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A B S T R A C T   

Compound 1 was prepared from N-Dipp (Dipp = 2,6-diisopropylphenyl) substituted, 10π-electron benzaza
phosphole 2 via a two-step protonolysis/substitution protocol using HCl and LiAlH4. As opposed to structurally 
related N-heterocyclic phosphines, the P–H unit in 1 acted as a weak hydride. A sluggish insertion reaction 
between 1 and electron-poor CF3C(O)Ph was observed, but dehydrocouplings with weakly acidic alcohols like 
MeOH and HFIP (hexafluoroisopropanol) did not proceed, as predicted by DFT computations showing high 
activation energies. However, a rapid and essentially barrierless reaction with :CF2 occurred, yielding P–CF2H 
derivative 6, which was fully characterized by NMR spectroscopy, elemental analysis (EA), HRMS, and X-ray 
crystallography. The complex splitting pattern of the diastereotopic fluorines of the –CF2H group observed in the 
19F NMR spectrum was successfully simulated using MestReNova. Finally, 1 underwent hydrophosphination in 
the presence of phenylacetylene, generating a mixture of anti- (E/Z-7) and Markovnikov products (8). Com
putations indicated that anti-Markovnikov E-7 (P–CH=CHPh) formed via highly strained phosphirene inter
mediate 9, while Z-7 crystallized out of solution and was characterized by NMR spectroscopy, EA, HRMS, and X- 
ray crystallography.   

1. Introduction 

Secondary phosphines of the type R2P–H (R = alkyl or aryl) are 
commonly deprotonated with alkyl lithium reagents, generating lithium 
phosphides (LiPR2) that act as strong nucleophiles (Scheme 1) [1]. 
Quenching of these nucleophiles with electrophiles represents a funda
mental approach to forming new P–C and P–E bonds (E = other 
element).[2]. 

However, if the P–H functionality is incorporated into a five- 
membered ring with flanking amino groups, negative hyper
conjugation between the nitrogen lone pairs (NLP) and the σ* orbital of 
the exocyclic bond triggers an umpolung in reactivity, resulting in a P–H 
bond that acts as a hydride.[3] When the N-substituents are bulky, 

electron-rich alkyls (R′ = t-Bu) and the carbon backbone is unsaturated, 
these NHPs (A, [4] N-Heterocyclic Phosphines or DAPs, dia
zaphospholenes) promote catalytic hydroboration of carbonyls and 
imines via the two-step insertion/σ-bond metathesis mechanism shown 
in Scheme 2. [5]. 

From a bird’s eye view, a narrow focus on the five-membered P- 
containing ring with an adjacent sp2-hybridized nitrogen group, may 
lead to the expectation that P–H functionalized benzazaphospholes of 
Type B would behave similarly (Scheme 3, left) [6]. Without the second 
nitrogen donor though, the delocalization of electron density via NLP → 
σ*(P–X) negative hyperconjugation is essentially cut in half, [7] a 
finding that was verified by DFT calculations when comparing P-halo
genated benzazaphospholes with their NHP counterparts.[8] In that 
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case, the exocyclic P–X σ* NBO occupancies in NHPs were double that of 
the analogous benzazaphospholes, consistent with the dramatic elon
gation of P–X bonds in NHPs that were observed in the solid state.[9] An 
extension of this phenomenon would suggest that Type B derivatives 
would then have shorter P–H bonds that were less hydridic than A. 
Further compounding this difference, the potent hydridicity displayed 
by NHPs has been linked to the large contribution of its ionic resonance 
structure featuring an aromatic 6π-electron phosphenium cation;[10] in 
fact, the same five-membered C2N2P ring with a C–C single bond was 
calculated to be 100x less nucleophilic than A.[11] By comparison, the 
ionic structure of B is not aromatic (sp3 hybridized benzylic carbon 
atom) so we expected that P–H functionalized benzazaphospholes of 
Type B would be even weaker hydrides (Scheme 3, right). Here, we 
report the synthesis of N-Dipp substituted 1 and exploratory reactions 
aimed at gauging its hydridicity, both experimentally and 
computationally. 

2. Results and discussion 

2.1. Synthesis of 1 

Exposure of N-Dipp substituted, 10π-electron benzazaphosphole 2 to 
HCl generated chlorophosphine 3, [7] which when treated with LiAlH4 
formed 1. The two-step sequence could be conducted in a single pot, 
bypassing the isolation of 3, or in a stepwise fashion where the chlor
ophosphine was first isolated by recrystallization before substitution by 
the hydride; the latter method gave consistently higher yields (Scheme 
4). 

The identity of 1 was readily confirmed by NMR spectroscopy. A 
singlet at 25 ppm was observed by 31P{1H} NMR spectroscopy (Fig. 1, 
top left), splitting into a doublet (JPH = 150 Hz) in the 1H–31P coupled 
spectrum (top right). The P–H unit resonated as a doublet of doublets of 
doublets at 6.54 ppm (JPH = 150 Hz, JHH = 4.8 Hz, JHH = 8.4 Hz) in the 
1H NMR spectrum (bottom left) with the diagnostic diastereotopic CH2 
protons observed at 4.66 and 4.24 ppm (bottom right). 1H NMR spec
troscopy also displayed two methines and four methyl groups, consistent 
with an orthogonally aligned N-Dipp group with restricted rotation and 
bona fide evidence that the five-membered ring in Cs-symmetric 2 was 
dearomatized and functionalized at P to give a C1-symmetric product. 

