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as the 2,4-DNP of 3,3-dimethylbicyclo[3.2.1]octan-2-one (lit.}* mp
103-105 °C): IR (KBr) 3320 (m, NH), 3118, 3080 (w, ArCH),
2980-2880 (s, CH), 1620 (s, C=N) (s, NH), 1510-1500 (s, NO,),
1460, 1420 1375 (m, CH), 1340 (s, NO,); NMR (CDCl;, Me,Si)
11.2 (br s, 1 H, NH), 9.2 (s, 1 H, aromatic), 8.34 and 8.02 (d, 2
H, aromatic), 2.52 and 2.47 (overlapped s, 2 H, bridgehead),
~ complex pattern with peaks at 2.22, 2.05, 1.69, 1.56 (8 H, CH,),
1.3 and 1.24 (d, 6 H, (CH;);,CC=N). Further elution produced
additional colored bands, but there was no clear separation.
Identification of the other 2,4-DNP components by TLC also
failed as all three of the major products had the same R; value
upon elution with petroleum ether and benzene mixtures.
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A variety of organosilylated hydroxylamine derivatives have been synthesized and studied as possibie nitrene
generators by thermally induced a-deoxysilylaton: GN(OR’)SiR; — GN: + R’OSiR;, where G = EtO,C, ArCO,
ArSQ,, Me, H, and Phy,PO. The methods used to assess nitrene formation include trapping product characterization,
substitutent variation, kinetic activation parameter measurements, Hammett studies, and solvent effects. While
the latter two types of precursors were only briefly investigated because of their marked resistance to fragmentation,
the combined data for the remaining compounds are consistent with the intermediacy of a nitrene. The existence
of alternative deoxysilylation pathways is discussed in some cases, and for comparison with the nitrogen systems
reported herein, kinetic activation parameters for a-deoxysilylation about carbon and silicon have been determined.

We have previously reported®* that the thermally in-
duced a-deoxysilylation reaction (eq 1) known for carbon®
(M = C) and silicon® (M = Si) systems also obtains for the
nitrogen case where M = N and G = Ph. Thus, as shown
in eq 2, heating N-phenyl-N,O-bis(trimethylsilyl)-
hydroxylamine (1) leads to formation of hexamethyl-
disiloxane and phenylnitrene, which may be intercepted
by various trapping agents.>* This fragmentation con-
trasted markedly with the rearrangement (eq 3) of struc-
turally related tris(organosilyl)hydroxylamines (2) to (si-
lylamino)disiloxanes (3) discovered by West and co-
workers;” however, our subsequent studies with phenyl-

(1) Dow Corning Corporation Research Fellow, 1977-1979.

(2) Recipient of a Dow Corning Corp. Research Award, 1977-1979.
( (3))F. P. Tsui, T. M. Vogel, and G. Zon, J. Am. Chem. Soc., 96, 7144

1974).

(4) F. P, Tsui, Y. H. Chang, T. M. Vogel, and G. Zon, J. Org. Chem.,
41, 3381 (1976).

(5) (a) W. H. Atwell, D. R. Weyenberg, and J. G. Uhlmann, J. Am.
Chem. Soc., 91, 2025 (1969); (b) A. G. Brook and P. J. Dillon, Can. J.
Chem., 47, 4347 (1969).

(6) (a) W. H. Atwell and D. R. Weyenberg, J. Am. Chem. Soc., 90, 3438
(1968); (b) W. H. Atwell and D. R, Weyenberg, J. Organomet. Chem.,
(5, 594) (1966); (c) T. J. Barton and M. Juvet, Tetrahedron Lett., 3893

1975).

OR'
R R.M: + R'OSIR; (1)
SIR3
_0SiMes -,
PN —————— Phi: + Me3SiOSiMes  (2)
SiMe3s
1
OSiR SiRL0SIR
- 3 _~SiRz 3
R3SiN ——————— R3SiN (3)
“NsiRs SR
2 3
ArN/OS|Me3 Arf: + MesSiOSiMes @)
“NSiMes __SiMe20SiMes
4 ArN\
Me

substituted derivatives of 1 (4) have shown that parti-
tioning between the fragmentation and rearrangement
pathways is controlled by the aryl group electronic inter-
actions with nitrogen (eq 4).% The effect is illustrated by

(7) (a) P. Boudjouk and R. West, J. Am. Chem. Soc., 93, 5901 (1971);
(b) R. West, P. Boudjouk, and P, Nowakowski, 3rd International Sym-
posium of Organosilicon Chemistry, Madison, W1, Aug 1972; (c) R. West,
P. Nowakowski, and P. Boudjouk, J. Am. Chem. Soc., 98, 5620 (1976).
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a-Deoxysilylation of Hydroxylamine Derivatives

the divergent behavior of m- and p-anisyl isomers of 4
which undergo essentially complete fragmentation and
rearrangement, respectively.?

In view of these developments, it was of interest to
further explore the thermal chemistry of variously struc-
tured organosilylated hydroxylamines [GN(OR’)SiR;] in
order to evaluate the scope and utility of nitrene formation
by a-deoxysilylation. At the same time, complementary
information concerning the possible rearrangement of such
compounds would be obtained. We now report the results
of extensive trapping product and kinetic studies which
collectively demonstrate that nitrene generation prevails
in model reaction systems with G = Et0,C, ArCO, ArSQ,,
and Me. A wide range of kinetic activation parameters for
these thermolyses has been found, and the values have
been compared with those measured for a-deoxysilylation
about carbon and silicon. Mechanistic details have also
been probed by Hammett studies, solvent variation, and
structural modification at the reacting silicon and oxygen
centers shown in eq 1. The work is described in major
sections dealing with individual compound classes, with
each section further divided into synthesis, thermolysis
product studies, and kinetic measurements.

Results and Discussion

I. N,O-Bis(trimethylsilyl)- N-carbethoxy-
hydroxylamine and Related Compounds. A. Syn-
thesis. Conversion of N-carbethoxyhydroxylamine (5) into
its bis(trimethylsilyl) derivative (6) was achieved in good
yield (ca. 90%) by reaction with a 6-fold molar excess of
Me;SiCl and Et;N in ether for 24 h (eq 5). The chemical
composition of VPC-purified 6 was readily established
from integrated intensities of the 'H NMR ethyl and
methyl signals.

Me,SiCl/EtsN

EtOZCSNHOH W

EtOZCN(g(SiMea)z (5)

Decreasing the steric “bulk” of the oxygen-bound sub-
stituent in 1 by replacement of Me;Si with Me has been
shown* to have little effect upon the rate of a-deoxy-
silylation. Consequently, it was of interest to incorporate
a carbonyl moiety at this position which allows for nitrene
generation by alternative ag- and as-elimination pathways
(eq 6), with the oy mode possibly having a lower free-energy

o /O'—-CR

>C—N o |0| — Et0,CN: + MesSiO,CR  (8)
E10 \ 7 Jas
SiMez

of activation due to steric factors and/or the greater nu-
cleophilicity of C==0 vs. C—O oxygen. Compound 7 was

OC(0)Ph

therefore prepared (85%) by analogy to eq 5 by starting
with O-benzoyl-N-carbethoxyhydroxylamine and was ul-
timately purified by VPC. The tert-butyldimethylsilyl
derivative (8) was similarly synthesized to test whether this
structural modification would lead to stabilization of the
N-Si bond toward hydrolysis without significantly ef-
fecting the rate of a-deoxysilylation.

Numerous attempts were made to cyclize EtO,CNHOH
with ClIMe,SiOSiMe,Cl; however, polymer formation was

(8) F. P, Tsui and G. Zon, unpublished work.
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extensive, and there was no evidence (gas chromatogra-
phy/mass spectroscopy) of product formation. The desired
o e

heterocycle, EtO,CNSiMe,08iMe,0, was particularly in-
triguing in that o-deoxysilylation could generate

SiMe,0SiMe,0, which is of interest in organosilicon
chemistry.

Structural Dynamiecs. 2C NMR was used to obtain
information regarding the isomerization of 6 (eq 7) that

0 SiM
%C—N/SIMeZ, - . O\C—N/O 'vieg
Et0” “\0SiMe3 gt0”” NsiMes
6a 6b
Me 3510 ) Me3Si0 OSiMe3s
> =N_ —_— >C=N./ (7)
E10 0SiMes )
6¢ 6d

might arise from relatively slow rotation about the amide
linkage (6a = 6b), 1,3-migration of Me;Si between N and
O (6a = 6¢), and/or linear inversion at N (6¢ = 6d).° The
25-MHz 3C NMR spectrum of a CDClI; solution of 6 at
20 °C features two absorptions at 157.8 and 157.6 ppm in
a ca. 1:2 ratio, respectively, which are very close to the
157-159-ppm range of chemical shifts reported!® for a
series of analogous ethyl organosilylurethanes. On the
basis of variable-temperature *C and #*Si NMR data, it
has been concluded® that the latter compounds exist ex-
clusively in the amide form and that there is hindered
rotation (AG* ~ 12 kcal/mol) about the C(O)-N bond. We
therefore assume that 6a = 6b is representative of the
dynamical structure for 6 in solution.

As in the case of 6, intramolecular isomerization of 7 and
8 must be considered, and the molecular dynamics were
investigated by variable-temperature 'H NMR spectros-
copy at 220 MHz. At 20 °C in CDC],; solution both com-
pounds appear to be two-component mixtures: SiMe,R
resonance doubling with Avag = 15 Hz. Increasing the
probe temperature led to gradual signal coalescence fol-
lowed by line narrowing, while cooling reversed these
spectral changes. Measurement of relative signal inten-
sities at various slow-exchange temperatures in the range
of 20-30 °C indicated that there were no significant pop-
ulation changes for either 7 (36:64) or 8 (38:62), and free
energies of activation at the coalescence temperature (7)
were calculated from the unequal doublet equation.!! For
both 7 (T, = 36 °C) and 8 (T, = 40.5 °C) a value of AG*
= 16.5 kcal/mol was obtained for passage from the lower
to higher energy ground states. By analogy to 6, we assume
the existence of amide forms for 7 and 8, which indicates
a somewhat higher C(O)-N rotational barrier than the ca.
12-kcal/mol value previously cited.!?

B. Trapping Product Studies. After 6 was heated
(100 °C, 25 h) in a 50-fold molar excess of cyclohexane,
VPC analysis indicated the absence of starting material
and near-quantitative formation of Me;SiOSiMe;, the
expected a-deoxysilylation byproduct. Of the seven ad-
ditional VPC components, the two most abundant were
collected and identified by 'TH NMR as ethyl N-cyclo-

(9) For the sake of simplicity, organosilylated compounds such as 6,
which are capable of silyl group migration, are named as hydroxylamine
derivatives.

(10) H. Jancke, G. Englehardt, S. Wagner, W, Dirnens, G. Herzog, E.
Thieme, and K. Rthlmann, J. Organomet. Chem., 134, 21 (1977). See
also: A. R. Bassindale and T. B. Posner, ibid., 175, 273 (1979); S. A.
Matlin, P. G. Sammes, and R. M. Upton, J. Chem. Soc., Perkin Trans.
1, 2478 (1979).

