD diffractometer. The structure was solved by Patter-

Table 4. Crystal data and structure refinement of 1.

formula C,H,ALLN,P,
M, 352.35

T [K] 123(2)

2[A] 0.71073 (Moy,)
crystal system monoclinic

space group
unit cell dimensions

P2,/n (no. 14)

a[A] 10.0212(2)
b[A] 6.5113(1)
c[A] 16.4093(4)
B1°] 98.785(1)
V[A?] 1058.16(4)
Z, Peaiea [gem ] 2,1.106

p [mm™] 0.287

0.25%0.20x0.15
2.99-24.99
11725/1854 (R;=0.0355)

crystal size [mm?®]
0 range for data collection [°]
reflections collected/unique

refined parameters 100
goodness-of-fit on F? 1.067

final R1 indices [/>20(1)] 0.0336

wR2 indices (all data) 0.0957
residual electron density [e A~ 0.603/—0.219

son methods (SHELXS-97)*! and refined by full-matrix least-squares on
F°. All non-hydrogen atoms were refined anisotropically and hydrogen
atoms were refined by a riding model (SHELXL-97).? CCDC-217870
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Centre, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (444)1223-336033; or deposit@
ccde.cam.ac.uk).

Computational details: All computations were done with the program
TURBOMOLE."”! The geometries of all species were optimized at the
(RI-)BPS6 level® with the split valence polarization SV(P)?” as well as
the triple zeta TZVPP®! basis set (2d, 1f polarization functions). The
nature of the stationary points as true minima was verified by a frequen-
cy calculation (no imaginary Eigenvalues) using the new version of AO-
FORCE™ at the (RI-)BP86/SV(P) level. Thermal contributions to the
enthalpy and the Gibbs energy at 298 K were obtained by standard statis-
tical thermodynamics calculations included in TURBOMOLE with the
program FreeH that are based on the calculated (RI-)BP86/SV(P) geom-
etry and IR frequencies. NMR shielding tensors were obtained at the
BP86/TZVPP level using the program MPSHIFT included with TURBO-
MOLE. The calculated chemical shifts were referenced with respect to
the experimental position of tBuP(NH,), of 6(*'P)=62 ppm. Additional
full optimizations were done at the (RI-)MP2 ab initio level® ! with
SV(P) and TZVPP basis sets. The IR spectrum of compound 5 was simu-
lated by a superposition of Gauss functions of the calculated IR spectrum
at the (RI-)BP86/SV(P) level. Graphic representations, x,y,z coordinates,
total energies, and zero-point vibrational energies (ZPVEs) of important
computed species are given in the Supporting Information, others may
be obtained from the authors (I.K.) upon request. The total energies,
ZPEs, number of imaginary frequencies n(imag), thermal contributions
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to the enthalpy (H°), and the Gibbs energy (G°) at 298 K of all species
included in Scheme 3 are also given in the Supporting Information.
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