Ultimately, 13C{1H} NMR spectroscopy, elemental analysis, HRMS, 
and X-ray crystallography confirmed the bulk purity and structure of 1. 
As displayed in Figs. 2, 1 crystallized with two independent molecules in 
the unit cell in the monoclinic space group P21/n, which was unam
biguously determined from the systematic absences. The P1/P1A and 
P2/P2A disordered pairs were constrained with equal atomic displace
ment, enabling the refinement of the occupancies at 90/10 and 92/8, 
respectively. Operating under the assumption that the two molecules are 
chemically the same, the geometry of the disordered parts was 
restrained, permitting the location and assignment of the H-atoms on P 
and the refinement of the average P–H bond distance to 1.47(2) Å. 

2.2. Reactions manifesting hydridic character 

With a 1JPH = 150 Hz and a P–H bond length of 1.47(2) Å, 1 closely 
resembled its NHP counterparts (JPH = 150 Hz and 1.51(4) Å).[3] 
However, unlike NHPs (A), which undergo rapid insertions with alde
hydes, benzophenone, and α,β-unsaturated aldehydes at room temper
ature, [12] compound 1 did not react with those substrates and heating 
the reaction mixtures resulted in the formation of intractable products 

Scheme 1. Deprotonation of secondary phosphines followed by quenching 
with electrophiles. 

Scheme 2. Negative hyperconjugation in NHPs of Type A and catalytic 
hydroboration of carbonyls and imines. 

Scheme 3. Negative hyperconjugation in P–H functionalized benzazaphospholes of Type B (left) and a comparison of ionic and covalent resonance structures of A 
and B (right). 

Scheme 4. Synthesis of 1.  
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(Scheme 5). 
On the other hand, use of a more electrophilic ketone like PhC(O)CF3 

in toluene at 60 ◦C gradually consumed 1, forming diastereomers 4/4′ in 
a 3.6:1 ratio on the basis of 31P{1H} and 19F NMR spectroscopy (Fig. 3). 
[13] After 21 h, the insertion reaction reached approximately 75 % 

conversion, but other unidentified P- and F-containing byproducts were 
observed. Isolation of the diastereomers from the product mixture at 
both low and modest conversion could not be accomplished. 

Computational modeling (at the B3LYP-D3/6-311+G(d,p) level) of 
the reaction of 1 with PhC(O)(CF3) (Fig. 4) showed that insertion of the 

31P{1H} 
NMR

31P–1H
Coupled 

NMR

1H NMR:
P–H Signal

1H NMR:
Diastereotopic CH2 Resonances

Fig. 1. Selected NMR spectra of 1 in C7D8. Top left: 31P{1H} NMR; Top right: 31P-1H Coupled NMR; Lower left: 1H NMR signal for P–H unit; Lower right: Dia
stereotopic CH2 resonances. 

Fig. 2. X-ray crystal structure of one of the two independent molecules of 1, displaying only the most occupied of the P1/P1A pairing for clarity. Selected bond 
lengths (Å) and angles (◦): P1–H1 = 1.47(2), P1–C7 = 1.824(2), P1–N1 = 1.7222(17), N1–C1 = 1.430(3), N1–P1–C7 = 89.06(11), H1–P1–C7 = 100.9(13), N1–P1–H1 =

105.3(13). The unit cell is shown in the inset in the lower left. 
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Scheme 5. Insertion reactions of NHPs of Type A with carbonyls.  

Fig. 3. Selected regions of the 31P{1H} (left) and 19F NMR (right) spectra (in C7D8) highlighting diastereomers 4/4′. The Asterisk (*) Indicates Remaining CF3C(O)Ph.  

Fig. 4. Computational results for formation of diastereomeric products 4/4′, showing the structures of the corresponding transition states.  
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P–H bond into the carbonyl proceeded via diastereomeric transition 
states separated by 0.8 kcal/mol (1.4 kcal/mol in the gas phase), 
yielding a mixture of diastereomers (4/4′) that differed in energy by 3.7 
kcal/mol (3.9 kcal/mol in the gas phase). Moderate activation energies 
along with significant exothermicities were calculated for the formation 
of diastereomers 4/4′, correlating well with the experimental findings. 

Another reaction illustrating the hydridic character of NHPs (A) was 
protonolysis,[4] affording phosphenium ions with a weakly coordi
nating anion (Scheme 6).[14] Analogous protonations on 1 with HOTf 
or CF3COOH gave complex product mixtures devoid of any downfield 
shifted 31P NMR signals (in the 200 ppm range), [15] leading to the 
suspicion that the resulting phosphenium ion was not stable in solution. 