(11) W. Egan, Ph.D. Thesis, Princeton University, 1971.
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hexylurethane (9, 80%) and ethylurethane (10, 8%).

E+0,CNS :

\H
9

E10oCNHp
10

Product 9 is the formal product of singlet carbethoxy-
nitrene (EtO,CN:) insertion into a cyclohexane C-H bond;
however, the presence of H-abstraction product 10 suggests
that a portion of 9 may arise from cyclohexyl and ethyl-
urethanyl radical combination. Photochemical decompo-
sition of 6 in cyclohexane (Ap.; 220 nm) was briefly in-
vestigated for comparative purposes, and after 58 h of
irradiation at 254 nm, VPC indicated the presence of 9
(45%), 10 (55%), and Me;SiOSiMeg (75%). The obser-
vation that the 9/10 product ratio changed from 10 to 0.8
clearly indicates a fundamental difference between thermal
and photoinduced a-deoxysilylation.

Thermal decomposition of 6 (100 °C, 20 h) in the
presence of a 5-fold molar excess of bis(trimethylsiloxy)-
methylsilane, (Me;Si0),MeSiH, led to a 90% yield (VPC)
of ethyl N-[[bis(trimethylsiloxy)methyl]silylJurethane (11),

SiMe(0SiMes ),
51020N<

11

which was isolated by VPC and identified by *H NMR.
Thermolysis of phenyl azide in silanes also affords products
of overall insertion into Si-H bonds; however, a radical
chain mechanism has been suggested for these azide re-
actions.!? By way of contrast, the kinetics for production
of 11 from 6 are first order.

The thermal reaction of 6 in aniline gave a 58% yield
of ethyl phenylhydrazoformate (12), which was also iso-
lated by VPC and was identified from 'H NMR and
melting point data. Hafner et al.!® have obtained 12 by
the analogous thermolysis of ethyl azidoformate, EtO,CN,.

NHPh
-~
EtOoCN

2 \H

12

Heating 6 in cyclohexene gave a product distribution
likewise indicative of EtO,CN: generation. After 72 h at
90 °C in a 15-fold molar excess of the olefin, 13 was ob-

(:chozsw @-NHCOZE?

13 14

tained (VPC) in 42% yield together with a mixture of three
isomers represented by structure 14 (10%) and a relatively
small amount of 10 (ca. 2%). A control experiment dem-
onstrated the thermal stability of 13 under the above re-
action conditions and thus ruled out the possibility that
14 arises from secondary decomposition. Products 13 and
14 have been previously obtained from thermolysis of ethyl
azidoformate.!*

In benzene as solvent, thermolysis of 6 gave N-carb-
ethoxyazepine (15, 57%) and a trace of 10. Compound 15
was isolated by TLC and identified by comparison of its
'H NMR spectrum with that reported for a sample of 15

(12) F. A. Carey and C. W. Hsu, Tetrahedron Lett., 3885 (1970).

( 13)) K. Hafner, D. Zinser, and K. L. Mortiz, Tetrahedron Lett., 1733
(1964).

(145) W. Lwowski and T. W. Mattingly, Jr., J. Am. Chem. Soc., 87, 1947
(1965).
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@N COoE? ©>NCOZET
15 16

which was derived from photolysis of ethyl azidoformate
in benzene.!® The formation of 15 from reaction of the
azide precursor is believed!® to result from electrophlhc
attack of the aromatic ring by Et,OCN: to give 7-carb-
ethoxy-T-azabicyclo[4.1.0]heptadiene (16) which then un-
dergoes ring opening.

The major product from thermal reaction of 6 with
diphenylacetylene is the same as that obtained by ethyl
azidoformate thermolysis.'” Heating 6 (90 °C, 72 h) in
a 10-fold molar excess of the acetylene in hexafluoro-
benzene (CgF;) solvent led to isolation of 2-ethoxy-4,5-
diphenyloxazole (17, 20%). The oxazole could arise from

Ph Ph

X
17

1,3-dipolar addition of EtO,CN: <> EtOC(0")=N:"* to the
triple bond or from rearrangement of an initially formed
unstable azirine.

a-Deoxysilylation of 6 (100 °C, 25 h) in a 15-fold molar
excess of pyridine gave the same pyridinium ylide (18,
40%) as that obtained from similar nucleophilic trapping
during thermolysis of tetramethylene bis(azidoformate).'®
An alternative pathway to 18 involves a two-step process
initiated by nitrene addition to C=N in pyridine.

Na O

\_/

- +
EtO2 CN——N

18

The apparent efficiency of bis(trimethylsiloxy)methyl-
silane as a nitrene trapping agent during thermolysis of
6 led to our selection of this material for analogous studies
with nitrene precursors 7 and 8. The O-benzoyl com-
pounds were each heated (100 °C, 30 h) with a 20-fold
molar excess of the silane trap, and VPC of the reaction
mixtures led to the isolation of the expected product, 11
(40%). In the case of 7, the anticipated byproduct,
Me;Si0,CPh (19, 35%), was accompanied by EtOSiMe;
(20, 20%). Formation of 11, 19, and 20 from 7 suggests
that the thermolysis proceeds by competing fragmentation
pathways. Scheme I illustrates the various thermolysis
mechanisms for the amide and imidate forms of 7, which
are presumed to be in rapid equilibrium at 100 °C, given
the relatively low energy barrier (AG* = 15-20 kcal/ mol)
for 1,3-migration of MegSi in cognate systems.!® Differ-
entiation of, for example, the a; and «; pathways could
utilize 80 labeling; however, the possibility of label
scrambling by degenerate rearrangement of 19 (1,3-Me,Si
shifts between oxygens) prompted our use of kinetic
measurements to address this question (vide infra).

C. Kinetic Studies. The rate constant (k) for disap-
pearance of 6 in CgF was obtained by 'H NMR monitoring
of the Me;Si region, which allowed for calculation of the

(15) K. Hafner and C. Kénig, Angew. Chem., 75, 89 (1963).

(16) W. Lwowksi and T. J. Maricich, J. Am. Chem. Soc., 87, 3630
(1965).

(17) R. Huisgen and H. Blaschke, Chem. Ber., 98, 2985 (1965).

(18) T. J. Prosser, A. F. Marcantonio, and D. S. Breslow, Tetrahedron
Lett., 2479 (1964).
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Scheme 1
N 0—CPh
7 Ne—n/a) || o Et0,CN: + Me3Si0pCPh =
ETO/. B_MezSi~rbs 8 19
i OCN—OC(O)Ph + E1OSiMes
/o /O—CPh / 20
Messi  C=N. ﬂ
/
NG
A —
Me 38 770
/SIM93\75 es/l 7 §CPh
o\ /O—CPh = 9 (l
C=N, u C'—N-/
/
E+0 Et0
75Y71

relative concentration of starting material and
Me;SiOSiMe; as a function of time. The & values for 6
at 100 °C which are listed in Table I indicate that the rate
of reaction was independent of initial concentration.
Measurements with 6 at 90-120 °C afforded a good linear
least-squares fit of log (k/T) vs. T! that gave AH* = 23.4
kecal/mol and AS* = -17.6 eu, which reveals a substantially
more negative entropy term than the -3.8-eu value for
a-deoxysilylation of analogue 1 in toluene.*

The overall rate for disappearance of 7 in C¢Fg was
measured by 'H NMR using Me;Si signal intensities of
starting material, 19, and 20 at probe temperatures of 130,
140, and 150 °C. First-order plots of In (7,/7,) vs. time
(t) gave koyeray = 3.26 X 1075, 5.98 X 1075, and 10.1 X 10°®
871, respectively. A duplicate set of measurements with
analogue 8 indicated that &gy = 1.86 X 107, 3.64 X 107,
and 6.96 X 107 57, respectively, and thus demonstrated
that ¢-Bu for Me substitution has little influence upon the
overall thermolysis rate.

For comparison with 6, it was of interest to extract from
koveranl the rate constant associated with nitrene formation,
and subsequent analysis'® of the aforementioned 'H NMR
kinetic data gave the following activation parameters: 7,
AH* = 16.4 keal/mol, AS* = -39.9 eu, AG* (100 °C) = 31.3
kcal/mol; 8, AH* = 20.4 keal/mol, AS* = -31.3 eu, AG* (100
°C) = 32.1 kcal/mol. The somewhat lower free energy of
activation for 6 [AG* (100 °C) = 30.0 kcal/mol], relative
to 7 and 8, together with the more negative AS* terms for
7 and 8 can be rationalized in terms of the a3 fragmenta-
tion mode for 6-8 (eq 7); however, further experiments are
needed to test this suggestion.

Our final kinetic studies with 7 and 8 concerned their
relative rates of N-Si bond hydrolysis. As illustrated in
structure 21 there is an exposed tetrahedral face about Si

0—CPh
Et0 ZCN/ L|
Si----Me

/N

R Me
21

for intramolecular attack by O in both cases, regardless
of which oxygen is actually involved; however, backside

(19) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism, A
Study of Homogeneous Chemical Reactions”, Wiley, New York, 1961.
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intermolecular attack at Si by H,0 leading to hydrolysis
is relatively hindered with R = ¢t-Bu. Compound 8 thus
served as a model for strategically modifying a nitrene
precursor such that a “normal” rate of deoxysilylation
would be achieved in concert with increased hydrolytic
stability.

The rates of N-Si bond cleavage in 7 and 8 were ob-
tained by 'H NMR at 220 MHz in 40% v/v CD;0D/
CDCl; rather than D;0 due to solubility. Pseudo-first-
order solvolysis rate constants (k) at 20 °C were derived
from the Me;Si spectral region: for 7, &’ = 518 X 10357,
7172 = 2.3 min; for 8, k' = 1.80 X 10° s, 7/, = 106 h.
These results demonstrate that the t-BuMe,Si compound
is ca. 3000 times more stable than 7 under the solvolysis
conditions, and, in view of their comparable thermolysis
rates, it thus appears that the above rationale for 21 may
be of value for additional structure-reactivity manipula-
tions.

