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Stabilities and Limitations in the Reactivity of Phosphorus
Ylide-Based Aluminum– and Gallium–Carbon Ambiphiles:
A Combined Experimental and Computational Approach
Felix Krämer, Pascal Weisenburger, Israel Fernández,* and Frank Breher*

The unexpected reactivity and stability limits of phosphorus ylide-
based aluminum– and gallium–carbon ambiphiles are described.
While the previously published t-butyl-substituted compound
(2-{AltBu2}-C6H4)Ph2PCMe2 (1tBu) reacts reversibly with NH3 at
room temperature (RT) with cleavage of a N─H bond, the reaction
with MeNH2 is much less favorable and proceeds irreversibly only
at 90 °C. All other title compounds 1R with R=Me, Et, Mes, and
C6F5 decompose in the presence of NH3. The decomposition of 1Et

in the presence of ammonia can be well followed by nuclear mag-
netic resonance (NMR) spectroscopy. All title compounds remain
stable in the presence of t-BuNH2 and Et2NH. In addition, an

unexpected reactivity is found in the reaction of 1R and the gal-
lium analogues 2R with isocyanates. Instead of yielding the
expected ring-expansion products, the title compounds catalyze
the trimerization of isocyanates. Also the reactivity toward MeOH
and H2O is presented. Quantum chemical calculations show that
activation of the O─H bonds should be feasible at RT.
Experimental findings, however, only show the decomposition
of 1tBu in the corresponding reactions. Nevertheless, the cleavage
of the O─H bond is feasible and affords the activation products 7
and 8 starting from the ammonia activation product 3.

1. Introduction

Frustrated Lewis pairs (FLPs) have gained increasing attention
over the last few years.[1] While the initial systems consist of
boron-containing Lewis acids, a number of aluminum-based
FLPs have been described in recent years.[2] In addition to a vari-
ety of small molecule activation reactions, mostly leading to the
formation of stable adducts, Al-based FLPs have been used in
some catalytic transformations such as the activation of C─F
bonds,[3] dimerization of alkynes,[4] hydrogenation of unsaturated
C─C[5] and C─N[6] bonds, dehydrogenation of aminoborane,[7]

transfer of ammonia,[8] CO2 reduction,[9] and as initiators of poly-
merization reactions.[10]

Clear limits regarding the stability or reactivity of such systems
are much more difficult to find in the literature. In the field of small
molecule activation, it is common practice to investigate the

reactivity of a potentially reactive molecule with a broad range
of substrates. However, only successful reactions or those that yield
“publishable” results are typically reported. Consequently, questions
regarding the limitations and scope of these transformations often
remain open. Do certain systems not react with certain substrates or
has this never been attempted? Do some systems catalyze certain
reactions, but with less activity than systems known from literature?
These are questions that often remain unanswered when searching
for literature reports to classify the reactivity of your own com-
pounds. The readership will surely agree with us that a large pro-
portion of experimentally produced scientific results probably
disappear into laboratory journals and shelves, never to be consid-
ered again. However, we can learn a lot from “failed” reactions or
reactions that produce unexpected results.

Another driving force to publish failed experiments, catalyst
studies with low activity or reactions with low yields is the growing
importance of machine learning in science and also in preparative
chemistry.[11] Glorius and co-workers showed, for example, that the
use of data from experiments with low output significantly increases
the predictive performance of data-driven models.[12] However, it is
independent of whether we want to analyze data with a computer-
based prediction model or with the human mind. Whatever obser-
vations (i.e., whichever data points) are helpful for an artificial or
natural intelligence to better understand the underlying relation-
ships to make more meaningful predictions.[13]

With this in mind, we hereby present the results of our
detailed investigation of the reactivity and stability of our recently
published phosphorus ylide-based aluminum– and gallium–

carbon ambiphiles entitled aluminum- and gallium-carbon ambi-
philes entitled (o-AlCPs and o-GaCPs): (2-{ER2}-C6H4)Ph2PCMe2
(E= Al and R=Me (1Me), Et (1Et), t-Bu (1tBu), Mes (1Mes), and
C6F5 (1C6F5); E= Ga and R= Et (2Et), t-Bu (2tBu), and C6F5 (2C6F5)).
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We were able to use these successfully in the activation and cat-
alytic transfer of ammonia as well as in the catalytic reduction of
CO2 to methanol (Scheme 1).[8,9] Due to the low stability of 2Et

under ambient conditions (decomposition within a few days at
room temperature under argon), this species was not included
in the reactivity studies so far.