Switching to alcohols like MeOH and HFIP (HFIP, 

hexafluoroisopropanol, (CF3)2CHOH) was expected to generate P–OR 
products (R = Me or CH(CF3)2) of Type 5 via σ-bond metathesis[16] 
accompanied by loss of H2. Experimentally, however, no dehydrocou
pling[17] was observed between 1 and either alcohol (Fig. 5). DFT 
computations revealed that the reaction with MeOH was thermody
namically viable, being exothermic by − 1.5 kcal/mol in toluene (− 2.0 
kcal/mol in the gas phase). However, the transition state was 52.4 kcal/ 
mol higher in energy than the initial complex between the reactants 
(52.8 kcal/mol in the gas phase). This huge activation energy probably 
arises from the severe geometric constraints of the four-centered tran
sition state, which involves two highly mobile hydrogen atoms; the 
related reaction with HFIP had a predicted activation barrier of 45.0 
kcal/mol. Both transition states are displayed in Fig. 5. These large 
computed activation energies justify the absence of reactivity of 1 to
ward the experimentally tested alcohols. 

Therefore, not only does the electronic nature of 1 (one N-donor, a 
non-aromatic ionic phosphenium) lessen its hydridic character, but the 
reactivity is further attenuated because the fused PN ring system and 
large N-Dipp substituent would create a structural environment not 
suited to break (O–H and P–H) and form (P–O and H–H) two bonds in 

Scheme 6. Protonolysis of NHPs to give phosphenium ions.[15].  

Fig. 5. Computational results for the reactions of 1 with MeOH and HFIP, showing the structures of the corresponding characterized transition states.  

Scheme 7. Synthesis of P–CF2H analogue 6.  
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concert. 

2.3. Insertion reactions 

Despite its weak hydride donor ability, we speculated that 1 with a 
polarized (δ+)P–H(δ–) bond might undergo insertions with an electron 
deficient species. Specifically, a singlet carbene like :CF2 with an empty 
p orbital seemed poised to accept electron density from the elongated 
P–H bond in a σ fashion (Scheme 7, right).[18] Indeed, a solution of 1 in 
toluene reacted with zwitterionic [Ph3P–CF2–COO] (PDFA, (triphenyl
phosphonio)difluoroacetate) in 1 h at 100 ◦C, affording P–CF2H 
analogue 6 and free PPh3 (and CO2). Computational modeling of the 
reaction of 1 with :CF2 showed an essentially barrierless, highly 
exothermic reaction, implying that the energy needed to start the re
action in solution is to convert PDFA to :CF2, [19] which would then 
undergo instantaneous insertion to give 6. Treatment of the crude 
product mixture with xs MeI led to the precipitation of [Ph3P–Me][I]; a 
subsequent filtration followed by recrystallization from pentane gave 
white crystals of 6 (Scheme 7). 

The structure of 6 was readily identified by 19F NMR spectroscopy, 
displaying two distinct doublet of doublets of doublets at − 126.1 (JFF =

320 Hz, JPF = 103 Hz, JHF = 52 Hz) and − 127.3 (JFF = 320 Hz, JPF = 89 
Hz, JHF = 52 Hz) ppm representing the diastereotopic fluorines.[20] The 
19F NMR spectrum of 6 is the AB portion of a 2nd order ABMX spin- 
system that can be simulated using MestReNova (MestReNova 14.3.0 
and 14.2.1, more details concerning specific parameters can be found in 
the Supporting Information) (Fig. 6). 

The corresponding 31P{1H} NMR spectrum of 6 featured a doublet of 
doublets at 57 ppm with matching JPF values of 89 and 103 Hz (Fig. 7, 
top left), and although broadened into an apparent triplet of doublets, a 
JPH = 18 Hz could be extracted from the 31P–1H coupled NMR spectrum 
(top right). The –CF2H signal resonated as a triplet of doublets at 5.84 
ppm (JHF = 52 Hz and JPH = 18 Hz) by 1H NMR spectroscopy (bottom 
left), while that same fluorinated carbon also appeared as a triplet of 
doublets centered at 121.9 ppm (JCF = 272 Hz and JCP = 45 Hz) in the 
13C{1H} NMR spectrum (bottom right). Overall, the combination of 1H 
and 13C{1H} NMR spectroscopy confirmed the C1 symmetric structure as 
diastereotopic CH2 protons and two distinct methines and four methyl 

groups were observed as well. 
The structure and bulk purity was further corroborated by X-ray 

crystallography, HRMS, and elemental analysis (Fig. 8). To the best of 
our knowledge, 6 represents the first known example of insertion of :CF2 
into a P–H bond of a trivalent P.[21]. 

Next, questioning if electron-rich substrates may also undergo in
sertions, 1 was exposed to phenylacetylene in toluene (Scheme 8). 
Within 1 h at 100 ◦C, 31P{1H} NMR spectroscopy revealed the presence 
of two major species at 50 and 65 ppm in a ~8:1 ratio, along with a more 
minor impurity (~5%) at 75 ppm, consistent with a mixture of hydro
phosphination products: two anti-(E- and Z-isomers, 7) and one 
Markovnikov-based (8).[22]. 

