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A crystalline aluminium–carbon-based 
ambiphile capable of activation and catalytic 
transfer of ammonia in non-aqueous media

Felix Krämer    1, Jan Paradies    2, Israel Fernández    3 & Frank Breher    1 

Despite recent achievements in the field of frustrated Lewis pairs (FLPs) 
for small molecule activations, the reversible activation and catalytic 
transformations of N–H-activated ammonia remain a challenge. Here we 
report on a rare combination of an aluminium Lewis acid and a carbon Lewis 
base. A so-called hidden FLP consisting of a phosphorus ylide featuring 
an aluminium fragment in the ortho position of a phenyl ring scaffold 
is introduced. Although the formation of the Lewis acid/base adduct is 
observed in the solid state, which at first glance leads to formally quenched 
FLP reactivity, we show that the title compound readily reacts with 
non-aqueous ammonia thermoneutrally and splits the N–H bond reversibly 
at ambient temperature. In addition, NH3 transfer reactions mediated by a 
main-group catalyst are presented. This proof-of-principle study is expected 
to initiate further activities in utilizing N–H-activated ammonia as a readily 
available, atom-economical nitrogen source.

The hydroamination of non-activated alkenes with ammonia (NH3) 
remains one of the main goals in catalysis1. This is because the forma-
tion of stable Lewis acid/base adducts with transition metal complexes2 
and the high gas-phase bond dissociation free energy of 99.4 kcal mol−1 
of the N–H bond3 make NH3 activation a challenging endeavour4–17. 
Non-metallic compounds that mimic the reactivity of transition metal 
complexes have attracted considerable interest18–21. In 2007, Bertrand 
and co-workers reported the first metal-free activation of NH3 using 
(alkyl)(amino)carbenes22. Just recently, the activation of ammonia by 
single-electron transfer from a dithiolene zwitterion or Bi(II) complex 
was reported23,24. Furthermore, Goicoechea and co-workers recently 
described the thermoneutral and reversible splitting of ammonia with 
a geometrically constrained phosphine, but so far, catalytic transfor-
mations of N–H-activated ammonia have 




remained unprecedented25.

































Since its first report, the use of so-called frustrated Lewis pairs (FLPs), 
consisting of sterically hindered Lewis acids and Lewis bases to prevent 
adduct formation in the activation of small molecules, has increased 
considerably26–31. Notwithstanding these achievements, ambiphilic mol-
ecules are promising candidates for splitting highly stable bonds, for 

example, N–H bonds in NH3. B/P-based FLPs have been used for inter- and 
intramolecular hydroaminations of alkynes with secondary amines32,33. In 
addition quantum chemical studies present FLPs as promising candidates 
in the dehydrogenation of ammonia borane involving N–H bond activa-
tion34,35. However, the combination of an aluminium-based Lewis acid 
and carbon-based Lewis base is uncommon in the field of FLP chemistry. 
Phosphorus ylides are useful carbon Lewis bases for the stabilization of 
highly reactive compounds36–39. Therefore, the cooperative action of an 
aluminium Lewis acid and a Lewis basic phosphorus ylide appears to be a 
promising approach for achieving the challenging N–H bond activation.

Results and discussion
Synthesis and characterization
We report herein the synthesis of the Al/C-based ambiphile (2-{Alt- 
Bu2}-C6H4)Ph2PCMe2 (2) and its application in the activation and transfer 
of NH3. For the preparation of the title compound 2, the ortho-lithiated 
ylide (2-Li-C6H4)Ph2PCMe2 (1) was generated by reaction of the readily 
available ylide Ph3PCMe2 with t-BuLi in toluene (Fig. 1a)40. The highly 
reactive and air- and moisture-sensitive intermediate 1 precipitates 
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ring further support the findings. The P1–C1–Al1 angle of 102.98(10)° 
slightly deviates from the ideal tetrahedral angle of 109.4°. The ylidic 
CMe2 fragment at C1 is tilted by Φ = 27° from the plane spanned by the 
atoms Al1, C5, C4 and P1. Overall, the crystal structure clearly shows 
that the closed five-membered ring form of 2 (Fig. 1a) is the dominant 
resonance structure in the solid state.

N–H bond activation
Surprisingly, although the open form of 2 is, according to our density 
functional theory 
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calculations, 37.5 kcal mol−1 higher in energy (Sup-

plementary Information Fig. 33) and could not be observed experimen-
tally, 2 reacted cleanly with the N–H bond when exposed to 1 atm of NH3 
(Fig. 2a). The reaction product 3 was unequivocally characterized by X-ray 
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from the reaction mixture and can be isolated as a yellow powder in 
47% yield by filtration and drying in high vacuum.

