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INTRODUCTION

Phosphine ligands having different functionalities
in the molecule attract much attention due to
their interesting chemical and complexing proper-
ties. Among functionalized phosphine ligands, those
containing phosphorus- and nitrogen-complexing
centers in a molecule (P,N-ligands) are of special
interest showing high catalytic activity in many re-
actions [1]. Mostly such ligands contain the sp3-
(amine) or sp2-(imine) hybridized nitrogen atom. A
diversity of structural types of known P,N-ligands
including the sp-hybridized nitrogen atom of the
cyano function as an additional coordination site
is not too wide. Nevertheless, they show interest-
ing and diverse coordination behavior depending on
the phosphine structure and nature of the metal [2].
Data concerning their usage in homogeneous catal-
ysis are essentially limited by application of tris(�-
cyanoethyl)phosphine in catalytic hydrophosphina-
tion [3], hydroformylation [4], alcohol carbonylation
[5], etc.

Our attention was focused on cyano-substituted
phosphine ligands with rather rigid stereochemical
structure, which is advantageous for metal com-
plex catalysis. In particular, we suggested that 1-
(phosphino)cycloalkane carbonitriles 1 potentially
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containing a few stereogenic centers in the molecule
may be of interest for catalytic purposes.

Therefore, we elaborated a facile procedure
for preparation of ligand precursors, namely (1-
phosphoryl)cycloalkane carbonitriles (n = 1–3, R =
H), comprising cycloalkylation of phosphorylace-
tonitriles by �,�-dihaloalkanes under phase transfer
catalytic conditions (PTC; K2CO3/DMSO, r.t.) [6]. It
should be noted that this methodology allows one to
obtain a wide pool of phosphorylated and thiophos-
phorylated compounds with ring size from three-
membered one and larger in a good yield. Further,
the reduction of the corresponding phosphoryl-
containing precursors using trichlorosilane ex-
emplified by 1-(diphenylphosphino)cyclopropane
carbonitrile 1 (n = 1, R = H) was suggested as a
convenient route to the target ligands [7]. Rhodium
complexes formed by the above ligand and its ana-
logues differing in the substituents at the phosphorus
atom demonstrated nearly quantitative conversions
in styrene hydroformylation at temperatures in the
range of 70–100◦C [8,9].

Therefore, for asymmetric metal complex
catalysis, it was of interest to synthesize 1-
(phosphino)cycloalkane carbonitriles 1 bearing
an additional alkyl substituent R in the ring, for
example methyl group, and therefore having at
least two chiral centers (ring carbon atoms) in the
molecule. In order to obtain the target compounds
by the above reduction procedure, we first need to
have their P O precursors in hand. We suggested
that cycloalkylation of phosphorylacetonitriles
by �,�-dihalogenalkanes, i.e. �,�-dihaloalkanes
bearing additive methyl group at �-position, should
result in 1-(phosphino)-2-methyl cycloalkane car-
bonitriles as a statistical mixture of cis and trans
isomers that differ by mutual disposition of methyl
and phosphoryl groups relative the ring plane
(Scheme 1).

SCHEME 1

Furthermore, taking into account the further
reduction, isomeric mixtures obtained might be
further separated for individual isomers using the
typical separation techniques, e.g. chromatography
or fractional crystallization. We report herein the re-
sults of detailed investigation of such an interaction.

RESULTS AND DISCUSSION

As we reported in our preliminary communication
[10], the estimation of the full energies of both pos-
sible isomers for 1-(diphenylphosphoryl)-2-methyl-
cyclopropane carbonitrile 3a performed by ab ini-
tio calculations with full geometry optimization
(B3LYP/6-31G∗) using G98W software has revealed
that the corresponding trans isomer was character-
ized by lower energy in comparison with the cis-3a.
The energy win was 1.7 kcal/mol only and for rea-
sons of statistics, such difference in energy should
lead to the formation of the isomers in ca. 6:4 ra-
tio. However, the interaction of diphenylphosphory-
lacetonitrile 2a with �,�-dihaloalkanes unexpectedly
turned out to proceed diastereoselectively, yielding
only trans-isomers of cycloalkanes 3a, 4a, 5a with
the identical configuration of asymmetric carbon
atoms (RC

∗ RC
∗) and this result was unambiguously

confirmed by X-ray analysis (Scheme 2). The com-
pounds demonstrated a singlet in their 31P-{1H} NMR
spectra and a single set of signals in the 1H and 13C
spectra.

In order to estimate the generality of such di-
astereospecificity in this reaction, we involved in
the interaction with �,�-dihaloalkanes a series of
phosphorylacetonitriles 2b–e. As in the case of 2a,
the reaction proceeded diastereoselectively for all
compounds under investigation yielding the corre-
sponding trans-isomers only.