Recrystallization of this product mixture from hot acetonitrile led to 
the isolation of X-ray quality crystals of Z-7 (Fig. 9). 31P NMR spec
troscopy (CDCl3) confirmed Z-7 corresponded to the signal observed at 
50 ppm with a 3JPH = 21 Hz. The 1H NMR spectrum featured two 
diagnostic olefinic resonances, both doublets of doublets at 7.02 (3JPH =

21 Hz) and 6.43 ppm (2JPH = 4 Hz) with the 3JHH coupling constant (13 
Hz), indicative of a cis-oriented double bond. 13C{1H} NMR spectros
copy combined with HSQC and DEPT experiments definitively identified 
the presence of these olefinic carbon atoms (δ 140.8 (2JPC = 19 Hz) and 
137.4 (1JPC = 45 Hz)). Despite the purification process, the most minor 
impurity (at 75 ppm in the 31P NMR spectrum with 3JPH = 35 Hz) 
remained stubbornly present in samples of Z-7. In the 1H NMR spectrum, 
two extremely small, but distinct doublets of doublets, corresponding to 
other olefinic protons were observed at 5.81 and 5.66 ppm with the 
more upfield of the two signals featuring a 3JPH = 35 Hz and a geminal 
HH coupling of 2.4 Hz, consistent with the terminal alkene found in 
Markovnikov product 8.[23] The remaining product (δ 65) of the crude 
reaction had no observable JPH coupling in the 31P-1H coupled NMR 
spectrum and its olefinic signals were buried / obscured by other signals 
in the 1H NMR spectrum, leading to its tentative assignment as E-7. 

From a mechanistic standpoint, the formation of E/Z-7 or 8 is 
fundamentally different than most hydrophosphinations. First and 
foremost, the P–H bond in 1 is weakly hydridic rather than weakly acidic 
(like Ph2P–H), and secondly, the reaction proceeds without any catalyst. 
[24] We suspected that with a large partial positive charge density 
(computed as +0.795), the P-center may behave like a metal cation or a 

Fig. 6. Experimental (red) and simulated (blue) spectra with 19F NMR (564.10 MHz) signals at − 126.182 and − 127.279 ppm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Lewis acid.[25] Computational modeling of the reaction of 1 with 
phenylacetylene (Fig. 10) revealed that the reaction proceeds via 
phosphirene[26] intermediate 9 located 19 kcal/mol above the re
actants complex (Fig. 11). This species features calculated C–P–C and 
N–P–C angles of 43.5 and 87.3◦, respectively, along with sp2-hybridized 
carbons with P–C–C angles of 73.5 and 63.0◦, thus being severely 
strained and predisposed to intramolecular hydride attack. In a second 
step, concerted ring opening and hydride migration leads to formation 
of the more thermodynamically stable (by about 4 kcal/mol) trans 
alkene adduct E-7. In the second TS, the P–C bond to the internal sp2- 
hybridized carbon has already broken, while the hydride migrates from 
P to C (Fig. 11). 

Experimentally though, Z-7 was favored by a ~8:1 ratio as observed 
by 31P{1H} NMR spectroscopy. The intramolecular hydride migration 
affording the cis alkene analogue would proceed through an open in
termediate being about 3 kcal/mol higher in energy than the cyclic 
phosphirene (Fig. S22); however, the TS corresponding to generation of 
the cis alkene could not be located. Other catalyst-free hydro
phosphinations using phenylacetylene have afforded comparably high Z 
to E selectivities (upto 95:5) with the anti addition of the P–H bond 
proposed to occur via a transition state in which two different phos
phines, one contributing the PR2 unit and one donating the H atom, add 
to opposite faces of the C–––C triple bond.[27] Similarly, formation of Z-7 
could result from an intermolecular hydride transfer; however, a more 
comprehensive computational investigation of the possible mechanistic 
variations that could generate the Z-isomer was out of the scope of the 

Fig. 7. Selected NMR spectra of P–CF2H derivative 6 in CDCl3. Top left: 31P{1H} NMR; Top right: 31P-1H Coupled NMR; Lower left: 1H NMR signal of P–CF2H proton; 
Lower right: 13C{1H} NMR resonance of P–CF2H. The two singlets correspond to other Ar signals. 

Fig. 8. X-ray crystal structure of 6. Selected bond lengths (Å) and angles (◦): 
P1–N1 = 1.6860(17), P1–C2 = 1.823(2), P1–C1 = 1.879(2), C1–F1 = 1.374(3), 
C1–F2 = 1.370(2), N1–C9 = 1.440(2), N1–P1–C2 = 91.22(9), N1–P1–C1 = 101.13 
(9), C2–P1–C1 = 92.42(9). 
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present work. 

