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Two complimentary approaches for the synthesis and isolation of
stable phosphanylphosphaalkenes

Aleksandra Ziétkowska,® Natalia Szynkiewicz,? tukasz Ponikiewski,®"

Phospha-Wittig (phosphanylphosphinidene titanium(lV) complex) and phospha-Peterson (lithiated diphosphane) reactions
were used to obtain phosphanylphosphaalkenes with the general formula XYC=P-PtBu. (X = alkyl, aryl group or H; Y = alkyl
or aryl group). Therefore, two series of reactions with different ketones and aldehydes were performed. An examination
revealed that the two methods are complementary. For smaller carbonyl compounds, the phospha-Wittig reaction was
shown to be a much better method, while for larger substituents (mainly aromatic), the phospha-Peterson reaction was
shown to be a reliable method. These studies led to, among other things, the isolation of seven phosphanylphosphaalkenes
in crystalline form after the phospha-Peterson reaction: (Ph).C=P-PtBu (3a), Z-(Ph)(4-CN-Ph)C=P-PtBu: (3c), (4-CN-Ph).C=P-
PtBu; (3d), (4-MeO-Ph),C=P-PtBu; (3e), E-tBu(Ph)C=P-PtBu, (3f), E-{(Me):N-Ph}(H)C=P-PtBu; (4d) and E-PhPh(H)C=P-PtBu,
(4e). Corresponding compounds were obtained at high yields under mild conditions, and more importantly, these new
species are relatively air- and absolutely moisture-stable, especially these originating from aldehydes. Additionally, a
comprehensive DFT study helped us to establish not only the key factors crucial for the effective phospha-Wittig-based
synthesis of C=P-P species but also the consecutive steps along the reaction path leading to the formation of these

compounds.

Introduction

Phosphorus compounds displaying low coordination numbers
and multiple bonds resemble related carbon compounds and
show considerable reactivity. 2 The P=C bond is polarized with
the P atom as the positive pole, but some substituents,
especially NR; groups at the carbon atom of the P=C moiety, can
lead to reverse polarization.3 4 The HOMO-LUMO separation is
smaller in phosphaalkenes than in alkenes.> Generally, the P=C
group in R~P=CR!R? is more reactive? than the C=C group in
RIR2C=CR3R%. Unprotected phosphaalkenes are very reactive
transient species with rather no good prospects for
applications.® Since the first synthesis reported by Becker,” the
synthesis of phosphaalkenes has been intensively studied,
several methods and have been reported (Figure 1), including
the phospha-Wittig and phospha-Peterson reactions.8-20
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Figure 1. Selected contributions on phosphaalkenes and
phosphanylphosphaalkenes. The red boxes indicate compounds obtained in
crystalline form.

Recently, materials for new functional polymers and
copolymers have received attention. The Gates group studied
polymerization reactions, especially that of MesP=CPh,. This
monomer is isolable and sufficiently reactive, so it was possible
to polymerize this compound with anionic?,21-23 cationic?* and
radical?> 26 The addition of free
MesP=CMe; using the muonium analog of hydrogen was
recently studied.?’” This group also studied polycondensation
reaction similar to Becker’s” silatropic reaction, leading to -
conjugated polymers containing P=C bonds.28 Protasiewicz et al
studied the synthesis and properties of phospha-PPV oligomers
with P=P and P=C functionalities.?®31 The phosphaalkene
moiety Mes*P=C (Mes* = 2,4,6-tBusC¢H,) can also be
incorporated into butadiyne-expanded dendralene
fragments.32 The serious barriers to the use of diverse
phosphaalkenes as polymerization or
copolymerization are a lack of suitable synthesis methods and
difficulties in matching their reactivity. Generally, the proper
monomer must be sufficiently stable but still reactive. The
stabilization of the P=C functional group in phosphaalkenes can
be accomplished in two ways. The first method s
thermodynamic stabilization by incorporating the P=C bonds
into a delocalized pr-pr system or incorporating substituents
that enhance the positive charge at the P atom, e.g., the stability
of phosphabenzene CsHsP,> MesSi-C=C—
P=C(SiMe3s);,33HP=C(NR;)F,3* and F3CP=C(OR’)NR;3°> and the
moderate stability of F3CP=C(F)NR,.3¢ The structural outcomes
of these conjugations are strongly dependent on the site of
attachment (C vs. P) and on the character of all substituents.3”
The second stabilization method, kinetic stabilization, uses
bulky substituents. The very bulky Mes* moiety on the P atom
in Mes"P=CR1R? results in high stability (low reactivity) of
phosphaalkene regardless of the nature of the R and R2 groups,
e.g., the high stability of Mes*P=CH,.38 39 The steric protection
offered by Mes (2,4,6-Me3CgH5) is smaller, and MesP=CPh, was
the monomer of choice in the polymerization studies.?5-27
Importantly, there are several compounds of the type R!R2P-
P=CR3R#* that mainly include silyl substituents on the carbon
atoms. Phosphanylphosphaalkene with the formula iPr,P-
P=C(SiMe3),, was subjected to a Diels-Alder reaction and was
oxidized with S and Se.’> Compounds with the general formula
tBu,P-P=C(NR;)(NR1;) have been reported, and the 31P and 13C
NMR spectra of these compounds revealed the reverse polarity
induced by the R;N groups, which are strong mt-donors, in the -
position to the A3g4-P-atom.40

