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Fully Reversible Cyclic Dimerization of
Diphosphanylketenimines Promoted by
Intramolecular C—H .- N Hydrogen Bonds**

Javier Ruiz,* Fernando Marquinez, Victor Riera,
Marilin Vivanco, Santiago Garcia-Granda, and
M. Rosario Diaz

Ketenimines are important functional groups that show
enhanced reactivity in nucleophilic addition and cycloaddi-
tion reactions. Furthermore, compounds containing this
moiety are useful starting materials which have been applied
in heterocycle chemistry.['! We recently reported the synthesis
of the diphosphanylketenimines (PPh,),C=C=NR (1a: R=
Ph, 1b: R=rBu) by metal-assisted coupling of a transient
diphosphanylcarbene with isocyanides (Scheme 1).7 As these
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Scheme 1. Metal-assisted synthesis of diphosphanylketenimines 1. In the
case of R =Ph or p-tolyl, reversible dimerization takes place to form 2. 1a:
R =Ph;1b: R=1Bu;1c: R =p-tolyl; 1d: R =xylyl; 2a: R=Ph, X =H; 2¢:
R =p-tolyl, X=Me.

molecules combine the properties of diphosphanes with those
of ketenimines, it was anticipated that new reactivity patterns
could arise from them. Here we report a unique cyclic
dimerization of N-aryldiphosphanylketenimines involving a
new type of [2+3] cycloaddition reaction to give an
azaphospha five-membered heterocycle featuring a phospho-
rus-ylide functionality. This dimerization is reversible under
mild conditions and appears to be promoted by nonconven-
tional CH --- N hydrogen bonds.
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The N-phenylketenimine 1a forms colorless solutions in
different organic solvents which are stable for weeks. How-
ever, when a solution of la in hexane is very slowly
concentrated to dryness under vacuum, and the process of
adding and removing hexane is repeated at least three times,
an orange solid corresponding to the unsymmetrical dimer 2a
is formed (Scheme 1). This dimerization is fully reversible,
and refluxing a solution of 2a in toluene for 10 min leads to
the quantitative formation of monomer 1a. By contrast, the
N-tert-butylketenimine 1b did not dimerize at all, showing the
strong influence of the substituent at nitrogen in this process.
It has been described that ketenimines tend to dimerize, but
only upon prolonged thermolysis at high temperatures, and
usually by [2+2] cycloaddition reactions to give azetidines;!
related processes such as base-induced dimerization®! and
anodic oxidationP! of ketenimines to give heterocyclic dimers
and trimers are also known. Therefore the present reaction is
a rare example of ketenimine dimerization occurring during
crystallization.

The 3'P NMR spectrum of 2a revealed the presence of four
strongly coupled signals corresponding to the four inequiva-
lent phosphorus atoms of the molecule (see the Experimental
Section). The structure of 2a was definitively established by
X-ray crystallography!® (Figure 1). The five-membered het-
erocycle C(1)-P(1)-C(3)-C(2)-N(1) is essentially planar. The
short C(2)—C(3) (1.40(2) A) and C(3)—P(1) bonds (1.70(2) A)
suggest that the negative charge at the ylide carbon atom C(3)
is strongly shared with the neighboring atoms. An important
feature of the structure of 2a is the presence of two
intramolecular CH ---N hydrogen bonds. Thus, a phenyl ring
at phosphorus atom P(2) acts as a hydrogen-bond donor

