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Summary

The hydrosilylation of isocyanates is promoted by palladium
catalysts and affords N-silylformamides or C-silylamides. The
orientation of the reaction depended upon the structure of
isocyanates. The reaction of carbodiimides with silicon
hydrides, catalyzed by Pdcl2 or (Ph3P)3RhC1, required higher
temperatures to give N-silylformamidines. The adducts obtained
in these reactions are precursors to formamides, formamidines,

and their N-acetyl derivatives.

Introduction

Although the hydrosilyiation of carbon-carbon multiple
bonds has been studied extensively [1l], that of carbon-hetero-
atom multiple bonds has received less attention. Recently, it
has been shown that the hydrosilylation of carbon-heteroatom
multiple bonds provides a -powerful method for the reduction of
carbonyl compounds [2] and imines [3]. However, thefe have been
no reports on the hydrosilylation of heterocumulenes.

Among the hydrides of the Group IV eiements. only orgahotin
hydrides were repofted to add to the carbon—hitrogen double bond
-of isocyanatéé td affoid trioréano(N-alkylcarbamoyl)tip or tri-
organé(N?aryiformamido)tin compounds. These can be converted

further to N-arylforﬁamide by reaction with an organotin hydride
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[4]. It also has been shown that the hydrostannation of carbo—.
diimides using AIBN as initiator gives N-trialkylstannylform-
amidines [5].

—> R3Sn(R')N—CH0 —> R'NHCHO (R'= Aryl)

RBSnH + R'NCO —

—> R3Sn-ﬁ-NHR' (R*'= Hexyl)

One of the reasons why the corresponding reactions of
hydrosilanes have not been reported may be that they lack reac-
tivity toward isocyanates and carbodiimides in the absence of a
proper catalyst.

We have found that the hydrosilylation of isocyanates and
carbodiimides is promoted by transition metal catalysts such as
?dCl

rd-C, and (Ph P)3Rhcl, and have reported briefly about

2 3
these reactions [6). We provide here a full account of our
research on the reactivities of hydrosilanes toward these hetero-

cumulenes in the presence of transition metal catalysts.

Results and Discussion

Budrosilylation of isocyanates

The hydrosilylation of isocyanates was found to take place
in the presence of ; catalytic amount of palladium dichloride
to afford 1:1 adducts in good yield. It also was found that
PA-C was another effective catalyst for the hydrosilylation of
an aryl isocyanate, but it displayed less catalytic activity in
analogous reactions with alkyl isocyanates. On the other hand,
tris(triphenylphosphine)chlororhodium did not show any catalytic
activity in the hydrosilylation cf isocyanates, although the ;
rhodium complex had been shown .to be an excellent catalyst for

the hyd10311y1at10n of carbonyl and 1m1no compounds [2 3]. The

hydr0511ylat1on of 1socyanates 1n the presence of the palladlum )
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catalyst, using triethylsilane gave either N-triethylsilylform-
amides (I) or C-triethylsilylamides (II). Thus, the reaction
of aryl isocyanates afforded the former (I) as sole product* via
normal addition of triethylsilane to the C=N bond of Ar-N=C=0,
while alkyl isocyanates reacted to give the latter (II) exclu-
sively via reverse addition of the hydrosilane to the C=N bond.
SiEt3-

—>» R-N-CHO . (R = Aryl)
PdCl2 or I
R-N=C=0 + Et3SiH —_—
Pd-C

| 3 (R = Alkyl)
(o]

—> R-NH—%—SiEt

1I

The results are summarized in Table 1. The data on the
characterization of the adducts are listed in Table 2. As Table
2 shows, the IR spectrum of N-silylformamide (I} does not show

1

any NH stretching band in the 3100-3400 cm ~ region, while that

of the C-silylamide (II) shows both an NH stretching band in
the 3250-3300 cm * region and an amide II band at 1530 cm T.
It should be noted that the C-silylamide (II) shows an amide I
band in the ordinary region, although silyl kétones are known
to show a characteristic C=0 stretching band in the lower fre-
quency region [7].