2. Results and Discussion

2.1. Reactions Toward NH3 and Amines

To investigate whether 1tBu also reacts with primary amines by
cleaving a N─H bond, the title compound was mixed with
MeNH2 and t-BuNH2, respectively, in benzene-d6 on NMR tube

scale (Scheme 2). No reaction was observed with the sterically
demanding t-BuNH2, even after several days of heating at
90 °C. With MeNH2, 1tBu reacts very slowly with cleavage of
one N─H bond. After 3 days of heating to 60 °C, hardly any reac-
tion is recognizable. After a further 10 days of heating to 90 °C,
the reaction was complete.

The more drastic reaction conditions compared to the reac-
tion with ammonia are most likely due to the higher steric pres-
sure in the transition state leading to a significantly higher
reaction barrier. Indeed, our calculations (at the PCM-M062X/
def2-TZVPP//PCM-M062X/def2-SVP level) confirm that the barrier
associated with the key initial step involving 1tBu (i.e., addition
of the nucleophile to the Al center with concomitant Al─C
ring-opening) dramatically increases from NH3 to t-BuNH2

(ΔG6¼= 24.2 kcal mol�1< 39.4 kcal mol�1, respectively, Figure 1)

Scheme 2. Reactivity of 1R and 2R toward amines.

Scheme 1. Reactivity of the aluminum– and gallium–carbon ambiphiles 1R and 2R toward ammonia and CO2. R=Me, Et, t-Bu, Mes, and C6F5.
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and the process becomes much more endergonic
(ΔΔGR= 9.1 kcal mol�1), which is consistent with the lack of reac-
tivity observed in the process involving t-BuNH2. At variance, the
barrier computed for the analogous process involving MeNH2

(ΔG6¼= 26.1 kcal mol�1) indicates that this process should be feasi-
ble. However, as compared to the process involving NH3, the reac-
tion is clearly much more endergonic (ΔΔGR= 5.2 kcal mol�1),
which might be the reason behind the need for the required more
drastic conditions for the reaction to occur.

On this basis, the reactivity of the other o-AlCPs and o-GaCPs
toward NH3 and the primary amines MeNH2 and t–BuNH2 was
investigated (Scheme 2). For this purpose, solutions of 1R or 2R

were degassed in benzene-d6 and then gassed with NH3

(1.1 bar). The reaction of 1Me and 1Mes in benzene-d6 with NH3

yielded only decomposition products as detected by NMR
spectroscopy. And, 1C6F5, which is substituted with electron-
withdrawing C6F5 groups, reacted with ammonia to form a col-
orless solid, which was found to be insoluble in benzene-d6,
CH2Cl2, and THF. Only the decomposition product Ph3P could
be detected in solution. With MeNH2 and t-BuNH2, all other title
compounds remain stable and unreacted according to the 1H

NMR spectra. The o-GaCP 2tBu showed even higher stability
and no reactivity toward primary amines and NH3.

Our density-functional theory (DFT) calculations of the reaction
involving the ethyl-substituted o-AlCP 1Et with NH3 show a rather
similar profile to that computed for 1tBu (see previous sections). In
this particular case, the activation barrier of the initial key step reac-
tion is, as expected based on steric grounds, 6.2 kcal mol�1 lower
than the analogous process involving 1tBu and the formation of
corresponding reaction product 4 is only slightly endergonic
(ΔGR= 2.3 kcal mol�1), therefore suggesting a similar reversible
reaction. Despite that, the investigation of the reaction of 1Et with
NH3 in solution using 1H and 31P NMR spectroscopy shows that
although 4 is indeed formed (Scheme 3), it does not appear to
be stable. When vacuum is applied or the reaction mixture is left
to stand for 2 days, decomposition is observed. The observations of
the reaction on a preparative scale also support this thesis. Initially,
the reactionmixture turns orange when gassed with ammonia and
a colorless solid is formed. Within 2 days, the mixture discolors
completely. One can only speculate as to whether and how exactly
the reaction product (5) depicted in Scheme 3 is formed. We
assume a proton shift from the NH2 to the phenyl moiety providing
[Ph3PCHMe2]þ and 0.5 equivalents of the dimer [Et2AlNH]22�.