Cycloalkylation was carried out at ambient con-
ditions using K2CO3/DMSO as PTC system. At that,
we used DMSO of two different grades: technical
DMSO containing approximately 5% H2O (further
referred also as “wet” DMSO) and “dry” DMSO con-
taining less than 0.1% H2O (Fluka). In general, ap-
plication of “wet” DMSO was preferable in terms
of reaction rate in comparison with the dry one.
Thus for the reactions with 1,3-dibromobutane and
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SCHEME 2

1,4-dibromopentane yielding the gem-disubstituted
butanes 4 and pentanes 5, correspondingly, usage
of wet DMSO leads to ca. 10-fold increase in the
cycloalkylation rate (31P NMR monitoring of reac-
tion course). It fits well with the known fact that the
amount of water in the organic phase used in the
PTC reactions often sufficiently influences the pro-
cess rate (participation of so called “omega phase”)
[11]. Nevertheless, it should be noted that excluding
the interaction of the least sterically hindred sub-
strate 2b, phosphorylated cyclopropanecarbonitriles
3 are not formed in reasonable yields under “wet”
DMSO (Table 1).

As one could expect, the appearance of addi-
tional steric hindrances in an electrophilic com-
ponent, i.e. changing �,�-dihaloalkanes for �,� -
derivatives, leads to the drastic decrease in

TABLE 1 Dependence of the Cycloalkylation Rate and Yields of 5–7 on the PTC System in Use

Interphase Reaction Yield of
Compound R1R2 X n Systema Time (h) Cycloalkane (%)b

3a Ph2 O 1 A1 380 55
A2 20 2

3b (EtO)2 O 1 A2 40 50
3d Ph(Pr-i) O 1 A1 300 <1
3e Ph2 S 1 A2 40 <1

B 2,5 43
4a Ph2 O 2 A1 312 80

A2 20 75
4d Ph(Pr-i) O 2 A1 336 45
5a Ph2 O 3 A1 192 87

A2 20 82
5b (EtO)2 O 3 A2 30 70
5c Ph(EtO) O 3 A2 20 96
5d Ph(Pr-i) O 3 A1 192 50
5e Ph2 S 3 A2 37 32

B 7,5 100

aPTC system: A1 = K2CO3/dry DMSO; A2 = K2CO3/wet DMSO; B = KOH/CH3CN.
bAccording the 31P NMR data of the reaction mixture.

the cycloalkylation rate [12]. Thus, cycloalkyla-
tion of diphenylphosphorylacetonitrile 2a by 1,2-
dibromoethane is completed over ca. 20 h at room
temperature to give the corresponding cyclopropane
in ∼70% yield [6a]. For comparison, in the reaction
of the same substrate 2a with 1,2-dibromopropane,
the yield of 2-methyl-cyclopropane carbonitrile 3a
obtained for the same period of time is only 2%.
The yield of 3a was increased up to 55% using the
dry DMSO after 16 days of stirring. Under other
conditions being equal, less sterically hindered gem-
disubstituted butanes 4 and pentanes 5 are formed
more easily and in higher yields in comparison with
the corresponding cyclopropanes 3.

Furthermore, the reaction is very sensitive to
steric hindrances at the phosphorus atom and all
other conditions being equal, the reaction rate
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decreased in the series (EtO)2P(O) > Ph(EtO)P(O) >

Ph2P(O) � Ph(i-Pr)P(O) > Ph2P(S). In the series of
phosphorylacetonitriles, yield of the cyclopropane
3d bearing phenyl and isopropyl substituents was
less then 1%.

Moreover, as thiophosphorylacetonitriles pos-
sess higher CH-acidity comparing with their phos-
phoryl analogues, their cycloalkylation by �,�-
dihaloalkanes proceeds approximately two times
faster with using the system K2CO3/DMSO [6b]. At
the same time in the reaction of diphenylthiophos-
phorylacetonitrile 2e with �,�-dihaloalkanes, we
failed to obtain the satisfactory yields of the desired
cycloalkanes using the above “mild” heterogeneous
system. Taking into account that thiophosphorylace-
tonitrile carbanions are rather stable under more
severe conditions [13], we succeeded to carry out
cycloalkylation of 2e by �,�-dibromoalkanes using
solid KOH as a base in acetonitrile solution [14].
As in these cases, we obtained thiophosphoryl-
substituted cycloalkanecarbonitriles 3e, 5e as trans-
isomers only, one may conclude that the stereochem-
ical result does not depend on the interphase system
in use.