II. N-Aroyl-N,O-bis(trimethylsilyl)hydroxyl-
amines. A. Synthesis. Members of a series of para-
substituted N-aroyl-N,0-bis(trimethylsilyl)hydroxylamines
(22-26) were prepared in ca. 90% yield by overnight re-

action of the corresponding hydroxylamines with a 4-fold
molar excess of MesSiCl/Et;N in ether at room tempera-
ture. In each case, the 'H NMR spectrum was consistent
with the presence of one major isomer. Alternative routes
to 22 which involve coupling of PhCOC]1 with either HN-
(SiMe;)OSiMe; or (Me;Si),NOSiMe; have been subse-
quently reported by King et al.20

Several years ago, West and co-workers™2! reported that
tris(organosilyl)hydroxylamines (2) undergo reversible
dyotropic rearrangement (eq 8) prior to irreversible (sily-

SiRS SiR}
R3SINO === R3SiNO (8)
R3Si R3Si
* *
TiM63 SiMeg,
PhC(OINO =—= PhC(OINO (9)
MezSi Me3Si
22
_SiMe0SiMe}
PhC(OINC_
Me

lamino)disiloxane formation (eq 2). Compound 22 was
studied with regard to the possibility of its similar behavior
(eq 9); however, 'H NMR spectra recorded up to a tem-
perature of 148 °C failed to provide evidence of the ex-
pected signal coalescence. Instead, one observed the

(20) F. D. King, S. Pike, and D. R. M. Walton, J. Chem. Soc., Chem.
Commun., 351 (1978).
(21) P. Nowakowski and R. West, J. Am. Chem. Soc., 98, 5616 (1976).
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Table I. Kinetic Parameters for Thermolysis of Organosilylated Hydroxylamine Derivatives

[compd], temp, AH?F, aS*, aG*
compd M °C R, s} keal/mol eu (100 °C), keal/mol
6 0.50 20 7.82x 107¢ 23.4 -17.6 30.0
0.50 100 2.02x 10°®
0.38 100 2.08x 10°¢
0.25 100 2.32 % 10°°
0.12 100 2.12x 10°¢
0.50 110 4,50 x 107°
0.50 120 1.03 x 10°*
70 1.00 130 1.90x 10 16.4 -39.9 31.3
0.75 130 1.95x 10°®
0.50 130 1.983 x 10°¢
0.50 140 3.24 X 1075
0.50 150 532x 10°°
gb 1.00 130 1.06 x 10°° 20.4 -31.3 32.1
0.75 130 1.11 x 10°°
0.50 130 1.07x 10°°®
0.50 140 2.02x 10°°¢
0.50 150 3.73 x 10°°%
22¢ 0.75 80 1.91 x 10°¢ 25.8 -11.8 30.2
0.50 80 1.98x 10°°¢
0.25 80 2.01x 10°¢
0.12 80 1.94 x 10°¢
0.75 90 541 x 10°¢
0.75 100 1.45x 10°°
0.75 110 3.71x10°°¢
23 0.75 100 2.04 x 10°° 26.2 -10.0 29.9
0.75 110 5.28 x 107°
0.75 120 1.30 x 10°¢
24 0.75 90 6.62 x 107¢ 26.2 -10.4 30.1
0.75 100 1.80 X 10°%
0.75 110 4,66 x 10°°
0.75 120 1.15%x 107
25 0.75 100 1.34 X 1075 25.6 -12.4 30.2
0.75 110 3.40 x 10°°
0.75 120 8.24 X 10°°
26 0.75 100 1.06 x 10°° 25.1 -14.4 30.5
0.75 110 2.64 x 10°%
0.75 120 6.27 X 10°°
29 0.50 100 7.10 x 1077 29.9 -6.8 32.4
0.38 100 7.06 x 1077
0.25 100 7.48 x 1077
0.12 100 7.12%x 1077
0.50 110 1.63 x 10°¢
0.50 120 5,85 x 10°¢
0.50 140 3.94 x 10°°
30 0.50 100 9,14 x 1077 30.1 -5.8 32.3
0.50 110 2.86 x 10°¢
0.50 120 8.03 x 10°¢
31 0.50 100 1.06 x 10°¢ 31.0 -3.0 32.1
0.50 110 3.23 x 10°¢
0.50 120 9.838 x 107°
0.50 140 6.76 X 10°°
32 0.50 100 6.48 X 1077 29.9 -7.1 32.5
0.50 110 1.91 x 1078
0.50 120 5.32x 10°¢
0.50 140 3.67x 10°°
33 0.50 100 508 x 1077 29.6 -8.2 32.7
0.50 110 1.48 x 10°°
0.50 120 4.09 x 107¢
0.50 140 2.71 x 1073
34 0.50 100 5,04 x 1077 29.5 -8.6 32.7
0.50 110 1.47 x 10°°
0.50 120 4.04 x 10-¢
0.50 140 2.65 x 10°°
42 1.12 140 4,14 x 10°¢ 35.3 1.6 34.7
1.12 150 1.13x 10°°
1.88 160 3.18 x 10°°
1.12 160 3.17 x 10°°
0.38 160 3.20 x 10°°

% First-order rate constant for disappearance of starting material in hexafluorobenzene, unless specified otherwise. AH
values were determined by 'H NMR. P Kinetic values refer to formation of RMe,SiO,CPh as opposed to starting material
disappearance (see text). ¢ Values of AH* = 33.0 kcal/mol and aS* = —2.2 eu have been reported® for thermolysis of 22
in mesitylene solvent.
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gradual disappearance of 22 (r,/, = 15 min) and concom-
itant formation of Me;SiOSiMe;. There was no evidence
(NNMe absorption) for the competing rearrangement shown
in eq 9. Evidently, the relative rates of both dyotropic
rearrangement and irreversible rearrangement to a (meth-
ylamino)disiloxane are slow relative to fragmentation,
which may be the result of diminished electron density at
N through carbonyl conjugation.

B. Trapping Product Studies. During the investi-
gation of thermally induced a-deoxysilylation of 22-26 as
a route to aroylnitrenes, it was expected that such nitrenes
would readily undergo Lossen-type rearrangement to iso-
cyanates; however, the possibility for their interception by
a suitable trapping agent was suggested by the reported?
reaction shown in eq 10.

0 Me
0 0
Ph——<\N:f % Phl3|N=S=O +cop  (10)
Me

After 5 min of heating 22 in decalin at 160 °C, VPC
analysis indicated the absence of starting material and
formation of phenyl isocyanate (PhNCO, 86%) together
with a small amount of 1-benzoyl-3-phenylurea (27, 6%);
benzamide (PhCONHy,) was not detected. These findings
may be rationalized according to eq 11 wherein PhCON:
160 °¢

e .
22 ~Me3Si0SiMey

PhCON: —= PhNCO

l decalin PhCONHz

PhCNHCNHPh (11)
27

partitions between rearrangement and, to a lesser extent,
H-abstraction reactions with subsequent formation of the
urea derivative. Support for this suggestion was obtained
by demonstrating that PANCO and PhCONH, react to
give 27 (89%) under the thermolysis conditions applied
to 22. In this connection we note that King et al.?® sub-
sequently reported that the decomposition of 22 in cy-
clohexene as a potential trapping agent for PhACON: affords
PhCNO (80%), PhCONH, (5-10%) and “unidentifiable
polymet”. The apparent inconsistency between our results
and these findings is not fully understood but may be the
result of differences between solvents and the starting
concentration of 22,

The presumed competition between bimolecular nitrene
capture and intramolecular nitrene rearrangement
prompted our investigation of a silane trapping agent;
however, heating 22 (100 °C, 26 h) in a 10-fold molar excess
of PhMe,SiH led to VPC isolation of only a small amount
(5%) of N-(phenyldimethylsilyl)benzamide (28) in addition
to PhNCO (82%).

0

SiMesPh
PhC|N< e
H

28

C. Kinteic Studies. The 'H NMR method described
above was again used to measure the disappearance rate
constants (k) for 22-26 in C¢F;; at 80-120 °C, and in all
cases there was adherence to a first-order rate law (Table
I). In view of the approximate constancy of AS* for
thermolysis of 22-26,%2 a linear free-energy relationship was

(22) J. Sauer and K. K. Mayer, Tetrahedron Lett., 319 (1968).
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Figure 1. Hammett plot for thermolysis of para-substituted
N-aroyl-N,O-bis(trimethylsilyl)hydroxylamines 22-26 (0.75 M)
in hexafluorobenzene at 100 °C; p = —0.56. For values of kx and
ky see Table 1.

examined by using k values. A plot of log (kx/Ru)ig0oc V8.
the Hammett substituent constant ¢ indicated a good
correlation and gave p = —0.56 (Figure 1). Thus, electron
withdrawal by para substituents decelerates the frag-
mentation reaction, which is consistent with generation of
an electron-deficient ArCON: species.

III. N-(Arylsulfonyl)-N,O-bis(trimethylsilyl)-
hydroxylamines. A. Synthesis. The preparation of a
series of N-(arylsulfonyl)-N,O-bis(trimethylsilyl)-
hydroxylamines (29-34) from the respective group of hy-
droxylamines was analogous to that used for 22-26; how-
ever, the yields (70-80%) were somewhat less. In each case
'H NMR indicated the existence of a single isomer.

08 1Me3z

A

SiMez

B. Trapping Product Studies. The p-tolyl derivative
30 was chosen as a representative compound for estab-
lishing the course of thermal reactions. After 30 was
heated (120 °C, 48 h) in a 20-fold molar excess of cyclo-
hexane, preparative TLC led to isolation of two compo-
nents which were identified as 35 (30%) and 36 (1%), the

IO ﬁ
SiMesPh
p-TolS=N p-TolS—NH» p-ToiS——N/ e

~ ~
| I I §

35 36 317

(23) The isokinetic temperature?* for 22-26 is -8 °C.
(24) J. E. Leffler, J. Org. Chem., 20, 1202 (1955).
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expected products by analogy to thermolysis of N,N-di-
chloro-p-tolylsulfonamide with zinc in cyclohexane.”> The
high yield of 35 is consistent with the known? efficiency
of sulfonylnitrene insertions into C-H bonds, and it was
therefore not surprising to find that reaction of 30 in excess
PhMe,SiH (130 °C, 30 h) similarly afforded product 37 in
nearly quantitative yield.

The result of heating 30 in benzene solvent was com-
parable to that obtained from azide and 1,2,4-triazolium
ylide thermolyses.?® After 8 h at 100 °C, 36 and p-
tolylsulfanilide (39) were isolated (TLC) in 20% and 50%

0
p-Tol%-—N/@

4

39

yield, respectively. The formation of an anilide product
from MeSO,N, thermolysis has been rationalized?? in
terms of a singlet sulfonylnitrene which adds to benzene
solvent to form an intermediate aziridine that then un-
dergoes ring opening; however, direct C-H insertion is an
alternative possibility.

Thermal a-deoxysilylations of 30 in pyridine (130 °C,
30 h) solvent or of 29 in benzene containing triphenyl-
phosphine (120 °C, 48 h) gave samples of pyridinium ylide
40 (41%) and phosphinimine 41 (48%), respectively, which
were expected on the basis of the results of earlier azide
thermolyses. %%

0 0
“ - +/ “ -
p-Tolﬁ—-—N—N\ / PhlS‘N—PPh-_a,
0 0
40 41

C. Kinetic Studies. Extension of the 'H NMR kinetic
measurements to 29-34 presented no difficulties, and all
compounds obeyed a first-order rate law for disappearance
in CgFg. First-order kinetics were also found for 30 in
PphMe,SiH. The k values and activation parameters
determined in C¢Fg at 100-140 °C are listed in Table I. A
plot of log (kx/ky)igec V8. o gave a good linear correlation
with p = -0.64 (Figure 2),% which indicates approximately
the same sensitivity to electron withdrawal as in the aroyl
systems (o = —0.56) and is likewise consistent with nitrene
generation.