In the 1H NMR spectra of the reaction of 1Et with ammonia
(Figure 2A–D), the decomposition after the formation of 4 can
be easily traced. Plot B, i.e., the 1H NMR spectrum after gassing
1Et with NH3, shows that the desired product 4 is formed. The
doublet for the methyl groups on the ylidic carbon atom (label
CMe2) at δ1H= 1.5 ppm disappears and a new signal with a chem-
ical shift of δ1H= 0.87 ppm is formed (label CHMe2). The splitting
pattern (doublet of doublet with 1JPH= 16.9 Hz and 1JHH= 7.1 Hz)
is very similar to the signal in 3 and suggests protonation of the
ylidic carbon atom.[8] Unlike in compound 3, a septet of small
intensity was detected at δ1H= 2.3 ppm, which can be assigned
to the proton at Cylide (label CHMe2). The subsequent formation of
a new species can be clearly seen in plot C, which was measured
after applying vacuum and redissolving the crude product in
benzene-d6. After 1 day, spectra were recorded again and the
1H NMR spectrum D was obtained. This shows the complete
decomposition of 4, not regenerating the initial reactant 1Et, as
expected due to the computed reversible nature of the reaction,
but providing the phosphonium salt 5. The characteristic chemi-
cal shifts of the observed signals at δ1H= 1.00 ppm (dd,
1JPH= 16.6 Hz and 1JHH= 7.1 Hz) and δ1H= 2.61 ppm (sept,
1JHH= 7.1 Hz) confirm these findings. These are supported by
the characteristic signals of the aromatic protons for a Ph3P

Figure 1. Computed reaction profile for the key addition of NH3, MeNH2,
and t-BuNH2 to 1tBu. Relative free energies (ΔG, at 298 K) are given in kcal
mol�1. All data have been computed at the PCM-M06-2X/def2-TZVPP//
PCM-M06-2X/def2-SVP level.

Scheme 3. Possible decomposition of 4 to product 5.
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Figure 2. 1H NMR spectra of the reaction of 1Et with NH3 in C6D6. A) 1H NMR spectrum of 1Et; B) 1H NMR spectrum after gassing 1Et with NH3; C) 1H NMR
spectrum after applying vacuum and redissolving in C6D6; and D) 1H NMR spectrum C measured again after 1 day. #: silicone grease.

Scheme 4. Possible reaction products of substrates that showed no reaction with 1tBu in benzene-d6 at 90 °C.
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fragment and the disappearance of the signal for the ortho-Ph
proton (label HPhAl_ortho). The course of the reaction can also
be followed in the 31P{1H} NMR spectra (see Figure S5,
Supporting Information).

A similar reactivity was observed in the reaction of 1Et with
MeNH2. However, the decomposition is less selective, and three spe-
cies are formed. No reaction can be detected in the 1H and 31P NMR
spectra with the sterically demanding t-BuNH2. To avoid decompo-
sition by protonation of the phenyl ring, an attempt was made to
react 1Et with the secondary amine Et2NH. The increased steric bulk
of the ethyl groups compared to NH3 makes coordination to the
aluminum atom more difficult and no reaction takes place.

2.2. Reactivity Toward Element─Element (Multiple) Bonds

As previously reported, we found that 1tBu and its methyl and
ethyl and mesityl counterparts readily react with CO2 to afford

the corresponding CO2 adduct 6 (Scheme 1 and 4).[9a] The process
occurs in a concerted manner with a computed barrier of
≈36 kcal mol�1, which is compatible with the harsh reaction con-
ditions used experimentally (typically heating at 90 °C for 4–
17 days). To further investigate the reactivity of o-AlCPs, 1tBu

was reacted with related small molecules providing element─car-
bon or element─element single or multiple bonds.

For instance, the reactions with CS2 and CO were fruitless even
when heated at 90 °C during prolonged reaction times. This is con-
sistent with our calculations, which indicate unfeasible barriers for
both concerted processes (ΔG6¼= 48.9 and 46.1 kcal mol�1, respec-
tively, Figure 3). In addition, the reactions become endergonic
(ΔGR= 2.1 and 27.6 kcal mol�1, respectively), which sharply con-
trasts with the high exergonicity computed for the analogous pro-
cess involving CO2 (ΔGR=�13.2 kcal mol�1). These results therefore
suggest that compounds 1R are reluctant to react with weaker
nucleophiles, which is also confirmed by the unsuccessful reactions
involving acetophenone, epoxides, and alkynes (Scheme 4).

We thenmoved to related unsaturated systems having a nucle-
ophilic center (i.e., a lone pair of electrons) in their structures.
Thus, we attempted the reactions of 1tBu with nitriles R─C≡N
(R=Me, Et, Ph), the phosphaalkyne t-Bu─C≡P, azobenzene,
t-BuN= C(H)Ph, and BzN3. Unfortunately, 1tBu showed no reactivity
with all these substrates in benzene-d6, even when heated to 90 °C.