It should be noted that the formation of the
corresponding monoalkylated products generated at
the first step of cycloalkylation was observed by
NMR technique [15] only at the reaction of (iso-
propyl)phenylphosphorylacetonitrile 2d, apparently
the most sterically hindered substrate among those
with phosphoryl group, with 1,3-dibromobutane.
The ratio of the target cycloalkane and monoalky-
lated product was ca. 7:3. In other cases, the rate of
secondary alkylation exceeds that for the first alkyla-
tion step which is similar to regularity observed for
cycloalkylation by �,�-dihaloalkanes where the rates
of the primary and secondary alkylation are compa-
rable [9].

If the phosphorus atom in a starting substrate is
the asymmetric one (2c,d), the resulting cycloalka-
nes 4d, 5c,d have already three asymmetric atoms,
namely two ring carbon atoms and the phosphorus
one. As cycloalkylation does not affect the phospho-
rus atom during the reaction course, as expected in
these cases, the final products were obtained as a sta-
tistical mixture of two diastereomers A and B distin-
guished in the configuration of the phosphorus atom
(A: RP

∗ RC
∗ RC

∗ and B: SP
∗ RC

∗ RC
∗). This fact was con-

firmed by X-ray analysis carried out for both isomers
of cyclopentane 5d (R′ = Ph, R′′ = i-Pr, n = 3), which
were resolved by fractional crystallization after chro-
matography purification.

In order to explain the diastereoselective reac-
tion course and in view of the fact that cycloalkyla-
tion would proceed in two stages, one may assume

that monoalkylated product was formed as statistic
mixture of diastereoisomers having the identical or
the opposite configuration of the chiral carbon atoms
(RC

∗, RC
∗ and RC

∗SC
∗). The second reaction stage of

intramolecular cyclization proceeds via the forma-
tion of a flat carbanion with degeneration of asym-
metry at the �-carbon atom. In other words, no mat-
ter how the first stage proceeds stereochemically, the
whole stereochemical result is determined by the cy-
clization step only. Apparently, for steric reasons, the
rate of cyclization leading to the formation of the
cis isomer (v2cis) is very low (the high energy bar-
rier) while the rate of trans-isomer formation (v2trans)
is rather high. Therefore, the above trans isomer
presents apparently the product of kinetic control of
the second reaction step.

The structures of all the compounds obtained
were confirmed by IR and NMR spectral data
(Tables 2 and 3) along with X-ray investigations car-
ried out for a few substances with different cyclic
sizes. In the IR spectra, the single characteristic ab-
sorption band of CN group is observed at 2225–2233
cm−1. For the products having P O moiety, the νP O

absorption band normally changes its position from
1196 cm−1 up to 1258 cm−1 depending on the amount
of P C bonds at the phosphorus atom. Positions
of P S band at 653 and 658 cm−1 for compounds
3e and 5e correspondingly were identified via the
Raman spectroscopy. Moreover, the sharp character-
istic bands at 1436–1438 cm−1 corresponding to de-
formation oscillations of CH2 group were observed
in the IR spectra.

In the 31P-{1H} NMR spectra of 3a,b,e, 4a, 5a,b,e
bearing the identical substituents R1, R2 at the phos-
phorus atom, singlet signals were observed in a re-
gion typical for the particular environment. Chem-
ical shifts of trans 3–5 in the 31P NMR spectra are
slightly different from those of their analogues with-
out methyl substituent in the ring [9], and the cyclic
size practically does not influence the position of the
signal. For compounds 4d, 5c,d having different sub-
stituents R1, R2, isomers A and B demonstrate two
closely located signals in the 31P-{1H} NMR spectra.
The comparison of NMR and X-ray data for both
diastereoisomers of 5d revealed that the signal of
isomer A (RP

∗ RC
∗ RC

∗) with identical configuration
of all chiral centers in the molecule is downfield
shifted in comparison with that of the second iso-
mer B (SP

∗ RC
∗ RC

∗). Assuming that such dependence
should have a general character, the signals for the
compounds 4d and 5c in the NMR spectra were as-
signed in a similar way.