The 7Li nuclear magnetic resonance (NMR) at δ7Li = 4.3 ppm (C6D6) 
agrees very well with the reported one of the closely related compound 
(2-Li-C6H4)Ph2PCH2 investigated by Sundermeyer41. Similarly consist-
ent are the 31P NMR chemical shifts. Compound 1 shows a signal at 
δ31P = 21.1 ppm and is thus 10 ppm high-field shifted with respect to 
(2-Li-C6H4)Ph2PCH2, which follows the trend observed for the unsubsti-
tuted ylides Ph3PCH2 (δ31P = 20.6 ppm) and Ph3PCMe2 (δ31P = 9.4 ppm). 
To access the target compound 2, 1 was reacted with t-Bu2AlX (X = Cl 
or Br) in toluene (Fig. 1a). After recrystallization from hexane, 2 was 
isolated as colourless crystals in 66% yield (Fig. 1b, space group P21/n). 
In crystalline form, 2 can be stored for days on the laboratory bench 
without any sign of decomposition.

The P1–C1 bond (1.800(2) Å) in 2 is elongated by about 10 pm 
compared with the α-functionalized ylides Ph3PC(Me)BEt2 (1.717(3) Å) 
or Ph3PC(R1)ER2

2Cl (E = Si or Ge with 1.682(2)–1.706(2) Å), indicating a 
lower double-bond character of this bond37,42. When compared with 
the average bond lengths for P–C single (1.87 Å) and P=C double bonds 
(1.67 Å), the P1–C1 bonds are closer in value to the single bond43. This 
observation is not surprising when considering the Lewis acidic char-
acter of the Al fragments. The detected C1–Al1 distance of 2.118(2) Å 
and the short C5–Al1 (2.019(2) Å) distance to the bridging phenylene 
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Fig. 1 | Synthesis of the aluminium–carbon-based ambiphile 2. a, Synthesis of 
1 from the phosphorus ylide Ph3PCMe2 with t-BuLi and subsequent synthesis of 2 
with t-Bu2AlX (X = Cl or Br) in toluene at RT. b, The molecular structure of 2 in the 
solid state (ellipsoids drawn at the 30% probability level). The hydrogen atoms 
are omitted for clarity. Selected bond lengths (Å) and angles (°): P1–C1 = 1.800(2), 
C1–Al1 = 2.118(2), C5–Al1 = 2.019(2); P1–C1–Al1 = 102.98(10).
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Fig. 2 | Reversible N–H activation of ammonia. a, The reversible reaction 
of the aluminium–carbon-based ambiphile 2 with NH3 in benzene at RT. b, 
The molecular structure of 3 in the solid state (ellipsoids drawn at the 30% 
probability level). The hydrogen atoms (except the NH2 and ylidic protons) are 
omitted for clarity. Selected bond lengths (Å) and angles (°): P1–C1 = 1.8237(12), 
N1–Al1 = 1.8494(12), C5–Al1 = 2.0766(12); C5–N1–Al1 = 110.97(5). c, Stacked 
1H NMR spectra of 2 and the ammonia activation product 3 in C6D6 (the hash 
symbol denotes grease). As can clearly be seen, a new set of signals arise in the 
1H NMR spectra of 3 accompanied by the decreased intensity of the signals for 
2. d, Computed profile (PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-
M06-2X/def2-SVP level) for the stepwise reaction of 2 with NH3. Relative free 
energies (ΔG, at 298 K) and bond distances are given in kcal mol−1 and angstroms, 
respectively. The transformation begins with the coordination of NH3 to the 
aluminium atom, followed by cleavage of the Cylide–Al bond. The computed 
reaction barrier of only 19.5 kcal mol−1 for transition state TS1 is compatible 
with a process occurring at RT. Via TS2, the activation product 3 is formed in a 
–4.4 kcal mol−1 exergonic transformation.
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diffraction studies (Fig. 2b) and NMR spectroscopic analysis (Fig. 2c) 
as the product of the heterolytic splitting of the N–H bond. The P1–C1 
(1.8237(12) Å) bond in 3 is slightly elongated by 2 pm compared with 2, 
accompanied by a 6 pm elongation of the C5–Al1 (2.0766(12) Å) bond, 
therefore indicating an increased phosphonium alanate character. Owing 
to the lack of ring tension, the C5–N1–Al1 angle (110.97(5)°) is 8° wider 
than in 2. Even more surprising is the reversibility of this reaction (Fig. 2a). 
Slow solvent evaporation at room temperature (RT) without applying 
vacuum leads to quantitative regeneration of 2 (Supplementary Figs. 12 
and 13). The crystals of 3 isolated by crystallization under ammonia 
atmosphere can surprisingly be dried in high vacuum and stored at RT 
for a month without any sign of decomposition. Dissolving the crystals 
of 3 in benzene leads to the clean formation of 2 and NH3, further sup-
porting the reversibility of the NH3 activation.