To evaluate the nature of solvent effects upon a-deox-
ysilylation of representative 30, 'H NMR monitoring of
the reaction rate was carried out in five aromatic solvents,
offering a reasonably wide spread of dielectric constants
(¢). In each case, reaction at 100 °C was first order, and
the values of & were found to vary over the range of
(8.91-12.1) X 107 s7L. A plot of In k vs. 1/¢ is shown in
Figure 3 and is roughly linear. The small rate enhance-
ment with increasing solvent “polarity” (¢) is consistent
with a concerted fragmentation process wherein some
charge separation may be occurring. By way of compar-
ison, the thermolysis rate ratio of 1.4 for 30 in PhlNO, (e
= 34.8) vs. PhyO (e = 3.69) is slightly greater than the rate

(25) D. 8. Breslow and M. F. Sloan, Tetrahedron Lett., 5349 (1968).

(26) R. A. Abramovitch, T. D. Bailey, T. Takaya, and V. Uma, J. Org.
Chem., 39, 340 (1974).

( 9(27)) R. A. Abramovitch, J. Roy, and V. Uma, Can. J. Chem., 43, 3407
1965).

(28) (a) J. N. Ashley, G. L. Buchanan, and A. P. T. Easson, J. Chem.
Soc., 80 (1947); (b) T. Curtius and G. Kraemer, J. Prakt. Chem., 125, 323
(1930); (c) P. K. Datta, J. Indian Chem. Soc., 24, 109 (1947).

(29) J. E. Leffler and Y. Tsuno, J. Org. Chem. 28, 902 (1963).

(30) The isokinetic temperature® for 29-34 is -8 °C.
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Figure 2. Hammett plot for thermolysis of para-substituted
N-(arylsulfonyl)-N,O-bis(trimethylsilyl)hydroxylamines 29-34
(0.50 M) in hexafluorobenzene at 100 °C; p = —0.64. For values
of kx and ky see Table L.
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Figure 3. Plot of In k + C vs. 1/¢, where k& is the 'H NMR derived
first-order themolysis rate constant for 30 (0.3 M) at 100 °C in
the following solvents: 1, Ph,O, ¢ = 3.69, 2 = 8.91 X 107 s7}; 2,
PhOMe, ¢ = 4.33, k = 8.99 X 10" 571; 3, PhCl, ¢ = 5.62, & = 9.75
X 1077575 4, PhBr, ¢ = 5.40, k = 9.63 X 107 87%; 5, PhNO,, ¢ =
348,k =121 x 107 g1,

ratio of 1 reported for loss of nitrogen from either phenyl
azide®! or 2-azidobiphenyl®? upon being heated in PhNO,
vs. decalin (¢ = 2.15). Moreover, the influence of solvent
on phenylnitrene formation from a-deoxysilylation of 1 has
been found to be essentially identical with that for 30.33

IV. N-Methyl-N,O-bis(trimethylsilyl)hydroxyl-
amine and Related Compounds. A. Synthesis. N-
Methyl compound 427 was obtained in ca. 90% yield from

MeN/OSnMegR /OS|Me3
“NsiMe R “NsiMes

42, R =Me 44

43, R = ¢t-Bu

N-methylhydroxylamine (MeNHOH) by reaction with
Me;SiCl/Et;N in ether. The preparation of anhydrous
MeNHOH is somewhat tedious, and, consequently, an
allernative albeit lower yielding (ca. 50%) route was de-
veloped and involved treatment of MeNHOH-HCl with
HN(SiMey),/EtsN in pentane. The same general methods

(31) K. E. Russell, J. Am. Chem. Soc., 77, 3487 (1955).

(32) P. A. S. Smith and J. H. Hall, J. Am. Chem. Soc., 84, 480 (1962).

(33) F. P. Tsui, Ph.D. Thesis, The Catholic University of America,
(1978).
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and results were found to extend to synthesis of analogue
43 as well as parent compound 44.3

B. Trapping Product Studies. During the investi-
gation of possible dyotropic rearrangement of 42, Boudjouk
and West™ observed formation of Me;SiOSiMe; and
therefore obtained the first evidence for a-deoxysilylation
at a nigrogen center. Tsui et al.® subsequently examined
thermolysis of 42 in cyclohexane as solvent and provided
additional support for MeN: generation, viz., isolation of
N-methyl cyclohexylamine (45, 5%), the formal C-H in-

SiMe (OMe ) SiMe(OMe)
/O MeNT 2 i 2

eN
\H \H \H
45 46 47

sertion product. To achieve increased efficiency of nitrene
capture, we have used a silane trapping agent. Heating
42 in a 20-fold excess of (Me0);MeSiH (150 °C, 37 h) led
to a 40% yield (VPC) of insertion product 46, which was
readily characterized by 'H NMR. The same silane trap
with 44 at 250 °C for 24 h afforded 47 in 43% yield, which
implies the generation of HN:; however, the severe con-
ditions required for thermolysis of 44 militated against
additional trapping studies.

Silylenes are known® to undergo insertion into Si-O
bonds (vide infra), and the possibility of a similar reaction
for nitrenes was of interest as the reverse step in hydrox-
ylamine a-deoxysilylations (cf. eq 1). This point was in-
vestigated by partially decomposing 43 in the presence of
MeasloslMea, however, VPC analysis showed the absence
of 42, which is the expected “crossover” product from
MeN: insertion into a Si—O bond of the disiloxane. Further
attempts to address this mechanistic question by studying
label exchange in MeNSiMe;(OSiMeg-dy) were foiled by
our inability to synthesize the desired starting material
with a high degree of SiMe;-dy regioselectivity.

C. Kinetic Studies. From 'H NMR monitoring of 42
in CgFg, it was found that starting material disappearance
at 140-160 °C follows a first-order rate law and that the
kinetic activation parameters are as listed in Table L
Similar analysis of 44 in 2-bromonaphthalene failed to
provide reproducible data above 200 °C; however, it was
found that <10% reaction occurs after 2 h at 170 °C, which
indicates that first-order decomposition under these con-
ditions is characterized by £ < 1.1 X 105 g71,

V. N-(Diphenylphosphoryl)-N-(tert-butyldi-
methylsilyl) O-benzylhydroxylamme. Relatively little
information® is currently available regarding phospho-
rylnitrenes, X,P(O)N:, despite their formal similarity to
sulfonylnitrenes. Our successful application of a-deoxy-
silylation to compound 30 prompted the consideration of
the generalized case for phosphorus shown in Scheme II.
The intramolecular 1,3-migration of R;Si (48a = 48b) in
organosilylated phosphoramides has been previously
studied, and conversion of the thermodynamically favored
imide form (48b) into the amide is characterized by AG*
< ca. 25 keal/mol in (PhO),P(0)N(SiMe;)Ph,* which im-
plies relatively rapid tautomerization at the anticipated
thermolysis temperatures (>100 °C). For nucleophilic X
groups such as halogen, alkoxy, and amino, two $-elimi-
nation pathways to a metaphosphorimidate (49) may
compete with the a- and/or y-elimination leading to
X,P(O)N:. Consequently, compound 50 was synthesized

(34) O. Smrekar and U. Wannagat, Monatsh, Chem., 100, 760 (1969).

(35) W. Lwowski in “Nitrenes”, W. Lwowski, Ed., Interscience, New
York, 1970, p 424,

(36) P. K. G. Hodgson, R. Katz, and G. Zon, J. Organomet. Chem.,
117, C63 (1976).
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Scheme I1I
SIR3
e B -\OR
I or | /
xp—NL )o X—P=N
| \SIR3 l )
X\_B/l X
48b
48a
aory B
0
. N\ DL
R'OS|R3 + XP—N: P=NOR + XSiR3z
X X
49

(eq 12) as a candidate for exclusive formation of Ph,P-
(O)N 37

i I
1. HaNOBz /
PRECI 2. 1-BuMezSiCl PhT N\SuMeZBu ’ (12)
Ph Ph
50

Recalling that a-deoxysilylation of sulfonylnitrene pre-
cursors requires heating at ca. 130 °C for 24 h, it was
surprising to recover primarily unreacted 50 after 6 h at
195 °C in either cyclohexane or 2-bromonaphthalene; only
a trace amount of Ph,P(O)NH, (51) and some intractable
material (“polymer”) were found as products. Photo-
chemical decomposition of 50 in cyclohexane at 254 nm
for 24 h led to a 60% yield of 51 and “polymer”; however,
there was again no evidence of the expected insertion
product, Ph,P(O)NHC¢H,;. While these data are rather
limited, the obvious resistance of 50 to deoxysxlylatmn
suggests that these compounds are not promising candi-
dates for X,P(O)N: generators.

VI. Kinetics of a-Deoxysilylation at Carbon and
Silion. The unavailability of kinetic information regarding
a-deoxysilylation at carbon and silicon reaction centers for
comparison with the nitrogen case led to studies of 52 and
53, as the reactions shown in eq 13% and 14%® have been
previously reported.

H IOMe
MeoT7i0Me 3OMels. MeOEH MeO‘@ (13)
MeO” OMe

52
MeQ OMe

-MeSi[OM: .

MeSi—SiMe —eSllOM)s_ \eoBiMe 23
MeO OMe

53

MeQ Me OMe

I k MeOSiMe
—_ -

MeSi—Si—SiMe [(MeO)yMeSilaSiMe (14)
MeOQ OMe OMe 55
54

(37) Reaction of Ph,P(0)Cl with H,NOBz rather than H,NOH was
selected to preclude the possible formation of Ph,P(O)ONH; with the
latter reagent. It has been subsequently reported that this “unwanted”
O-phosphorylation reaction does indeed take place [M. J. P. Harger, J.
Chem. Soc., Chem. Commun., 768 (1979)].
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Table II. Kinetic Parameters for
Thermolysis of Compounds 52 and 53
AHF,
temp, keal/ aS*, aG¥ (100°C),
compd °C k% s! mol eu kecal/mol

520 90 4.41x 10°¢ 12.0 -50.2 30.7

100 7.74 x 1078

110 1.18x 10°°

120 1.72x 10°°
53¢ 170 1.89x10°% 17.9 -404 32.9

180 3.59x 107
190 6.13x 107

¢ First-order rate constant for disappearance of starting
material determined by !H NMR. % Cyclohexene solvent.
¢ Contained diphenylacetylene in hexafluorobenzene as
solvent,

Cyclohexene was used as the solvent for 52 while a 4-fold
molar excess of diphenylacetylene was utilized with 53 in
order to minimize loss of this precursor via silylene in-
terception.®® 'H NMR monitoring of the organosilyl region
and first-order kinetic plots derived from relative signal
intensities gave the activation parameters listed in Table
II. The striking feature of these data is that the rate-
controlling free energy is strongly influenced by entropy
factors rather than enthalpy. The very large negative
values of AS* imply significantly increased ordering of the
transition vs. ground states, which is consistent with con-
certed bond reorganization for these comparative a-de-
oxysilylations.