The general pattern characteristic for the ring
carbon atoms in the series of 1-(thio)phosphorylcyc-
loalkane carbonitriles [9] is kept in the signal
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TABLE 2 Physicochemical, Elemental Analysis, and IR Data for Compounds 3–5

Found (%)
PTC Calculated (%) IR, ν(cm−1)

Yield after System mp (◦C)or
Compound Purification (%) in Use bp (◦C/mm Hg) Formula C H N P P O CN CH2

3a 37 A1 101–103 (CH2Cl2– C17H16NOP 72.65 5.78 4.97 – 1211 2226 1436
petroleum–ether) 72.59 5.73 4.98

3b 29 A2 100–105 (1 mm Hg) C9H16NO3P∗ 49.71 7.36 – 14.04 1267 2235 1444(br)
49.77 7.42 14.26

3e 31 B 89–90 (Et2O) C17H16NPS 68.79 5.49 4.77 – 653a 2229 1434
68.67 5.42 4.71

4a 62 A2 92-94b C18H18NOP 73.44 6.13 4.42 – 1199 2226 1438,
73.21 6.14 4.53 1435

4dc 28 A1 Oilb C15H20NOP 69.12 7.58 – 11.54 1199 2223 1438
68.95 7.71 11.85

5a 50 A2 123–124 C19H20NOP 72.61 6.46 4.42 – 1212, 2226 1438
(petroleum-ether) 73.77 6.52 4.53 1196

5b 64 A2 Oilb C11H20NO3P 53.45 8.03 – 12.27 1258 2233 1450(br)
53.87 8.22 12.63

5cc 69 A2 Oilb C15H20NO2P 64.72 6.93 – – 1238 2231 1439
64.97 7.27

5d-A 16 A1 141–143d C16H22NOP 69.44 8.30 4.70 – 1187 2222 1438
69.80 8.05 5.09

5d-B 13 A1 74–76d C16H22NOP 69.56 7.85 4.95 – 1185 2222 1436
69.80 8.05 5.09

5e 76 B 65–66 (Et2O) C19H20NPS 70.11 6.09 4.27 – 658a 2230 1436
70.13 6.19 4.30

aνP=S (Raman).
bPurified by column chromatography (petroleum ether: acetone=10:3).
cObtained after chromatography as a mixture of two isomers A(RP

∗ RC
∗ RC

∗) and B (SP
∗ RC

∗ RC
∗) in the following ratio: 4d-A:4d-B = 75:35;

5c-A: 5c-B = 55:45.
dFraction containing A and B isomers in ca. 48:45 ratio from column chromatography step (petroleum ether: acetone = 10:3) was evaporated
to dryness, then resuspended in Et2O (twice); the precipitate filtrated presented 5dA isomer, while 5dA was obtained as a result of filtrate
evaporation.

disposition in the 13C NMR spectra of 3–5. Thus,
for cyclopropanes 3, the chemical shift of tertiary
carbon atom is significantly upfield shifted in com-
parison with those in the compounds with larger
cyclic size; the value of 1 JPC in 3 is much larger than
the value of direct coupling constants in the corre-
sponding cyclobutanes 4 and cyclopentanes 5. Nat-
urally, the value of 1 JPC of the particular compound
is determined by the nature of the substituents at
the phosphorus atom and 1 JPC coupling constant is
always less for the thiophosphorylated derivatives
when compared with their analogues with the P O
group [9]. Also, it should be noted that the signal of
CH3 group carbon atom is slightly downfield shifted
in 4 and 5 in comparison with cyclopropanes 3.

In the 1H NMR spectra, the signal of the methyl
substituent appears as a characteristic doublet in
the range 0.48–1.56 ppm (3 JHH = 6.0–7.3 Hz). Here a
spin–spin interaction is observed only with a geminal
proton and there is no spin–spin coupling at phos-
phorus. For the series of the compounds with the
same phosphorus moiety, the signal of the methyl
group is upfield shifted with the increase of the

cycle size, e.g. for compounds with diphenylphos-
phoryl group δ(CH3) is equal to 1.41 ppm for 2-
methylcyclopropane 3a, 0.88 ppm for cyclobutane
4a, and 0.80 ppm for 2-methylcyclopentane 5a. Also,
it may be noted that the value of the chemical shift
of the methyl substituent of A-RP

∗ RC
∗ RC

∗-isomers of
4d, 5c,d exceeds that of the B-SP

∗ RC
∗ RC

∗ isomer and
3 JHH is generally higher in the case of the A-isomer.

