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Intrinsic Basicities of Phosphorus Imines and Ylides: A Theoretical Study

Introduction

The alkali-metal (M) hydroxides MOH and oxides,® are
neutral Brgnsted bases with the highest experimentally measure
intrinsic basicities/proton affinities found so far® The gas-
phase basicity values of alkali-metal hydroxides range from 240
kcal/mol (LiOH) to 272 kcal/mol (CsOH), whereas the same
quantities for the corresponding alkali-metal oxides cover the
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A density functional theory (B3LYP/6-3HG**), ab initio (HF/3-21G*), and semiempirical (PM3) study of

intrinsic basicities, protonation energies, or protonation enthalpies of organic phosphorus imine (iminophos-
phorane) including phosphazene, phosphorus ylide (phosphorane), and phosphine superbases has been
performed. The study shows that representatives of the first two classes of the above-mentioned organic
superbases can reach the basicity level of the strongest inorganic superbases such as alkali-metal hydroxides,
hydrides, and oxides. The strongest organic phosphazene imine superbases are predicted to reach the gas-
phase basicity level of ca. 300 kcal/mol (number of phosphorus atoms in the systei), whereas the
strongest organic phosphazene ylide superbases are estimated to maxeSayas-phase basicities around

or beyond 316-320 kcal/mol. The phosphine superbases, including the Verkade’s bicyclic phosphines
(proazaphosphatranes) are predicted to have a basicity comparablepbmdphazenes or; phosphorus

ylides, whereas the respective proazaphosphatrane imines and ylides are expected to be the strongest organic
superbases which contain only a single phosphorus atom. Extremely high expected basicity values and handling
preferences over inorganic superbases make representatives of novel organic superbases possible partners for
observing the spontaneous gas-phase proton transfer between neutral Brgnsted superacids and -bases. For the
comparison, the basicities of some alkali-metal substituted ammonia, phosphine, phosphorus, and nitrogen
ylides and imines have been also calculated.

bases, e.g., different representatives of the family of phosphorus
imines (phosphazenes, e.g., MePBUP,, EtP, t-BuP, t-BuP;,
(PEMP, etc.; see Scheme’1j and some other types of bases,
e.g., diaminovinamidine¥®, have so far been extremely com-
plicated®® either because of the lack of convenient reference
bases or because of other problems (extensive fragmentation
upon electron impact, presence of moisture,,G€c.).

interval from 281 (L4O) to 337 kcal/mol (C£O). This means At the same time, I§; measurements in acetonitrile or DMSO

that the intrinsic basicity of strong neutral bases exceeds, in solution show that phosphazenes surpass in their basicity the
these cases, the basicity of the weakest anionic bases whictflerivatives of acyclic or bicyclic guanidines, amidines, and
form by deprotonation of strong neutral Brgnsted acids. Alkali- diaminovinamidine$:® So, the most widely used phosphazene
metal hydroxides and oxides form an important family of superbase t-BuP(pKa(DMSO) = 30.3; Ko(MeCN) = 42.7)
superbases with wide area of applications. However, low solubil- €xceeds by a very wide mardifithe respective I, values of
ity in most organic solvents, sensitivity to moisture and,CO guanidine (K(DMSO) = 13.9}° or DBU® (pKy(MeCN) =
(especially in the case of alkali-metal oxides), low selectivity, 24.1)*
and difficulties of handling limit their use in synthetic chemistry, Ylides of P, N, and S form another widely studiédfamily
where a wide range of organic superbases, although less basicef potentially superstrong neutral organic bases. The solution
is used. data indicaté&® that the PBP=CH, ylide is in DMSO (K, =
The established gas-phase basicity scale of the strongest neu22.5) 12 powers of 10 more basic than ammonia or roughly of

tral organic superbases (guanidine and its acyclic (tetrameth-the same basicity as t-OgtBut by 6 g, units stronger base
ylguanidine) or bicyclic (substituted 1,5,7-triazabicyclo[4.4.0]- than BEMP (MeCNY. However, the K, values of presumably
dec-5-enes) derivatives, 1,8-diazabicyclo[5.4.0]undec-7-enemuch stronger bases such ass®eCH, and MeN=CH, are
(DBU), various proton sponges, etc.) extends to 245 kcal/ not yet available. We are not aware of any successful attempts
mol.14~® Attempts to measure even evidently stronger organic to measure the intrinsic basicity of any ylides in the gas
phase. A promising approach for designing superstrong neu-
7 To whom correspondence should be addressed. tral organic bases whose intrinsic basicity is expected to ex-
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* Universifa Freiburg. ceed 300 kcal/mol was recently suggested on the basis of
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and Kovacevié? Similar basicity was recently predictédor B3LYP/6-31H-G** frequencies were used to calculate the gas-
Li and Na substituted ammonia. phase basicities (GB) and proton affinities (PA) of neutral bases

On the basis of different solution-phase data, Verkade et al. (B) taking into account zero-point energies, finite temperature
have suggestéélthat their bicyclooctane phosphine (proaza- (0—298 K) correction, the pressureolume work term, and
phosphatrane) superbases almost reach the basicity of the widelgntropy term as appropriate:
used t-BulR phosphazene superbase. However, in a very recent
publication!’ the basicity of P(MeNCKCH,)3N and its ana-
logues was reevaluated and drastically (by ca. 8 powers of 10)
downgraded to the region of Etfhases (K, around 33 in GB= —AG
MeCN solution). 1

In the present work, we followed two major goals. The first PA=—AH, (1)
was to make a reasonable solid estimate of the absolute values

of the intrinsic basicities of the simplest representatives of the The results of these calculations are listed in Tables.1Some

phosphorus imine and ylide families using model*ialculatlons optimized structures of neutral molecules and their protonated
with densny.functlonal ‘h.eF’FV at the BSLYP/F’T%G level. forms are given in the Supporting Information (Figure 1S). The
For comparison, the basicities of representatives of some Otheroptimized geometries of all species are available from the
C'a$ses. of cqmpounds (e.g., guanidine, diﬁereqt phosr"’hineauthors upon request. DFT B3LYP/6-BG* calculations were
derivatives, ylides of elements (N, O, S, C, and Si) other than used to get a reasonable estimate of the absolute GB and PA
P, etc.) were also calculated at the same level of theory. values for (HN)sP=NP(NH,)(=NH)N=P(NHy)z and (HN)s-
Another aim of this work was, using ab initio and semiem-  p—N " p(NH,)(=CH,)—N=P(NH)s.
pirical calculations at lower level of theory, to study the general DET B3LYP/6-31+G* calculations get rather time-consum-
trends of changing of the basicity (protonation energy) of ing in case of simple (H or Nilat P atoms) phosphorus ylides
phosphorus ylides and imines by variyng their structures (the and imines that include more than three P atoms adjacent to
number of phosphorus atoms, the nature of substituents, the type, basicity center. In the case of polyalkylated derivatives
of branching of the skeleton of the moiety and the position of including dimeth Ia{mino founs at P atoms. the calculations
the basic center, the nature of the bridge between P atoms, etc.jjid ot ?nclude s):necies V\?i'[h rﬁlore than one’P atom. Even in
and electronic structure in order to pursue the goal of designing,[hiS case the CPU (R10000) time for compounds. such as

and synthesizing novel and possibly even stronger SuDerbaseS(MezN)3P=NH and (MeN)sP=CH, was ca. 1 month. There-

fore, ab initio and semiempirical calculations, at a lower level

of theory than in previous section, were used in order to get a
Computational Details. The computations reported in this general overview of the changes of the protonation energies of

work were carried out using the Gaussian 98 series of phosphorus ylide and phosphazene series with the structure. To

program48 on IRIX-based SGI Origin 200 workstations. Also, save CPU time, high-level calculations of hypothetical com-

the Spartan 5.0 system was used for some ab initio andpounds with hydrogen on phosphorus were taken as models for

semiempirical calculations. Density functional theory (DFT) compounds with amino or alkyl groups on phosphorus to show

calculations were performed for relatively simple representatives up trends with higher phosphazene systems.