Conclusions

Thermolysis of organosilylated hydroxylamines of gen-
eral structure GN(OR’)Sle in the presence of nitrene
trapping agents has given products consistent with o-de-
oxysilylation leading to GN:, where G = EtO,C, ArCO,
ArSQ,, and Me. For the EtogC systems with R’ = C(O)Ph
(7 and 8), there is competing 8 elimination which is not
seen with R’ = SiMe; and may result from decreased nu-
cleophilicity of the OR’ oxygen via carbonyl conjugation.
The kinetics for these a-deoxysilylation reactions are, as
expected, concentration independent and first order. The
entropy of activation varies substantially; however, it is
almost always negative, as was also shown to be the case
for a-deoxysilylation about carbon (52) and silicon (53).
The increased transition- vs. ground-state ordering re-
flected in these AS* values supports a mechanism involving
concerted bond reorganization rather than complete ion-
ization. Some degree of charge separation is, however,
suggested by negative Hammett reaction constants for G
= ArCO (p = -0.56) and G = ArSO, (p = —0.64) as well as
a small rate acceleration with increasing solvent “polarity”
(¢) in the latter system. An alternative mechanistic view
of a-deoxysilylation involves rate-limiting N-O bond
cleavage leading to 56 (eq 15), wherein the asterisks denote

GN: + R'OSIRg

_OR' L
6—nN_ — | 6—N—SiRs (15)
S\R3

SIRR0R'
56 N
G— \R

57

either a radical or ion pair. This reaction mode presumably
obtains for G = R,;Si’¢ and should lead to competing re-
arrangement to form 57; however, such products were
never observed. The relatively large negative AS* factors
and slower reaction of 7 and 8 (R'O* = PhCO,*) vs. 6
(R’0O* = Me;SiO*) also militate against eq 15; resonance
stabilization of PhCO,* should lead to faster reactions.

Chang, Chiu, and Zon

The unique thermal chemistry (rearrangement, eq 3) for
systems with G = SiR; is not ascribable to additional (p
— d), bonding between N and Si since analogous (p — p),
delocalization exists when G = EtO,C and ArCO, and these
compounds undergo fragmentation. A better rationale may
be the conjugative and/or inductive stabilization of 56
when G = SiR, or an electron-donating aryl group.®
With regard to further extensions of a-deoxysilylation,
thermolysis of ArP(OR’)SiR; may provide a new method
for arylphosphene (ArP:) generation, while compounds of
general structure 58 may afford nitrenes by analogous
“a-deazasilylation” {(eq 16). Consideration of eq 16 and

— GN: + R'2NSiRs (16)

2 indicates, a priori, that the greater nucleophilicity of NR,
vs. OR’ may lower the activation energy, while the energy
difference between developing N-Si vs. 0-Si bond
strengths opposes this effect. Our preliminary studies®
with EtO,CN(NMe,)SiMe; (59) have shown that first-or-
der decomposition in CgF, is characterized by AG* (100 °C)
= 34.1 kcal/mol and a positive entropy of activation, AS*
= 15.2 eu. In addition, thermolysis of 59 in cyclohexane
does not afford 9. Comparison with 6 thus suggests that
eq 16 is not operative with prototype 59 and that its
thermolysis proceeds by an as yet unidentified mechanism.

Experimental Section

Elemental analyses were performed by Chemalytics, Inc. Unless
specified otherwise, '"H NMR spectral data are referenced to
internal Me,Si and were obtained with either a Varian A-60 or
EM-360A spectrometer. IR and UV measurements employed
Perkin-Elmer 337 and Cary 15 instruments. VPC work was
performed with Aerograph 90-P and Varian Aerograph 920
thermal conductivity instruments using 0.26-in. columns and
60/80-mesh Chromosorb G: column A, 3 ft, 5% SE-30; column
B 6 ft, 15% SE-30; column G, 3 ft, 1% SE-30; column H, 5 ft,
5% SE-30; column I, 1.5 ft, 15% SE-30; column R, 6 ft, 5% SE-30.
Melting points were determined on a Thomas-Hoover capillary
apparatus and are uncorrected. The preparation, storage, and
handling of all organosilicon compounds were conducted with
exclusion of atmospheric moisture by use of either high-purity
dry nitrogen or argon. All solvents were purified and dried ac-
cording to conventional methods.

N, O-Bis(trimethylsilyl)- N-carbethoxyhydroxylamine (6).
A magnetically stirred solution of N-carbethoxyhydroxylamine
(5; 4.2 g, 0.04 mmol) in ether (20 mL) was cooled in an ice bath
while 8-fold molar excesses of triethylamine and trimethylsilyl
chloride were slowly added (5 min). The reaction mixture was
then refluxed for 24 h, and Et;N-HC] was removed by gravity
filtration. Volatiles from the filtrate were removed in vacuo (1
mm) at room temperature, and the residual oil was Kugelrohr
distilled [60-70 °C (0.1 mm)] to yield 6 (90%) as a colorless
sweet-smelling oil which was made analytically pure by preparative
VPC on column H (110 °C, 60 mL/min): NMR (CDCly) § 3.8-4.2
(q, 2, CH,CHy), 1.1-1.5 (t, 3, CH,CHj), 0.17 (s, 9, OSiMejy), 0.10
(s, 9, NSiMes); IR (neat) 2950, 2850, 1700, 1250, 1100, 850, 755
cm™t; mass spectrum (70 eV), m/e 249 (parent), 162 (base peak).
Anal. Caled for CgHyNO;Sig: C, 43.33; H, 9.29. Found: C, 43.58;
H, 9.19.

O-Benzoyl-N-carbethoxy- N-(trimethylsilyl)hydroxyl-
amine (7). To a magnetically stirred solution of O-benzoyl-N-
carbethoxyhydroxylamine (4.2 g, 20 mmol) in ether (40 mL) were
added 6-fold molar excesses of triethylamine and trimethylsilyl
chloride. The reaction mixture was refluxed for 24 h, Et;N-HCI
was then removed by gravity filtration, and volatiles from the
filtrate were removed in vacuo (1 mm) at room temperature. The

(38) Y. H. Chang and G. Zon, unpublished work.



a-Deoxysilylation of Hydroxylamine Derivatives

J. Org. Chem., Vol. 46, No. 2, 1981 351

Table III. Experimental Data for Compounds 22-26

NMR (hexafluorobenzene, Me,Si),¢ &

yield,
compd % aromatic other 0SiMe, NSiMe, m/e for M® .. b s

22 94 7.3 (brs) 0.23 (s, 9) 0.21 (s, 9) 281 242

23 90 6.6, 6.7, 7.4, 3.8 (s, 3) 0.32 (s, 9) 0.29 (s, 9) 311 726
7.6 (AA'BB)

24 91 7.0,7.1, 7.4, 2.3 (s, 3) 0.27 (s, 9) 0.24 (s, 9) 295 483
7.5 (AA'BB')

25 92 6.8-7.7 (m) 0.31 (s, 9) 0.28 (s, 9) 299 362

26 90 7.0,7.2,7.6 0.33 (s, 9) 0.30 (s, 9) 315 603
7.7 (AA'BB')

@ At 70 eV all compounds show a base peak at m/e 162. © VPC retention times refer to column G at 110 °C and a flow
rate of 120 mL/min. ¢ Multiplicity and the number of hydrogens given in parentheses,

residual sweet-smelling oil was Kugelrohr distilled [72~85 °C (0.1
mm)] to yield 85% of the crude product. Pure 7 was obtained
by preparative VPC using column A (110 °C, 60 mL/min, ¢, =
7.5 min): NMR (CCl,) 6 0.12 (s, 9, NSiMey), 1.1 (t, 3, CH,CHS,),
4.0 (q, 2, CH,CH,), 7.2-8.0 (m, 5, aromatic); mass spectrum (70
eV), m/e 282 (parent), 194 (base peak). Anal. Calcd for
CisHgNSiO: C, 55.52; H, 6.76. Found: C, 55.74; H, 6.86.

O-Benzoyl- N-carbethoxy- N-(dimethyl- tert-butylsilyl)-
hydroxylamine (8). To a magnetically stirred solution of O-
benzoyl-N-carbethoxyhydroxylamine (4.2 g, 20 mmol) in ether
(50 mL) was added a 6-fold molar excess of triethylamine and
a 4-fold molar excess of dimethyl-tert-butylsilyl chloride. The
reaction mixture was refluxed for 2 days, and Et;N-HCI was then
removed by filtration. Volatiles from the filtrate were removed
in vacuo (1 mm) at room temperature, and the residue was Ku-
gelrohr distilled [82-90 °C (0.1 mm)] to give an 85% yield of 8
as a white semisolid, which was further purified by repeated
extraction into ether: NMR (CCl,) 6 0.12 (s, 6, SiMe;), 0.85 (s,
9, t-Bu), 1.4 (t, 3, CH,CH,), 3.85 (q, 2 CH,CH,), 7.6 (m, 5, aro-
matic). Anal. Calcd for C;gH sNSiO,: C, 61.34; H, 4.79. Found:
C, 61.48; H, 4.88.

Ethyl N-[[Bis(trimethylsiloxy)methyl]silyl]Jcarbamate
(11). A magnetically stirred solution of ethyl carbamate (0.5 g,
5.6 mmol) in ether (40 mL) was treated with triethylamine (7.8
mL) and bis(trimethylsiloxy)methylchlorosilane (13 mL, 0.05 mol),
and the reaction mixture was then refluxed for 24 h. Et,N-HCl
was removed by gravity filtration, volatiles from the filtrate were
removed in vacuo (1 mm) at room temperature, and then residual
oil was Kugelrohr distilled [80-90 °C (0.05 mm)] to yield (90%)
a colorless oil which was identified as 11: NMR (CCl,) 4 0.10 (s,
3, SiMe), 0.17 (s, 18, OSiMey), 3.8-4.2 (q, 2, CH,CH,), 1.1-1.4 (t,
3, CH,CHjy), 4.5 (br s, 1, NH). Compound 11 could be further
purified by preparative VPC on column H (110 °C, 60 mL/min,
teir = 13 min).

N-Aroyl-N,O-bis(trimethylsilyl)hydroxylamines 22-26.
The N-aroylhydroxylamine starting materials were prepared
according to the procedure of Shukla et al.3? and were silylated
by using the following method described for parent compound
22. Pertinent experimental details for all products are given in
Table II.

A magnetically stirred solution of N-benzoylhydroxylamine (274
mg, 2 mmol) in ether (10 mL) was maintained at room temper-
ature during slow addition of 4.8 equiv of triethylamine (0.67 mL).
Trimethylchlorosilane (0.56 mL, 4.4 mmol) in ether (5 mL) was
added dropwise, and the reaction mixture was then refluxed for
24 h. Et;N-HCl was removed by gravity filtration, and the volatiles
were removed in vacuo (1 mm) at room temperature. Compound
22 was purified by VPC (see Table III).