As mentioned above, the X-ray diffraction (XRD)
study was carried out for single crystals of the rep-
resentative compounds 3a, 4a, 5d-A, 5d-B, and 5e
differing both in the cyclic size and substituents at
the phosphorus atom. According to these data, the
products obtained are the trans-isomers with re-
spect to the disposition of either phosphoryl or thio-
phosphoryl group and the methyl substituent rel-
ative to the ring average plane of the cycle (Fig.
1, racemic mixtures, identical configuration of the
ring chiral centers R∗

C R∗
C). Similar values of chem-

ical shifts for all compounds obtained in 31P-{1H}
NMR spectra, the similarity in the shift values for the
methyl group, and in the multiplicity of the signals
for all the cycloalkanes in 1H and 13C NMR spectra
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TABLE 3 Selected 1H, 31P, and 13C NMR Parameters for 3–5

31P 1H NMR Spectrum (δ (ppm), 13C NMR Spectrum (δ (ppm),
NMR J (Hz), CDCl3)a J (Hz), CDCl3)a

δP, δCH3, d δC α , d δC β δCN,
Compound ppm (3 JHH) δCH (m) δCH2 (1JPC) (2JPC) δC ω δC ψ δC γ δCH3 d(3JPC)

3a 28.80 1.41 (6.1) 2.07–2.18 1.26–1.34 m (1H) 13.74 20.12 20.89 – – 14.92 118.84
1.89–1.96 m (1H) (99.2) (9.9)

3b 19.43 1.27 (6.0) 1.70–1.81 1.08–1.13 m (1H) 14.60 19.09 19.90 – – 13.43 116.01
1.55–1.62 m (1H) (141.0) (1.2) (4.5)

3e 51.06 1.44 (6.0) 2.13–2.24 1.26–1.32 m (1H) 14.91 20.42 21.12 – – 14.57 118.9
1.96–2.03 m (1H) (77.3) (5.4)

4a 28.10 0.88 (6.9) 3.17–3.29 1.92–2.03 m (1H) 41.03 33.35 24.01 d 26.98 – 18.22 120.06
2.19–2.29 m (2H) (70.7) (2.5) (2 JPC (12.7) (5.0)
2.80–2.98 m (1H) 2.48)

4d-A 44.00 1.56 (7.3) 3.10–3.32 1.86–2.08 m (2H) 38.92 33.53 24.93 26.32 – 18.27 119.92
2.24–2.55 m (2H) (73.0) (2.9) (12.9)

4d-B 42.81 1.27 (6.8) 3.46–3.53 b 39.94 33.84 25.02 27.83 – 17.27 119.95
(68.5) (13.4)

5a 28.00 0.80 (6.8) 2.69–2.91 1.39–1.57 m (1H) 46.10 38.89 35.84 35.13 23.90 17.43 121.00
1.74–1.89 m (2H) (70.1) (6.78) (5.27) (2.3)
1.95–2.21 m (2H)
2.43–2.64 m (1H)

5b 22.71 0.98 (6.8) 2.11–2.18 1.11–1.24 m, 1H 49.35 39.39 34.32 33.08 22.30 15.74 117.49
1.41–1.51 m (1H) (73.6) (11.8) (9.2) (4.9)
1.53–1.65 m (1H)
1.66–1.73 m (1H)
1.90–2.07 m (2H)

5cA 37.99 1.31 (7.2) 2.65–2.76 1.16–1.36 m (1H) 45.65c 38.05 33.72 32.30 21.96 15.68 118.02
1.72–1.78 m (2H) (103.7) (9.1) (8.6)
1.78–1.84 m (1H)
1.86–2.02 m (1H)
2.20–2.29 m (1H)

5cB 37.23 0.67 (6.8) 2.52–2.63 1.42–1.51 m (1H) 45.65 38.16 33.80 33.48 22.55 15.99 118.10
1.60–1.75m (2H) (103.7) (9.2) (6.4)
1.92–2.04 m (1H)
2.03–2.14 m (1H)
2.30–2.39 m (1H)

5dA 46.21 1.35 (7.3) 2.80–2.93 1.47–1.58 m (1H) 45.17 37.87 37.22 35.01 23.67 15.68 121.05
1.63–1.73 m (2H) (61.0) (4.7) (5.3) d (2.4)
1.80–1.88 m (1H) (3 JPC
1.93–2.05 m (2H) 3.9)

5dB 44.23 0.48 (6.4) 2.78–2.91 1.64–1.75 m (1H) 37.56 39.90 35.87 34.79 24.76 17.10 120.84
1.80–1.91 m (2H) (63.9) (6.2) (4.10) (3.2)
1.94–2.03 m (1H)
2.67–2.38 m, 2H)

5e 54.78 0.70 (6.8) 2.83–2.97 1.44–1.54 m (1H) 47.32 40.37 37.23 34.79 23.83 17.10 120.96
1.71–1.89 m (2H) (51.1) d (2 JPC 2.2) (8.0) (6.2)
1.95–2.03 m (1H) (2 JPC
2.19–2.28 m (1H) 2.4)
2.63–2.74 m (1H)

aChemical shifts for R1 and R2 substituents which are situated at typical characteristic areas are omitted for clarity.
bOverlapping with CH2 signals of the major isomer A.
cOverlapping of C1 signals for both isomers.
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FIGURE 1 The general view of 3a, 4a, 5d-A, 5d-B, and 5e.