Recently, we proved that phosphanylphosphido complexes of
Ti(lll) are good reagents in the phospha-Wittig reaction, yielding
an intermediate that leads directly to the
phosphanylphosphaalkene, representing the phosphorus
extension of the compounds described above. It has long been
known that the phosphinidene complexes of early transition
metals and lanthanides, e.g., Sc(lll),4 Ti(IV),42 43 Zr(IV),16 44
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Ta(V),*5 and Lu(ll1),6 are powerful phospha-Wittig reagents due
to the high oxo- and halogenophilicity of these metal centers.
Herein, we report two different methods of synthesis of
phosphanylphosphaalkenes. The first uses the metal-phospha-
Wittig reagent titanium(IV) complex [(BDI*)Ti(Cl){n2-P-PtBus}],*’
(BDI* = 2,6-diisopropylphenyl-B-methyldiketiminate ligand)
which is a powerful transfer vehicle of the
phosphanylphosphinidene tBu,P=P in reactions with aldehydes
and ketones. The second is a modification of Petersen
phospholefination using reactions of tBu,P-P(SiMes)Li*3 42 with
aldehydes and ketones. We compare the scope and limitations
of these two methods.

Results and discussion

At the beginning of our research, we only knew that reactions
of B-diketiminate titanium(lll) complex containing
phosphanylphosphido ligand with acetone, acetophenone,
cyclopentanone, cyclohexanone and 9-fluorenone lead to new
compounds with a C=P-P bond system, namely,
phosphanylphosphaalkenes.5% 51 Qur studies allowed us to
isolate few phosphanylphosphaalkenes in oily form, but the
isolation of phosphanylphosphaalkenes with aromatic groups
on the central carbon atom remained challenging. By selecting
a titanium complex as a starting material for earlier research,
we were able to control the nucleophilicity of the phosphorus
atom in the titanium complex.52 The more nucleophilic the
phosphorus atom is, the more likely it is that the reaction will
be successful. Nucleophilic phosphinidene metal complexes
were previously used successfully for the transfer of PR
groups.1® 46 The nucleophilic properties of the Pphosphido in the
[(BDI*)Ti(Cl){n2-P(SiMes)-PtBu,}] were poor (calculated value of
the nucleophilic condensed Fukui function fy = 0.043); however,
despite these poor properties, the reaction with ketones
occurred. The identification of the electrophilic and nucleophilic
centers in the B-diketiminate titanium(lV) complex with the
phosphanylphosphinidene ligand [(BDI*)Ti(Cl){n2-P-PtBu,}] (1)
revealed that the Pphosphinidene atom is the most nucleophilic site
in the structure (fy is 0.241). Thus, 1 is expected to be a better
material for reactivity investigation with aldehydes and ketones
in the phospha-Wittig reaction. Additionally, the use of the
titanium(lV) complex could eliminate the side reactions we
observed, namely, aldol condensation and pinacol
condensation. This should facilitate the isolation as well as
increasing the yields of the desire final products which are
phosphanylphosphaalkenes. Our goal was to optimize the
reaction for phosphanylphosphaalkenes formation.
Phospha-Wittig reaction of [(BDI*)Ti(Cl){n2-P-PtBu>}] (1) with
ketones and aldehydes

We conducted a series of reactions of [(BDI*)Ti(Cl){n2-P-PtBu,}]
(1) with selected ketones and aldehydes in THF in a 1:1 molar
ratio, as shown in Scheme 1.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Reactions of 1 with a suitable ketone or aldehyde in THF.

In each case, to the green solution of 1, a suitable ketone or
aldehyde was added dropwise. The reaction time was different
and depended on the ketones used, whereas all selected
aldehydes reacted within the same time (after 24 hours, the
reaction was finished). Generally, 1 reacts with aromatic
ketones very slowly; for example, the reaction with
benzophenone leading to the formation of (Ph),C=P-tBu, (3a)3°
was complete after 3 months (the signals attributed to 1 in the
31p{IH} NMR spectrum were not observed, see ESI Figure S1).
Importantly, taking into account the reactions of the complexes
of titanium(lll) and titanium(lV), using this with a
phosphanylphosphinidene ligand limits the reaction byproducts
and simplifies the entire process. The application of titanium(IV)
complex 1 prevents the formation of undesirable products
(aldol and pinacol condensation) and vyields only
phosphanylphosphaalkenes and dimeric Ti(lV) complex
[(BDI*)Ti(Cl)(u2-O)]2, as reported in the literature.>3
Additionally, we found that the effect of the substituent (-CN or
OMejs) in the para position of the aromatic rings in the selected
ketones does not increase the reactivity, while ketones such as
4-cyanbenzophenone, 4,4’-dicyanbenzophenone and 4,4’-
dimethoxybenzophenone slow the reaction even more. The
31p{IH} NMR spectra obtained after three months revealed the
presence of the starting Ti(lV) complex with the
phosphanylphosphinidene ligand (d, 843.47 ppm, 143.57 ppm,
Jp-p = 450.5 Hz),%” and in the 'H NMR spectrum, the signals from
the unreacted ketones were also visible (see ESI Figure S3-S5).
Additionally, we calculated the values of the electrophilic
condensed Fukui functions (fe) for the carbonyl carbon atom
and the nucleophilic condensed Fukui functions (fy) for the
carbonyl oxygen atom of the ketones and evaluated the
dependence of the rate of reactions. The results indicated some
differences in fg, which ranged from 0.101 (4-