of phosphorus imine and ylide families. B3LYP hybrid func- Ab initio calculations of some neutral compounds and their

tional which includes Becke’s exchange functional and the protonated forms were made at the HF/3-21G* level with full

correlation part due to Lee, Yang, and Parr (LYP) were used. optimization of the geometry. The protonation energies, PE(B)

Full geometry optimizations and vibrational analyses were of the base B were computed as the heat of the reaction for the

performed using the 6-3#1G** basis set. This approach has proton attachment energies for the protonation equilibrium:

been recently demonstrat€dy some of us to describe with

reasonable accuracy the gas-phase basicities and acidities of a B+ H"=BH'

wide variety of relatively simple bases and acids. All stationary

points were found to be true minima (NImag0). Unscaled PE(B)= E(H") + E(B) — E(BH) (2)

pAS
B+H" <= BH

Experimental Section
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TABLE 1: Results of Basicity Calculations of Simple Imines TABLE 2: Results of Basicity Calculations of Simple Imines
and Their Derivatives at DFT B3LYP/6-3114+G**, ab Initio and Their Derivatives on ab Initio 3-21G* and
3-21G*, and Semiempirical PM3 Levels of Theory Semiempirical PM3 Levels of Theory
B3LYP/ 3-21G* PM3
6-311+G* 3-21G* PM3 Base B oE A
base B PA_GB PE PA (MesN)sP—=N-t-Bu 286.9 240.8
H>C=NH 207.7 200.1 230.9 2015 MesP=N—P(Me)=NH 203.5 267.0
HoNCH=NH 227.8 220.0 254.6 216.2 MesP=CH,—P(Me)=NH 300.3 274.5
MeCH=NH 218.1 211.3 247.6 207.3 (Me;N)sP=N—P(NMe,),=NMe 307.2 252.9
Me,C=NH 226.6 219.8 2511 212.2 (MeN)sP=N—P(NMe);=N-t-Bu 304.5 264.4
Me(NH,)C=NH 234.8 227.3 2609 218.6 (HsP=N-),P(Hy=NH 3000 2916
(HaN)2,C=NH 237.5 230.6 266.8 220.0 (HoN)sP=[N— P(NH)>]-=NH 3055 260 6
. 2IN)3 2|2 . .
(HaN)2Si=NH 241.1 236.6 272.7 223.0 (HaN)sP=[CH— P(NHy)s],=NH 315.7 2726
| 2IN)3 2 . .
(Me;N),C=NH 2482 240.7 2727 266.8 e
[(H2N)sP=CH].P(NH,)=NH 316.9 276.8
HaP=NH 230.3 223.4 254.6 249.4 MesP—(N—PMey),=NH 2044 5766
LisP=NH 277.0 270.6 342.8 267.5 (M; P=N-) P(Me§=NH 3095 5836
KsP=NH 317.6 309.1 3189 b 3 2 : :
HsP=NMe 235.8 228.4 250.1 244.6 (MesP=CH-)P(Me}=NH 308.1 292.1
HaP—N-t-Bu 2400 2322 2620 2493 MesP=CH—PMe,—CH=PMe,=NH 306.9 284.8
(HoN)sP=NHe 249.7 2411 2832 233.0 [(H2N)sP=N]5P=NH 321.0 275.0
(MezN)sP=NH 256.3 249.2 284.9 2413 (MesP=N)sP=NH 321.1 296.3
(H2N)sP=NMe 253.8 2456 284.0 2285 [(H2N)sP=CH]sP=NH 323.6 287.8
(MesN)sP=NMe 260.3 252.3 291.3 2376 [(Me2N)sP=N]sP=N-t-Bu 327.1 280.0
(NHoNH)sP=NH 2460 239.1 2930 2283 11(1p 289.3
H,0=NH 229.0 221.1 242.4 2113 10(2y 281.5
H,S=NH 229.3 221.7 260.8 220.3 10(3y 293.4
HaN=NH 249.7 2421 2727 2203 11(2p 293.7
LisN=NH 284.2 277.6 3025 266.8 10(4p 297.0
KaN=NH 281.1 273.6 2775b 11(3p 302.2
H4S=NH 231.2 223.8 2589 229.9 { (HaN)sP=N—P(NH,)=N} sP=NH 302.0
(H2N)4S=NH 241.7 2349 2889 226.7 10(5p 303.2
HsCI=NH 247.9 240.6 2783 178.2 11(5p 310.6
(HaN)sCI=NH 246.0 237.1 278.4 190.5 { (HaN)sP=N-[P(NH,)=N]} sP=NH 318.7
2 253.1 2452 2781 237.6 11(8y 319.3
6 266.1 258.9 300.1 241.7 11(169 327.4
PN PN 2008 2531 2038 zo70 o8 3170
3l - = e . . . .
(H2N)sP=N—P(NH,),.=NH 2715 265.0 300.6 254.8 a Protonation energies (PE) and proton affinities (PA) in kcal/mol
(H2N)sP=CH—P(NH),=NH 260.1 253.6 299.0 256.0 (1 kcal = 4.184 kJ)." See the scheme below for explanations.
HaP=(N—PHy);=NH 253.9 249.4 2825 285.2
(HaP=N):P(H)=NH 262.0 256.1 300.0 291.6 I / T“=\ I / THZ\\
(HaN)sP=N—P(NH)[N=P(NHp)s]=NH? 273.0 2655 316.0 269.7 e L W NPV I IV VSR
HaP=N— P(N=PHz);=NH 2739 267.8 3131 275.0 | \ | [ \ | /
HaP=N—PH,=N—P(N=PH,),—NH 271.3 266.8 322.0 310.7 NH, M/ ﬁ N/
P

a Basicities (GB), proton affinities (PA), and protonation energies
(PE) in kcal/mol (1 kcak= 4.184 kJ).> The PM3 method has not been 100
parametrized for potassiurhiThe complex formation of this compound
with lithium cation is predicted to be characterized by lhasicity

(LCB) value 59.4 kcal/mol and by Liaffinity (LCA) 65.8 kcal/mol Results and Discussion

(for the complex of Li with (HoN).P=NH, E = —572.1073 auH =

—571.9982 au, an = —572.0385 au; for Li, E = —7.2849 auH A summary of the results is given in Tables3. Two major

= —7.2826 au, and = —7.2977 au)? B3LYP/6-31+G* results. groups of factors contibute most importantly to the extraordinary
base strength of phosphazene bases:

whereE(H*) = 0 andE(B) and E(BH*) are total energies of (a) The stabilization of the highly polarizable protonated form,

the base and its protonated form, respectively. No corrections€.g., t-BuRH", by inductive effects (field effect of substituents)

for zero-point vibrational energies were introduced. and delocalization of the charge over a rather extensive,

Comparison of results obtained in the current work at HF/ sterically favorable conjugated system.
3-21G* and B3LYP/6-311+-G** levels indicates that there is a (b) The relatively high weight of the “anionoid” internal ion-
reasonable correlation between protonation energies obtainedoair like zwitterionic resonance structures with the extensive
at those different levels of theorfiR{ = 0.889). There is also a  localization of charges of the type (B) in the neutral phosphazene
systematical difference between those methods as the slopéase (A; see Scheme 2).
(1.14) and intercept{14.85) of the regression line differ from The resonance structure (B) could be considered as the
their ideal values (1 and O, respectively). substitution product of the group X in XNHanion by