2.4. Solid state structural comparison 

This investigation into the synthesis and preliminary reactivity of 1 
yielded X-ray crystal structures of three new benzazaphospholes. The 
most important solid-state data is compiled in Table 1. Derivatives 1, 6, 
and Z-7 all feature a five-membered C3NP ring in which the phosphorus 
is flanked by sp2-hybridized carbon and nitrogen atoms with a C–P–N 
angle of roughly 90◦. The N–P–X (X = exocyclic group) angle is the most 
obtuse, but none are more than 106◦, reflecting the pyramidal nature of 
the largely unhybridized, three-coordinate P-center in 1, 6, and Z-7. Like 
the rest of the structurally characterized benzazaphospholes, 1 is almost 
perfectly flat at nitrogen (idealized 360◦),[7,8] which in combination 
with more polarizable Lewis Bases or inductively stabilized carbanions 
as exocyclic groups, is key to maximizing NLP → σ*(P–X) negative 
hyperconjugation. This enhanced delocalization of electron density has 
previously led to elongated P–I bonds that undergo, as observed by NMR 
spectroscopy, concentration-dependent bimolecular exchange, [8] and 
P–CCPh analogues that can facilitate P-to-Pd transmetalation.[7] Here, 
the planarized nitrogen and soft[28] hydride afforded a lengthened P–H 
bond (1.47(2) Å) in 1 that, depending on the sterics and electronics of 
the substrate, engage in reactivity consistent with an ionized structure 
(like shown in Scheme 3, B). On the other hand, P–C derivatives 6 and Z- 
7 contain the largest deviations from sp2 at N observed to date (almost 
4◦). In the case of 6, this results in a P–RF bond (RF = fluorinated alkyl 
group) that is not elongated relative to its unpublished P–CF3 counter
part (1.885(2) Å) [29] or other phosphines containing perfluorinated 
groups.[30] The lack of bond lengthening in Z-7 is even more apparent, 
as its exocyclic P–C(sp2) bond is shorter (1.834(2) Å) than the P–C(sp2) 
bond (1.840(2) Å) to the heterocyclic scaffold. Given the P–N bond 

length of all three derivatives (1, 6, and Z-7) hovers around 1.7 Å, these 
structural differences may be rooted in repulsive interactions between 
the large N-Dipp substituent and exocyclic groups that are either sp3 at 
carbon (6) or sp2 with a tethered Ph ring (Z-7). The importance of these 
structural subtleties will become more obvious as we further test the 
reactivity of 1 and explore the use of 6 and Z-7 as potential trans
metalating agents. 

2.5. Conclusions 

Exposure of N-Dipp substituted, 10π-electron benzazaphosphole 2 to 
HCl generated chlorophosphine 3, which when treated with LiAlH4 
formed 1. Exploratory reactions between 1 and carbonyls or weakly 
acidic alcohols demonstrated, and computational modeling supported 
and/or confirmed, that 1 is a weak hydride. Despite its weak hydridic 
character, an unprecedented P(III)–H insertion reaction[21] between 1 
and :CF2 was observed, affording P–CF2H derivative 6. Furthermore, 1 
underwent hydrophosphination in the presence of phenylacetylene to 
yield anti- (E/Z-7) and Markovnikov (8) products, perhaps through 
highly strained phosphirene intermediate 9. 

3. Experimental section 

3.1. General experimental details 

Unless otherwise specified, all reactions and manipulations were 
performed under a nitrogen atmosphere in a Vacuum Atmospheres 
GENESIS glovebox or using standard Schlenk techniques. All glassware 
was oven-dried overnight (at minimum) at 140 ◦C prior to use. Anhy
drous solvents were purchased directly from chemical suppliers (Aldrich 
or Acros), pumped directly into the glove box, and stored over oven- 
activated 4 or 5 Å molecular sieves (Aldrich). 4 N HCl in dioxane, 
PDFA, phenylacetylene, CF3C(O)Ph, LiAlH4, MeOH, HFIP, and MeI were 
purchased from chemical suppliers (Aldrich, TCI, Acros). Benzaza
phosphole 2 and chlorophosphine 3 were prepared by literature 
methods.[6,7,8] NMR spectra were obtained on a Varian operating at 
300 MHz with frequencies of 1H (CDCl3): 299.841 MHz, 13C: 75.403 
MHz, 19F: 282.107 MHz, and 31P: 121.386 MHz or a Bruker 600 MHz 
spectrometer with frequencies of 1H (CDCl3): 599.567 MHz, 13C: 
150.776 MHz, 19F: 564.097 MHz, and 31P: 242.726 MHz. All spectra are 
displayed in the Supporting Information. NMR chemical shifts are re
ported as ppm relative to tetramethylsilane and are referenced to the 
residual proton or 13C signal of the solvent (1H CDCl3, 7.27 ppm; 1H 
C6D6, 7.16 ppm; 13C CDCl3, 77.16 ppm; 13C C6D6, 128.06 ppm). 

3.2. Synthesis of 1 

In two separate vials, chlorophosphine 3[7] (994 mg, 3.00 mmol) 
was dissolved in 10 mL of diethyl ether, while lithium aluminum hy
dride (LiAlH4) (227 mg, 6.00 mmol, 2 equiv) was suspended in 10 mL of 
diethyl ether. Both were stored at − 35 ◦C for 30 min, then combined in a 
250 mL round bottom flask, and stirred for 30 min. Unreacted LiAlH4 
was filtered off through a celite plug on a frit, and the filtrate was 
pumped down under vacuum and extracted with pentane (3 x 10 mL) 
then run through a silica plug. The eluent containing the crude product 
was analyzed by 31P{1H} NMR spectroscopy, confirming the presence of 

Scheme 8. Products derived from a hydrophosphination reaction between 1 and phenylacetylene.  