We also computed the parent process involving acetonitrile
and found, not surprisingly, that the reaction occurs stepwise
where the initial step is associated with the Al─N≡C─Me adduct
formation with concomitant Al─C ring-opening, which is fol-
lowed by a ring-closure involving the formation of the new
Cylide─C(nitrile) bond (Figure 4). From the computed free energy
value shown in Figure 4, it becomes clear that, although the trans-
formation seems kinetically feasible (ΔG6¼= 32.6 kcal mol�1), the
endergonicity of the overall process (ΔGR= 5.2 kcal mol�1) and,
particularly, of the initial step (ΔGR= 25.6 kcal mol�1), renders
the process thermodynamically difficult. Moreover, the calcula-
tions involving the related phosphaalkyne Me─C≡P indicate an

Figure 3. Computed reaction profile for the reactions of 1tBu with CS2
(black lines) and CO (red lines). Relative free energies (ΔG, at 298 K) are
given in kcal mol�1. All data have been computed at the PCM-M06-2X/
def2-TZVPP//PCM-M06-2X/def2-SVP level.

Figure 4. Computed reaction profile for the reaction of 1tBu with acetonitrile. Relative free energies (ΔG, at 298 K) are given in kcal mol�1. All data have
been computed at the PCM-M06-2X/def2-TZVPP//PCM-M06-2X/def2-SVP level.

Eur. J. Inorg. Chem. 2025, 28, e202500165 (5 of 11) © 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH.

Research Article
doi.org/10.1002/ejic.202500165

 10990682c, 2025, 16, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202500165 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [09/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://doi.org/10.1002/ejic.202500165


unfeasible higher barrier of 44.8 kcal mol�1 for the initial
nucleophilic addition step, which is also consistent with the exper-
imental findings. Finally, related saturated systems such as
N-(tert-butyl)-1-phenylmethanimine, BH3NHMe2, and the dichalco-
genides (PhS)2 and (PhSe)2 were also unproductive (Scheme 4).

An unexpected reaction occurred when 1Et, 1tBu, and 2tBu

were reacted with Ph─NCO. Contrary to expectations, the
reactions do not produce the adduct (Scheme 5, left), but the
triphenyl isocyanuranate (Scheme 5, right, trimerization product
of Ph─NCO). This was verified by X-ray structure analysis and 1H
NMR spectroscopy. According to the 1H NMR experiments, the
reaction is very fast, even with a high excess of Ph─NCO, and only
the trimerization product can be detected. As recently summa-
rized in a review article,[14] isocyanates can be trimerized by
amines,[15] phosphines,[16] N-heterocyclic carbenes,[17] inorganic
salts,[18] phosphides,[19] as well as main group and transition metal
complexes.[20] To the best of our knowledge, this reactivity has
not been reported for Al-based FLPs to date.[2]

In 2019, Ward et al. presented an Al-based complex that selec-
tively trimerizes a series of isocyanates catalytically (2 mol%)
under mild conditions.[21] To investigate the catalytic activity of
o-AlCPs 1R and o-GaCPs 2R in more detail, 5 mol% in THF-d8

was mixed with p-(CF3)─C6H4─NCO and heated to 75 °C for
14.5 h. The conversions shown in Table 1 were determined by
19F NMR spectroscopy with Ph─CF3 as internal standard.

As can be clearly seen, 1tBu is the most active species in the tri-
merization of p-(CF3)─C6H4─NCO with a conversion of >99%. In
contrast to the reduction of CO2, the Al derivatives are significantly
more active in this case than the Ga derivatives, which show only
small (21% conversion for 2tBu) or no activity (2C6F5).[9a] Nevertheless,
the activity of the title compounds is relatively low compared to the
aforementioned systems known from the literature, which act in
lower concentrations and at lower temperatures.

2.3. Si─H Bond Activation Studies

With regard to the possible application in hydrosilylation reac-
tions, which has been extensively investigated for Lewis acidic
compounds and FLPs, we also explored whether 1tBu reacts with

SiH4 and PhSiH3 analogously to NH3 with cleavage of the Si─H
bond (Scheme 6).[22]

For this purpose, SiH4 was prepared in situ from SiCl4 and
LiAlH4 in Et2O and a solution of 1tBu in benzene-d6 was gassed
with it. No reaction was detected in the 1H NMR spectrum after
heating to 90 °C for several hours. The same behavior was
observed with PhSiH3. Since it is known for FLPs that the activa-
tion of H2 at RT cannot be detected spectroscopically, but that
they are nevertheless very active catalytically, acetophenone
was added to the reaction of 1tBu and PhSiH3.[23] This mixture
showed no reactivity either and the compounds remained
unchanged in solution. This is in good agreement with the
calculated prohibitive high barrier for the reaction of 1Me with
SiH4 of ΔG6¼= 48.9 kcal mol�1.[24]

Scheme 5. Reaction scheme for the reaction of 1Et, 1tBu, and 2tBu with Ph─NCO and p-(CF3)─C6H4─NCO at RT (R’ = Ph, p–(CF3) ─Ph).