cyanbenzophenone) to 0.192 (cyclopropyl methyl ketone), and
in fu — from 0.139 (4,4’-dimethoxybenzophenone) to 0.386
(acetone). The obtained results revealed that the high
nucleophilicity of oxygen atom together with a steric hindrance
rather than electrophilicity of carbonyl carbon atom accounts
for its reactivity towards 1 (see ESI, Table S7). In general, the
more nucleophilic the oxygen atom of reacting ketone, and the
less steric bulk of X and Y substituents in X-C(=0)Y, the faster
the reaction. The calculations of the Fukui functions also
of activating or deactivating
substituents on the aromatic ring of the ketones on the course
of the reaction; comparing reactions involving benzophenone
and its substituted counterparts (3a, 3c, 3d and 3e), all species
slowly reacts with 1 (with similar values of the carbon fg and the
oxygen fy). Presence of either electron-donating (-OMe in 3e)
or electron-withdrawing (-CN in 3c and 3d) slows down the
reaction, presumably because of increasing bulkiness of
substituents in relation to non-substituted 3a. Hence, we
assume that steric rather than electronic properties of aromatic
ring substituents influence the kinetic of reaction (see Figure 2
for energy barriers of these reactions): OMe substituent is the
most sterically demanding, and therefore, formation of 3e is the
slowest one (in relation to 3a, 3c and 3d). However, aromatic
substituents do not preclude the fast conversion into the
respective C=P-P system. A more rational explanation of these
obtained is the steric hindrance of ketones and the facile
formation of the potential intermediate titanium complex. This
assumption was confirmed by the reaction of 1 with tert-butyl
phenyl ketone (fe = 0.121 of C and fy = 0.295 of O). The 31P{1H}
NMR spectrum of the reaction mixture after three months
shows only signals attributed to starting 1 (839.89 ppm and
142.05 ppm, Jpp = 450.5 Hz),*7 while signals attributed to the
phosphanylphosphaalkene tBu(Ph)C=P-PtBu, (3f) were not

showed small influence
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visible (see ESI Figure S6). The above-described problems (long
reaction times or no reaction) were not observed for the
reactions of 1 with aliphatic ketones, acetophenone and
aldehydes, which were completed after 24 hours. In all cases,
phosphanylphosphaalkenes were formed as the main products.
Thus, we obtained phosphanylphosphaalkenes very easily in the
reaction with acetone, cyclohexanone and acetophenone, as
previously described by us: (Me),C=P-PtBu, (3g), (CH3)sC=P-
PtBu; (3h), and (Me)(Ph)C=P-PtBu, (3i).5% 51 In the reaction of 1
with cyclopropyl methyl ketone, we obtained a new
phosphanylphosphaalkene with the formula
(CH,CH,CH)(Me)C=P-PtBu; (3j). In the reaction of 1 with
aldehydes in each <case, we also obtained new
phosphanylphosphaalkenes:  {(Me),CH}(H)C=P-PtBu, (4a),
{(CH2)4aCH}(H)C=P-PtBu, (4b),  (p-Me-Ph)(H)C=P-PtBu, (4c),
{(Me)2N-Ph}(H)C=P-PtBus, (4d), and PhPh(H)C=P-PtBu, (4e). The
31p{1H} NMR shifts of the formed phosphanylphosphaalkene
(calculated and experimental) are listed in Table S3 in ESI. It
should also be mentioned that among the obtained
phosphanylphosphaalkenes, compounds 3g, 3h, 3i, 3j, 4a, 4b,
and 4c were isolated in pure form using a distillation process.
Unfortunately, phosphanylphosphaalkenes 3a, 3b, 3c, 3d, 3e,
4d, and 4e were not isolated. The boiling points of these
phosphanylphosphaalkenes were too high, up to 200°C, and we
did not observe any fraction. However, above this temperature,
we observed decomposition of the dimeric complex
[(BDI*)Ti(Cl)(u2-0)]2 and migration of the BDI*H ligand. On the
other hand, the crystallization process of [(BDI*)Ti(Cl)(u2-0)]2
was not complete, and even after several crystallization
processes, we still observed typical signals of the
[(BDI*)Ti(Cl)(t2-0)]2 in the *H NMR spectrum.53 Due to problems
with isolation, it can be concluded that this method is not
obtaining phosphanylphosphaalkenes with
aromatic groups.