The IR spectra of N-silylformamides (i) show two absorption
bands in the 1600-1700 cm-1 range and their NMR spectra display
two singlets in the ¢ 7-9 ppm region. Similarly, the NMR

spectrum of the C-silylamide, IXe, shows two singlets around

& 8 ppm, whereas that of ITd does only one singlet at § 7.37

In our preliminary communication [6a] we reported an erron€ous
structure about-adduct (Ic) from phenyl isocyanate. A careful
reinvestigation revealed that the adduct was N-phenyl-N-triethyl-
silylformamide. Our mistaken structural assignment is due mainly
to the hydfbl?éié’@fvlévduring the measurement of its IR spectrum.
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Table 1. The Reactions of Isocyanates with Triethylsilane Catalyzed by Pd(:l2 or Pd-C

R Condi tions catalyst®]  Product 'Z:}d (°Ctl’¥orr)
a 1-Naphthyl 80°, 6 hr pact, Ia 97 152/0.17
b p-Chlorophenyl 80°, 12 hr Pd(:l2 1b 85 110/0.5
c Phenyl 130°, 12 hr Pdcl,, Ic 95
b) 90/0.45
130°, 48 hr' Pd-C 1c 88
d Cyclohexyl 80°, 12 hr Pdc12 1id 0
b) 72/0.2
180°, 48 hr Pd-C I1d 10
e n-Butyl 130°, 12 hr Pdcl, e a6 82/1.0

a) All reactions were run with 20 mmol of isocyanate, and 20 mmol of triethylsilane in the
presence of 35 mg of l“'d(:l2 or 30 mg of 10% Pd-C without solvent. b) Reaction was carried
out in a sealed tube.

Table 2. Spectral and Analytical Data for N-Triethylsilyltformamides (I) and C-Triethylsilylamides

IR (cm™ ) “NMR (6, CCI,) Analysis, found
Compound 3 S F)) 37 (caled.) (%)
M . VC=0  Amide I NH CcHO c "
Ia — 1670 — — _.-b} 7n.27 8.1
1630 {71.53) (8.12)
Ib -~ 1680 — —-- 7.59(4) 57.93 7.40
1630 8.23(1) (57.86) (7.a7)
Ic — 1675 — --- 7.64(2) 66.08 8.66
1630 8.27(1) (66.33) {8.o1)
114 32506 1650 1530 7.37 - 54.85 11.09
(6a.67) (11.27)
Ile 3300 1670 1530 8.12(3) --- 61.05 1.53
, 8.17(1) (61.33)  (11.70)

3

2) The value in the parentheses represents the relative peak area b) A signal of the aldehyde pre
of this compound overlaps in aromatic protons

ppm. These phenomena can be interpreted by either hindered

rotation around C-N bond (process a) or amide-imidate exchange

(process b).. According to the conclusions of Yoder and Belber,
who carried out NMR stuches on the structure of N-tr:.methyls:.lyl-

anilides [8], the two spec:.es observed 1n the NMR spectrum of



101

R H
Sn-c S — Sn-c?
Et,si” o —= Etgsi”  m
IA IB
(process a)
R_ _SiEty - 2
/N-C§ D e —— N C\
H o = - SiEt,
IIA IIB
R H SN
~ ~ N=C//
’,N-C\- s — ~
3 -
EtyS1 o Bt Si7
IA IC
{process b)
B e <S:.Et3 R oo SiEt3
H/ \0 —_— \O
H/
IIAa IIC

an N-trimethylsilylanilide at ambient temperature should be
assigned to the amide form and the imidate form. Consequently,
it is strongly suggested that N—silylformamide (I) exists as a
mixture of éﬁe tautomers IA and IC. On the other hand, in the
case of N-monosubstituted amides, such a phenomenon has been
explained by the existence of two rotamers caused by the hin—-
dered rotation around the C-N bond [9]. Thﬁs, it is reasonable
to assume that the C-silylamide, ITe, exists as a mixture of the
rotamers IXA and IIB. As for the C-silylamide, IId, the severe
steric repulsion between the cyclohexyl group and the triethyl-

silyl group may force the equilibrium to the side of the trans

form, and this may be the reason why only one singlet due to an
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NH proton could be observed in its NMR spectrﬁ ¥,