Table 1. Conversions (19F NMR against Ph─CF3 as internal standard) from
the catalytic reactions of 1R and 2R (5 mol%) with p-(CF3)─C6H4─NCO at
75 °C after 14.5 h in THF-d8 to the trimerization product.

Compound 1Me 1Et 1tBu 1Mes 1C6F5 2tBu 2C6F5

Conv. [%] 83 76 >99 74 55 21 0

Figure 5. Molecular structure of 7 in the solid state (ellipsoids with
30% probability). The hydrogen atoms are not shown for a better
overview. Selected bond lengths (Å) and angles (°): P1─C1= 1.8273(16);
Al1─O1= 1.7498(12); Al1─C5= 2.0627(16); C5─C4─P1= 121.94(11);
and C4─C5─Al1= 135.53(11).

Scheme 6. Reaction of 1tBu toward silanes in benzene 90 °C.
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2.4. Stability of 1tBu Toward MeOH and H2O

The surprisingly high stability of 1tBu was revealed during the
workup of the reaction mixture of the NH3 transfer to the substrate
maleimide.[8] In an attempt to obtain the product (maleamides)

by recrystallization from MeOH, the product 7 was isolated.

Compound 7 (space group P1) crystallizes from MeOH at
�30 °C in the form of colorless blocks (Figure 5).

Contrary to initial expectations, the Al─C bonds are intact and
the O─H bond of the methanol appears to be heterolytically
cleaved. Compared with the CO2 activation product 6, the atomic
distances and bond angles are very similar.[9a]

It was of interest to study how the formal MeOH activation
product 7 is formed. FLP-mediated O─H bond activation has
been reported by different groups. Those systems were able
to cleave the O─H bond without decomposition.[25]

Our computations revealed that the activation of MeOH
(or H2O) by 1tBu occurs, in contrast to the activation of NH3,
in a concerted manner with a feasible activation barrier of
ΔG 6¼= 27.8 (25.1) kcal mol�1 in a highly exergonic (ΔGR=�18.2
(�19.5) kcal mol�1) transformation (Figure 6). We were therefore
confident that 7 should easily be formed in the reaction of 1tBu

Scheme 7. Formation of 7 (8) from 3 by displacement of NH3 by MeOH
(H2O). Free energy values (ΔG, at 298 K) are given in kcal mol.

Figure 7. 1H NMR spectrum of 7 (top) and of the reaction mixture of 1tBu, H2O and 2 bars of NH3 to yield 8, after extraction in benzene-d6 (bottom). #: sili-
cone grease and *: unknown impurity.

Figure 6. Computed reaction profile for the reactions of 1tBu with MeOH
(black lines) and H2O (red lines). Relative free energies (ΔG, at 298 K) are
given in kcal mol�1. All data have been computed at the PCM-M06-2X/
def2-TZVPP//PCM-M06-2X/def2-SVP level.
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with MeOH. At RT, however, no reaction was observed. Even more
astonishingly, heating of the reaction mixture of 1tBu in MeOH only
provided decomposition products. Similar observations were
made with H2O. While 1tBu is stable in non-dried benzene at RT,
we obtained the same results as for MeOH when heating 1tBu

in non-dried benzene. The cleavage of the CPh─Al bond seems
to be favored over O─H bond activation in both cases. This sug-
gests that 7 is not formed in a reaction of 1tBuwith MeOH, but from
replacing NH3 from the activation product 3 in a highly exergonic
reaction (ΔGR=�17.2 kcal mol�1, Scheme 7).

To verify this hypothesis, 1tBu was dissolved in CD2Cl2 and 4
equivs. of dried MeOH were added. The solution was degassed
and subsequently gassed with ≈2 bars of NH3. A broad signal
appeared in the 31P NMR spectrum at δ= 33.7 ppm. The 1H
NMR spectrum (Figure 7) gave the expected resonances for the
activation product 7 with a chemical shift of δ1H= 0.90 ppm
(dd, 3JPH= 18.6 Hz, 3JHH= 7.0 Hz; CHMe2), 1.37 ppm (CMe3), and
3.96 ppm (OMe). This spectrum was found to be identical to that
for the isolated crystals.