TABLE 4 Selected Bond Lengths (Å) and Torsion Angles (deg) for Some Representatives of gem-Disubstituted Cycloalkanes
3–5

3a 4a 5d-A 5d-B 5e

P(1)–X(1)a 1.488(2) 1.481(1) 1.482(2) 1.471(2) Å 1.962(1)
P(1)–C(1) 1.819(2) 1.839(2) 1.864(2) 1.870(3) Å 1.899(3)
P(1)–C(8) 1.803(2) 1.793(2) 1.804(3) 1.816(3) 1.819(3)
P(1)–C(14) 1.798(2) 1.800(2) 1.812(2) 1.791(3) 1.820(3)
X(1)P(1)C(1)C(6) 177.3 175.7 45.8 49.8 160
P(1)C(1)C(2)C(7) 144.6 105.4◦ 71.8 170.0 109.2
X(1)P(1)C(2)C(7) 87.8 5.6 155.2
Conformation (dev) Bended Distorted Distorted Distorted

along envelope envelope envelope
C(2)· · ·C(5) C(2) C(4) C(4)

line

aX = O(1) for 3a, 4a, 5d-A, 5d-B, and S(1) for 5e.

allowed us to assert that they present the trans-
isomers too.

Principal geometrical parameters of 3a, 4a, 5d-
A, 5d-B, and 5e that are closed to the expected
values are listed in Table 4. According to XRD, all
compounds crystallize as racemates excluding the
diastereomer 5d-B (SP

∗ RC
∗ RC

∗). The latter crystal-
lizes as conglomerate (mechanical mixture of ho-

mochiral crystals) in the chiral space group (P212121)
and hence crystal induced spontaneous resolution
is observed in this particular case. Unfortunately,
the Flack parameter [16] for 5d-B is equal to 0.4
indicating the presence of the so-called lamellar
racemic twining that can be a serious obstacle for
the resolution of enantiomers by crystallization (see
[17]).
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In the crystal structures of 3a, 4a, and 5e bearing
diphenylphosphoryl or diphenylthiophosphoryl sub-
stituent, both P O and P S groups are characterized
by the antiperiplanar orientation with respect to the
cyano group, while in the case of both isomers of
5d (A and B) with the isopropyl(phenyl)phosphoryl
moiety the synclinal orientation of the P O and CN
groups is observed. Besides the difference in the
phosphorus atom configuration, the envelope con-
formation of the five-membered cycles in 5d-A and
5d-B isomers is distinguished by the carbon atom
deviating from the ring plane.

To summarize the results, the interaction
of phosphoryl- and thiophosphoryl-acetonitriles 2
with �,�-dihaloalkanes proceeds according to the
cycloalkylation scheme to give 1-(phosphoryl)-2-
methyl-cycloalkane carbonitriles as trans-isomers
with the identical configuration of asymmetric cyclic
carbon atoms independently on the substituents at
the phosphorus atom and of PTC system in use.

EXPERIMENTAL

General

NMR spectra were recorded on a “Bruker WP-
200SY,” “DPX-200,” and “AMX-400” spectrometers

TABLE 5 Crystal Data and Structure Refinement Parameters for 3a, 4a, 5d-A, 5d-B, and 5e

Compound 3a 4a 5d-A 5d-B 5e

Empirical formula C17H16NOP C18H18NOP C16H22NOP C16H22NOP C19H20NPS
M 281.28 295.30 275.32 275.32 325.39
T (K) 100(2) 100(2) 120(2) 120(2) 173(2)
Diffractometer Smart 1000 CCD Smart 1000 CCD Smart 1000 CCD Smart 1000 CCD Syntex P21
Crystal system Orthorhombic Triclinic Orthorhombic Orthorhombic Triclinic
Space group Aba2 P-1 Pna21 P212121 P-1
a (Å) 23.103(7) 7.602(3) 14.220(3) 10.345(3) 7.880(3)
b (Å) 15.708(3) 10.182(4) 9.973(2) 11.073(4) 9.435(5)
c (Å) 8.187(1) 11.042(5) 11.009(2) 13.671(4) 12.551(6)
α (◦) 87.526(9) 74.87(1)
β (◦) 79.305(9) 83.60(1)
γ(◦) 68.676(9) 67.92(1)
V (Å3) 2971.0(11) 782.0(6) 1561.3(5) 1566.1(8) 834.7(7)
Z(Z’) 8(1) 2(1) 4(1) 4(1) 2(1)
F(000) 1184 312 592 592 344
Dcalc (g cm−1) 1.258 1.254 1.171 1.168 1.295
µ (cm−1) 1.80 1.740 1.69 1.69 2.86
Scan type ω ω ω ω θ/2θ
2θ max(◦) 60.0 58.0 60.0 52.0 52.0
Refl. measured 11516 6218 16663 9294 3613
Independent refl. [R int] 4242 [0.0260] 4103 [0.0221] 4535[0.0481] 3067 [0.0410] 3127[0.0270]
Observed refl. 3434 3039 2401 2213 2167
Parameters 237 262 176 175 200
Flack parameter 0.0(1) 0.00(5) 0.44(14)
R1(Fhkl) 0.0489 0.0531 0.0526 0.0528 0.0596
wR2 0.1118 0.1364 0.1165 0.1015 0.1307
GOF 1.091 0.964 0.967 1.051 1.049
ρmax/ρmin(eÅ−3) 0.354/−0.197 0.481/−0.335 0.406/−0.169 0.310/−0.188 0.473/−0.393