Fig. 9. X-ray crystal structure of Z-7. Selected bond lengths (Å) and angles (◦): 
P1–N1 = 1.7007(18), P1–C1 = 1.840(2), P1–C20 = 1.834(2), N1–C8 = 1.437(3), 
N1–P1–C1 = 90.02(9), N1–P1–C20 = 101.86(10), C20–P1–C1 = 96.65(10). 
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the P–H heterocycle at δ 25 ppm. The fraction was concentrated to 10 
mL in pentane and stored at − 35 ◦C, yielding white, X-ray quality 
crystals of the product (398 mg, 1.34 mmol, 45 %). A second crop of 
white crystalline solid was isolated by concentrating the mother liquor 
to 5 mL and storing at − 35 ◦C (52 mg, 0.175 mmol, 6 %). Totals = 450 
mg, 1.51 mmol, 51 %. The modest yield (~50 %) of product is not due to 
complex crude reaction mixtures, but rather originates from extremely 
high solubility in most commonly employed glovebox solvents. Only 
highly concentrated solutions in pentane at low temperature for 
extended periods of time resulted in precipitation. 

Anal. Calcd for C19H24NP: C, 76.74; H, 8.13; N, 4.71. Found: C, 
76.95; H, 8.39; N, 4.62. HRMS m/z calcd for C19H24NPO (M+H)+: 
314.1668. Found: 314.1672. This is the product of rapid hydrolysis to 
the P–OH derivative. 31P{1H} NMR (243 MHz, C7D8): δ 25.1. 31P NMR 
(243 MHz, C7D8): δ 25.1 (d, JPH = 150 Hz). 1H NMR (600 MHz, C7D8): δ 
7.35 (br m, 1H, Ar), 7.15 (t, J = 8 Hz, 1H, Ar), 7.05 (br m, 4H, Ar), 6.99 
(m, 1H, Ar), 6.54 (ddd, J = 150, 8.4, and 4.8 Hz, 1H, PH), 4.66 (dd, J =
14.4 and 8.4 Hz, 1H, CH2), 4.24 (ddd, J = 14.4, 10.2 (PH coupling), and 
4.8 Hz, 1H, CH2), 3.33 (septet, J = 7 Hz, 1H, CH), 3.05 (septet, J = 7 Hz, 
1H, CH), 1.23 (overlapping d, J = 7 Hz, 6H, 2 CH3), 1.16 (d, J = 7 Hz, 
3H, CH3), 1.05 (d, J = 7 Hz, 3H, CH3). 13C{1H} NMR (151 MHz, C7D8): δ 
150.7 (s, Ar), 148.8 (s, Ar), 145.6 (s, Ar), 140.9 (d, J = 15 Hz, Ar), 138.8 
(s, Ar), 128.2 (s, CH Ar), 127.7 (s, CH Ar), 127.5 (d, J = 35 Hz, CH Ar), 
127.3 (d, J = 18 Hz, CH Ar), 124.5 (s, CH Ar), 123.9 (s, CH Ar), 122.4 (s, 

CH Ar), 64.4 (d, J = 11 Hz, CH2), 28.9 (s, CH), 28.7 (s, CH), 25.2 (s, Me), 
25.0 (d, J = 3 Hz, Me), 24.2 (s, Me), 24.1 (s, Me). 1H and 13C NMR as
signments were supported by HSQC and DEPT experiments. Note: The 
aryl signals in 13C{1H} NMR spectrum were somewhat obscured by 
C7D8, and 1 is insoluble in C6D6 and decomposes in CDCl3 and CD2Cl2. 

3.3. Generation of diasteromeric mixture of 4/4′ 

Compound 1 (20 mg, 0.067 mmol) was dissolved in 1 mL of toluene 
and was transferred to an NMR tube fitted with a rubber septum. The 
tube was taken out of the glove box and CF3C(O)Ph (10 μL, 0.071 mmol, 
1.1 equiv.) was injected via syringe. The clear and homogenous reaction 
mixture was then analyzed by 31P{1H} NMR and 19F NMR spectroscopy. 
At room temperature, the reaction was extremely sluggish (<5% con
version). However, with heating at 60 ◦C, conversion to the diastereo
meric products was observed. After 21 h at approximately 75 % 
conversion, the two diastereomers were present at δ 88.8 and 85.4 ppm 
in a 3.6:1 ratio as determined by 31P{1H} NMR spectroscopy. The 
matching signals and integrations were observed at δ − 70.4 and − 73.1 
ppm in the 19F NMR spectrum. Prolonged heating at 60 ◦C led to more 
pronounced side products and little to no additional conversion of 1. 

HRMS m/z calcd for C27H30F3NOP (M+H)+: 472.2012. Found: 
472.2010. 31P{1H} NMR (243 MHz, C7H8): δ 88.8 (quartet, JPF = 16 Hz, 
major diastereomer), 85.4 (quartet, JPF = 12 Hz, minor diastereomer). 

Fig. 10. Computational results for the reaction of 1 with phenylacetylene.  

M.P. Howard et al.                                                                                                                                                                                                                             



Polyhedron 253 (2024) 116905

10

19F NMR (564 MHz, C7H8): δ − 70.4 (doublet, JFP = 12 Hz, minor dia
stereomer) and − 73.1 ppm (doublet, JFP = 16 Hz, major diastereomer). 
See Supporting Information for 1H and 13C{1H} NMR, COSY, HSQC, and 
HMBC spectra: some additional assignments are provided. 