N-(Phenyldimethylsilyl)benzamide (28). A mixture of
benzamide (1.21 g, 10 mmol), triethylamine (2.8 mL, 38 mmol),
and phenyldimethylchlorosilane (1.9 mL, 11 mmol) in benzene
(10 mL) was refluxed for 24 h and was then cooled prior to removal
of Et;N-HCl by filtration. Volatiles from the filtrate were removed
in vacuo (1 mm) at room temperature, and the residue was an-
alyzed by VPC using column A (110 °C, 120 mL/min). Compound
28 was isolated (t,; = 6 min 2 s) and identified by its NMR
spectrum (CCly): § 0.40 (s, 6, Me), 7.30 (m, 10, aromatic).

(39) J. P. Shukla, Y. K. Agrawal, and K. P. Kuchya, J. Indian Chem.
Soc., 51, 437 (1974).

Table IV. Experimental Data for Compounds 29-34
NMR (hexafluorobenzene, Me,8i),% &

m/e for

compd aromatic other OSiMe, NSiMe, M?¢

29% 7.1 (brs) 0.18 (s) 0.075(s) 317

30°¢ 17.2,7.8,7.5, 2.4(s)0.15(s) 0.05(s) 331
7.6 (AA'BB')

31 6.9,7.1,7.7, 3.9(s) 0.20(s) 0.15(s) 347
7.9 (AA'BB')

32 7.7 (m) 0.21 (s) 0.10(s) 335

33 7.8 (m) 0.28 (s) 0.17 (s) 352

34 8.9 (m) 0.29 (s) 0.20(s) 396

¢ At 70 eV all compound show a base peak at m/e 162.
b Anal. Caled for C,,H,,NO,Si,S: C, 45.57; H, 7.28.
Found: C, 45.72;H, 7.56. ¢ Anal. Calcd for
C,H,,NO,S8i,S: C,47.13; H, 7.565. Found: C, 47.31;
H, 7.18. d Multiplicity given in parentheses.

N-(Arylsulfonyl)- N, O-bis(trimethylsilyl) hydroxylamines
29-34. The N-(arylsulfonyl)hydroxylamine starting materials were
prepared according to the procedure of Fujimoto and Sakai®® and
were silylated by using the method described above for 22 except
that a 10-fold molar excess each of trimethylchlorosilane and
triethylamine was employed. After concentration of the filtrate,
the residue was stirred with cold ether to extract the product,
which was then reconcentrated in vacuo and again extracted into
cold ether. Table IV gives pertinent experimental details for final
samples of 29-34, which were obtained in 70-80% yield.

N-(Phenyldimethylsilyl)- p-tolylsulfonamide (37). A
mixture of p-tolylsulfonamide (855 mg, 5 mmol), triethylamine
(1.04 mL, 7.5 mmol), and phenyldimethylchlorosilane (1.07 mL,
7.5 mmol) in ether (40 mL) was refluxed for 24 h and cooled, and
Et;N-HC! was then removed by filtration. Volatiles from the
filtrate were removed in vacuo (1 mm) at room temperature, and
the residue was subjected to preparative TLC (alumina; benz-
ene—ether, 1:1). The faster-eluting band (R; 0.81) was identified
as compound 37 from its NMR spectrum (CCl): 5 0.21 (s, 6,
SiMe;), 2.31 (s, 3, Me), 4.95 (br 5, NH), 7.12 (m, 9, aromatic).

N-Methyl- N, O-bis(trimethylsilyl)hydroxylamine (42). To
a vigorously stirred suspension of N-methylhydroxylamine hy-
drochloride (200 mg, 2.4 mmol) in THF (2 mL) at room tem-
perature was added triethylamine (0.33 mL, 2.4 mol), and the
mixture was then allowed to stir for 12 h. Hexamethyldisilazane
(9.6 mL, 4.8 mmol) was added, and, after 24 h, the mixture was
filtered. Volatiles from the filtrate were removed in vacuo (1 mm)
at room temperature, and compound 42 was then purified by VPC
using column B (110 °C, 120 mL/min, t,; = 7 min 12 s; 86% yield):
NMR (CCly) 6 0.15 (s, 9, NSiMe;), 0.25 (s, 9, OSiMe;), 2.88 (s,
3, NMe). Anal, Caled for C7H21NSi20: C, 43.91; H, 11.05. Found:
C, 43.98; H, 11.01.

N,O-Bis(dimethyl- tert-butylsilyl)- N-methylhydroxyl-
amine (43). Triethylamine (20.8 mL, 0.15 mol), dimethyl-tert-
butylchlorosilane (11 g, 0.075 mol), and N-methylhydroxylamine
(1.2 g, 0.025 mol) in ether (35 mL) were refluxed for 2 days, and
Et;N-HC1 was then removed by filtration. Volatiles from the
filtrate were removed in vacuo (1 mm) at room temperature, and
the residue was subjected to preparative VPC using column A

(40) M. Fujimoto and M. Sakai, Chem. Pharm. Bull., 13, 248 (1965).
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(100 °C, 120 mL/min). Compound 43 {(t,;, = 7 min, 80% yield)
was identified by comparison of its NMR spectrum with that
reported.*!

N,O-Bis(trimethylsilyl)hydroxylamine (44)., To a well-
stirred slurry of HONH,-HCI (2 g, 28.8 mmol) in pentane (9 mL)
and THF (3 mL) was added hexamethyldisilazane (12.7 mL, 60
mmol). After the mixture was refluxed for 24 h and the NH,Cl
filtered off, the volatiles were removed in vacuo (1 mm) at room
temperature, and a second filtration was necessary. Compound
44 was purified by VPC using column I (100 °C, 60 mL/min, ¢,
= 2.5 min; 75% yield): NMR (1-bromonaphthalene/Me,Si) § 0.05
(s, 9, NSiMey), 0.15 (s, 9, OSiMe;), 4.5 (br s, 1, NH).

O-Benzyl-N-(dimethyl-tert-butylsilyl)(diphenyl-
phosphinyl)hydroxylamine (50). A mixture of diphenyl-
phosphinyl chloride (15 mmol), O-benzylhydroxylamine (15
mmol), and triethylamine (2.3 mL) in ether (100 mL) was stirred
for 1 day and was then concentrated in vacuo. The crystalline
residue was washed with water (3 X 70 mL) to remove Et;N-HC1
and was then recrystallized from hot benzene to give O-benzyl-
(diphenylphosphinyl)hydroxylamine as white needles: mp
142.5-143.5 °C; 50% yield. Anal. Caled for C;pH;sNO,P: C, 70.58;
H, 5.61; N, 4.33. Found: C, 70.74; H, 5.90; N, 4.10.

A mixture of the above intermediate (0.65 g, 2 mmol), di-
methyl-tert-butylchlorosilane (0.6 g, 4 mmol), and triethylamine
(0.65 mL, 4 mmol) in benzene (25 mL) was refluxed for 1 day,
cooled, and filtered, and the filtrate was then dried with MgSO,
and diluted with CCl, to afford 50 as white prisms: mp 74.5-75.5
°C; 65% yield; NMR (CDCl,) 5 0.17 (s, 6, SiMey), 0.97 (s, 9, t-Bu),
4.05 (s, 2, OCH,), 6.65-8.04 (m, 15, aromatic); IR (Nujol) 2980,
1485, 1383, 1262, 1200, 1130, 963, 842, 751, 691 cm™.

Thermolysis of 6 in the Presence of Various Trapping
Agents. Cyclohexane. A solution of 6 (0.9 g, 3.6 mmol) in
cyclohexane (19 mL) was heated at 100 °C for 25 h. After VPC
determination* of MeySiOSiMe; (ca. 100%), the volatiles were
removed in vacuo (1 mm) at room temperature, and a chloroform
solution of the residue was subjected to preparative VPC using
column H (110 °C, 120 mL/min). O-Ethyl-N-cyclohexylurethane
(9, 80%) was found to be the major product (¢,;, = 6.8 min) on
the basis of NMR (CCl,) spectral comparison with published
data:* 1.2 (t, 3, CH,CH3), 4.07 (q, 2, CH,CHy), 4.17 (br s, 1,
NH), 2.6-1.4 (m, 10, ring CH,), 3.42 (m, 1, ring CH). O-Ethyl-
urethane (10, 8%, t,;; = 2 min) was identified by comparison of
its VPC retention time with that of authentic material.

Bis(trimethylsiloxy)methylsilane. A solution of 6 (100 mg,
0.4 mmol) in bis(trimethylsiloxy)methylsilane (0.5 g, 2 mmol) was
heated at 100 °C for 26 h and was then analyzed by VPC using
column H (110 °C, 60 mL/min). The major product (ty = 13
min) was collected as a colorless oil and was assigned structure
11 (90%) on the basis of NMR spectral comparisons with au-
thentic material (vide supra).

Aniline. A solution of 6 (200 mg, 0.8 mmol) in aniline (36.5
mL, 0.39 mol) was heated at 100 °C for 30 h, and the volatiles
were then removed by Kugelrohr distillation at reduced pressure
(L mm, 40 °C). The residue was analyzed by VPC using column
A (100 °C, 60 mL/min), and the major product (¢, = 5.3 min,
58%) was collected as an oil which crystallized upon cooling.
Structure 12 was assigned to this material on the basis of its NMR
spectrum (CCly): & 1.2 (t, 3, CH,CHjy), 4.08 (q, 2, CH,CHj,), 2.83
(br s, 1, NH), 7.3-6.4 (m, s, aromatic); mp 81-84 °C (lit.2 mp 82-83
°Q).

Cyclohexene. A solution of 6 (0.5 g, 2 mmol) in cyclohexene
(8 mL, 30 mmol) was heated at 90 °C for 72 h, and the volatiles
were then removed in vacuo (1 mm) at room temperature. The
residue was analyzed by VPC using column H (110 °C, 60
mL/min). 7-Carbethoxy-7-azabicyclo[4.1.0]heptane (13, 42%)
was the major product collected (¢4, = 9.3 min): NMRY (CCl,)
6 1.2 (t, 3, CHy,CH,), 4.05 (q, 2, CH,CHj,), 1.4-1.1 (m, ring CH,),
1.78 (m, ring CH,), 2.53 (m, ring CH). O-Ethylurethane (10, 2%
yield, t i = 1.65 min) was identified by comparison of its VPC
retention time with that of authentic material. The isomeric
mixture of 14 was not resolved (¢, = ca. 10.1, 10.2, and 10.3 min,
10% yield) and was collected as one component for NMR analysis

(41) R. West and P. Boudjouk, J. Am. Chem. Soc., 95, 3987 (1973).
(42) O. Widman, Ber. Dtsch. Chem. Ges., 28, 1927 (1895).