In a series of NMR experiments, 2 was reacted with 1 atm of NH3 in 
d6-benzene. As shown in Fig. 2c, the resonance of the tert-butyl groups 
is shifted by 0.3 ppm to lower frequencies (δ1H = 1.34 ppm). This is 
accompanied by the disappearance of the doublet at δ1H = 1.61 ppm 
(3JPH = 21.8 Hz) from the methyl groups at the ylidic carbon atom.  
A new characteristic resonance for the methyl groups of the protonated 
ylide carbon is detected at δ1H = 0.92 ppm (doublet of doublets with 
3JPH = 18.6 Hz and 3JHH = 6.7 Hz). The associated doublet of septets for the 
PCH(CH3)2 at δ1H = 1.08 ppm could only indirectly be observed through 
1H/31P two-dimensional (2D) NMR experiments, because it suffers from 
low intensity due to the coupling pattern. By means of 1H15N 2D NMR 
experiments, the signal detected at δ1H = −0.55 ppm (δ15N = 9.2 ppm) 
was assigned to the NH2 group at the aluminium fragment. Additional 
support for product 3 is the ortho-positioned proton of the bridg-
ing phenylene entity, which appears at δ1H = 8.66 ppm (compared 
with δ1H = 8.31 ppm for 2). In the 31P NMR spectrum, a resonance at 
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Fig. 3 | Catalytic ammonia transfer reactions in benzene at RT (p = 1.1 bar; 
20 mol% compound 2). a, Catalytic ammonia transfer to maleimides I and II 
forming the linear products Ia and IIa by ring opening, and ring-opening transfer 
of ammonia to tosylaziridine III, leading to IIIa after subsequent deprotonation 
to the ammonium salt. b, Benzocyclobutenone (bicyclo[4.2.0]octa-1,3,5-

trien-7-on) (IV) and 7,7-dichlorobicyclo[3.2.0]hept-3-en-6-one (V) cleanly 
react with NH3 under catalytic conditions to the carboxylic amides IVa and Va, 
respectively. c, Alkylation of benzylbromide VI under catalytic conditions yields 
monobenzylamnine (VIa) and tribenzylamine (VIb) in a ratio of 1.0:1.2.

Table 1 | Reaction times, conversions and yields of the 
catalytic reactions for the substrates I–VI. All reactions 
were carried out in benzene at RT with p at 1.1 bar of NH3

Substrate 2 (mol%) Time (h) Conversion (%)a Yield (%)b

I
20 48 >99 –c (Ia)
0 0 0

II
20 20 >99 –c (IIa)
0 0 0

III
20 24 >99 72d (IIIa)
0 0 0

IV
20 72 >99 49d (IVa)

0 0 0

V
20 16 >99 80 (Va)
0 0 0

VI
20 84 49 22.6 (VIa), 10.4 (VIb)
0 7 2.6 (VIa), 0.2 (VIb)