Semiempirical calculations were performed at the PM3 level (R;R:N)sP" group. This would lead to the electrostatic stabiliza-
of theory?® In that case, the heat of formation of the proton tion of the resulting anionic species and makes it less basic than
was taken equal to 365.7 kcal/mol. It was demonstrattrat NH,~ anion (X= H) where the N atom carries the most of the
the PM3 method gives rough estimates of the gas-phase protomegative charge. It follows that any replacement of H atom in
affinities of a wide variety of neutral molecules with 13 kcal/ NH,~ by electron accepting or/and positively charged groups
mol average absolute error in calculated proton affinities and (like (NH2)sP") will increase the stability and reduce the basicity
square of correlation coeficieRe = 0.890 between calculated of the “naked” basicity center NH. Therefore, with the
and experimental proton affinities. probable exception of electron donor groups @Nidtc.) or
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TABLE 3: Results of Basicity Calculations of Simple Ylides TABLE 4: Results of Basicity Calculations of Simple Ylides
and Their Derivatives at DFT B3LYP/6-3114+G**, ab Initio and Their Derivatives on ab Initio 3-21G* and
3-21G*, and Semiempirical PM3 Levels of Theory Semiempirical PM3 Levels of Theory
B3LYP/ 3-21G* PM3
*% * —
6-3114+-G 3-21G* PM3 base B PE PA
base B PA_GB PE PA PhP=CH, 2961  267.7
H.C=CH, 163.6 156.1 162.7 159.8 (Me;N)sP=CH, 278.0
(H2N)2C=CH;, 2442 2374 2665 2242 MesP=N—-PMe=CH, 310.3 280.7
(H2N);Si=CH, 251.4 2444 2726 2658 (MezN)sP=N—P(NMey),=CH, 319.0 275.7
Me,C=CH, 197.2 1912 2043 185.1 (H3P=CH-),P(H=CH, 294.8 312.7
Me,Si=CH, 233.4 226.6 246.6 227.7 (H2N)sP=N—P(NH);=N—P(NH;);=CH;, 326.3 280.3
HsP=CH, 252.2 2446 268.4 262.0 [(H2N)sP=CH-]oP(NH,)=CH; 339.0 290.0
MePH 203.6 196.1 2104 2415 (MesP=N-),P(Me)=CH, 328.4 296.5
LisP=CH, 295.3 287.9 2924 247.6 (HoN)sP=CH—P(NHp);=CH—-P(NH,);=CH, =~ 327.5  285.9
K3P=CH; 315.6 305.7 320.2 b (H2N)sP=[N—P(NH),]5=CH: 324.0 281.4
(H2N)sP=CH,¢ 264.0 256.8 298.9 2427 MesP(=CH—PMe,);=CH, 3158  308.2
(H2N)sP=CMe, 272.0 264.3 3043 251.2 120 324.1 293.3
(MezN)sP=CH; 2745 267.8 2989 257.3 [(H2N)sP=N]sP=CH, 345.1 2965
(H2NNH)3sP=CH; 268.9 261.3 2920 254.8 [(H2N)sP=CH]sP=CH, 282.4
MesP=CH; 2719 264.1 288.2 259.8 (MesP=N)3P=CH, 350.0 311.8
(H2N)4sS=CH; 258.9 2519 3164 2398 (MesP=CH)3sP=CH, 334.9 320.7
MesN=CH, 289.1 279.7 3164 259.9 MesP(=CH-PMe)s=CH, 333.6 308.3
H3N=CH. 276.9 270.7 303.4 246.3 13(1p 351.3 303.9
LisN=CH, 296.6 287.2 330.3 293.8 (H2N)sP[=N—P(NH,)z]/=CH 326.4 288.8
K3N=CH. 279.7 269.1 2854 2440 13(2p 308.6
H20=CH. 262.2 2535 2854 2440 13(3y 318.2
H>S=CH, 250.9 2434 269.0 2385 13(5p 318.5
HsS—=CH, 236.7 2308 2424 2427 [(H2N)sP=N—P(NH,);=N-]sP=CH, 316.6
HsCl=CH, 2585 250.3 290.3 164.5 { (H2N)sP=N-[P(NH,);=N]-} sP=CH, 331.3
(HaN)sCI=CH, 256.1 2475 2926 d 13(169 328.4
HsP=N—PH,=CH, 267.3 260.5 293.3 284.4 13(19y 330.0
(H2N)sP=N—P(NH);=CH 2821 2757 3126 2688 MesN=CH, 316.4 259.9
(HoN)sP=CH—P(NHp);=CH, 280.5 2739 312.8 271.0 HsN=CH, 303.3 246.4
4 249.4 2423 268.0 234.4 . . o .
7 2809 2733 3149 2619 @ Protonation energies (PE) and proton affinities (PA) in kcal/mol
(HsP=N-).P(H=CH, 280.7 275.2 317.5 3035 (1 kcal = 4.184 kJ).2 See the scheme below for explanations.
H3P=N—PH,=N—PH,=CH, 277.2 2704 299.4 296.1
[(H2N)sP=N-]oP(NH,)=CHz® 2950 288.6 331.8 288.4 it o™
(H3P=N-)3sP=CH; 294.0 288.7 332.2 321.7 (HoN)P=——=N—oF = ==P(NHy)s (HoN)sP==N——P—N=—P——IN=—P(NH,);
HsP=N—PH=N—P(-N=PH;),—=CH, 291.3 290.4 3147 326.3 L] | 5
2 2 2
@ Basicities (GB), proton affinities (PA), and protonation energies ” x

P(NHy)3

(PE) in kcal/mol (1 kcal= 4.184 kJ).> The PM3 method has not
been parametrized for potassiufihe complex formation of this 12 13
compound with lithium cation is calculated to have LCB value 48.7
kcal/mol E = —556.0008 auH = —555.8821 au, an@® = —555.9245
au).The protonated form decomposes at PM3 le¥&3LYP/
6-31+G* results.

TABLE 5: Results of Basicity Calculations of Some
Phosphines at DFT B3LYP/6-31%#G**, ab Initio 3-21G*,
and Semiempirical PM3 Levels of Theory

electropositive substituents whose introduction, e. g., due to the B3LYP/** .
repulsion of thex—o. lone electron pairs, leads to destabilization 6-311+G 3-21G PM3
of the anion, the intrinsic basicity of the phosphorus imine family Base B PA GB DPE PA
cannot exceed that for the parent base RN&imilar resonance PHs 187.4 1805 193.8 248.7
structures could be written also for the ylide family (see Scheme LisP 285.3 2785 297.7 247.7
3). The nature of the chemical bonding in ylide compounds of KsP 3188 3117 338.0 b
; ; ; MesP 226.9 219.3 232.3 227.2
different elements (N, P, As, S, etc.) has been extensively studied HN)LP 5959 5181 5539 2024
d discussef12:22 (H2N)s ' ' ' '
an O (Me,N)sP 237.8 2309 262.8 216.2
Oxygen and nitrogen atoms are not able to form four and H,P=N—PH, 2246 2173 242.8 273.2
five covalent bonds, respectively. Therefore, in the case of N HsP=N—P(NH,), 2416 2343 270.3 241.0
and O ylides, the double bonding between the heteroatom and M&P=N—PMe, 2528 2451 272.2 252.2
carbon is negligible, and hence, the-©C~ and N"—C~ bonds E,HZBI{I)E%N:P'_&)Z 3252;‘11 ggg'g ggg'g ggi"g
. A d v ioni r (—N=PH;); . . . .
are relatively long (1.61.8 A) and nearly ionic, e. g., 4" — (H:N)sP=N—P(NH,),  253.6 2456 284.5 230.0
~CH; or H,O*—"CH,. However, the P and S atoms in ylides 5 252.4 244.6 284.9 217.4

are able to e?(pand their vale'nce shell up to 10 or 12 Qlec- a Protonation energies (PE) and proton affinities (PA) in kcal/mol
trons, respectively. Therefore, in contrast to the N and O ylides, (1 kcal= 4.184 kJ) > The PM3 method has not been parametrized for
they are able to form a double bond between P or S atom andpotassium.

ylide carbon atom which results in a significant stabiliza-

tion, lower polarity, shorter PC, S-C, etc. bond lengths, = S™—C~ bonds is compensated by the basicity reducing effect
and also, at a fixed ¥ the lower basicity of the ylides of P of higher electronegativity of O and N atoms as compared with
and S as compared with ylides of nitrogen and oxygen. To P and S atoms.