Asymmetric ketones reacted with 1 and yielded two isomers
each time (for 3c, 3i, and 3j). In 3¢, the percentage ratio of the
Z and E isomers in the reaction solution was 66% : 34%. In the
reaction mixture of 1 with acetophenone, the E isomer
constituted approximately 90%, while the isolation
temperature (160°C) caused changes in the ratio: the amount
of E isomer was reduced (60%), and that of the Zisomer (40%)
was increased. In the reaction of 1 with cyclopropyl methyl
ketone, we did not observe large differences in the percentage
ratio of isomers between the reaction mixture (Z: E 55% : 45%)
and the isolated products (Z: E 53% : 47%). In the reaction of 1
with aldehydes, the formation process of
phosphanylphosphaalkenes was substantially stereoselective.
In all reactions, the amount of the £ isomer was 100%, and only
in the reaction with isobutyraldehyde and
cyclohexacarboxyaldehyde was the percentage amount of the £
isomer slightly smaller: 97% and 93% (all NMR spectra after
reaction of 1 with aldehydes see ESI Figure S19-S47). Notably,
the isolation of phosphanylphosphaalkenes by the distillation
process ({(Me),CH}(H)C=P-PtBu, (4a), {(CH2)4CH}(H)C=P-PtBu,
(4b), (p-Me-Ph)(H)C=P-PtBu, (4c)) had no effect on the
percentage ratio of the isomers. The formation of only the E
isomer (or the significant predominance of this isomer) may be

suitable for
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the final

hindrance of the

the result of  steric hindrance  of
phosphanylphosphaalkene
intermediate titanium complex. The formation of the E isomer
of the phosphaalkene was previously observed by Protasiewicz
and Ott.5% 3> Protasiewicz and coworkers described the
formation of a mixture of E and Z isomers by exposure of the
compound (2,6-Mes;,CeH3)P=C(H)(Ph) to uUv  light.’s
Interestingly, the influence of UV light (room light or a UV lamp)
on phosphanylphosphaalkenes was not observed in our work.

In summary, the B-diketiminate titanium(lV) complex with a
phosphanylphosphinidene ligand is an appropriate reactant in
the phospha-Wittig reaction. In all reactions, the expected
phosphanylphosphaalkenes were obtained and characterized
by NMR spectroscopy (except the reaction with tert-butyl
phenyl ketone). The only problem was the isolation process of

pure phosphanylphosphaalkenes with aromatic rings on the

and steric

carbon atom.
Phospha-Peterson reaction of tBu,P-P(SiMe3)Li (2) with
ketones and aldehydes

In our search for a method that would allow the isolation of
some phosphanylphosphaalkenes, particularly those containing
aromatic groups, we decided to use the phospha-Peterson
reaction. The method of phosphaalkene synthesis reported by
Gates and coworkers was successfully used.>® In our syntheses,
we used the lithium salt of diphosphane with the formula tBu,P-
P(SiMes)Li-3THF (2) containing a P-P bond and selected ketones
or aldehydes. In each case, we dripped the carbonyl compound
or its solution into a solution of lithium salt of diphosphane. In
contrast to the reaction of the B-diketiminate titanium(IV)
complex with a phosphanylphosphinidene ligand, this method
allowed us to isolate phosphanylphosphaalkenes containing
aromatic substituents in crystalline form in reactions with the
following ketones: benzophenone, 4-cyanbenzophenone, 4,4’-
dicyanbenzophenone, and 4,4’-dimethoxybenzophenone. This
method also contributed to the isolation of the product of the
reaction with tert-butyl phenyl ketone. As a result, we isolated
and characterized five new compounds: (Ph),C=P-PtBu; (3a),
E/Z-(Ph)(4-CN-Ph)C=P-PtBu; (3c), (4-CN-Ph),C=P-PtBu, (3d), (4-
MeO-Ph),C=P-PtBu; (3e), and tBu(Ph)C=P-PtBu; (3f). The NMR
spectra (1H, 31P, 13C) of the isolated compounds confirmed the
purity of the obtained products. In the case of compound 3¢, we
observed signals from two isomers in the 31P{1H) NMR spectrum
(see ESI Figure S62). Integration of the H NMR spectrum
revealed that the Zisomer constituted 72%, while the E isomer
constituted 38%. Interestingly, the X-ray analysis revealed only
the Z form in the crystalline product, but the crystals dissolved
in CsDg show signals from both the E and Zisomers (E-to-Z ratio:
8% to 92%). A similar composition of isomers in the crystalline
product and in solution was observed by Gates and coworkers
for the following phosphaalkenes: MesP=C(Ph)(4-OMeCgHa)
and MesP=C(Ph)(2-py).5¢ The reaction with tert-butyl phenyl
ketone yielded the corresponding phosphanylphosphaalkene as
a yellow oil. Analysis of the 31P{!H} NMR data indicated the
formation of mainly one isomer of the expected
phosphanylphosphaalkene (Z = 98%).