aDetermined by 1H NMR spectroscopy bDetermined by 1H NMR spectroscopy against C6Me6 
as internal standard cOligomerization (for further details see Supplementary Section 1) 
dPreparative yield.
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Fig. 4 | Kinetic studies of the catalytic alkylation of benzylbromide. 
Concentration profiles for the catalytic conversion of benzylbromide VI (black) 
into monobenzylamine VIa (blue) and tribenzylamine VIb (red) in benzene 
at RT (compare with Fig. 3c). The concentrations were determined by 1H NMR 
spectroscopy with C6Me6 as internal standard (the error for the concentration 
determination is estimated to be 5%; error bars not included, one time 
determination). After 36 h, 21 μmol ml−1 of VIa can be detected in the reaction 
mixture and its amount remains almost constant, whereas the concentration of 
VIb slowly increases. After 84 h, a conversion of 49% is reached.
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δ31P = 32.9 ppm is observed for 3, which is shifted by 2.5 ppm to lower 
frequencies compared with 2. This can be attributed to the lower 
electron-withdrawing effect of the aluminium fragment in 3. To study 
the reversible reaction in more detail, kinetic studies were performed 
with isolated 3 in d6-benzene. The equilibrium was established within 
12 h at RT, and resulted in a ratio of 2:3 of 0.38:0.62 as indicated by 1H 
NMR spectroscopy (Supplementary Fig. 23). In the presence of excess 
of NH3, this equilibrium was shifted to a ratio of 0.15:0.95 (2:3) within 
5 h. Finally, thermodynamic parameters were determined by van’t 
Hoff analysis (Supplementary Fig. 23). The liberation of NH3 from 3 is 
endothermic by ΔH° = 11.4 ± 0.7 kcal mol−1. Expectedly, this reaction is 
characterized by a significant positive entropy contribution (ΔS° = 43.
4 ± 2.2 cal mol−1 K−1),




 caused by the liberation of a small molecule (NH3) 

concomitant with 2. These findings are consistent with the calculated 
values of 16.8 kcal mol−1 and 34.3 cal mol−1 K−1 for ΔH and ΔS, respec-
tively (see below and Fig. 2d).

On the basis of these very promising experimental findings, quan-
tum chemical investigations of the reaction of 2 with NH3 were carried 
out at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-M06-2X/
def2-SVP level of theory (see computational details in Supplemen-
tary Section 3), and the corresponding computed reaction profile is 
depicted in Fig. 2d. Our calculations suggest that the NH3 activation 
occurs stepwise. Thus, the transformation begins with the coordina-
tion of NH3 to the aluminium atom and concomitant cleavage of the 
Cylide–Al bond. The computed reaction barrier of only 19.5 kcal mol−1 
for transition state TS1, furnishing intermediate INT1, is compatible 
with a process occurring at RT. As the second step, this slightly ender-
gonically formed zwitterionic intermediate INT1 is transformed into 
the observed species 3 through TS2, a saddle point associated with the 
migration of a hydrogen atom from the coordinate NH3 moiety to the 
Cylide atom. The cleavage of the N–H bond requires a comparably low bar-
rier of only 1.6 kcal mol−1 in a –4.4 kcal mol−1 exergonic transformation. 
Overall, the computed flat energy profile of the reaction with a relatively 
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small activation barrier of ca. 20 kcal mol−1 and a reaction energy of ca. 
–4 kcal mol−1 is in full agreement with the empirically observed revers-
ible NH3 activation described above and provides further support to 
the NMR spectroscopy findings.

Catalytic ammonia transfer
Next, we explored the potential of 2 to act as an NH3 transfer pre-catalyst. 
Indeed, we found that activated and strained substrates (Fig. 3) reacted 
with non-aqueous NH3 in the presence of 20 mol% 2 (which forms 3 in 
the presence of ammonia). It is important to note that no reactivity was 
observed in the absence of 2 and otherwise identical non-aqueous con-
ditions. Even though there are already precedents in aqueous ammonia 
chemistry for the ring-opening reactions shown44–47, this proof-of-
principle study clearly demonstrates for the first time the possibilities 
for activating and catalytically transforming non-aqueous NH3. For 
example, the malimides I and II were converted into the linear products 
Ia and IIa (Fig. 3a), which, however, could not be isolated because they 
undergo oligomerization once they are formed (for further details, see 
Supplementary Section 1). Some phosphonium species, which indicate 
degeneration of the catalyst, could be detected as side products in the 
31P{1H} NMR spectra. We assume that the decomposition products initi-
ate the oligomerization of the linear products. Tosylaziridine III reacts 
cleanly with NH3 under catalytic conditions, leading to ring opening and 
further deprotonation to form the ammonium salt IIIa in 72% yield. Fur-
thermore, the reactions of benzocyclobutenone (bicyclo[4.2.0]octa-1,3,5-
trien-7-on) (IV) and 7,7-dichlorobicyclo[3.2.0]hept-3-en-6-one (V) with NH3 
and 20 mol% 2 furnished the carboxylic amides IVa and Va, respectively, 
in quantitative yield according to 1H NMR spectra and in 49% yield after 
extraction and recrystallization after stirring for 3 days, in the case of IVa 
(Fig. 3b). conversions and yields of all catalytic reactions are summarized in 

 




Table 1.