some extent, the effect of higher ionicity of the"©C~ and Using the same considerations as in the case of phosphorus
N*—C~ bonds as compared to those of the—+~ and imines and considering methanide anions (%XCHvhere X=
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HyP=N-PH=N-P(-

300 4 (HP=N),P=CH,  N=PH),=CH;
X1 X1 280 {HsP=N),PH=CH, a a
- H;P=N-PH,=CH, Q
- N4 e
F|,/X1 - XZN—-—— P/X 260 HP=CH, Q (HP=NP=NH ) poNPH NP
XZN = \X1 X1 ,_o_ 240 o IS {H;P=N),PH=NH N=PH;),=NH
HyP=N-PH,=NH,
£
= 220 <@
A B E HP=NH
© 200 >
SCHEME 3 < 180 s
X! X2 X 160
1 1
X2 Fl,/ X ———- \C +||D/ X 140 | CHe
N Ny / \x1 120 @ : s
| X 0 1 2 3 4 5
X2 Number of phosphorus atoms

Figure 1. Dependence of the gas-phase basicity of phosphorus imines
(rhombs) and phosphorus ylides (squares) at DFT B3LYP/6-&'t

1 — Y2 —
H) as the formal parent bases for the ylides’ family, one should level (X* = X*=H) on the number of phosphorus atoms.

expect that, as a rule, no ylide bases can exist whose intrinsic

((H,N);P=N).P{NH,}=CH,

basicity would exceed that of methanide anion (with the possible 300 4 NLP=N-PNEL=CH o
exception if X is the electron donor or strongly electropositive 280 - A e
[e. g., alkali-metal atom] substituent). 260 1 o - p=N4D=(NH)-NH - P_E:” I
One might assume that the difference of the basicities of the 5 240 - o o o
hypothetical limiting structureB andD of the parent molecules % 220 . HN)P=NH
of the representatives of ylide and imine families will be, to £ ,,, |
v

some extent, “memorized” and expressed also by the respec-2
tively higher basicity values of ylides XGHas compared with
the imines XNH with the common substituent X. ‘

The present calculations at different levels of theory (B3LYP/ 140 |
6-311+G**, HF/3-21G*, and PM3) provide evidence (see 120 © : ‘ ‘
Figures 1-3) that this prediction is expected to be realized at 0 1 2 3
least in the case of some simple model systems. For model
compounds with X= H, NH; and X% = H, one can see from  Figure 2. Dependence of the gas-phase basicity of phosphazenes
Figure 1 that in all examples the calculated gas-phase basicitiegsquares) and phosphorus ylides (circles) at the DFT B3LYP/
(DFT level) or protonation energies (HF/3-21G*) and enthalpies 6-311+G** level (X! = NHy, X2 = H) on the number of phosphorus
(PM3 level) of representatives of phosphorus imine and atoms.
phosphorus ylide families with a fixed substituent X are expected

180 | "
160 |

Number of phosphorus atoms

to increase asymptotically with the increase of the nunmbefr %40 1 .
phosphorus atoms in the system. In all cases, at a fixedue 320 5 9 . Z R
for n = 1, the higher basicity and PE values for the correspond- a? o
ing phosphorus ylides is predicted. The calculated differences 300 5 ° o e
between the basicities and PE of the respective ylides and imines 5 ,g ! o ° RO S s R e
at a fixedn value are evident from Figures-B, vary in the % oo © i
range from 9 to 21 kcal/mol, and depend on the nature 'of X ;7‘ 2604 o
and used level of calculations. At the DFT B3LYP/6-31G3** 040 - ° o H,HN’-N).EN-%_(N:?T;W_‘N:;?NH,
level of theory, the gap between calculated basicitites of Te T
comparable ylides and imines is larger for compounds with X 220 ‘ ’
= H than for bases with X= NHa. i

Influence of the Number of Phosphorus Atoms on the 200 + : :

0 5 10 15 20 25

Basicity of Phosphorus Imines and YlidesFrom Figure 3
one can extrapolate that the “magic” 300 kcal/mol intrinsic o
basicity margin for the organic model superbases will be reachedFigure 3. Dependence of the proton affinity of phosphazenes and
atn =5 or 6 for phosphorus ylides with’= NH, and X2 = phosphorus ylides (at the PM3 level) on the number of phosphorus
. T . atoms.
H and for the respective phosphorus imines with the same
substituents an = 7—10. For the ylides with X=H and X only for up to five P atoms. Therefore, to monitor the general
= H, the same basicity level will be predicted to be reached at trends of comparative changes of PE values for phosphorus
n = 8 or 9, whereas phosphorus imines with the same ylides and imines at higher numbers of phosphorus atoms, the
substituents are not expected to reach that basicity value untilsemiempirical PM3 calculations of the dependence of PA of
n > 10. phosphorus imines A and phosphorus ylides having the asym-
The results of the PM3 calculations include phosphazene andmetric branching at the second atom of phosphorus B upon the
phosphorane bases with up to 22 P atoms and are in a reasonablyotal number of phosphorus atomsvere carried out up to 22
good agreement with those using DFT B3LYP at 6-BGt* atoms of phosphorus. Those calculations reveal that the limiting
level. PA values (at a very larg®) reach ca. 330 kcal/mol for
The DFT B3LYP/6-31%#G** calculations of even the phosphazene ylides and 31320 kcal/mol for phosphazene
simplest model compounds ¢ H and X¢ = H) are available imines.

number of phosphorus atoms n
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At the same time, PM3 calculations of phosphorus imines, TABLE 6: Comparison of the Effects of NH, and CH3
e.g.,{ (Ho2N)sP=N—[P(NH,);=N]in-} sP=NH, wherem = 1 or Groups on the Protonation Energies (in kcalémol) of Simple
2 and phosphorus ylide§(HaN)sP=N—[P(NHy);=N]m} s- Phosphortis Imines (X = NH, or CH3 and X? = H),

. . : HF/3-21G* Results
P=CH,, wherem = 1 or 2, having symmetrical branching at
the basicity center=NH or =CHy, reveal that even higher PA NH, CHs

values could be reached (e.g., for imines 302.0 and 318.7 kcal/. n substituents substituents A

mol respectively withm = 1 and 2 and for phosphorus ylides 1 283.2 273.1 10.1
316.6 and 331.3 kcal/mol fan values 1 and 2, respectively). gb g’gg'g 383'?, gé
This means that, for these two series of species carrying 321.0 321.1 01
respectively 7 and 10 phosphorus atoms, the gap between ) )
calculated PA values for ylides and imines is still 12161.6 “nis the number of phosphorus atorfidhe =NH group is at the

kcal/mol which is only slightly less than for similar compounds second phosphorus atom.

[(H2N)sP=N]sP=NH and [(H:N)sP=N]:P=CH, with four
atoms of phosphorus whedPA is 21.5 kcal/mol. In solution,
the experimentally determined gap between basicities of
[(Me2N)3P=N]sP=CH, and t-BuR is found to be ca. 6 kg,

The substitution of the three hydrogen atoms ofteH; group

in HsP=NH by amino groups is calculated to increase addition-
ally the basicity by 17.7 kcal/mol, to 241.1 kcal/mol, well
beyond the basicity level of guanidine or comparable to the

i 3
units or 8 kcal/moF. . . o calculated value for TMG. Even larger (21.2 kcal/mol) is the
Extremely high predicted basicity of organic ylide superbases gttt of substitution of all H atoms for Niyroups at P atoms
competes successfully with the most basic inorganic superbases;, HaP=N—PH,=NH.

probably with the only exceptions of &3 and the tripotassium

Somewhat suprisingly, the replacement of hydrogen atoms
nitride superbase #.2* According to the DFT B3LYP/ P gy P ydrog