3.4. Synthesis of P–CF2H derivative 6 

Compound 1 (275 mg, 0.925 mmol) and (triphenylphosphino) 
difluoroacetate (PDFA) (395 mg, 1.11 mmol, 1.2 equiv) were combined 

Fig. 11. Reaction of 1 with phenylacetylene: the structures of both transition states and phosphirene intermediate 9 leading to the formation of the E-7.  
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in a vial, dissolved in 10 mL of toluene, and transferred to a Schlenk 
bomb fitted with a screw-top Teflon cap. The homogeneous solution was 
heated for 1 h at 100 ◦C, turning pale yellow. Subsequent analysis by 31P 
{1H} and 19F NMR spectroscopy confirmed complete conversion to 
product as well as the presence of the PPh3 byproduct (δ − 5.6, singlet, 
CDCl3). The crude product mixture was returned to the glovebox and 
iodomethane (580 μL, 9.25 mmol, 10 equiv) was injected to precipitate 
the phosphonium salt [Ph3P-Me][I]. After stirring for 30 min, the solid 
was filtered off, and the filtrate was concentrated under vacuum. The 
residue was extracted with pentane (3 x 10 mL) and filtered through a 
silica plug in a pipette. This fraction was concentrated to 20 mL in 
pentane and stored at − 35 ◦C, yielding white crystals suitable for X-ray 
diffraction (126 mg, 0.363 mmol, 39 %). A second crop of white crys
talline solid was obtained by concentrating the mother liquor to 10 mL 
and cooling to − 35 ◦C (86 mg, 0.248 mmol, 27 %). Totals = 212 mg, 
0.611 mmol, 66 %. 

Anal. Calcd for C20H24F2NP: C, 69.15; H, 6.96; N, 4.03. Found: C, 
68.93; H, 6.99; N, 3.93. HRMS m/z calcd for C20H24F2NP (M+H)+: 
348.1687. Found: 348.1674. 31P{1H} NMR (243 MHz, CDCl3): δ 56.6 
(dd, 2JPF = 89, 103 Hz). 31P NMR (243 MHz, CDCl3): δ 56.6 (2JPH = 18 
Hz). 19F NMR (564 MHz, CDCl3): δ − 126.1 (ddd, 2JFH = 52 Hz, 2JFP =

103 Hz, and 2JFF = 320 Hz, 1F, CF2H) and − 127.3 (ddd, 2JFH = 52 Hz, 
2JFP = 89 Hz, and 2JFF = 320 Hz, 1F, CF2H). 1H NMR (600 MHz, CDCl3): 
δ 7.70 (m, 1H, Ar), 7.47 (m, 1H, Ar), 7.44 (m, 1H, Ar), 7.39 (d, J = 8 Hz, 
1H, Ar), 7.29 (m, 1H, Ar), 7.18 (overlapping m, 2H, Ar), 5.84 (apparent 
td, 2JPH = 18 Hz and 2JFH = 52 Hz, 1H, CF2H), 5.10 (d, 2JHH = 14 Hz, 1H, 
CH2), 4.30 (dd, 2JHH = 14 Hz and 3JPH = 8 Hz, 1H, CH2), 3.57 (septet, J 
= 7 Hz, 1H, CH), 2.68 (septet, J = 7 Hz, 1H, CH), 1.28 (d, J = 7 Hz, 3H, 
Me), 1.26 (d, J = 7 Hz, 3H, Me), 1.23 (d, J = 7 Hz, 3H, Me), and 1.06 (d, 
J = 7 Hz, 3H, Me). 13C{1H} NMR (151 MHz, CDCl3): δ 149.8 (s, Ar), 
147.5 (s, Ar), 145.7 (s, Ar), 140.4 (d, J = 17 Hz, Ar), 134.9 (apparent t, J 
= 6 Hz, Ar), 129.6 (s, CH Ar), 129.0 (d, J = 24 Hz, CH Ar), 127.5 
(overlapping, 2 CH Ar), 124.6 (s, CH Ar), 123.8 (s, CH Ar), 122.4 (s, CH 
Ar), 121.9 (td, 1JCP = 45 Hz and 1JCF = 272 Hz, CF2H), 64.6 (d, J = 9 Hz, 
CH2), 28.6 (d, J = 6 Hz, CH), 28.0 (s, CH), 25.3 (s, Me), 25.0 (s, Me), 24.5 
(d, J = 4 Hz, Me), 24.0 (s, Me). 1H and 13C NMR assignments were 
supported by HSQC and DEPT experiments. 