Recetions of hydrosilylated products with methanol and écetyl
chloride

The N-triethylsilylformamides (I) thus obtained were easily
desilylated by methanol at room temperature to give N-arylform-
aﬁides {IXXIa-c) in quantitative yields. Similarly, the C-tri-
ethylsilylamides (II) also reacted with methanol to give N-
alkylformamides (IIId,e). The data for identification of these
formamides (III) are listed in Table 3. These results are
distinctly different from those obtained in the reduction of
iéocyanates with LiA1H4, which produces N-methylamines [10].
Accordingly, the hydrosilylation followed by methanolysis, which
gives N-substituted formamides provides a new method for the

reduction of isocyanates.

Table 3. Spectral and Physical Data for Formamides (I11)

IR (cu}) MR (5 )
Compound 5 O mp{°C) or bp(°C/Torr)
NH Amide I  Amide 11 NH CHO
111a 3200 1655 1535 8.63 8.63 141-143
(1ic.f12], 137)
I11Ib 3230 1655 - 1535 7.92 8.30 101-102
8.69 8.69 (tit.[13], 100-102)
Iilc 3240 1670 1555 8.61 8.35 42-44
9.00 8.79 (1it.[14]. 47.5}
I1id 3250 1660 1530 7.77 7.79" 89/0.4
8.02 (tit.[15]. 155-157/22)
Ille 3260 1660 1530 7.05 7.80c) 110726
8.03 {(1it.[15]. 122-123/16)

a) Measured in CDCI3 unless otherwise noted b) The signal(s) disappeared on treatment with ozo
c) Measured in €,

¥ The following possible explanations for the presence of only
one NH peak in the NMR spectrum of IId cannot be excluded: '
a) exchange of NH protons,b) coincidental equivalence of thér
chemical shifts of;thé two fotameis; and c) :ééid rotation about
the C(O)-N bond. R : R ) i
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SiEt,
R-N-CEO
(R = Aryl) I | MeOH R-NH-CHO + Et.SiOMe

3

R-NH-CO-SiEt, ——— III

(R = Alkyl) I

On the other hand, both the N-silylformamide (I) and the
C-silylamide (II) were found to be excellent precursors for
N-acetylformamide (IV), as the reactions of these silylamides
with acetyl chloride procéeded very smoothly at room temperature
to give N-acetylformamides (IV) in nearly quantitative yields.
The data for identification of N-acetylformamides (IV) are
presented in Table 4. The acetylation of I may proceed viac a
four center transition state which affords IV and triethyl-

chlorosilane, while the formation of an N-acetyl-C-silylamide

SiEt, Et,Si- Cl1
CH;COC1 : :
R-N~-CHO —mMmMm™@@@ > R—T"-COCH3 —_— R-¥-COCH3 + Et3SiCl
1 : CHO
(R. = Aryl) CHO v

Table 4. Spectral and Physical Data for N-Acetylformamides (1v)

IR (co 1) aR (5 )2 mp(°C} or Analysis, found
Compound . o po bp(°C/Tore) {calcd.){(%)
3 [ H
Iva 1725 1.94 10.60 79-81 73.51 5.08
1685 - (72.23) (5.20)
Ivb 1725 2.02 9.30 78-80 54.80 4.048
1695 (54.70) - (4.08)
Ve 1720 2.05 9.40 50-53
1685 (1it.fi6], 55)
Ivd 1720 2.40 9.07°) 89-90/0.8
1670 (lit.[lﬁl. 74-7570.2)
Ive . 1730 2.41 9.17%) N -
- 1670 . ) (lit.[?ﬁl, 74.5-75.5[0.70-0.75)

a) ﬁeasuréqziﬁ el , unlessfdtheryise noted = b) Measured in CCl,
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R-N-CHO
3 docn
- CH.,COC1 n 3
RONHGSIBE 3 5 | ay-cosieggemel | —> 0, 0 T
o Iz cocH
t.Sicl
(R = Alkyl) Et3S1cC

which is further converted to IV and triethylchlorosilane by
the action of in situ generated hydrogen.chloride may be the

first step in the acetylation of IIX.