- - of the =PH; group in the HP=NH system by Me groups is
6-311+G** calculations;™ the latter molecule (planaCav 510 lated to increase the basicity of the resulting species even
symmetry, zero dipole moment; the Mulliken population analysis /- so, to 243.5 kcal/mol, i.e., to the level of 7-isopropyl-

gives —1.83 charges on N and 0.61 char_ges on K) a_nd its 1,5,7-triazabicyclo[4.4.0]dec-5-ene (ITBBJ. The results of
protonated form sy symmetry; the Mulliken population  peT B3| vp calculations using the 6-3+G* basis set show

analysis gives-1.84 charges on N, 0.15 charges on H, and ¢ (HN)sP=NH is by 2.4 kcal/mol a weaker base than
0.90 charges on K) are predicted to be stable. The GB value of \j.p—NH but that the latter is by 5.7 kcal/mol weaker a base
Kgl_\l on this level of theory is calculated to be 340.7 kcal/mol 41 (MeN)sP=NH. Titration of trialkylphosphane imine bases
which, to the best of our knowledge, exceeds any other i \ecCN indicate that they are slightly less basic than their
calculated basicity value for any neutral inorganic or organic dialkylamino-substituted counterpa?®&PM3 calculations sup-

superbase. _ port this result, whereas ab initio calculations at the 3-21G*
Influence of the Substituents X and X? at the Phos- level predict somewnhat stronger basicity for the Miérivatives
phorus Atom and Nitrogen of the Imino Group of Phos- as compared with their methyl-substituted counterparts (see

phorus Imines. Already the simple imine¥,e.g., formaldimine  Table 6). Starting with the phosphazenes including four
(H2C=NH), are bases of moderate strength in the gas phasephosphorus atoms, the effects of these substituents are predicted
(GBexp = 197.0 kcal/mol and Ggic = 200.1 kcal/mol (DFT/  to lead to practically the same calculated protonation energies.

6-311L+-G** level) and PAsyp = 205.5 kcal/mol and P& = Additional replacement of amino groups inA{#)sP=NH by
207.7 kcal/mol). The consecutive replacement of twGH, dimethylamino groups results in a known Hiperbask® with
hydrogen atoms by Niigroups is expected to lead to a rather g predicted gas-phase basicity value of 249.2 kcal/mol (or 8.5
significant increase of basicity. So, for,NCH=NH, the kcal/mol stronger than the calculated basicities fopN}-

calculated at DFT/6-3tG** level basicity increase is 19.9  p=NH and TMG) which already goes beyond the so far
kcal/mol, whereas the calculated GB value for guanidine equals established continuous basicity ladtfetfor acyclic and cyclic
230.6 kcal/mol (30.5 kcal/mol stronger thap®+NH, see also guanidines, vinamidines, etc.
ref 21). In its turn, tetramethylguanidine (TMG) is calculated  Taking into account the expected basicity increase due to the
to be, by ca. 10 kcal/mol, more basic than guanidine in a jntroduction of N-alkyl substituents into HRvide supra), the
reasonable agreement with the experimental findings of Rac- predicted basicity of these simple easily available or commercial
zynska et af® The primary reason for the strong basicity of phosphazene superbases (e.g., M&BuPy, etc.) should be
guanidines is the high stability of the guanidinium cations which placed around 255260 kcal/mol. The basicity of MeP
is due to the so-called “Y-delocalizatidr?” 28of the three lone  calculated in this work (252.3 kcal/mol) supports this prediction.
pairs of the amino or substituted amino groups of the guani-  However, our calculations show that even much stronger
dinium system. The replacement of one hydrogen atom of pasicity is expected for the hypothetic derivative afPHNH
=CH, group of formaldimine by methyl group is expected to where all of the hydrogen atoms of thef+ group are replaced
increase the basicity by 11.2 kcal/mol whereas the simultaneousby alkali-metal atoms, e.g., Li, Na, K, etc. The calculated GB
introduction of amino and methyl groups (acetamidine) results yalues for the protonation of §PNH and KPNH are 270.6
in a 27.2 kcal/mol increase of the basicity 0§G+NH. and 309.1 kcal/mol, respectively, that is by 47.2 and 85.7 kcal/
The replacement of the=CH, group of formaldimine by the mol more basic than their unsubstituted predecessor.
double-bonded=PH; fragment is calculated to increase the The calculated structures for the neutral forms;PEfNH
basicity of the system to ca. 223 kcal/mol level. The substitu- and KsPNH) are characterized by a strong intramolecular bond
tions of the hydrogen atom of the imino group in (hypothetical) between two of three alkali-metal atoms and nitrogen of the
HsP=NH by Me and t-Bu groups are expected to increase the imino group which significantly reduces the basicity of the NH
basicity of the resulting species by 5.0 and 8.8 kcal/mol, respec-group. The Mulliken charge on the basicity center, N atom of
tively, thus reaching or exceeding the basicity level of guanidine the imino group, is relatively modest:0.4 units of elementary
and TMG2?7 Similar N-alkyl substituent effects have been charge. In the protonated form, the N atom of the,NHyroup
previously noticed for TMG, KHC=NH, and MeCH=NH.14-6.26 is coordinated only to one Li atom. The extra stabilization of
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the neutral base relative to its protonated form by the alkali- phazene imines (e.g., t-ByR-BuPs, etc.) are always higher
metal atoms is probably responsible for the reduction of the (higher basicity of the conjugated base) than those of their linear-
basicity of LsP=NH and KsP=NH as compared with that of  chain counterparts.
the LisP and KP molecules (vide infra). These findings are fully supported by the present DFT B3LYP

The replacement of the 2= group in H§P=NH by the calculations at the 6-3H#1G** basis and ab initio (HF/3-21G*)
HsN= group is expected to lead to a much stronger base, and PM3 calculations which show that the stability of the linear-
HsN=NH (high-energy tautomeric form of hydrazine), whose chain bases is always higher than that of their branched
GB is calculated to be 242.1 kcal/mol, roughly equal to the (concerning the position of the imino group) counterparts. At
basicity for (HN)sP=NH or MesP=NH (see Table 1, DFT  the same time, the protonation energies (or basicities) of the
B3LYP/6-31H-G** calculations) and with a relatively long  branched-chain bases at a fixed number of phosphorus atoms
N—N bond (1.7 A). are higher than that of the linear-chain bases.

Similar to the case of trilithium and tripotassium derivatives  So, in the case offbases (HN)sP=[N—P(NH,);].=NH and
of HsP=NH, LisN=NH (GB=277.6 kcal/mol) and KN=NH [(H2N)sP=N].P(NH)=NH, the former species is calculated
(GB=273.6 kcal/mol) are expected to be much stronger bases(HF/3-21G*) to be by 11.5 kcal/mol more stable than its
than their unsubstituted analoguesN+=NH. However, the branched counterpart. As far as those two bases have the same
Mulliken population analysis shows that, differently from the protonated form, the latter has by the same increment a higher
alkali-metal substituted derivatives ogPE=NH, the density of protonation energy. Practically the same results are gotten using
the negative charge on the nitrogen of the imino group of tri- the PM3 method (the linear-chain isomer is calculated to be by
alkaline-metal substituted imines of ammonia is, in contrast to 9.1 kcal/mol more stable).
the alkyl substituted derivatives, only slightly negative0(28 DFT calculations at the 6-3#1G** basis fully confirm these
to —0.39), whereas Mulliken charges on Li and K atoms are findings for the simpler model compoundsgP+=N—P(H,)=
only around+0.15 to+0.16 charge units. Especially in the case NP(H;)=NH and HP=N—P(H)ENH)-NPH;. The former
of KsNNH, the calculated NN bond distance is extremely  structure is by 6.7 kcal/mol lower (more stable) in free energy
short: —1.27 A. Similar to the calculated geometries of and by the same margin less basic than its branched counterpart.
LisP=NH and KsP=NH, the neutral forms of IsN=NH and Similar results characterize the stability of the isomers and
KsN=NH are also extra-stabilized by the interaction of the lone their relative stability in the case ofsBphosphazene imines
pairs of the nitrogen atom of the imino group with alkali-metal (HF/3-21G*). Here the linear 1-imino-isomer {N)sP=[N—

atoms. In the protonated formszN=NH," and KsN=NH;", P(NH;)2]s=NH is by 8.5 kcal/mol (PM3 gives 8.8 kcal/mol)
this intramolecular stabilization is weaker which causes very more stable than the 2-imino isomer. At the same level of theory,
significant reduction of the calculated basicity of=NH and the latter is in its turn by 9.9 kcal/mol more stable than the