Similar experiments were conducted with degassed water
instead of MeOH. A signal in the 31P NMR spectrum at δ= 33.5 ppm
and a similar 1H NMR spectrum compared to the reaction with
MeOH indicated the formation of the formal H2O activation product
8 (Figure 7). Although several attempts were made, we were not
able to isolate 8 in pure crystalline form. But based on these experi-
mental findings, it appears reasonable to conclude that 7 and 8 are
formed by ligand exchange from 3 at RT (Scheme 7) and not by
O─H bond activation of MeOH and H2O from 1tBu.

3. Conclusion

Herein, we described unexpected reactivities, substrates that do
not react with the title compounds, and the limits of stability of
our P-ylide-substituted aluminum– and gallium–carbon ambi-
philes. While 1tBu reacts reversibly with NH3 at RT with cleavage
of an N─H bond, the reaction with MeNH2 is much more difficult
and proceeds irreversibly only at 90 °C. While the o-GaCPs 2 R

show no reactivity with ammonia, the other o-AlCPs decompose
in the presence of NH3. No reactivity of 1R was observed with t-
BuNH2 and Et2NH. The reaction with silanes such as SiH4 and
PhSiH3 showed that the title compounds are not able to activate
nonpolar element─hydrogen bonds. Other substrates with car-
bon─nitrogen, carbon─phosphorus, and nitrogen─nitrogen
multiple bonds showed also no reaction. We found an unex-
pected reactivity in the reaction of 1R and 2R with isocyanates.
Instead of yielding the ring-expansion products as expected, the
title compounds catalyzed the trimerization of isocyanates with
1tBu being the most active catalyst. The reactivity toward MeOH
and H2O was found to be very interesting. Quantum chemical
calculations showed that activation of the O─H bond in
MeOH and H2O should be possible at RT. Experimental findings,
however, only show the decomposition of 1tBu in the corre-
sponding reactions. We attribute this to the preferential cleav-
age of the CPh─Al bond when 1tBu is heated in the presence of
MeOH or H2O. Nevertheless, the cleavage of the O─H bond is
feasible and affords the activation products 7 and 8 starting

from the ammonia activation product 3. We thus demonstrated
the high stability and clear limits in the reactivity of our
aluminum– and gallium–carbon ambiphiles. Inspired by this,
the further development and investigation of new, more reac-
tive group 13-carbon ambiphiles is part of current research in
our laboratories.

4. Experimental Section

General Methods

All operations were carried out under dry argon using standard
Schlenk and glove box techniques.[26] The phosphaalkine t-BuPC
was synthesized according to literature procedures.[27] The gases
NH3 and CO were used as received from AirLiquide. All other chem-
icals were purchased from Sigma-Aldrich or abcr. Liquids were dried
over molecular sieves or CaH2, degassed and condensed prior to use.
Methanol was dried over NaOCH3 and distilled. Solids were subjected
to three successive cycles of vacuum and argon. Solvents were dried
over Na/K or CaH2 and rigorously degassed before use. Nuclear mag-
netic resonance (NMR) spectra were recorded on a Bruker Avance
Neo 400 or an Avance 300 spectrometer operating at 1H Larmor fre-
quencies of 400 or 300 MHz in dry degassed deuterated solvents. For
the kinetic studies, we used a Migratek Spinsolve 80 Benchtop NMR
spectrometer. 1H, and 13C{1H} chemical shifts were reported against
SiMe4 (TMS), 31P{1H} against H3PO4 and 19F against BF3OEt2. Coupling
constants ( J) were given in Hertz as positive values, regardless of
their real individual signs. Infrared (IR) spectra were measured on
a Bruker Alpha spectrometer using the attenuated reflection tech-
nique (ATR) and the data are quoted in wavenumbers (cm�1).
Melting points were measured with a Thermo Fischer melting point
apparatus and were not corrected. Elemental analyses were carried
out in the institutional technical laboratories of the Karlsruhe Institute
of Technology (KIT).

General Procedures

For the reactivity study, 1R or 2R (10 mg) was placed in a young NMR
tube in benzene-d6 and the corresponding substrate was added. In
the case of gaseous substrates, the solution was degassed and then
gassed with the substrate (1.1 bar). Liquid substrates were added in
equimolar amounts or in slight excess using an Eppendorf pipette
inside the glove box. Solid substrates were weighed and added in
equimolar amounts inside a glove box. The NMR tubes were first
stored at RT and then 1H and 31P NMR spectra were recorded. If
no reaction was observed, the NMR tubes were heated to 90 °C over-
night in an oil bath and measured again.