Figure 1. Molecular structure of 2a. Hydrogen atoms and phenyl groups,
except those involved in hydrogen bonds, are omitted for clarity (ellipsoids
at the 30% probability level). Selected bond lengths [A] and angles [°]:
N(1)-C(1) 1.45(2), N(1)-C(2) 1.45(2), P(1)-C(1) 1.80(2), P(1)-C(3) 1.70(2),
C(2)-C(3) 1.40(2), N(1)-C(11) 1.45(2), C(1)-C(4) 1.38(2), C(2)-N(2) 1.27(2),
C(3)-P(2) 1.83(2), C(4)-P(3) 1.88(2), C(4)-P(4) 1.77(2), N(1)---H(1)
2.94(2), N(2)---H(2) 2.44(2), C(22)---N(1) 3.09(3), C(222)---N(2)
3.22(3); C(22)-H(1)---N(1) 90(1), C(222)-H(2)---N(2) 141(1), C(1)-P(1)-
C(3) 91(1), C(1)-N(1)-C(2) 111.(1), C(4)-C(1)-N(1) 126(2), C(4)-C(1)-P(1)
125(2), N(1)-C(1)-P(1) 108(4), N(1)-C(2)-N(2) 120(2), N(2)-C(2)-C(3)
129(2), N(1)-C(2)-C(3) 112(2), C(2)-C(3)-P(1) 114(1), C(2)-C(3)-P(2)
124(4), P(1)-C(3)-P(2) 122(1), C(1)-C(4)-P(4) 114(1), C(1)-C(4)-P(3)
115(1), P(3)-C(4)-P(4) 129(1).
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through an ortho proton toward the exocyclic nitrogen atom
N(2), with a rather short H(2)---N(2) contact of 2.44(2) A
(C—H---N 141(1)°). A much longer contact exists between an
ortho proton of the phenyl group at N(2) and the endocyclic
nitrogen atom N(1) (H(1)---N(1) 2.94(2) A) with a very
closed C—H---N angle of 90(1)°. These two parameters
appear to indicate that this last interaction cannot be
considered as a real hydrogen bond, when taking into account
the cut-off of 2.7 A based on van der Waals criteria and the
preference for a linear geometry.”) However, it has been
shown that the electrostatic component of the hydrogen bond
also operates beyond the van der Waals separation, and that
directionality is blurred if other factors such as steric
restrictions comes into play.®l Additionally, a structural
feature in favor of a hydrogen-bonding interaction is that
the H(1)—N(1) vector is approximately directed toward the
sp® lone pair of N(1).[%] Moreover, some cooperativity[®
could exist, as the two hydrogen bonds are interconnected
(the N(2)Ph group acts simultaneously as hydrogen-bond
donor and acceptor), resulting in an enhancement of the total
bond energy.

To assess the influence of the substituent at nitrogen in this
dimerization process, the new N-aryldiphosphanylketeni-
mines 1le¢ (R =4-methylphenyl =p-tolyl) and 1d (R=2,6-
dimethylphenyl = xylyl) were prepared following the same
procedure used for the synthesis of 1a (Scheme 1). The N-p-
tolylketenimine 1e¢ tends to dimerize under the same con-
ditions as 1a to give 2¢, whereas the N-xylylketenimine 1d,
which lacks ortho hydrogen atoms for the substituent at N,
does not dimerize at all. This result suggests that not only the
H(2)---N(2) hydrogen bond but also the very weak inter-
action H(1)---N(1) could have some influence in the dime-
rization of 1a and 1¢, although other factors such as steric
hindrance of the R substituent at nitrogen and packing forces
in the crystal must also be considered.

The dimerization of diphosphanylketenimines described
here is noteworthy because: 1) it takes place under mild
conditions (room temperature), 2)it is reversible, 3)it
involves a new type of [2+3] cycloaddition, and 4) it appears
to be promoted by intramolecular nonconventional CH---N
hydrogen bonds. Furthermore, the involvement of the phos-
phanyl substituent in the annelation process suggests an
enhancement of the synthetic potential of 1a—d with respect
to normal ketenimines. This is clearly shown in the reaction of
1a with two equivalents of dimethyl acetylenedicarboxylate,
which takes place instantaneously at room temperature to
give 3a (Scheme 2, see the Experimental Section).'” This
unique bicyclic compound contains two fused five-membered
phosphaheterocycles resulting from two successive [243]
cycloaddition reactions involving both phosphorus atoms
of the original ketenimine 1a.l'l' Very likely this reac-
tion proceeds through the formation of the intermediate
species Ia, although it was not detected in the reaction
mixture (even at low temperature), suggesting an enhance-
ment of the reactivity after the first [2+3] cycloaddition
process. Other preliminary studies show that 1a—d react at
room temperature not only with electron-poor alkynes but
also with heterocumulenes such as isocyanates and isothio-
cyanates.
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Scheme 2. Two [2+3] cycloaddition reactions of 1a with dimethyl acety-
lenedicarboxylate provide 3a. R=CO,Me.