K3N=NH as compared with the molecules ofhiand KsN.2* branched structurd [(H2N)3sP=N—]3P=NH.
The present simple DFT B3LYP/6-31G** level model

calculations are also in agreement with the suggesti@mout H

the significant basicity increasing effects caused by the replace-

ment of the=CH, group in HC=NH by much better and more (HoN)sP—=N——P——N=—=P(NH>);

extensive cation stabilizing fragmerit The GB value of

HN HN NH P(NH2)3

— 3

1 2 The protonation energy of the latter is expected to be, by 5.2
kcal/mol, higher than for linear 2-imino-isomer and, by 13.7
protonation of the resulting compou2ds already as much as  kcal/mol, higher than the same quantity for the 1-imino isomer.
245.2 kcal/mol, i.e., in the superbasicity region between the  Similar behavior is characteristic also for the relative stabili-
values for (HN)3sP=NH and (MeN)sP=NH. ties and protonation energies of the phosphazene ylides. So, as
Effect of Replacement of the—N= Bridge for the —CH= evidenced by DFT/6-3HG** calculations, the linear £ylide
Bridge on Protonation Energies of Phosphorus Imines and H3P=N—PH,=N—PH,=CH, is by 4.8 kcal/mol less basic than
Ylides. Both in the case of phosphorus imines and in the case the 2-CH isomer.
of phosphorus ylides with two phosphorus atoms, DFT calcula-  Similarly, the linear (HN)sP=N—P(NH,),=N—P(NH,),=
tions at the 6-313G** basis seem to evidence that the N—P(NH,);=CH, isomer is predicted to have by 0.1 kcal/mol
replacement of the-N= bridge by the isoelectronie-CH= at 3-21G* level and 11.9 kcal/mol by PM3 calculations lower
bridge somewhat decreases the basicities of the correspondingprotonation energy than its 2CH, counterpart. The latter is
NHz-substituted species (NBP=N—P(NH,).=NH and calculated to be by 16.1 kcal/mol (5.3 kcal/mol at PM3 level)
(NH2)sP=N—P(NH,),=CHj; respectively by 11.4 and 1.8 kcal/ more stable than the branched isomer,}izP=N—]3sP=CH;
mol. At the same time, semiempirical PM3 and low level ab whose protonation energy, in its turn, is by 3.2 kcal/mol higher
initio (HF/3-21G*) calculations (see Table 7) give contro- than that of the linear 2-CHsomer.
versal results from which it is impossible to draw general  pK, vs PA of Phosphorus Imines.in earlier work§®° 1! of
conclusions. Titrations in MeCN solution show a small increase some of us, the 9, values of several phosphazene superbases
(0.44 (K units or 0.6 kcal/mol) of basicity on replacement of with different number of phosphorus atoms were determined
the —N= bridge in EtB by the —CH= bridge?° in acetonitrile solution. It was also sho#A1133%hat substituent
Effect of Branching on Basicity of Phosphazene Imines  effects on the basic fy’'s within the series of substituted
and Phosphazene Ylidedt was experimentally demonstrateéd aromatic or aliphatic amines are relatively weakly sensitive
that the fKy's of conjugated acids of branched-chain phos- toward solvent effects. So, only a modest change of the relative
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kcal/mol) of replacement of five hydrogen atoms at phosphorus
atoms for the NH group in HP=N—PH,=CH,.

The substitution of the amino groups in A¥)sP=CH, for
dimethylamino substituents results in additional calculated
basicity increase of 11.0 kcal/mol to GB267.8 kcal/mol which
is similar to the behavior of the corresponding iines
(vide supra). However, the resulting calculated basicity of
(MezN)sP=NH is by 18.6 kcal/mol lower than in case of
(MezN)3P=CH2.

The replacement of both hydrogen atoms of the double-
bonded=CH, basicity center in (bN)sP=CH, by methyl
groups is expected to result in 7.5 kcal/mol basicity increase
(GB of the (HN)sP=CMe; is expected to be 264.3 kcal/mol)
which is somewhat larger than a similar effect due to the
N-methylation of the=NH group in R phosphorus imides (vide
supra). Assuming the same effect of introduction of two methyl
groups into (MeN)sP=CH, leads to the estimated gas-phase
basicity value of 275.3 kcal/mol for a recently introdu¥etbvel

basicity of substituted anilines and aliphatic amines takes placesuperbase, (M#);P=CMe,. The latter was in solution (THF)

when transfer from aqueous solution into DMSO, into aceto-

nitrile, or even into the gas-phase takes place. No such com-

parison has so far been available for thg palues of substituted

experiments bracketed by its basicity between the respective
values of Verkade’s bicyclic proazaphosphatrane and t;BuP
phosphazene imine. However, the inspection of Table 1 shows

phosphazenes upon transfer from the gas-phase into solutiorthat the presently estimated intrinsic basicity exceeds somewhat

(e.g., MeCN).

the suggested value for MeNP(NH,),—N=P(NH,); but should

In the present work, an attempt was made to compare thebe less or comparable to the basicity of @M@&P=N—P-

semiempirically (PM3) calculated PA values for the series
consisting of t-Bul, t-BuP,, t-BuPs, t-BuP,, and t-BuR with

the respective experimentakpvalues in acetonitrile solution.
The point for the so-called ‘P? phosphazene, t-BuNMgwhich

contains no phosphorus atoms was also included for comparison

(see Figure 4).
The reasonably good correlation

AH(PM3) = 160.9+ 2.88[K (MeCN)JR? = 0.984 (3)

shows that the sensitivitypf2.3RT) of this reaction series toward

(=NH)(NMe,)—N=P(NMe,)3 which does not contradict to the
recent findings’

HN

CH,

4

Similar to the replacement of tkeCH, fragment in a simple

the substituent effects decreases 2.2 times upon changing thémine H,C=NH, the substitution of the same group by quinoid

gas phase into acetonitrile solution.

Phosphorus Ylides: The Substituent Effects of X at the
Phosphorus Atom and X at the Double-Bonded Carbon
Atom. The simplest hypothetical phosphorus ylidgPHCH,
can be formally derived by replacement of #5€H, group in
ethene by the definitely less electronegative #eéH; group.
HsP=CH is a thermodynamically unfavorable tautomeric form
of methyl phosphine, MePH The latter is calculated to be
(B3LYP/6-31H-G**) by 48.5 kcal/mol more stable than
HsP=CH, (see Table 3). The calculated basicity of ethene at
the DFT B3LYP/6-31#G** level is 156.1 kcal/mol. At the
same level of theory, the predicted intrinsic basicity of
HsP=CH, as=CH, base is 244.6 kcal/mol which is practically

stabilizing fragmentl in ethene also yields a highly basic
molecule &CH; group is the protonation centef)whose GB
value reaches 242.3 kcal/mol, which is comparable (see also
ref 14) to (HbN)sP=NH or HsP=CH; but is less basic than its
above-mentionee=NH analogue.

CH3 vs NH; at the P Atom. As in the case of the simple
phosphorus imines, the transfer fromR+=CH, to the corre-
sponding MgP=CH, derivative is at DFT B3LYP (6-31tG**
basis set) level predicted to increase the basicity by 19.5 kcal/
mol which is by 7.3 kcal/mol more than the predicted basicity
increase (12.2 kcal/mol) due to the transfer frogPHCH, to
(H2N)sP=CHb.