Decomposition of 1Et in the Presence of NH3

1Etwas dissolved in benzene-d6, degassed, and then gassed with NH3.
The reaction solution immediately turned red/orange and after a few
minutes 1H and 31P NMR spectra were measured. Excess ammonia
and solvent were removed in the vacuum, the solid was redissolved
in benzene-d6 and measured again. After 24 h, NMR spectra were
recorded again. Results are shown in Figure 2 and S5, Supporting
Information. This reaction was repeated with 50mg of 1Et but no spe-
cific pure products were isolated in several attempts.

Catalytic Trimerization Reactions

For the catalytic reactions, 1R or 2R (5 mol%, 13 μmol) were added to
0.6 mL of a premixed solution of p-CF3-C6H4─NCO (406mg, 2.17mmol)
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and C6H5CF3 (348mg, 2.38 mmol as internal standard) in THF-d8 (total
volume of the premix: 5mL) in a Young capped NMR tube. The mix-
tures were heated to 75 °C for 14.5 h in an oil bath and then 19F NMR
spectra were recorded. Conversions are listed in Table 1.

Reaction of 1tBu with MeOH in the Presence of NH3

1tBu (10 mg, 22.5 μmol) was placed in a Young capped NMR tube and
dissolved in CD2Cl2 (0.4 mL). An excess of dried MeOH was added
(4.00 μL, 98.6 μmol). The solution was degassed and subsequently
gassed with ≈2 bars of NH3. As broad signals were observed in
the 1H NMR spectrum, all volatile components were evaporated in
vacuo. The remaining solid was dissolved in benzene-d6. 1H NMR
(300 MHz, 298 K, C6D6, ppm): δ= 8.58–8.50 (m, HPhAl_ortho, 1H),
7.35–7.21 (m, HAr, 6H), 7.12–7.00 (m, HAr, 3H), 6.98–6.89 (m, HAr,
5H), 6.13 (s, HCHMe2, 1H), 3.96 (s, HOMe, 3H), 1.37 (s, HCMe3, 18H),
0.90 (dd, 3JPH= 18.6 Hz, 3JHH= 7.0 Hz, HCMe2, 6H). 13C NMR (75 MHz,
298 K, C6D6, ppm): δ= 142.51 (d, 2JPC= 24.2 Hz, CPhAl_ortho), 134.60
(d, 4JPC= 8.2 Hz, CPPh2_para), 133.29 (d, 2JPC= 17.1 Hz, CPPh2_ortho),
132.80 (d, 4JPC= 2.9 Hz, CPhAl_para), 129.63 (d, 4JPC= 4.0 Hz,
CPhAl_meta), 128.86 (d, 3JPC= 11.3 Hz, CPPh2_meta), 126.40
(d, 1JPC= 88.4 Hz, CPPh2_ipso), 125.21 (d, 2JPC= 13.0 Hz, CPhP_ortho),
121.80 (d, 1JPC= 78.9 Hz, CCMe2), 52.01 (s, COCH3), 33.37 (s, CMe3),
22.09 (d, 1JPC= 45.4 Hz, CCMe2), 17.73 (d, 2JPC= 2.7 Hz, CMe2 and
CCMe3). 31P NMR (121 MHz, 298 K, C6D6, ppm): δ= 33.57 (s). IR (ATR,
cm�1): Ũ= 2921 (vw), 2860 (vw), 2795 (m), 2681 (vw), 1487 (vw),
1462 (vw), 1436 (w), 1393 (vw), 1374 (vw), 1350 (vw), 1257 (vw), 1229
(vw), 1180 (vw), 1111 (m), 1086 (w), 1052 (vw), 1023 (vw), 999 (vw),
938 (vw), 879 (vw), 809 (m), 760 (w), 747 (w), 730 (w), 717 (m), 691 (m),
649 (m), 620 (s), 556 (w), 535 (vs), 489 (w), 481 (w), 445 (w), 426 (s).
Elemental analysis (%): (calcd., found for C30H42OAlP…0.3 C6D6); C
(76.11, 76.37), H (8.44, 8.79).

Reaction of 1tBu with H2O in Presence of NH3

1tBu (10 mg, 22.5 μmol) was placed in a Young capped NMR tube and
dissolved in CD2Cl2 (0.4 mL). An excess of degassed H2O was added
(5 μL, 278 μmol). The solution was degassed and subsequently gassed
with ≈2 bars of NH3. All volatile components were evaporated in
vacuo and the remaining solid was dissolved in benzene-d6. 1H
NMR (300 MHz, 298 K, C6D6, ppm): δ= 8.58–8.51 (m, HPhAl_ortho, 1H),
7.46–7.23 (m, HAr, 6H), 7.08–6.95 (m, HAr, 3H), 6.94–6.84 (m, HAr,
5H), 6.70–6.54 (s, HCHMe2, 1H), 1.33 (s, HCMe3, 18H), 0.87 (dd,
3JPH= 18.8 Hz, 3JHH= 6.9 Hz, HCMe2, 6H). 31P NMR (121 MHz, 298 K,
C6D6, ppm): δ= 33.52 (s).