Experimental Section

2a: A solution of 1a (0.1 g, 0.2 mmol) in hexane (10 mL) was very slowly
evaporated to dryness under vacuum. Hexane (10 mL) was added to the
residue, giving an orange precipitate corresponding to the dimer 2a; the
monomer 1a remained in solution. The solution was filtered off and then
retreated with hexane to afford a new fraction of 2a. The process was
repeated three times; yield 70% (0.07 g). The yield can be improved by
repeating the process as many times as possible. Crystals suitable for X-ray
diffraction were grown from a solution in CH,Cly/hexane. Elemental
analysis calcd for CgH;soN,P,: C 79.16, H 5.19, N 2.88; found: C 78.84, H
5.27, N 2.78; '"H NMR (300 MHz, CD,Cl,): 6=7.90 (4H, dd, */py=13,
3lun="7Hz), 6.4-74 (44H, m), 5.85 (2H, d, Jy; =7 Hz); *'P{'H} NMR
(121.5 MHz, CD,CL,): 6 =28.5 (ddd, 2/pp =52, 3Jpp =24, 3Jpp=6 Hz), 14.3
(dd, 3Jpp =24, 3Jpp =4 Hz), 6.8 (dd, 3Jpp =4, *Jpp=6 Hz), —22.8 (d, /pp=
52 Hz).

2b: Compound 2b was prepared analogous to 2a. Elemental analysis calcd
for C4Hs,N,P,: C 79.35, H 5.45, N 2.80; found: C 79.26, H 5.32, N 2.75;
'H NMR (300 MHz, CD,Cl,): =785 (4H, dd, */py=13, 3y =7 Hz),
6.4-74 (42H, m), 5.84 (2H, d, *Jyy=7 Hz), 2.35 (3H, s), 2.12 3H, s);
3P{'H} NMR (121.5 MHz, CD,Cl,): 6 =28.6 (m), 13.7 (m), 6.5 (s, br), — 23.8
(m).

3a: To a solution of 1a (0.05 g, 0.1 mmol) in CH,Cl, (10 mL) was added
dimethyl acetylenedicarboxylate (0.025 mL, 0.2 mmol). The color changed
to red instantly. After 5 min of stirring at room temperature the solvent was
evaporated to dryness, and the brown residue recrystallized from CH,Cl,/
hexane to afford red crystals; yield 85 % (0.065 g). Elemental analysis calcd
for C,H;;NOgP,: C 68.65, H 4.84, N 1.81; found: C 68.43, H 4.80, N 1.83;
'H NMR (300 MHz, CD,Cl,): =799 (4H, dd, *Jpy=14, *Jyy =7 Hz),
6.8-78 (19H, m), 6.52 (2H, d, *J; 5y =7 Hz),3.50 (3H, s), 3.35 (3H, 5), 3.27
(3H, s), 2.89 (3H, s); *'P{'"H} NMR (121.5 MHz, CD,CL,): 6=8.97 (d,
2Jpp =71 Hz), —81.40 (d, *Jpp =71 Hz); *C NMR (75.5 MHz, CD,Cl,): 6 =
199.43 (dd, Jp-=32, 22 Hz), 170.30 (dd, Jpc =25, 4 Hz), 170.05 (dd, Jpc=
14,10 Hz), 169.15 (dd, Jpc =3, 1 Hz), 166.51 (dd, Jpc =6, 2 Hz), 162.41 (dd,
Jpc=16, 2 Hz), 159.52 (dd, Jpc =23, 13 Hz), 151.86 (d, Jpc =5 Hz), 131.28
(dd, Jpc =12, 7 Hz), 117.2 (dd, Jpc =93, 6 Hz), 52.60 (s, 1 x CHj3), 51.57 (s,
3 x CH;); signals for phenyl groups not given.
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Complexes of Group 4 Metals**
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The stabilization of anionic transition metal centers is
generally associated with the use of ancillary ligands possess-
ing strong m-acceptor properties. For the most part, it was
achieved with molecules such as CO,l!! isocyanides,?! ethyl-
ene,l®l and arenes* which display a suitable synergistic effect
between o-donor and m-acceptor capabilities, and in rare
cases, by using tailored tertiary phosphanes.’! However, only
little is known about the stabilizing effects provided by
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