Chang, Chiu, and Zon

(CCly):* 5 1.22 (m, 3, CH,CHj), 4.05 (m, 2, CH,CH,), 4.72 (br
s, NH), 1.72, 1.95 (m, ring CH,), 4.05 (m, ring CH), 5.72 (m, ring
CH).

A solution of 13 in cyclohexene was heated at 90 °C for 3 days,
and VPC analysis with column A (100 °C, 60 mL/min) demon-
strated that 14 was not present.

Benzene. A solution of 6 (180 mg, 0.7 mmol) in benzene (62
mL, 0.7 mol) was heated at 90 °C for 75 h, and the volatiles were
then removed by Kugelrohr distillation at reduced pressure (1
mm, 40 °C. The residue was subjected to preparative TLC
(alumina, benzene) and two bands were isolated: fast eluting,
R;0.75; slow eluting, R;0.29. A 220 MHz 'H NMR (CCl,) analysis
of the fast-eluting sample (57% yield) was consistent with
structure 15: § 1.29 (t, 3, CH,CHa), 4.19 (g, 2, CH,CHj), 5.2-6.1
(m, 8, ring protons).!® The second band was identified as 10 by
comparison of its VPC retention time (column H, 110 °C, 60
mL/min, ¢, = 1.65 min) with that of authentic material.

Diphenylacetylene. A solution of 6 (200 mg, 0.8 mmol) and
diphenylacetylene (1.43 g, 8 mmol) in hexafluorobenzene (2 mL)
was heated at 90 °C for 72 h. Volatiles including unreacted
diphenylacetylene were removed by Kugelrohr distillation (80 °C,
0.5 mm), and the residue was subjected to preparative TLC
(alumina, benzene). A small amount of diphenylacetylene was
detected as a fast-eluting band (R, 0.8~0.9). A slow-eluting band
(R; 0.41) was collected and recrystallized from low-boiling pe-
troleum ether to afford material identified as 17 (20%) by com-
parison of its melting point (67-69 °C) with the reported!’ value
(66—67 °C).

Pyridine. A solution of 6 (200 mg, 0.8 mmol) in pyridine (1.0
ml., 12 mmol) was heated at 100 °C for 25 h. Residual 6 and
pyridine were removed by Kugelrohr distillation (60 °C, 1 mm),
and the remaining material was subjected to preparative TLC
(silica gel, benzene). The only product which eluted (R; 0.38) was
collected, recrystallized from low-boiling petroleum ether, and
was identified as 18 (40%) by comparing its melting point
(108-110 °C) with the reported value (lit.!* mp 109 °C).

Thermolysis of 7 and 8 in Bis(trimethylsiloxy)methyl-
silane. A solution of 7 (520 mg, 1.85 mmol) in bis(trimethyl-
siloxy)methylsilane (8.3 mL, 37 mmol) was heated at 100 °C for
30 h. After concentration of the reaction mixture in vacuo, the
residue was analyzed by VPC. Trimethylethoxysilane (20) was
isolated by using column B (110 °C, 60 mI/min, ¢, = 4 min; 20%
yield) and was identified by comparison of its VPC retention time
with that of authentic material and by NMR (CCly): 5 0.12 (s,
9, SiMey), 1.3 (t, 3, CH,CHy), 3.8 (q, 2, CH,CH;). Trimethylsilyl
benzoate (19) was isolated by VPC using column B (110 °C, 60
mL/min, ty, = 6 min; 35% yield) and was identified by NMR
(CClLy): 60.21 (s, 9, SiMe;), 7.1 (m, 5, aromatic). Product 11 was
isolated by VPC using column H (110 °C, 60 mL/min, t,;, = 13
min; 40% yield) and was identified by comparison of its NMR
data with that of authentic 11 (vide supra).

A solution of 8 (610 mg, 1.9 mmol) in bis(trimethylsiloxy)-
methylsilane (8.5 mL, 38 mmol) was heated at 100 °C for 30 h.
After concentration of the reaction mixture in vacuo, the residue
was analyzed by VPC using column H (110 °C, 60 mL/min), and
product 11 (38%) was isolated and identified as described for 7.
Dimethyl-tert-butylsilyl benzoate was then isolated by VPC using
column R (110 °C, 120 mL/min, £y, = 5 min; 35% yield) and was
identified by NMR (CCly): 4 0.15 (s, 6, SiMe,), 0.88 (s, 9, t-Bu),
1.4 (t, 3, CH,CH},), 3.88 (q, 2, CH,CH;). Dimethyl-tert-butyl-
ethoxysilane was isolated by VPC using column R (110 °C, 120
mL/min, ty, = 3 min; 20% yield) and was identified by NMR
(CCly): 560.11 (s, 6, SiMe,), 0.83 (s, 9, t-Bu), 1.2 (t, 3, CH,CHj),
3.78 (g, 2 CHgCHa).

Thermolysis of 22 in Decalin and Phenyldimethylsilane.
Compound 22 (62 mg, 0.22 mmo)) in decalin (0.5 mL) was heated
at 160 °C for 5 min. The reaction mixture was analyzed by VPC
using column H (120 °C, 120 mL/min). Phenyl isocyanate (86%,
tar = 1 min 12 s) was identified by comparison with an authentic
sample. 1-Benzoyl-3-phenylurea (27; 5.7% yield, mp 203-206 °C)
was identified by comparison with its reported melting point (lit.*
mp 204205 °C) after isolation by TLC (silica gel, ether-methylene
chloride, 1:1; R; 0.47). In a control experiment, a solution of

(43) Y. Hayashi and D. Swern, J. Am. Chem. Soc., 95, 5205 (1973).
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benzamide (1.21 g) and phenyl isocyanate (1.08 mL) in o-di-
chlorobenzene was heated at 160 °C for 6 min, and compound
27 was isolated in 98% yield upon recrystallization from ethanol.

A solution of 22 (93 mg, 0.33 mmol) in phenyldimethylsilane
(0.5 mL, 3.3 mmol) was heated at 100 °C for 26 h, and the reaction
mixture was then analyzed by VPC using column A (110 °C, 120
mL/min). Product 28 (5%, ¢,; = 6 min) was identified by com-
parison of its NMR data and VPC retention time with those of
authentic material (vide supra). Phenyl isocyanate (82%, t,; =
1 min) was isolated and identified by comparison of its VPC
retention time with authentic material.

Thermolysis of 30 in the Presence of Various Trapping
Agents. Cyclohexane. A solution of 30 (0.65 g, 2 mmol) in
cyclohexane (3 mL) was heated at 120 °C for 2 days, and the
volatiles were then removed by Kugelrohr distillation at reduced
pressure [60 °C (0.05 mm)]. The residue was subjected to
preparative TLC (silica gel, acetone-benzene, 80:20) which af-
forded fast-eluting (R;0.78) and slow-eluting (R;0.31) components.
The former compound was identified as 35 (90%) from its NMR
and melting point data: 'H NMR (CCl,) 6 2.3 (s, 3, Me), 2.8-1.6
(m, 10, cyclohexyl), 3.6 (m, 1, ring CH), 4.95 (br s, 1, NH), 7.1
(m, 4, aromatic); mp 85-87 °C (lit.* mp 86.0-87.5 °C). The slower
band was identified as 36 (1%) by comparison of its melting point
(136-138 °C) with that of authentic material (mp 137 °C).

Phenyldimethylsilane. A solution of 30 (1.08 g, 3.3 mmol)
in phenyldimethylsilane (10 mL, 0.07 mol) was heated at 130 °C
for 30 h, and the volatiles were then removed by Kugelrohr
distillation at reduced pressure {70 °C (0.05 mm)]. The residue
was subjected to preparative TLC (alumina, benzene—-ether, 1:1),
and two bands (R 0.81 and 0.41) were collected. The fast-eluting
compound was identified as 37 (90%) by NMR comparison with
authentic material (vide supra). The slow-eluting compound was
identified as 36 by comparison of its melting point (135-137 °C)
with that of authentic material (137 °C).

Benzene. A solution of 30 (2.3 g, 6.9 mmol) in benzene (13
mL, 0.14 mol) was heated at 100 °C for 8 days, and the volatiles
were then removed by Kugelrohr distillation at reduced pressure
[60 °C (0.05 mmy)]. The residue which dissolved in benzene solvent
was subjected to preparative TLC (silica gel, petroleum ether—
benzene, 3:1). The major product (R, 0.41) was identified as 39:
50% yield; NMR (CCl,) 6 2.27 (s, 3, Me), 5.68 (s, 1, NH), 7.5 (m,
9, aromatic); mp 101-104 °C (1it.?® mp 103 °C). The minor product
(R;0.28) was identified as 36 by comparison of its melting point
(137-139 °C) with authentic material (137 °C).

Pyridine. A solution of 30 (1.8 g, 5.4 mmol) in pyridine (8.7
mL, 0.11 mol) was heated at 130 °C for 30 h and volatiles were
then removed by Kugelrohr distillation at reduced pressure {70
°C (0.05 mm)] to give a dark brown solid. Decolorization with
charcoal and recyrstallization from hot water-ethanol (1:1) gave
crystals (mp 208-210 °C) which were identified as 40 (41%) by
comparison with the reported®< melting point (210 °C).

Thermolysis of 29 in Triphenylphosphine. A solution of
29 (0.8 g, 2.5 mmol) and triphenylphosphine (6.6 g, 25 mmol) in
benzene (20 mL) was heated at 120 °C for 50 h, and the volatiles
were then removed by Kugelrohr distillation at reduced pressure
[60 °C (0.05 mm)]. That portion of the residue which was soluble
in benzene was subjected to preparative TLC (alumina, benzene)
and the product (R, 0.31) was identified as 41: 48% yield; mp
156-160 °C (lit.”® mp 154-157 °C).

Thermolysis of 42 in Methyldimethoxysilane. A solution
of 42 (500 mg, 2.6 mmol) in methyldimethoxysilane (8 mL, 52
mmol) was heated at 150 °C for 37 h, and the volatiles were then
removed by Kugelrohr distillation at reduced pressure [30 °C (10
mm)]. The benzene (5 mL)-soluble portion of the residue was
analyzed by VPC using column B (110 °C, 60 mL/min, ¢, = 3
min), and product 46 (40%) was isolated for identification by
NMR (CCL): 80.02 (s, 3, SiMe), 2.71 (s, 3, NMe), 3.6 (s, 6, SiOMe);
the NH resonance was not seen.

Thermolysis of 44 in Methyldimethoxysilane. A solution
of 44 (500 mg, 2.8 mmol) in methyldimethoxysilane (13.6 mL, 84
mmol) was heated at 250 °C for 24 h. The reaction mixture was
concentrated in vacuo (1 mm, 30 °C), and the residue was then
sugjected to preparative VPC. Methyldimethoxysilylamine (47,

(44) P. J. DeChristopher, J. P. Adamek, G. D. Lyon, S. A. Klein, and
R. J. Baumgarten, J. Org. Chem., 39, 3525 (1974).
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43%) was isolated by using column H (110 °C, 60 mL/min, t;
= 6 min) and identified by NMR (CCl,): 8 0.02 (s, 3, SiMe), 3.6
(s, 6, SiOMe), 4.3 (br s, 2, NH,).