Finally, we turned our attention to the alkylation of NH3 by ben-
zylbromide (VI, Fig. 3c). This reaction is particularly challenging 
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Fig. 5 | Computed reaction profile of the ammonia transfer to Ia. Computed reaction profile (PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-M06-2X/def2-
SVP level) for the catalytic ammonia transfer reaction of aluminium–carbon-based ambiphile 2 with NH3 and maleimide I. Relative free energies (ΔG, at 298 K) and 
bond distances are given in kcal mol−1 and angstroms, respectively.

http://www.nature.com/naturechemistry
israe
Tachado

israe
Texto insertado
It should be "Conversions"



Nature Chemistry

Article https://doi.org/10.1038/s41557-023-01340-9

since, under aqueous conditions, only polyalkylations take place48–50.  
However, the catalytic reaction produced, after quantitative con-
version of VI, a ratio of 1.0:1.2 of monobenzylamine (VIa) and 
tribenzylamine (VIb) after 120 h. As can be seen from Fig. 4, kinetic 
studies by 1H NMR spectroscopy of the reaction of VI in the presence 
of 20 mol% 2 and NH3 revealed that the initially formed VIa reacts 
then with BnBr to form Bn2NH, which upon reaction with another 
equivalent of BnBr, finally forms Bn3N (VIb). As Bn2NH could not be 
detected by NMR spectroscopy, we assume that the reaction with 
BnBr is comparatively fast. After 36 h, one equivalent of VIa can be 
detected in the reaction mixture and its amount remains almost 
constant, whereas VIb equivalents slowly increase. After 84 h, a con-
version of 49% is reached. The fourth substitution is unfavourable 
due to the decreasing pKa value, following BnNH2 (9.34) > Bn2NH 
(8.52) > Bn3N (7.44) (ref. 51). In stark contrast, the benzylation of NH3 
in the absence of 2 produces VIa and VIb in a combined yield of only 
7% after 84 h. These reactions clearly show the so far unprecedented 
catalytic conversion of non-aqueous NH3 into organic molecules by 
a main-group element catalyst.

Computational studies
To shed some light on the mechanisms for the ammonia transfer to 
I–V, quantum chemical calculations were conducted on the transfor-
mation involving I as a representative example. As can be seen from 
the computed reaction profile provided in Fig. 5, the process begins 
with the nucleophilic addition of the NH2 moiety of 3 (readily formed 
upon reaction of 2 and NH3, see above) to one of the carbonyl groups 
of maleimide, leading to intermediate INT2, with an activation bar-
rier of 22.6 kcal mol−1 (via TS3). The direct ring opening from INT2 
is, by 39.2 kcal mol−1, kinetically unfeasible. Alternatively, an almost 
barrierless N-to-O coordination change takes place via TS4 in a highly 
exergonic transformation leading to INT3. From INT3, a much easier, 
Lewis acid-induced ring opening occurs via TS5, leading to intermediate 
INT4. This is followed by transamination and protonation of the prod-
uct (via INT5/TS6) with concomitant regeneration of the catalytically 
active species 3. Regeneration of 3 as a last step could be confirmed by 
1H NMR spectroscopy of the reaction mixture of III once the amination 
reaction is finished (Supplementary Fig. 15).

Conclusion
We present the first example of a main-group element-derived catalyst 
for the activation and transfer of non-aqueous ammonia. The uncom-
mon combination of an aluminium Lewis acid and adjacent carbon 
Lewis base in the form of a phosphorus ylide bearing an aluminium 
fragment in the ortho position of a phenyl ring reacts reversibly with 
ammonia under heterolytic splitting of one N–H bond at ambient 
conditions. Moreover, the catalytic NH3 transfer to a variety of elec-
trophiles including maleimide I, phenylmaleimide II, tosylazirine III, 
cyclobutenones IV and V and benzylbromide VI was demonstrated 
in the presence of 20 mol% 2, which in the presence of NH3, forms the 
catalytically active NH3 activation product 3.

Online content
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Methods
General methods
All operations were carried out under dry argon using standard Schlenk 
and glovebox techniques. Tert-BuLi (1.7 M in pentane) was used as 
purchased from Sigma-Aldrich. The ylide Ph3PCMe2 and t-Bu2AlCl 
were synthesized according to literature procedures40,52. Solvents were 
dried over Na/K and rigorously degassed before use. NMR spectra were 
recorded on Bruker Avance Neo 400 or an Avance 300 spectrometer 
operating at 1H Larmor frequencies of 400 or 300 MHz in dry degassed 
deuterated solvents. For the kinetic studies, we used a Migratek Spin-
solve 80 benchtop NMR spectrometer. The 1H, 13C{1H} and 29Si chemical 
shifts are reported against tetramethylsilane,




 and 31P{1H} against H3PO4. 