Hudrosilulation of carbodiimides '

The hydrosilylation of carbodiimides proceeded at higher
temperature in the presence of catalytic amounts of either
palladium dichloride or tris(triphenylphosphine)chlororhédium
to afford N-silylformamidines (V) in high yield. The formation
of C-silylamidines was not bbserved. The yield of the product
in the palladium dichloride-catalyzed reaction depended on the
reaction conditions and good results were obtained at relatively
high temperature (200°C), aithough the reaction proceeded even

at 120°C. In the case of the rhodium catalyst, the most suit-

Table 5. Hydrosilylation of Carbodiimides Catalyzed by P::l(:l2 or (PhaP)aRhCl

Carbodiimide Hydrosilanea) Catalystb) Conditions CO?;irsionC) ngdd)
eri-n=c=n-prl EtSin pacl, 130°, 15 hr 84 98 ;
Pri_n=c=N-pPr EtMe,SiH Pdcl, 140°, 15 hr 75 93 %
Pr'-NzC=N-Pr} EtMe,SiH _Pdcl, 200°, 48 hr 92 97 3
Pri-NeC=N-Pr Phite,SiH pact,, 200°. 48 hr 100 83
Pri-N=cen-prl EtHe,SiH (Ph,P)RACT  140°, 15 hr 80 60
PrloN=C=N-pr} Phie,SiH (PhP)JRRCT  150°, 36 hr 100 80
Cehtyy-NC=N-c iy € Et,Sin pacl, 200°, 48 hr 9% - 96
CeHyy-N=C=n-C H; ©) Ethe,SiH pdcl,, 200°, 48 hr 64 95
Cghyy-HeceN-¢H, € £t SiH (Ph.P)RACI  140°, 15 hr 60 75

a) 10-50% excess hydrosi'lane was used b) 1 m0lZ of Pdcl, or 0.5 =ol2 of (Ph3P)3RhCI was used bd_%
on a carbodiimide c) Conversion based on a carbodiimide was determined by GLC analysis d) Yielq
was determined by GLC analysis based on 2 carbodiimide consumed e) csﬂi]l- cyclohexyl
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Table 6. Spectral and Analytical Data for N-Silylformamidines (V)

-1 - Analysis, found
s - bp IR (cm™') NMR { 5 ) Y315
K-Silylformamidine ° — (calcd.)(%)
(°C/Torr) ey CH=N ¢ H
a pr‘(ztssi)u-cmu-pr" 75/1.1 1630 7.43 " es.12 12.31
(62.39) (12.47)
b Pr‘(zuqezsnu-cu:u-pr' 5374 1620 7.45 61.64 11.95
(61.62) (12.22)
c pr‘(pmezsnn-cum-pr‘ 80/0.4 1635 -2l 68.57 9.75
- © (68.64) (9.98)
d CgHy (E,STIN-CH=N-C H, 133/0.4 1630 . 7.53 70.95 12.07
(70.74)  (11.87)
e CgHyy (EtMe,STIN-CH=N-CH), 96/0.1 1640 7.50 69.27 11.37
(69.32) (11.63)

3} A signal of the methine proton of this compound overlaps in phenyl protons b) CGHII = cyclohexyl

able temperature range was -130-150°C. 1In the absence of these
catalysts, the hydrosilane did not add to the carbodiimides,

even at 200°C for 36 hr.
SiR"

3
: ——> R-N-CH=N-R
PdCl2 or v
R-N=C=N-R + R'3SiH SiR’
(Ph3P)3RhC1 3

: l
—#= R_NH-C=N-R

The results of the hydrosilylation of N,N'-~diisopropyl-
and N,N'~dicyclohexylcarbodiimides using various hydrosilanes
are illustrated in Table 5. The data for identification of the
adducts are listed in Table 6. The IR spectra of the adducts
show no band due to NH stretching, and their NMR spectra display
a singlet in the &6 7.4-7.5 ppm region, which is reliably assigned
to the vinylogous proton.