This journal is © The Royal Society of Chemistry 20xx
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A different situation was noticed in the case of the reactions of
2 with aliphatic ketones and acetophenone. The first difference
was a very slight change in the reaction color (rather pale
yellow). The 31P{IH} NMR spectra of the reaction mixtures
revealed mainly the presence of diphosphane tBu,P-P(SiMes)H
(19.07 ppm, (d), -197.30 ppm, (d), Jp-p = 190.5 Hz) and very small
signals (or a complete absence of signals) attributed to
phosphanylphosphaalkenes. The presence of diphosphane was
previously observed by us in the reaction of a B-diketiminate
titanium(lll) complex with a phosphanylphosphido ligand, e.g.,
with acetone, acetophenone, and cyclohexanone, and it was
related to the aldol condensation process.3% 51 Interestingly,
spectroscopic investigations of the reaction mixture of 2 with
cyclopropyl methyl ketone did not reveal the aldol
condensation product. In the H NMR spectrum, signals
attributed to one cyclopropyl group were observed (2.13 ppm
1H and 0.79 ppm, 0.55 ppm, 4H). Additionally, in the range of
3.79 ppm, a broad singlet was observed, which is correlated
with the carbon atom at 80.48 ppm in the 33C{1H} spectrum. The
integration of the H spectrum revealed that the cyclopropyl,
vinyl and THF protons are correlated with each other. In effect,
this finding may indicate the formation of the
(CH2CH,CH)(CH2=)C-OLi(THF)s compound. Additionally, the
integrations of all protons in the 1H NMR spectrum revealed
that the formations of both compounds, (CH,CH,CH)(CH,=)C-
OLi(THF)3 and tBu,P-P(SiMes)H, are related to each other (see
Scheme 2, all NMR spectra of reaction mixture of 2 with
cyclopropyl methyl ketone see Figure S108-S113). Enolate
lithium salts were also formed in the reactions with
acetophenone and cyclopentanone (all NMR spectra of reaction
mixture of 2 with acetophenone and cyclopentanone see Figure
S97-S107). In the case of reaction with acetone, we also

observed in the 31P{'H} NMR spectrum the signals associated
with formation of diphosphane tBu,P-P(SiMes3)H (19.07 ppm, -
197.30 ppm, Jp.p = 187.7 Hz) and enolate lithium salt (33C{1H}-
DEPT 135: 81.82 ppm). Unlike the other reactions where
enolates are formed, in this reaction the lithium salt of
diphosphane (3'P{'H} NMR: 46.57 ppm, -245.14 ppm, Jep =
278.4 Hz)*° and acetone (*H NMR: 1.86 ppm) are present in the
reaction mixture (all NMR spectra of reaction mixture of 2 with
acetone see Figure S91-S96). The obtained result may suggest
that in this reaction an equilibrium is established between the
reaction products and the reactants. To confirm this
assumption, we calculated value of the free energy of the
reaction AGaesx and related equilibrium constant Kigsk by
applying DFT methods. The obtained thermodynamic
parameters justify presence of unreacted substrates in the
reaction mixture. The equilibrium constant Kaggk of 5.1 (AG29sk =
-4.03 kJ mol?) is responsible for an 83.6% conversion degree of
substrates to products (see ESI, Table S4).

The reactions of the lithium salt of diphosphane (2) with
aldehydes occurred analogously to those with aromatic ketones
and were finished after 24 hours. Each of these reactions
yielded a phosphanylphosphaalkene as the main product.
Compounds 4d and 4e were isolated in crystalline form, while
4a, 4b and 4c were obtained as oils. After each reaction leading
to the phosphanylphosphaalkenes, we isolated a compound
composed of [LiOSiMes]s moieties from the reaction solution
(see ESI Figure S154). Analogically compounds with LigOg core
but with different organic ligand were found in the literature:
[LiOtBuls and [LiIOCH,tBuls.>”- 58 Additionally, in the literature
are also known lithium compounds stabilized with OSiMes
groups, an example of which is [Li;(OSiMes)7(THF)].5°

FBu
LLi(THF);
x\ / ~tBu - Toluene 1l Toluene (I)
c= + (Me;SiOLi), -=——————— tBu,P-P(SiMe;)Li-3THF + Lo . AN + tBu,P-P(SiMe;)H
v a- X Yy 3g-3 X Y
4a - 4e
@)
3a: X=Y =Ph; 3f: X=Ph, Y =1Buy; da: X=H,Y =/Pr,;
3b: 9-fluorenone 3g: X =Y = Me; 4b: X = H, Y = cyclohexyl ring;
3c: X =Ph,Y =4-CN-Ph; 3h: cyclohexyl ring; 4c: X = H, Y = 4-Me-Ph;
3d: X =Y = 4-CN-Ph; 3i: X=Ph, Y = Me; 4d: X = H, Y = 4-(Me,N)-Ph:
3e: X =Y = 4-MeO-Ph; 3j: X =Me, Y = cyclopropyl ring; 4e' X = H Y = 4-Ph-Ph:

Scheme 2. Reactions of 2 with a suitable ketone or aldehyde in toluene.

In summary, the second method of phosphanylphosphaalkene
synthesis has many advantages. Most importantly, this method
is much simpler and eliminates the synthesis of the titanium(IV)
complex with a phosphanylphosphinidene ligand. Furthermore,
the isolation of the obtained phosphanylphosphaalkenes is
much easier (the distillation process is eliminated). This method
facilitates the preparation of phosphanylphosphaalkenes with
aromatic groups. Unfortunately, simultaneous use is not
suitable for compounds with aliphatic groups (presence of the
a proton). In these cases, the reaction led to diphosphane and
to the lithiated enol form of the ketones.

This journal is © The Royal Society of Chemistry 20xx

Stability investigations

The first sign that the obtained and isolated compounds could
be stable was the lack of formation of [2+2] cyclodimerization
products. Earlier, in the literature, both Ott and Gates described
the two routes of dimerization process of phosphaalkenes
(head-to-head and head-to-tail) and molecular structure of the
dimer.56. 60, 61

Likewise, the newly obtained compounds seem attractive for
further reactivity studies; therefore, we decided to test the
stability of the phosphanylphosphaalkenes isolated in
crystalline form under air and water conditions. Interestingly, all
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phosphanylphosphaalkenes are very stable in the water, for
example the water (2:1 ratio) was added to the Ph,C=P-PtBu,
(3a) and then the reaction mixture was observed
spectroscopically for 2 weeks (see ESI Figure S133) and any
changes were noticed.