Coupling constants (J) are given in hertz as positive values, regardless 
of their real individual signs. The multiplicity of the signals is indicated 
as s, d, q, sept or m for singlet, doublet, quartet, septet or multiplet, 
respectively. The assignments were confirmed, as necessary, with the 
use of 2D NMR correlation experiments. Infra-red spectra were meas-
ured on a Bruker Alpha spectrometer using the attenuated reflection 
technique (ATR), and the data are reported in wavenumbers (cm−1). 
The intensity of the absorption band is indicated as vw (very weak), 
w (weak), m (medium), s (strong), vs (very strong) and br (broad). 
Melting points were measured with a Thermo Fischer melting point 
apparatus and are not corrected. Elemental analyses were carried out 
in the institutional technical laboratories of the Karlsruhe Institute 
of Technology (KIT). High-resolution mass spectra were measured at 
the Institute of Organic Chemistry at KIT on a Thermo Fisher Orbit-
rap. Matrix-assisted laser desorption/ionization mass spectra were 
measured 




at the Institute of Organic Chemistry at KIT on a Shimadzu 

Axima Confidence with 6-aza-2-thiothymine (143.17 g mol−1) as matrix.

(2-Li-C6H4)ph2PCMe2. In a glovebox, Ph3PCMe2 (5.00 g, 16.43 mmol) 
was placed in toluene (30 ml). Solid t-BuLi (1.05 g, 16.43 mmol) was 
added to the red solution at RT, resulting in a brightening of the reaction 
mixture and the formation of a yellow precipitate. Stirring overnight 
followed by filtering and drying the precipitate in high vacuum afforded 
1 as an extremely air-sensitive yellow powder (2.4 g, 47%). Next, 1 was 
used for the following syntheses without further purification. Note that 
1 decomposes slowly in tetrahydrofuran




 and in the glovebox at RT, but 

can be stored at −30 °C for months.
M.p.: decomposition 75 °C. 1H NMR (300 MHz, 298 K, C6D6, ppm): 

δ = 8.29–8.21 (m, HPhLi_ortho, 1H), 7.69–7.57 (m, HHAr, 5H), 7.10–6.95 (m, 
HAr, 9H), 1.96 (d, 3JPH = 21.8 Hz, HCMe2, 6H). 31P{1H} NMR (121 MHz, 298 K, 
C6D6, ppm): δ = 21.1 (s). 7Li NMR (116 MHz, 298 K, C6D6, ppm): δ = 4.3 (s).

(2-{Alt-Bu2}-C6H4)Ph2PCMe2. In a vial in a glovebox, t-Bu2AlCl (263 mg, 
1.49 mmol) was placed in toluene (10 ml) and solid 1 (462 mg, 1.49 mmol) 
was added. While stirring for 30 min, the reaction mixture became lighter 
in colour to light orange. The reaction mixture was filtered through a 
syringe filter, and the solvent was removed under reduced pressure. 
Hexane (5 ml) was added to the light-red high-viscosity oil, and the 
mixture was briefly heated. Then, the slightly red, slightly turbid solution 
was stored at −30 °C overnight. The mother liquor was decanted from 
the resulting precipitate. After drying under a high vacuum and wash-
ing with hexane (3 × 5 ml), the residue was taken up in toluene (10 ml), 
concentrated and mixed with hexane (5 ml). The 2 crystallized from 
this mixture in the form of colourless blocks (180 mg, 28%). The mother 
liquor and wash solution were combined and stored at −30 °C over-
night. This yielded additional 2 (167 mg, 26%) in the form of colourless  
blocks.