Decomposition of 1tBu with MeOH

1tBu (50 mg, 115 μmol) was placed in dried MeOH (2mL) and heated
to 70 °C. The solvent was removed, and no reaction was detected in
the NMR spectra. This was due to the low solubility of 1tBu in metha-
nol. The solid was dissolved in dried benzene (2 mL) and MeOH
(1mL) was added. The mixture was heated to 70 °C overnight. The
solvent was removed under reduced pressure and the remaining col-
orless sticky residue was collected in CH2Cl2 (2 mL) and was layered
with pentane (5 mL). Only powder and no single crystals were
observed. The mother liquor was removed and the solid dried under
high vacuum. The 1H and 31P NMR spectra showed only decomposi-
tion products.

Decomposition of 1tBu with H2O

1tBu (50 mg, 115 μmol) was placed in non-dried benzene (3 mL) and
heated to 70 °C overnight. The mixture became hazy and then the
solvent was removed under reduced pressure and the remaining

colorless powder was collected in CH2Cl2 (2 mL) and was layered with
pentane (5 mL). Only powder and no single crystals were observed.
The mother liquor was removed and the solid dried under high vac-
uum. The 1H and 31P NMR spectra showed only decomposition
products.

Reaction with SiH4

Reactions were carried out in an apparatus setup as follows. A suit-
able apparatus for this reaction consisted of a spider with an outlet to
the Schlenk line and an outlet to the outside atmosphere (sealed with
a stopper). Two Young flasks and a Young-NMR tube were connected
to the spider. One flask contained SiCl4 (110mg, 0.61 mmol) dissolved
in Et2O. The other flask contained LiAlH4 (100mg, 2.61 mmol) dis-
solved in Et2O. The NMR tube contained a solution of 1tBu (10 mg,
23 μmol) in benzene-d6. The solutions were degassed one after
the other via three freeze–pump–thaw cycles and the outlet to
the Schlenk line was sealed so that a vacuum was present in the
apparatus and work could be carried out under the inlet vapor pres-
sures of the substances and solvents. The SiCl4 was condensed onto
the LiAlH4 by cooling with liquid nitrogen, the flask was sealed, and
the mixture was allowed to warm to 0 °C. During this process, a strong
gas evolution was observed. Stirring was then continued for half an
hour to ensure complete reduction of the SiCl4 to SiH4. A small
amount of SiH4 was then condensed to 1tBu and the reaction mixture
was allowed to reach RT. After no reaction was detected at RT after
16 h, the mixture was heated to 90 °C for 16 h and again no reaction
was detected in the NMR spectra. Excess SiH4 was quenched directly
into a hot flame by flooding the apparatus with argon and then open-
ing the apparatus under argon flow.

Reaction with PhSiH3 and Acetophenone

To a solution of 1tBu (10 mg, 23 μmol) in benzene-d6, PhSiH3 (excess)
was added via syringe. After no reaction was detected at RT after 16 h,
the mixture was heated to 90 °C for 16 h and again no reaction was
detected in the NMR spectra. The same procedure was repeated after
the addition of one drop of acetophenone. No reaction was observed.

Crystallographic Details

Deposition number 2386440 (7) contained the supplementary crys-
tallographic data for this article. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Computational Details

Geometry optimizations of the molecules were performed without
symmetry constraints using the Gaussian16 (RevB.01) suite of pro-
grams[26] at the dispersion-corrected M06-2X[27]/def2-SVP[28] level
including solvent effects (solvent= benzene) with the polarization
continuum model (PCM) method.[29] Reactants and adducts were
characterized by frequency calculations and have positive definite
Hessian matrices. Transition states showed only one negative eigen-
value in their diagonalized force constant matrices, and their associ-
ated eigenvectors were confirmed to correspond to the motion along
the reaction coordinate under consideration using the intrinsic reac-
tion coordinate method.[30] Energy refinements were carried out by
means of single-point calculations at the same DFT level using the
much larger triple-ζ basis set def2-TZVPP.[28] This level is denoted
PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-M06-2X/def2-
SVP. The computed thermochemistry data were corrected following
Grimme’s quasi-harmonic (QHA) model for entropy[31] using the
GoodVibes[32] program at 298.15 K.[33,34]
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