Additionally, we exposed compounds 3a, 3c, 3d, 3e, 4c, and 4d
to air (RT), and we observed how the color of the crystals
changed. We observed that all phosphanylphosphaalkenes
obtained after reactions with ketones (3a, 3¢, 3d, 3e) are stable
for about two weeks, while the phosphanylphosphaalkenes
obtained after reactions with aldehydes (4d and 4e) are
permanently stable under air conditions (see ESI, Figure S149-
S150). Furthermore, we also checked to which compounds the
phosphanylphosphaalkenes 3a, 3c, 3d, 3e decompose.
Therefore, we dissolved one of the phosphanylphosphaalkenes
(3a) in CgDs, and then we recorded the NMR spectra (3!P{*H}and
1H}) every few days until the compound was completely
decomposed (the NMR tube was not under an argon
atmosphere). After 5 days, the 31P{'H} NMR spectrum showed
signals of the phosphanylphosphaalkene (d, 277.32 ppm, 27.39
ppm, Jep = 228.9 Hz), which indicates that 3a is still stable in the
solution. New signals appeared after 7 days (two singlets, 66.00
ppm and 33.51 ppm), and after 2 weeks, the new signals
increased in  intensity, while the signals from
phosphanylphosphaalkene disappeared. After the same time (2
weeks), the orange crystals of 3a became colorless. The 3P
NMR spectrum showed a doublet of multiplets at 66.01 ppm (Jpn
= 441.7 Hz), whereas at 33.51 ppm, a doublet of doublets was
observed (Jpy = 560.2 Hz, Jpyy = 19.4 Hz). The 31P{1H}/1H spectrum
revealed a correlation of the phosphorus signals at 66.0 ppm
with two doublets: at 5.65 ppm (Jpn = 441.7 Hz) and at 0.83 ppm
(/e = 15.3 Hz). The obtained NMR results suggest
decomposition leading to the tBu,PH(=0) product, which was
confirmed by literature data.t? Further analysis revealed a
correlation between the phosphorus atom at 33.51 ppm and
the aromatic protons at 7.31 ppm, with a doublet at 6.91 ppm
(J/en = 560.2 Hz) and a doublet at 4.09 ppm (Jpy = 19.4 Hz).
Additionally, in the 13C{1H}/1H spectrum, the proton at 4.09 ppm
is correlated with the carbon atom at 53.35 ppm (d, Jec = 90.46
Hz). The obtained results indicate that the carbon atom in the
C=P moiety is now protonated and that a single bond now exists
between the carbon and phosphorus atoms. Similar shifts of the
protons, carbon atoms and coupling constants discussed above
were observed for [3,6-bis(dimethylamino)-9H-xanthen-9-
yllphosphinic acid.®® Furthermore, in the *H NMR spectrum, the
typical broad singlet of the OH group was also observed (11.91
ppm). The obtained results suggest the formation of Phy(H)C-
PH(=0)(OH) as the second compound in the decomposition
process.

The 31P{1H} NMR spectra obtained after decomposition process
of 3¢, 3d and 3e revealed the same two singlets at 66.00 ppm
and 33.51 ppm (all stability and decomposition spectra see ESI
Figure S142-S147).

DFT Calculations

Unlike its reactivity towards aldehydes, the reactivity of 1
towards ketones differs depending on the steric and electronic
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properties of the substituents bound to the C=0 atom. Hence,
to elucidate why the diversity of ketones affects the reaction
progress and how (by influencing the kinetic and/or
thermodynamic parameters), we decided to study the reaction
mechanism by applying DFT methods. According to relaxed
scans of the potential energy surface in each case, the reaction
proceeds through a two-step mechanism: complexation of the
respective ketone to starting 1 and subsequent decomposition
of the obtained complex into final products 3a-3j and the
dimeric byproduct [(BDI*)Ti(Cl)(u2-O)]. (Figure 2). The
established reaction mechanism involving two-step
transformation is in accord with the literature data and our own
experience gained while studying the reaction of Ti(lll)
complexes containing a phosphanylphosphido ligand with
ketones.16 50. 51, 64 The reaction starts with the simultaneous
formation of Ti-O and P-C bonds via the four-membered-ring
transition state TSi(3a-3j) to give intermediate I(3a-3j). In the
next step, the splitting of both the C-O bond of the carbonyl
group and the P-Ti bond (if still present) along with the
formation of C=P double bond leads to final
phosphanylphosphaalkenes 3a-3j. In general,
nucleophilic the O atom and the less electrophilic the C atom in
the C=0 group, the more thermodynamically privileged is the
formation of I and the lower is the overall energy barrier of the
reaction (Figure 2; see ESI, Table S6). Despite the electronic
effects, bulky substituents slightly disturb the established order
of reactivity, facilitating reactions with small ketones. Hence,
both the electronic and steric properties of the reacting
carbonyls account for the overall kinetics of the reaction. This
justifies why 3b, 3h and 3i are associated with the lowest energy
barriers — the respective ketones satisfy both these conditions.
The formation of 3g and 3j proceeds slightly more slowly —
CH3C(O)CH3 and c-PrC(O)Me bear small substituents; however,
these compounds are less electronically privileged due to the
high electrophilicity of C=0. The reactions involving bulky
ketones to give 3a, 3¢, 3d, and 3e are much slower, with a
maximum energy barrier for 3f, the reaction of which does not
occur even if mixing is maintained over 3 months. All
transformations are energetically favored, with significantly
negative values of AG®,95 ranging between -27.2 kcal mol* and
-37.2 kcal moll. Hence, kinetic rather than thermodynamic
parameters limit the scope of ketones that may be transformed
to the respective C=P-P products via this method.