M.p.: 165 °C. 1H NMR (300 MHz, 298 K, C6D6, ppm): δ = 8.35–8.37 
(m, HPhAl_ortho, 1H), 7.39–7.36 (m, HPhAl_meta, 1H), 7.36–7.33 (m, HPhAl_meta, 1H),  
7.33–7.30 (m, HPh2_para, 2H), 7.30–7, 27 (m, HPhAl_para, 1H), 7.11–6.94 (m, 
HPh2_meta, 4H), 6.94–6.82 (m, HPh2_ortho, 4H), 1.61 (d, 3JPH = 21.8 Hz, HCMe2, 
6H), 1.31 (s, HCMe3, 18H). 13C{1H} NMR (75 MHz, 298 K, C6D6, ppm): 
δ = 139.3 (d, 2JPC = 20.9 Hz, CPhAl_ortho), 134.6 (d, 4JPC = 7.6 Hz, CPPh2_para) 

Q13

Q14

Q15

133.3 (d, 2JPC = 14.41 Hz, CPPh2_ortho), 131.9 (d, 4JPC = 2.9 Hz, CPhAl_para), 
131.4 (d, 1JPC = 104.9 Hz, CPPh2_ipso), 131.2 (d, 3JPC = 3.5 Hz, CPhAl_meta), 128.6  
(d, 3JPC = 10.6 Hz, CPPh2_meta), 126.8 (d, 3JPC = 12.8 Hz, CPhAl_meta), 124.6  
(d, 1JPC = 60.0 Hz, CCMe2), 33.3 (s, CCMe3), 24.6 (d, 2JPC = 3.8 Hz, CCMe2). *31P{1H} 
NMR (121 MHz, 298 K, C6D6, ppm): δ = 35.4 (s). IR (ATR, cm−1): ῦ = 2,955 
(vw), 2,923 (vw), 2,803 (m), 2,685 (vw), 2,133 (vw), 1,485 (vw), 1,462 (w), 
1,438 (w), 1,379 (vw), 1,351 (vw), 1,243 (vw), 1,162 (vw), 1,098 (m), 1,028 
(vw), 999 (vw), 929 (vw), 882 (w), 808 (m), 754 (w), 734 (w), 721 (w),  
712 (w), 697 (vs), 657 (m), 635 (s), 556 (vs), 533 (vs), 511 (s), 476 (w), 453 
(s), 433 (vw), 412 (m), 391 (vw). Elemental analysis (%): 




(calculated) 

found for C29H38AlP: C (78.35) 77.85, H (8.62) 8.52. M/z (electrospray 
ionization)




 (calculated: 444.25, found M(H+): 445.29535). *The signals 

for the tertiary carbon atoms PhAl_ipso, PhAl_ortho and CMe3 could not be 
detected in the 13C{1H} NMR.

(2-{Al(NH2)t-Bu2}-C6H4)Ph2PC(H)Me2. For characterization in solu-
tion, 2 was dissolved in C6D6 (0.6 ml) and degassed. Subsequently, 
1.1 bar NH3 was applied and the reaction mixture was stored overnight 
at RT and then NMR spectroscopically characterized (allowing the 
solvent to slowly evaporate gave back 2). For crystallization of 3 under 
an NH3 atmosphere, 2 (50 mg, 0.12 mmol) was placed in toluene (2 ml) 
in a Schlenk flask. On top of this flask, a Schlenk frit equipped with a 
Young flask containing hexane was mounted in converse orientation 
(Supplementary Fig. 1). The whole apparatus was degassed and flooded 
with NH3 (1.1 bar). The reaction mixture was stirred overnight. Then, 
the hexane was poured slowly onto the frit to overlay the reaction 
mixture. The 3 crystallized within a few days in the form of small col-
ourless needles. Removing the mother liquor and drying the residue 
in high vacuum yielded 3 along with 10% 2. Dissolving the crystals of 3 
in benzene led to the formation of 2 and NH3.

M.p.: 133 °C. 1H NMR (300 MHz, 298 K, C6D6, ppm): δ = 8.69–8.63 
(m, HPhAl_ortho, 1H), 7.36–7.25 (m, HPhAl_meta, HPhAl_meta, HPh2_para, HPhAl_para, 5H), 
7.05–6.94 (m, HPh2_meta, 4H), 6.93–6.84 (m, HPh2_ortho, 4H), 1.34 (s, HCMe3, 
18H), 0.92 (dd, 3JPH = 18.7 Hz, 3JHH = 6.6 Hz, HCMe2, 6H), −0.55 (s, NH2, 2H). 
*13C{1H} NMR (75 MHz, 298 K, C6D6, ppm): δ = 143.3 (d, 2JPC = 24.5 Hz, 
CPhAl_ortho), 134.5 (d, 4JPC = 8.2 Hz, CPPh2_para) 133.4 (d, 2JPC = 13.3 Hz, CPPh2_ortho), 
132.9 (d, 4JPC = 2.8 Hz, CPhAl_para), 129.3 (d, 3JPC = 4.0 Hz, CPhAl_meta), 129.3 
(d, 3JPC = 11.3 Hz, CPPh2_meta), 126.4 (d, 1JPC = 88.4 Hz, CPPh2_ipso), 125.3  
(d, 3JPC = 13.2 Hz, CPhAl_meta), 121.9 (d, 1JPC = 78.4 Hz, CCMe2), 33.7 (s, CCMe3), 
17.7 (d, 2JPC = 2.6 Hz, CCMe2). *31P{1H} NMR (121 MHz, 298 K, C6D6, ppm): 
δ = 32.9 (s). 1H/15N HMBC NMR (298 K, C6D6, ppm): δ = −0.55/9.2 (NH2). 
*The proton at the ylidic carbon atom could not be detected in the 1H 
NMR. 