ThevN—silylformamidines (V) reacted exothermally with
water or methanol to give formamidines (VI) in quantitative
yield. Thus, the hydrosilylation of carbodiimides, followed by

hydrolysis, provides a novel route to formamidines. In a manner
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similar to that of N-silylformamides, the reaction of V with
an equimolar amount of acetyl chloride at room temperature
resulted in the production of N-acetylformamidine (VII) in

nearly cuantitative yield.

nzo or MeOH

R';Si >  R-NH-CH=N-R
|
R-N~CH=N-R *——] vi
CH,COC1
\ > R-N~CH=N-R
COCH,
vIY

Exgérimental
Mecsurerent

Boiling pointe and melting points were uncorrected. The
infrared spectra were measured on a Hitachi EPI-G3 spectrophoto-
meter using samples as neat ligquid or in KBr disks. The nuclear
magnetic resonance spectra were obtained using a Varian T-60 or
a Hitachi R-20B spectrometer, with TMS as the internal standard.
Anélytical gas chromatography (GLC) was carried out on a Shimadzu

GC—-3BT using a column packed with 3% or 20% SE-30.

Materials

Hydrosilanes were prepared by known methods. Tris(tri-
phenylphosphine)chlororhodium was prepared from rhodium tri-—
chloride trihydrate and triphenylphosphine {11]. Palladium
dichloride and 10% palladium-on-carbon were obtained commercial-
ly from wWako Pure Chemical Industries LTD and Nippon Engelhard,
respectively. Isocyanates and carbodiimides were obtained from
commercial sources and were purified by distillation or recrys-—

tallization before use.

4ydrosilylation of aryl and alkyl isocyanates

A typical procedure is described for thevhydrosilyiation
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of l-naphthyl isocyanate with triethylsilane. A mixture of
triethylsilane (2.34 g, 20 mmol), l-naphthyl isocyanate (3.38 g,
20 mmol) and palladium dichloride (35 mg, 1 mol%) was heated
at 80°C for 6 hr with stirring under nitrogen. The progress of
the reaction was checked by GLC analysis (3% SE-30, 1m, 200°C).
After the reaction mixture had been cooled to ambient temperature,
dry ether (5 ml) was added and the precipitated catalyst was
filtered. The filtrate was distilled under reduced pressure to
give 5.07 g of N-(l-naphthyl)-N-triethylsilylformamide (Ia, 89%).
(GLC yield 97%).

The results employing different isocyanates are summarized
in Table 1 and the characterization data of N-silylformamides

(Ia-Ic) and C-silylamides (IId and IXe) are listed in Table 2.

Methanoliysis of N-triethylsilylformamides (I} and C-triethyl-
stlylamides (II)

Typically, N-(l-naphthyl)-N-triethylsilylformamide (Ia,
0.7 g, 2.5 mmol) was allowed to react with methanol. (1 ml) at
ambient temperature with stirring. After the exothermic reaction
had ceased, stirring was continued for 15 min. The addition of
hexane (10 ml) to the reaction mixture resulted in the formation
of prisms of N-(l-naphthyl) formamide (IIIa), which were collected
on a glass filter (0.4 g, 94%).

Physical properties and spectral data of the formamides

(III) thus obtained are summarized in Table 3.

Reaction of N-triethylsiluylformamides (I} and ¢C-siluyl-
formamides (II) with acetyl chloride .