PM3 calculations confirm these findings, whereas ab initio

equal to the experimentally determined basicity of the most basic 3-21G* calculations predict the effect of the opposite sign.

guanidine superbase ITBES.
The ylide analogue of guanidine, {N),C=CH,, the tauto-
meric form of acetamidine, Me€&{NH)NHo, is predicted to be

Phosphorus Ylides vs Nitrogen YlidesBecause of the larger
size of the phosphorus atom as compared with that of the
nitrogen atom and because of its ability to better delocalize the

by 6.8 kcal/mol a stronger base than guanidine (230.6 kcal/ negative charge of the ylidic carbon atom by expanding its

mol) and by 10.1 kcal/mol more basic than acetamidine itself. valence shell up to 10 electrons, the phosphorus ylides have
Differently from the situation in the series ofPNH bases relatively shorter P-C distances and lower polarity than their

the substitution of two methyl groups into ethene leads to nitrogen counterparts (vide supra). The latter have highly polar,

isobutene MgC=CH, which is calculated to be by 46.2 kcal/
mol less basic than (#N),C=CH,.

nearly ionic, and relatively long (1-71.8 A) N—C bond dis-
tances and a very high negative charge concentration-(08

The simultaneous replacement of three hydrogen atoms ofelectron charges) on the basicity center, the carbon atom of the

the PH group by NH groups in HP=CH, is calculated to
increase the basicity of the correspondingRle by 12.2 kcal/
mol to 256.8 kcal/mol, well beyond the limits of the so far
existing continuos basicity scaleSimilar is the effect (15.2

=CH, group. Therefore, the nitrogen ylides are expected to be

even more basic than the corresponding phosphorus yiidé%
Indeed, the DFT calculations at the B3LYP/6-313** level

show (see Table 3) that the simple nitrogen ylidesNkCH,
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is expected to be by 22.9 kcal/mol more basic thaaN)3+ 6-311+G** basis set. At the same level of DFT theory, even
P=CH, and by 15.6 kcal/mol more basic than its closest P much stronger basicity (GB 311.7 kcal/mol) is predicted for
analogue, MgP=CH,. the potassium derivative, #R 32 of phosphine. KP has also

Even the simplest (hypothetical) nitrogen ylidesN+=CH,, pyramidelCay geometry. K-P bonds are 2.92 A. The negative
is predicted to be a very strong base (&B270.7 kcal/mol) charge on P is 1.61 units, and the positive charges on K are
whose basicity is expected to be comparable to the same quantityd.536 units. KPH" has alsoCsy symmetry, and the negative
for Li,O'2 and to exceed the calculated basicity oPHCH> charge 1.49) is still mostly located on phosphorus, whereas
by 26.1 kcal/mol. K atoms carry a large (0.846) positive charge.

Similar to the above-discussed case of the extraordinarily N the recent years, Verkade and co-workers have developed
strong calculated basicities of the hyphothetical trilithium and (S€€, €.g., ref 16) a series of derivatives of bicyclic phosphines,
tripotassium derivatives of ##=NH and HN=NH, the respec-  Proazaphosphatranes, e.§a, which are reported to display
tive ylides, LP=CH, (GB = 287.9 kcal/mol), KP=CH, (GB extraordinary basic propertiesp= 41.2 in MeCN, K, =
= 305.7 kcal/mol), LIN=CH, (GB = 287.2 kcal/mol), and  26.6 in THF), its imides6a and 6b, and ylide 7.33 It was
KsN=CH, (GB = 269.1 kcal/mol), are also predicted to be very suggestetf that phosphinea is in THF and MeCN of
strong bases. comparable ba_se strength to t-Bqﬂhosphazene imine, a widely

Differently from the unsubstituted, alkyl-substituted, or US€d commercial superbas&gp=30.4in DMSO pKa = 42.6

amino-substituted derivatives ofP=NH and HN=NH where 1" MeCN’?). At the same time6a was evaluated to be

the respective nitrogen ylides are found to be stronger basesSOMewhat weaker base thaa As mentioned in the introduc-

than P ylides, in the case of their alkali-metal substituted tory secnon, the K, value of 5a was recently’ rewse_d_ and
derivatives, this basicity order is calculated to be reversed. drastically downgraded by 8 powers of 10, _to_ the baS|_c |ty_range
Analogously to the case of imides of alkali-metal-substituted of EtR, phosphazene base. So far, the basicity of derivatives of
phosphine and ammonia, the respective ylides£CH, and ¢ Was not estimated.

K3sP=CH,, are characterized by moderate negative Mulliken

charges on the carbon atoms and by relatively long (1.9 and NH GRiR;
1.7 A) P—C distances. At the same timeAC bond distances ” ”
in LisN=CH, and KsN=CH, are extremely short (1.261.27 P\\NR

4

—I —~ —I
A): the carbon atom of the GHyroup of the former compound RN LR NR RN R N LR \°
carries a small negative Mulliken charge(.15), whereas the
calculated charge of the “ylidic” carbon atom iM¥=CHj is
even predicted to be slightly in the positive side0(1). The
N N N

Mulliken charges on the alkali-metal atoms in both hypothetical
compounds, WIN=CH, and KsN=CH,, are predicted to be

rather small and positiveH0.15 and+0.17). SR=H 2RI:£{M TR"R~R,~H

No intramolecular bond between the alkali-metal atom(s) and > R-Me 6: R;Phe 7a R=Me, R,=H, R,=Ph
the carbon atom of the protonatedCH, group is predicted in
protonated forms of any of the above considered ylidgB=ki In the present work, DFT B3LYP (6-3#G** basis)

CHz, KsP=CHp, LisN=CH,, and kgN=CH,. calculations of gas-phase basicity of model compounds 6f
In the case of phosphine, ammonia, and their alkyl derivatives, gnq 7 (R = H) were performed. The calculated intrinsic
the respective imines and ylides were predicted to be much pasicities of these species (244.6, 258.9, and 273.3 kcal/mol,
stronger bases than BHNHs, and their derivatives. However,  regpectively) are at odds with the sugge&tediative solution
for the alkali-metal derivatives of P$ANHs, and their ylides,  phase basicities of these compounds: according to our present
the reversed basicity order is expectedsHL.iKsP, and KN findings, the intrinsic basicity of the imin@ exceeds the same
are predicted to be stronger bases than their respective ylidesquamity for the cyclic phosphing by 14.3 kcal/mol, whereas
The nitrogen ylide which incorporates three Ngfoups at  the ylide 7 is in its turn predicted to be by 14.4 kcal/mol a
the “central” nitrogen atom, (#N)sN=CHp,, is found to undergo  stronger base than the imine baen accord with the above
dissociation upon protonation at the gHyroup yielding given discussion for the open-chain phosphorus imine and ylide
ammonia and a [N(NE(NH)CH]* fragment. bases (vide supra). Simultaneoudlyis a much stronger base
Comparisons of Basicity of Phosphorus Imines and Ylides  than (HN)sP (218.1 kcal/mol), (MgN)sP (230.9 kcal/mol), or
with Basicity of Phosphines.Simple phosphines are generally MesP (219.3 kcal/mol) and a stronger base thapN}HP=NH
known as Brgnsted bases of moderate or low streh§ih. the (241.1 kcal/mol) but weaker than §N)sP=N—P(NH,),=NH,
intrinsic basicity of PH is higher than that of water by 23 kcal/  LisP, KsP (vide supra), and higher phosphorus ylides (with
mol but weaker than that of ammonia by 16.5 kcal/mol. = 2), whose intrinsic basicity is expected to reachn(at 7)
However, the gas-phase basicity of trimethylphosphine is by 300 kcal/mol. At the same timé& and 7 are calculated to be
1.7 kcal/mol higher than that of its nitrogen analogue sNe already comparable to or stronger bases than-dlibstituted
In its turn, EgN is a 0.5 kcal/mol stronger base thanfEbut P; ylide (HaN)3sP=CH, (256.8 kcal/mol) or its C-methylated
equal to PBP and weaker than n-fd and n-BuyN. The derivative (HN)sP=CMe, (264.3 kcal/mol).
substitution of three hydrogen atoms in phosphine for (much  As a matter of fact, the strained polycyclgs6, and7 as
less electronegative) lithium atoms is calculated (present work, representatives of superbases which contain only one phosphorus
B3LYP/6-31H-G**) to lead to a real superbasesBf? (pyra- atom are predicted to be significantly stronger bases than the
midal, C3, symmetry) whose predicted GB value (278.5 kcal/ respective open-chain derivatives of phosphines, phosphorus
mol) is practically equal to that for kO, and by ca. 27 kcal/  imines, and phosphorus ylides which also contain only one
mol less than that suggested fogMNimolecule based on DFT  phosphorus atom. Especially impressive is the calculated basicity
(B3LYP/6-31H+G(3df,3pd)) calculatiord8 or using the results  of 7 which is comparable to that of % and L;O. However,
of this work (GB=305.6 kcal/mol) using a somewhat smaller as already shown in the present discussion, various model
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TABLE 7: Effect of the Replacement of the—N= Bridge for the —CH= Bridge in Phosphorus Imines and Phosphorus Ylides
(X = NHz and X2 = H)