The signals for the tertiary carbon atoms PhAl_ipso, PhAl_ortho and 

CMe3 could not be detected in the 13C{1H} NMR.

Catalysis
For the catalytic ammonia transfer reactions, 2 (20 mol%) and either 
I (112 mg, 1.16 mmol), II (96 mg, 0.56 mmol), III (88.7 mg, 0.45 mmol) 
or IV (271 mg, 2.3 mmol) were placed in a Young flask in benzene (8 ml) 
and the mixtures were degassed. Subsequently, the reaction mixtures 
were gassed with NH3 (1.1 bar) and stirred at RT for 1 week for I and 3 days 
for II–IV. Reactions involving V (9.6 mg, 0.056 mmol) and VI (19.9 mg, 
0.11 mmol) were performed at NMR scale with C6Me6 as internal stand-
ard. Control reactions without catalyst under otherwise identical 
conditions gave no or poor conversions.

Isolation of the oligomerization products of Ia and IIa: The oligom-
ers were separated by filtration. After drying under high vacuum, they 
were applied for further analysis (for further details see Supplementary 
Section 1).

Isolation of IIIa: While stirring the reaction mixture, a colour-
less solid precipitated. Collection by filtration and drying under high 
vacuum yielded IIIa (75 mg, 72%). 1H NMR (300 MHz, 298 K CDCl3, ppm): 
δ = 7.82 (d, 3JHH = 8.0 Hz, HAr, 2H), 7.26 (d, 3JHH = 8.0 Hz, HAr, 2H), 3.34  
(s, HCH2, 4H), 2.38 (s, HMe, 3H). M/z (electrospray ionization) (calculated: 
231.10, found: 231.11893).
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Isolation of the product IVa: While stirring the reaction mixture,  
a colourless precipitate formed. It was separated by filtration and 
dried under high vacuum to yield IVa (122 mg, 39%). The solvent of 
the filtrate was removed under reduced pressure. The residue was 
extracted with benzene (2 ml), and pentane (5 ml) was added. The 
colourless precipitate was collected by filtration and dried in vacuo. 
The remaining solid was extracted with CHCl3. Removing the solvent 
and recrystallization from EtOH (2 ml) yielded additional IVa (31 mg, 
10%). The 1H NMR spectrum in CD2Cl2 corresponds to the literature53.

Yield determination of Va: Va precipitates from d6-benzene dur-
ing the reaction. To determine the yield, the reaction mixture was 
dried under a high vacuum and dissolved in CDCl3. 1H NMR (300 MHz, 
298 K, CDCl3, ppm): δ = 6.05 (m, HCH, 1H); 5.89 (m, HCH, overlap with 
HNH2, 1H); 6.38 (d, HCH, 1H) 5.79 (bs, HNH2, 2H); 3.24 (m, HCH, 1H); 2.69  
(m, HCH2, 2H).

Data availability
The data that support the findings of this study are available within the 
paper and its Supplementary Information. Raw and unprocessed NMR, 
HRMS and gel permeation chromatography data are available from 
figshare (https://doi.org/10.6084/m9.figshare.22357168)54. Materials 
and methods, computational studies including cartesian coordinates 
and energies for the computed structures, experimental procedures, 
characterization data, NMR spectra and mass spectrometry data are 
available in the paper with further details in the Supplementary Infor-
mation. Crystallographic data for the structures reported in this article 
have been deposited at the Cambridge Crystallographic Data Centre, 
under deposition numbers 2180947 (2) and 2180948 (3). For further 
crystallographic details see Supplementary Section 2. Copies of the 
data can be obtained free of charge via https://www.ccdc.cam.ac.uk/
structures/. Source data are provided with this paper.
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