in CDCl3 solutions using residual proton signal or
the characteristic 13C chemical shift of the deutero
solvent as an internal standard (1H or 13C, respec-
tively) and 85% H3PO4 (31P) as an external stan-
dard. IR spectra were recorded in KBr pellets on a
Fourier-spectrometer “Magna-IR750”(Nicolet), reso-
lution 2 cm−1, 128 scans.

Synthesis of (1RS,2RS)-1-(Phosphoryl)-2-methyl-
cycloalkane Carbonitriles 3–5 (General Procedure).
The mixture of the corresponding phosphorylace-
tonitrile 2a–d (4.15 mmol), K2CO3 (2.30 g, 16.60
mmol) and 8.3 mmol of the corresponding �,�-
dibromoalkane in DMSO (40 mL) was stirred at
the ambient temperature during the time given in
Table 1 (31P monitoring of the reaction course). Then
the mixture was diluted by water (50 mL) and ex-
tracted with CH2Cl2 (3 × 50 mL). In the case wherein
the reaction is not completed (the initial phosphory-
lacetonitrile 2 still remains in the reaction mixture),
it is preferable to extract first the reaction mixture
with Et2O followed by the extraction with CH2Cl2, as
this allows us to separate the product (Et2O layer)
from the remaining starting compound extracted
by CH2Cl2. The organic layers were washed by wa-
ter (2 × 30 mL), dried over MgSO4, and evaporated
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to dryness. The residue was purified by crystalliza-
tion (petroleum ether/CH2Cl2 = 90/10), column chro-
matography (SiO2, gradient hexane-acetone from
100:1 to 100:20), or distillation in vacuo, as appro-
priate.

Synthesis of (1RS, 2RS)-1-(Thiophosphoryl)-2-
methylcycloalkane Carbonitriles 3e, 5e (General Pro-
cedure). To a stirred mixture of diphenylthiophos-
phorylacetonitrile 2e (4.15 mmol) and 2 eq. of
the corresponding �,�-dibromoalkane (8.3 mmol)
in CH3CN (∼25 mL), the catalytic amount of tri-
ethylbenzylammonium chloride (TEBA) was added
followed by portionwise addition of powdery KOH
(8.3 mmol) over 10 min. The mixture was further
stirred 3 h, then evaporated to reduced volume. Wa-
ter was added to the residue, and the mixture was
extracted by CH2Cl2 (3 × 25 mL). The combined or-
ganic extracts were dried over Na2SO4 and filtered,
and a filtrate was evaporated to dryness and purified
by recrystallization from Et2O.

X-Ray Crystallography

The structures 3a, 4a, 5d-A, 5d-B, and 5e were
solved by the direct method and refined by the full-
matrix least squares against F2 in an anisotropic
approximation for no-hydrogen atoms. Crystal data
and structure refinement parameters for 3a, 4a, 5d-
A, 5d-B, and 5e are given in Table 5. All calcula-
tions were performed using the SHELXTL software
[18]. The crystallographic data have been deposited
with the Cambridge Crystallographic Data Center,
CCDC 196045 for 3a, CCDC 196046 for 4a, CCDC
280985 for 5e, CCDC 280986 for 5d-A and CCDC
280987 for 5d-B. Copies of this information may be
obtained free of charge from The Director, CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK (Fax:
+44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk
or http://www.ccdc.cam.ac.uk).