=NH bases, bridge =CH; bases, bridge
DFT/B3LYP/6-31H-G**¢ 3-21G* PM3® DFT/B3LYP/6-31H-G**¢ 3-21G* PM3®
m —N= —CH= —N= —CH= —-N= -CH= —N= —CH= —N= —CH= —N= -CH=
2 265.0 253.6 300.6 299.0 255.0 256.0 275.7 273.9 312.6 3128 268.8 2710
3P 316.0 3169 269.7 276.8 331.8 339.0 288.4 290.0
3f 326.3 327.6 280.3 2859
4b 321.0 323.6 280.0 287.8 345.1 296.5 2824

an is the number of phosphorus atoidhe =NH or =CH, group is at the second phosphorus atémhG values (kcal/mol)¢ Protonation
energies (kcal/mol) Protonation enthalpies (kcal/mol)The =NH is at the terminal phosphorus atom.

TABLE 8: Effect of Consecutive Substitution of NH, Group (H2N)3sP=NH, by 4.0 kcal/mol. The imines #0=NH (unstable
by —N=PH; Fragments in the P(NH,); Molecule* tautomer of hydroxylamine) and28=NH (tautomeric form of
consecutive HSNH,) are roughly of equal strength around 221 kcal/mol
substituent NH which is comparable to the predicted GB value for the respective
B3LYP/6-31HG* phosphorus derivative, #=NH (GB = 223.4 kcal/mol).
base AG D Those trends probably reflect the basicity weakening effect

of the progressive increase of the electronegativity of the

FI-(lNNgb)F%N=PI—b géié 12 5 “central” atom in the row P< C ~ S < CI which overpowers
(HzN)fD(N=PI—b)2 2458 277 the stabilizing effect of the increase of the number of electron-
P(N=PH)s 258.3 40.2 donating amino groups of the protonated forms of the respective

bases.

For =CH, bases, similar trends hold in the row of (M

=CH2, (NH2)3P=CH2, (NH2)4S=CH2, and (Nl‘b)5C|=CH2

he basicity is expected to increase by 19.4 kcal/mol while
going from (NH),C=CH, to (NH,)sP=CH,. Further transfer
from the latter to the sulfur derivative (NJdAS=CH, is predicted
to be accompanied by a 4.9 kcal/mol drop in basicity (B
251.9 kcal/mol), whereas (Nj$CI=CH, is expected to be even
weaker than its sulfur analogue by 4.4 kcal/mol. Somewhat
surprisingly, the unsubstitutedsBI=CH, is calculated to be
by 2.8 kcal/mol a stronger base thamkHsClI=CH,.

a All values in kcal/mol.

iminophosphoranes and phosphoranes which contain several
phosphorus atoms are predicted to be stronger base$tban
or even7 in the gas phase.

The comparison of the intrinsic basicity of phosphines
XnP[—N=PHs]s-n or their higher homologues, e.g.,Pt
[(—N=PHz)m—N]z-n or XoP[(—N=P(X2)2-)m]3-n, Where X=
H, NH_, etc., with the basicity of the phosphorus imines or ylides
of the same number of P atoms and carrying the same
substituents X (H, NKH or CHg) is interesting.

The results of DFT/B3LYP 6-3HG** level calculations Ylides H,O=CH; (high energy tautomer of MeOH; €C
of GB values of consecutive introduction eN=PHs substit- bond distance in the neutral form is calculated to be 1.86 and
uents into P(NH); instead of NH groups are given in Tables ~ 1.52 A in the protonated form) anc,B=CH; (tautomeric form -
5 and 8. of MeSH) are calculated to have also rather significant basicities

The substitution of only one-N=P(NH,); substituent into ~ (253.5 and 243.4 kcal/mol, respectively), which compare
(H2N)3sP will increase the intrinsic basicity of the latter by 27.5 favorably with simple ylides of all other mentioned elements
kcal/mol, almost to the level of Verkade’s phosphatran@® except nitrogen ((N=CH,, GB = 270.7 kcal/mol, see also ref
= H), whereas the consecutive replacement of the amino groupslz)'
of (HZN)SP by—N:PH3 groups will increase the deprotonation Lithium Cation Basicity of PhOSphOfUS Imines and Ylides.
energy by respectively 16.2, 11.5, and 12.5 kcal/mol to 258.3 On the recently publishétigas-phase lithium cation basicity
kcal/mol. (LCB) scale of various neutral bases, the highest LCB values

Intrinsic Basicity of Imines and Ylides of Some Elements ~ (up to 47.5 kcal/mol for (€Hs)sPO and (MeN)sPO) belong to
Other Than P, N, and C.Using DFT approach at the B3LYP/  different phosphine oxides. The replacement of &pO) or
6-311+G** level, the dependence of the Gibbs free energy of SP’ (—O—) oxygen atom as basicity center toward proton for
protonation of imines and ylides of elements other than P, N, SP (€.9.,=NH) or sp’ (e.g.,> N—) nitrogen atom is knowito
and C, e.g., oxygen, sulfur, and chlorine, on the nature of the lead to a very significant increase of basicity of the respective
central atom and the nature of the substituent was studied. ~ species. So, the change in MeCON®éf double-bonded=0

The substitution of an garbon atom for a less electroneg- atom for=NH group increases the gas-phase basicity by 30
ative silicon atom is expected to increase the basicity of the kcal/mol. The same change in acetone molecule results in
resulting species. This is indeed so. Silaguanidine, the moleculebasicity increase by 36.3 kcal/mol.
extensively studied by G. Frenking et #l.is by 6.6 kcal/mol Therefore, keeping in mind similar trends in changing GB
more basic than guanidine. Similarly, in the case of ylides, and LCB* and experimental findings regarding the strong
Me,Si=CH, and (HN),Si=CH, are respectively by 35.4 and complex formation of Li cation with t-BuPsuperbasé’ one
7 kcal/mol stronger bases than their carbon analogues, whereasan expect that the LCB of phosphorus imines or its model
the calculated basicity of (i#),Si=CH, is comparable with compounds considered in this work would also exceed that of
that of H{P=CH.. their oxygen analogues by a wide margin.

Tetraamino-substituted S(VI) imine §N),S=NH is expected Indeed, the present calculations using the DFT B3LYP at
to be by 6.2 kcal/mol a weaker base thanNptP=NH, whereas 6-311+G** level show (see Table 1, footnote a, and Table 3,
the latter is expected to be by 10.5 kcal/mol stronger of its footnote a) that the LCB of (bN)sP=NH is expected to be as
carbon analogue, guanidine. Pentaaminochloro(VIl)imine is also high as 59.4 kcal/mol, exceeding by ca. 12 kcal/mol the
expected to be weaker base than its phosphorus counterpartiespective value for HMPA? Most probably such a high LCB
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value evidences about strong electrostatic stabilization of the or P, phosphorus ylides. Extremely high basicity values and

adduct by the interaction of the highly localized opposite charges easier handling make representatives of these two series of

on N and Li. superbases preferable to inorganic superbases as possible
partners for observing the spontaneous gas-phase proton transfer

Lt between neutral Brgnsted superacids and bases.
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