Thermolysis of 43 in Hexamethyldisiloxane. A solution
of 43 (277 mg, 1 mmol) and hexamethyldisiloxane (162 mg, 1
mmol) in hexafluorobenzene (0.1 mL) was heated at 120 °C for
2 days. The reaction mixture was analyzed by VPC using columns
A and B; however, there was no evidence for either 42, N-(tri-
methylsilyl)-O-(dimethyl-tert-butylsilyl)-N-methylhydroxylamine,
or N-(dimethyl-tert-butylsilyl)-O-(trimethylsilyl)-N-methyl-
hydroxzylamine.

Photochemistry. A solution of 6 [0.80 mL; Ay,, (CeHyp) 220
nm] in cyclohexane (17 mL) was added to four quartz tubes (5
mL) and was then irradiated (Rayonet Model RPR-100) at 254
nm for 58 h; ambient temperature was ca. 45 °C. Quantitative
VPC analysis using column B (150 °C, 120 mL/min) and com-
parison with authentic product samples indicated the formation
of 45% 9, 55% 10, and 75% Me;SiOSiMe; (35 °C column tem-
perature).

A solution of 50 in cyclohexane (0.25 M) was irradiated for 1
day as described above. Removal of the volatiles under reduced
pressure was followed by TLC (silica gel, CHCl;-MeOH, 1:1),
which afforded a 60% yield of 51 (R, 0.48); by comparison with
authentic material, there was no indication of Ph,P(O)NHCgH,,
(R, 0.66).

fKinetic Studies. The NMR kinetic studies at various probe
temperatures employed a Varian V-6040 temperature controller
which has an estimated regulation range of 1 °C. Ethylene glycol
was used for temperature calibration and sample-temperature
equilibration was assumed complete after ca. 15 min.

Compound 6. A VPC-purified sample of 6 (0.20 mmol) in
hexafluorobenzene (0.4 mL) was degassed and sealed in vacuo
(1 mm) in an NMR tube which was heated in an oil bath
equilibrated at 100 £ 1 °C. Thermal decomposition was followed
by periodically monitoring (over 85% reaction) the decreasing
intensity (cut and weéight method) of NSiMe; and OSiMe; singlets
at 0 and 6 Hz (relative), which was accompanied by a comparable
increase in the singlet absorption of the thermolysis product,
Me;SiOSiMey, at 1.5 Hz. A linear-least squares fit (£5% slope
error) of a first-order plot of In ([6]y/[6],) vs. time (t) gave the
value of % listed in Table I. Runs at other initial concentrations
and temperatures were carried out in a similar fashion.

A 0.15 M solution of 6 in cyclohexane containing o-dichloro-
benzene (0.02 M) as an internal VPC reference was heated at 100
% 0.2 °C in a small Pyrex tube equipped with a stopcock. A rubber
septum cap allowed for periodic removal of VPC samples and
immediate analysis on column H (110 °C, 120 mL/min). A linear
least-squares fit (£1% slope error) of In ([6]o/[6],) vs. t gave k
= 1.92 X 1075 g1, Repetition with 0.45 and 0.75 M solutions of
6 gave k = 2.01 X 105 and 1.99 X 107% 57}, respectively.

Pyrex ampules containing aliquots (0.2 mL) of a 0.15 M solution
of 6 in bis(trimethylsiloxy)methylsilane containing o-dichloro-
benzene (0.02 M) as an internal VPC reference were sealed in
vacuo (0.05 mm) and were then heated at 90 £ 0.2 °C. Tubes
were removed periodically, stored at 0 °C, and analyzed under
constant VPC conditions by using column H (110 °C, 120 mL/
min). A linear least-squares fit (3% slope error) as described
above gave k = 7.5 X 1078 571, while repetition with 0.45 and 0.75
M solutions of 6 gave & = 7.8 X 10 and 7.4 X 108 571, respectively.

A solution of 6 (37 mg, 0.15 mmol) in cyclohexene (0.4 mL) was
sealed in vacuo (1 mm) in an NMR tube and was heated in an
oil bath at 100 £ 0.2 °C. Kinetic data was obtained by NMR
monitoring of SiMe; signal intensities (peak height) for the starting
material and the fragmentation product (Me;SiOSiMe;). A linear
least-squares fit (£2% slope error) as described above gave k =
1.88 X 1075 51, while repetition with 0.45 and 0.75 mmol of 6 gave
k =191 X 10 and 1.85 X 107 571, respectively.

Compound 7. A solution of 7 (0.20 mmol) in hexafluorobenzene
(0.4 mL) was sealed in vacuo (1 mm) in an NMR tube, and
thermolysis was carried out at an NMR probe temperature of 130
x 1 °C. The decrease in starting material concentration was
accompanied by formation of 19 and 20. A linear least-squares
fit (£10% slope error) of In ([7]o/[7];) vs. t gave the overall
first-order rate constant for thermolysis, as did comparable runs
using 0.30 and 0.40 mmol of 7: k,, = 3.26 £ 0.30 s, To obtain
rate data for the individual reaction paths, we expressed the
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formation of 19 as [19] = (k,[7]s/k)(1 - ™), where & is the overall
first-order rate constant for thermolysis, and k; is the specific rate
constant for formation of 19 (Table I).

Compound 8. A solution of 8 (64.7 mg, 0.20 mmol) in hexa-
fluorobenzene (0.4 mL) was sealed in vacuo (1 mm) in an NMR
tube, and the thermolysis was monitored at probe temperatures
of 130, 140, and 150 £ 1 °C. Runs were also carried out at 130
°C by using 0.30 and 0.40 mmol of 8; data analysis was similar
to that described above for 7.

Compounds 22-26. A solution of 22 (0.30 mmol) in hexa-
fluorobenzene (0.4 mL) was sealed in vacuo (1 mm) in an NMR
tube and was heated in an oil bath at 80 £ 0.2 °C. Relative SiMe,
signal intensities for 22 and Me;SiOSiMe; were utilized to pe-
riodically monitor thermolysis up to 30% reaction. At each of
three higher temperatures (90, 100, and 110 = 0.2 °C) an additional
15% reaction was monitored, and linear least-squares fits (+1%
slope error) of In ([22],/[22],) vs. t gave the k values listed in Table
I. The same procedure was employed with 0.05, 0.10, and 0.20
mmol of 22 at 80 + 0.2 °C and with 0.30 mmol of 23-26 at (80-120)
+ 0.2 °C (Table I).

Compounds 29-34. This series of compounds was studied by
the same NMR method described above for analogues 22-26.
First-order kinetic plots had slope errors of £3-5%; temperatures
and rate data are summarized in Table I.

Compound 30 in Various Aromatic Solvents. Portions of
30 (0.12 mmol) in solvent (0.4 mL) were sealed in NMR tubes
and heated simultaneously at 100 = 0.2 °C for identical time
periods. Kinetic analyses used the method described above, and
the resultant data are presented in Figure 3.

Compound 30 in Phenyldimethylsilane. A solution of 30
(33.1 mg, 0.10 mmol) in phenyldimethylsilane (0.3 mL) and
hexafluorobenzene (0.1 mL) was sealed in vacuo (1 mm) in an
NMR tube which was then heated in an oil bath at 130 + 0.2 °C.
Thermal decomposition of 30 was followed by periodically
monitoring (over 85% reaction) the decreasing intensity (cut and
weight method) of the NSiMe; and OSiMe; signals at 0 and 6 Hz
(relative) which was accompanied by an increase in the singlet
absorption of Me;SiOSiMe; at 1.5 Hz. A linear least-squares fit
(1% slope error) of In [([30),/[30],) vs. ¢t gave k = 1.33 X 105
s71, while runs using 0.05 and 0.15 mmol of 30 gave k = 1.38 X
107° and 1.35 X 107% s7, respectively.

Compound 42. Pyrex ampules containing 42 (0.45 mmol) in
hexafluorobenzene (0.4 mL) containing o-dichlorobenzene (0.02
mmol) as an internal VPC reference were sealed in vacuo (1 mm)
and were heated in an oil bath at 140, 150, and 160 % 0.2 °C.
Tubes were removed periodically, stored at 0 °C, and then ana-
lyzed under constant VPC conditions by using column B (110 °C,
120 mL/min); constant-volume injections confirmed the inertness
of o-dichlorobenzene under the reaction conditions. Runs with
0.15 and 0.75 mmol of 42 were similarly carried out at 160 °C,
and first-order kinetic plots (4% slope error) afforded the data
in Table L.

Compound 44. Pyrex ampules containing 44 (79.1 mg, 0.45
mmol) in VPC-purified a-bromonaphthalene (0.4 mL) containing
o-dichlorobenzene (0.02 mmol) as an internal VPC reference were
sealed in vacuo (0.05 mm) and were then heated at 170 £ 2 °C,
Tubes were removed periodically, stored at 0 °C, and then ana-
lyzed under constant VPC conditions by using column B (110 °C,
60 mL/min). Runs at 170 °C with initial concentrations of 0.30
and 0.20 mmol of 44 failed to provide reasonable kinetic data.

Compound 52. A solution of VPC-purified 52 (0.20 mmol) and
cyclohexene (0.8 mmol) in hexafluorobenzene (0.3 mL.) was sealed
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in vacuo in an ampule and was then heated at 90 £ 0.2 °C.
Thermal decomposition was followed over 30% reaction by
monitoring the methoxysilyl NMR signals of 52 (6 3.65) and
Si(OMe), (6 3.55). At each higher reaction temperature (100, 110,
and 120 % 0.2 °C) an additional 15% reaction was monitored, and
linear least-squares fits (£2% slope error) of first-order plots gave
the values of k& listed in Table II.

Compound 53. A solution of VPC-purified 53 (0.20 mmol) and
diphenylacetylene (0.80 mmol) in hexafluorobenzene (0.3 mL)
was sealed in vacuo (1 mm) in an NMR tube which was then
heated in an oil bath at 170 + 2 °C. Thermal decomposition was
followed up to 30% reaction by monitoring the methylsilyl ab-
sorption of the starting material (5 0.28) and the product signal
for methylsilyl groups (§ 0.11). At each higher reaction tem-
perature (180 and 190 £ 5 °C) an additional 15% reaction was
monitored, and linear least-squares fits (£2% slope error) of
first-order plots gave the values of k in Table IL

Solvolysis of 7 and 8. The 220-MHz 'H NMR spectrum of
7 (0.04 mmol) in CDCl, (0.6 mL) was recorded at 20 = 1 °C, and
CD40D (0.4 mL) was then added. The solvolysis rate was de-
termined by monitoring the decrease in intensity of the SiMe,
resonance for 7, while an identical run with 8 involved mea-
surements of the decreasing SiMe, absorption of starting material.
Pseudo-first-order plots of the kinetic data had slope errors of
+2%.
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