REFERENCES

[1] (a) McCarthe, M.; Guiry, P. J. Tetrahedron 2001, 57,
3809; (b) Ojima, I. (Ed.). Catalytic Asymmetric Syn-
thesis, 2nd ed.; Wiley-VCH/Wiley: Berlin/New York,
2000.

[2] Odinets, I. L.; Vinogradova, N. M.; Matveeva, E. V.;
Mastryukova, T. A. Curr Org Chem 2005, 9(18), 1899.

[3] (a) Orpen, A. G.; Pringle, P. G.; Smith, M. B.; Woyboys,
K. J Organomet Chem 1998, 550, 255; (b) Kovacik, I.;
Wicht, D. K.; Navrose, N. S.; Glueck, D. S.; Incarvito,

C. D.; Guzei, I. A.; Rheingold, A. L. Organometallics,
2000, 19, 950; (c) Wicht, D. K.; Kourkine, I. V.; Lew,
B. M.; Nthenge, J. M.; Glueck, D. S. J Am Chem Soc
1997, 119, 5039.

[4] Pruchnik, F. P.; Smolenskii, P.; Wajda-Hermanowicz,
K.; J Organomet Chem 1998, 570, 63.

[5] Hanson, B.; Davis, M. E.; Taylor, D.; Rode, E. Inorg
Chem 1984, 23, 52.

[6] (a) Kazakov, P. V.; Odinets, I. L.; Laretina, A. P.;
Scherbina, T. M.; Petrovskii, P. V.; Kovalenko, L. V.;
Mastryukova, T. A. Bull Acad Sci USSR, Div Chem
Sci 1990, 39, 1702; (b) Kazakov, P. V.; Odinets, I. L.;
Petrovskii, P. V.; Kovalenko, L. V.; Mastryukova, T. A.
Izv AN USSR Ser Khim 1992, 391; (c) Vinogradova,
N. M.; Odinets, I. L.; Artyushin, O. I.; Petrovskii, P. V.;
Lyssenko, K. A.; Antipin, M. Yu.; Mastryukova, T. A.
Zh. Obsch Khim 1998, 68(9), 1434.

[7] Vinogradova, N. M.; Odinets, I. L.; Lyssenko, K. A.;
Passechnik, M. P.; Petrovskii, P. V.; Mastryukova, T. A.
Mendeleev Commun 2001, 11(6), 219.

[8] Odinets, I. L.; Vinogradova, N. M.; Matveeva, E. V.;
Golovanov, D. G.; Lyssenko, K. A.; Keglevich, Gy.;
Kollár, L.; Roeschenthaler, G-V.; Mastryukova, T. A.
J Organomet Chem 2005, 690, 2559.

[9] Keglevich, Gy.; Kegl, T.; Odinets, I. L.; Vinogradova,
N. M.; Kollar, L. C R Chim 2004, 7, 779.

[10] Vinogradova, N. M.; Odinets, I. L.; Lyssenko, K. A.;
Korlyukov, A. A.; Petrovskii, P. V.; Roeschenthaler,
G-V.; Mastryukova, T. A. Mendeleev Commun 2002,
12(4), 133.

[11] Kabachnik, M. I.; Mastryukova, T. A. In Vol’pin, M.
E. (ed.); Chem Rev 1996, 21(3), 1-252 (and references
therein).

[12] It should be noted that even more sterically hindered
1,2-dibromo-2-methyl propane does not react with
starting (thio)phosphoryl acetonitriles under the PTC
conditions

[13] Odinets, I. L.; Vinogradova, N. M.; Artyushin, O. I.;
Kalyanova, R. M.; Lyssenko, K. A.; Petrovskii, P. V.;
Mastryukova, T. A .; Kabachnik, M. I. Izv A N USSR,
Ser Khim 1998, 990.

[14] It should be noted that usage of KOH/CH3CN sys-
tem in order to increase the yields of the cyclic prod-
ucts is unsuitable for phosphorylacetonitriles 2a–d
undergoing essentially P C cleavage under such con-
ditions.

[15] Introduction of alkyl substituents to the central car-
bon atom in the (thio)phosphorylacetonitrile results
in the successive downfield shifting of the signal in the
31P NMR spectra; at that, the signal of the cycloalky-
lation product is downfield shifted when compared
with dialkylated product having a linear structure,
see [6c].

[16] Flack, H. D. Helv Chim Acta 2003, 86, 905.
[17] Torbeev, V. Yu.; Lyssenko, K. A.; Kharybin, O. N.;

Antipin, M. Yu.; Kostyanovsky, R. G. J Phys Chem
B 2003, 107, 13523.

[18] Sheldrick, G. M. SHELXTL-97, version 5.10, Bruker
AXS Inc., Madison, WI 53719, USA.