the more
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E-3c: 25.7 5.8 17.0 -34.5
3d: 25.0 3.8 15.2 -36.1
3e: 25.7 13.0 21.6 -32.7
Z-3f: 281 71 221 -31.3
E-3f: 29.6 5.5 28.7 -25.5
3g: 24.2 41 16.7 -28.0
3h: 20.0 -1.2 12.5 -31.8
Z-3i: 24.5 3.9 17.5 -29.0
E-3i: 21.9 -2.1 201 -30.1
Z-3j: 229 6.0 18.3 -27.8
E-3j: 23.4 9.3 20.2 -27.2

Figure 2. A Gibbs free energy profile of formation of 3a-3j calculated at
TPSSTPSS//6-31+G(d,p) (TPSSTPSS//LANL2DZ for Ti) level of theory. The energy
values for the formation of 3a were presented on the diagram.

Considering reactions with unsymmetrical ketones (3¢, 3i and
3j), the E/Z isomer ratio may be justified based on calculated
energy barriers and values of free energies associated with each
transformation (Figure 2). In the case of Z-3c and Z-3j, the Z
isomers form not only faster, but also they are more
energetically favored products than the corresponding E
isomers, explaining their high content in the reaction mixture.
Conversely, the formation of Z-3i is neither kinetically nor
thermodynamically favored, which accounts for its low content
in the reaction mixture.

The UV-VIS spectra conducted for the isolated in solid form
phosphanylphosphaalkenes (3a, 3c, 3d, 3e, 3f, 4c and 4d)
revealed two absorption band assigned to the m-n* and n-t*
transitions (Figure 3, see ESI Table S8). The UV-VIS spectrum of

This journal is © The Royal Society of Chemistry 20xx

3a (no substituents in the aromatic rings) shows intensive
absorption band for the mt-it* transition in the short wavelength
(322 nm) and very weak absorption band for the n-it* transition
in the longest wavelength (440 nm). In comparison, the
absorption bands found in the literature for phosphaalkenes (-
nt* transition) are respective: (MesP=C(Ph)(1-naphthyl) 298 nm,
MesP=C(Ph)(9-phenanthryl) 302 nm, MesP=P(Ph)(5-
dibenzosuberenyl) 294 nm and MesP=C(Ph)(Pyr) 390 nm.65 66
Different substituents in the para position cause bathochromic
shifts of the absorption band into longer wavelengths
(compared with the spectra of 3a). The same dependences
were observed for the phosphaalkene substituted in the para
position (-OMe or NMe; groups).¢” Importantly, the very weak
absorption bands assigned to the n-m* transition are
additionally often overlapped by the n-it* transition absorption
bands, therefore they are confirmed by the theoretical UV-VIS
spectra performed for phosphanylphosphaalkenes 3a, 3c, 3d,
3e, 3f, 4c and 4d (see ESI, Figure S236-5249).

—3a 3c 3d 3e —3f —4d —4e
30000 -
25000 -
‘E 20000
2
s
£
£
4
w
T T — T =
220 270 320 370 420 470 520

wavelength/nm

Figure 3. UV-vis spectra of 3a, 3¢, 3d, 3e, 3f, 4d and 4e in a 3 x 10> M n-pentane
solution.

X-ray structural analysis

All crystals of phosphanylphosphaalkenes were obtained only in
the phospha-Peterson reaction. Selecting the appropriate
solvents and crystallization conditions enabled us to obtain
good-quality crystals for X-ray crystallography (for details, see
ESI, Experimental Section). Compounds 3a, 3d, and 3e
crystallize in the monoclinic space groups C2/c (3a), P21/c (3d)
and P2i/n (3e), whereas 3c crystallizes in the orthorhombic
space group Pbcn. In the independent part of the unit cell, only
one molecule of phosphanylphosphaalkene existed for 3a, 3c,
and 3e; only for compound 3d were two molecules present. The
molecular structures of 3a and 3c are shown in Figure 4. (For
the molecular structures of 3d and 3e, see ESI Figures S151 and
S152; for measurement details, see ESI, Table S1 and S2.).
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Figure 4. X-ray crystal structures of Ph,C=P-PtBu: (3a) and Z-(Ph)(4-CN-Ph) C=P—PtBu2 (3c) (ellipsoids are drawn at the 50% probability level, hydrogen atoms
are omitted, and carbon atoms are drawn as spheres for clarity). Selected distances and angles are shown in Table 2.