3.5. Synthesis of P–CH=CHPh Analogue Z-7 

Compound 1 (60 mg, 0.202 mmol) was dissolved in 10 mL of toluene 
and transferred to a 25 mL Schlenk bomb fitted with a screw-top Teflon 
cap and a stir bar. Under positive nitrogen pressure, a septum was 
installed and phenylacetylene (0.066 mL, 0.605 mmol, 3 equiv) was 
injected via syringe. The bomb was resealed and heated with stirring at 
100 ◦C for 2 h. The reaction was brought back into glovebox and filtered 
through celite in a pipette fitted with a Kimwipe plug. The filtrate was 
concentrated under vacuum and analyzed by 31P{1H} NMR spectros
copy, confirming the presence of tentatively assigned cis- and trans- 
isomers in an 8:1 ratio at δ 50 and 65 ppm; a more minor product at δ 75 
ppm was also observed. The crude product was suspended in acetonitrile 
(1 mL) in a 25 mL Schlenk bomb, removed from glovebox, and heated at 
80 ◦C for 15 min until it was homogeneous. After cooling to room 
temperature, it was further cooled at 0 ◦C overnight, yielding X-ray 
quality crystals of the major product (23 mg, 0.058 mmol, 28 %). A 
second crop was obtained by concentrating the mother liquor under 

vacuum and repeating the recrystallization process, affording more 
product (11 mg, 0.028 mmol, 14 %). Totals = 34 mg, 0.085 mmol, 42 %. 
The mediocre yield of product (<50 %) is not due to the generation of 
other byproducts (besides the isomers), but rather originates from 
extremely high solubility in most commonly employed glovebox sol
vents. In acetonitrile at room temperature, these insertion products are 
somewhat soluble, but with heating, the mixtures become homogeneous 
and slow cooling yielded precipitation of crystalline material. 

Anal. Calcd. for C27H30NP: C, 81.17; H, 7.57; N, 3.51. Found: C, 
80.89; H, 7.65; N, 3.36. HRMS m/z calcd for C27H30NP (M+H)+: 
400.2189. Found: 400.2189. 31P{1H} NMR (243 MHz, CDCl3): δ 49.9. 
31P NMR (243 MHz, CDCl3): δ 49.9 (d, JPH = 21 Hz). 1H NMR (600 MHz, 
CDCl3): 7.61 (br t, J = 6 Hz, 1H, Ar), 7.51 (d, J = 8 Hz, 2H, Ar), 7.39 (m, 
3H, Ar), 7.28 (m, 4H, Ar), 7.20 (d, J = 8 Hz, 1H, Ar), 7.15 (d, J = 8 Hz, 
1H, Ar), 7.02 (dd, J = 13 Hz and 21 Hz, 1H, olefinic = CHPh), 6.43 (dd, 
J = 4 Hz and 13 Hz, 1H, olefinic P–CH=), 5.18 (d, J = 14 Hz, 1H, CH2), 
4.40 (dd, J = 9 Hz and 14 Hz, 1H, CH2), 3.66 (septet, J = 7 Hz, 1H, CH), 
2.95 (septet, J = 7 Hz, 1H, CH), 1.31 (d, J = 7 Hz, 3H, CH3), 1.24 (d, J =
7 Hz, 3H, CH3), 1.16 (d, J = 7 Hz, 3H, CH3), 1.12 (d, J = 7 Hz, 3H, CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 149.9 (s, Ar), 148.6 (s, Ar), 143.8 (s, 
Ar), 143.1 (s, Ar), 141.2 (d, J = 16 Hz, Ar), 140.8 (d, J = 19 Hz, =CHPh), 
137.4 (d, J = 45 Hz, P–CH=), 136.9 (s, Ar), 129.6 (d, J = 10 Hz, CH Ar), 
128.2 (s, CH Ar), 127.9 (s, CH Ar), 127.8 (s, CH Ar), 127.6 (d, J = 25 Hz, 
CH Ar), 127.3 (d, J = 8 Hz, CH Ar), 126.9 (s, CH Ar), 124.4 (s, CH Ar), 
123.5 (s, CH Ar), 122.5 (s, CH Ar), 63.0 (d, J = 9 Hz, CH2), 28.4 (s, CH), 
28.3 (d, J = 5 Hz, CH), 25.1 (s, CH3), 24.9 (s, CH3), 24.8 (s, CH3), 24.6 (d, 
J = 4 Hz, CH3). 1H and 13C NMR assignments were supported by HSQC 
and DEPT experiments. 
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Appendix A. Supplementary data 

NMR Methods and Simulations. NMR spectra were acquired on 
Agilent 300 DD2 and Agilent 600 DD2 NMR spectrometers with 
VNMRJ4.2 software. The spectra were processed using MestReNova 
14.3.0 and 14.2.1. DFT Calculations. Full details on the computational 
methods, additional figures of the optimized structures, and Cartesian 
coordinates of the optimized stationary points [31]. X-ray crystallog
raphy. All structures were obtained using Bruker rotating-anode dif
fractometers with Mo-K(alpha) radiation sources at 100K. Standard 
procedures using Bruker Apex software were used in all cases. Refine
ment programs were included in OLEX 2 software [32]. Details of the 
experiments are contained in the SI files. Appendix A. Supplementary 
data. CCDC contains the supplementary crystallographic data for 
structures 2300389, 2300390, and 2300391. These data can be obtained 
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or 
from the Cambridge Crystallographic Data Centre, 12 Union Road, 
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: dep 
osit@ccdc.cam.ac.uk. Supplementary data to this article can be found 
online at https://doi.org/10.1016/j.poly.2024.116905. 
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