A typical procedure is as follows: N-{(l-naphthyl)-N-tri-
ethylsilylformamide (¥a, 1.0 g, 3.5 mmol) was added to'acetyl
chloride (0.28 g, 3.6 mmol) at room temperature. After the exo-

thermic reaction had ceased, stirring was continued for 15 min.
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The addition of hexane (15 ml) to the reaction mixture resulted
iﬁ the precipitation of the colorless needles of N-(l-naphthyl)-
N—écetylformamide, Iva, 0.71 g (95%).
The characterization data of the N-acetylformamides (IV)

thus obtained are summarized in Table 4.

Hydrostlylation of carbodiimides

The hydrosilylation of N,N'-diisopropylcarbodiimide by tri-
ethylsilane is described. A mixture of N,N'-diisopropylcarbo-
diimide (2.52 g, 20 mmol), triethylsilane (2.78 g, 24 mmol) and
pailadium dichloride (35 mg, 1 mol%$) was sealed in a pyrex tube
and was heated at 150°C for 15 hr. bDistillation of the reaction
mixture gave N,N'-diisopropyl-N-triethylsilylformamidine (Va,
3.95 g) in 82% yield. The results are summarized in Table 5.
The spectral and analytical data on the characterization of the

N-silylformamidines (Va-e) are listed in Table 6.

Reaction of N-stlylformamidines (V) with methanol
N-Silylformamidines (V) were allowed to react with methanol
in a similar manner to that described for the reaction of N-
silylformamides (I). Excess methanol and methoxytriethylsilane
were evaporated under reduced pressure and the resulting color-
less solid was purified by sublimation or recrystallization to
give the pure formamidine (VI). N,N'-Diisopropylformamidine
(VIa): Yield 98%. Colorless needles, m.p. 47-48°C. NHR(CClq):
61.10(d, J=6Hz, 12H, CH3), 3.43(septet, J=6Hz, 2H, CH), 4.77
(s, 1H, NH) and 7.30(s, 1H, -CH=N). IR(neat): 3250(\JNH) and

1650 cm Y(v ._.). (Found: C, 65.34; H, 12.35. CH, N, Calcd.:

C=N 162

C, 65.57; H, 12.58%.) N,N'-Dicyclochexylformamidine (VIb):

Yield 97%. Colorless prisms from hexane, m.p-‘101;102°cv(1it.
{171 100-102°C) .. NMR(CDC1l3): &0.73-2.10(m, 2ou,fca2—), 2.66- -
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(neat): 3180, 3120, 3075(\)NH) and 1670 cm-l(v ).

C=]

Reaction of N-silylformamidines (V) with acetyl chloride
N-Triethylsilylformamidines (V) were allowed to react with
acetyl chloride with stirring at-ambient temperature for 1 hr
in a manner similar to that described above. The reaction
mixture either was distilled under reduced pressure or the crude
product was recrystallized from hexane to give the N-acetylform-
amidines (VII). N,N'-Diisopropyl-N-acetylformamidine (VIIa):
Yield 25%. B.p. 44°C/0.4 Torr. NMR(CClq): §1.13(d, J=6Hz,
6H, CH;), 1.33(d, J=THz, 6H, CH;), 2.17(s, 3H, CH,CO), 3.30
(septet, J=6Hz, 1H, CH), 4.77(septet, J=7Hz, 1lH, CH) and 8.05
(s, 1H, CH=N). IR(neat): 1690(v ._o) and 1640 cm 1 (v o) -
(Found: C, 63.65; H, 10.80. CQHISNZO Calcd.: C, 63.49; H,
10.66%). N,N'-Dicyclohexyl-N-acetylformamidine (VIIb): Yield
95%. Colorless needles, m.p. 80-81°C. NMR(CDC13): 561.08-2.60
(m, 20H, CH2), 2.33(s, 3H, CH3CO), 3.19(m, 1H, CH), 4.43(triplet
of triplet, J=3, 12HzZ, 1H, CH) and B.27(broad s, 1H, CH=N).
OV ey

71.65; H, 10.38. C15H26N20 Caled.: C, 71.95; H, 10.47%.)

IR(KBr disk): 1675( Voog) and 1640 cm ). (Found: C,
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