The P—P distances in 3a (2.2121(7) A), 3c (2.2223(15) A), 3d
(2.2224(7) A, 2.176(8) A), and 3e (2.2115(12) A) are similar to
each other and are consistent with a single bond between two
phosphorus atoms. The observed P—P distances are slightly
longer than those in the starting lithium salts of diphosphane:
[Li(THF)3P(SiMe3)—PtBus,] (2.178(2) A), Li(12-crown-
4),]*[(SiMe3)P—PtBu,]~ (2.1657(9) A),* but are comparable to
the distances observed in the diphosphanes: Ph,P—PPh,
(2.2217(1) A),58 Me,P-PMe; (2.212(1) A),8° Cy,P-PCy; (2.215(3)
A).70 The P1=C1 distances in 3a, 3c, 3d and 3e (from 1.696(4) A
to 1.707(3) A) are comparable to those observed in the
literature and are in the typical P=C range for C-substituted
phosphaalkenes (1.61-1.71 A),6: 71 at its upper limit. In 3¢, the
P=C bond is the longest in the presented group; however,
elongation of the P-C bond was also observed by Gates and
coworkers in MesP=CPh(4-OMeCsH4) 1.7082(13) A.56 The
C1=P1-P2 angles are also close to each other and range from
103.57(14)° (Zisomer of 3c) to 104.92(7)° (3d). In comparison to
the C=P-C angles observed in the currently known structures of
phosphaalkenes (from 108.5(2)° MesP=C(5-dibenzosuberenyl)
to 104.1(1)° Mes*P=CH,),%% ¢ the angles observed in our

presented phosphanylphosphaalkenes are similar to or slightly
below these values.

Table 2. Selected distances (A) and angles (deg) of obtained phosphanylphosphaalkenes.

C1=P1[A] P1-P2 [A] C1=P1-P2 [*]
3a 1.6983(19) 2.2121(7) 103.84(7)
3¢ Z 1.696(4) 2.2223(15) 103.57(14)
3d 1.697(2) 2.2224(7) 104.92(7)
1.691(2) 2.2176(8) 103.94(7)
3e 1.707(3) 2.2115(12) 103.66(11)
4d_E 1.705(7) 2.195(2) 99.2(2) 98.7(2)
1.677(6) 2.207(2)
4e_E 1.680(4) 2.2079(16) 99.77(15)
After the reaction of 2 with aldehydes, two

phosphanylphosphaalkenes were isolated in crystalline form: E-
{(Me)2N-Ph}(H)C=P-PtBu, (4d) and E-PhPh(H)C=P-PtBu, (4e).
Both phosphanylphosphaalkenes crystallize in monoclinic space
groups: Cy/c (4d) and ./, (4e). The molecular structures of both
phosphanylphosphaalkenes are presented in Figure 5.
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Figure 5. X-ray crystal structures of E-{(Me),N-Ph}(H)C=P-PtBu, (4d) and E-PhPh(H)C=P-PtBu, (4e) (ellipsoids are drawn at the 50% probability level, hydrogen atoms are
omitted, and carbon atoms are drawn as spheres for clarity). Selected distances and angles are shown in Table 2.

The P-P (1.705(7) A, 1.677(6) A, and 1.680(4) A) and P=C
(2.195(2) A, 2.207(2) A, and 2.2079(16) A) distances observed in
ad and 4e are comparable to those in
phosphanylphosphaalkenes 3a, 3c, 3d, and 3e, while the C=P-P
angle decreased slightly (99.2(2)°, 98.7(2)° for 4d and 99.77(15)
for 4e). Analogously, a reduction in this angle was observed in
the phosphaalkenes, in which an aldehyde proton was present:
Mes*C=P(H)Ph ~ (100.9(3)°) and Mes*C=P(H)(o-C5H5N)
(99.1(5)°).33. 72

Conclusions

The two methods we presented for the synthesis of
phosphanylphosphaalkenes showed both advantages and
disadvantages. The first method, metal-phospha-Wittig,
allowed us to obtain a large range of compounds with a C=P-P
moiety. However, its main limitation is the steric hindrance of
the substituents in the ketones, which directly affect the
difficult distillation process. To accurately explain the problem,
we performed a theoretical investigation, which revealed that
the phospha-Wittig-based approach to the synthesis of C=P-P
bond systems is thermodynamically favored; however, kinetic
rather than thermodynamic factors account for the effective
reaction progress, facilitating  the formation of
phosphanylphosphaalkenes derived from carbonyls bound with
sterically nondemanding substituents and/or bearing highly
nucleophilic O atoms together with poorly electrophilic C atoms
in the C=0 group. Reactions involving carbonyls that do not
satisfy these conditions have high energy barriers precluding
the effective conversion of substrates into products. In the

second method, the phospha-Peterson reaction was considered
to be complementary to the first method. However, in reactions
with ketones bearing alpha protons, the reactions proceed in
the opposite direction (no phosphanylphosphaalkenes are
formed). Nevertheless, optimization of this method facilitated
the isolation of an oil of the following compounds: 3b, 4a, 4b,
and 4c. Moreover, we isolated seven compounds in crystalline
form (3a, 3c, 3d, 3e, 3f, 4d and 4e). The obtained
phosphanylphosphaalkenes were stable in air and were not
susceptible to hydrolysis. Importantly, these compounds open
a wide perspective for further research (formation of new
polymers with still reactive P-P bond, and activation the P-P
bonds in the obtained polymers) not only due to their stability
but also because of the presence of a diphosphoroorganic group
and a reactive C=P bond.
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