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ABSTRACT

CHAPTER 1

The photochemical generation, matrix isolation and direct
spectroscopic characterization of HoNN 3 is reported. UV (VIS filtered)
photolysis of carbamoy! azide 15 in a rigid glass (2-MTHF, 800K) generates
blue-violet 3. The electronic absorption spectrum of 3 reveals a structured
absorption curve Amax = 636 nm, Ag,n =695 nm for the n-m* transition of 3.
This transition is blue shifted in a more polar glass (2-MTHF:nPrCN, 1:1,
809K) to Amax = 624 nm, Apg = 681 nm. The argon matrix FT-IR spectrum
of 3 shows bands at 2865.55, 2807.20, 1863.20, 1574.16, and 1003.07 cm-1
(1:2000, Ar, 100K). The characteristic N=N stretch for 3 at 1574.16
demonstrates the considerable double bond character in the 1,1-diazene.
Incorporation of a terminal 15N label into HzN-15N 3-15N shifts the N=N
stretch to 1547.64 cm-1, The argon matrix infrared spectra of 3, 3-15N, 3-
dy, and 3-d2-15N are reported. Thermal decomposition of 3 (2-MTHF, 900K)
affords 2-tetrazene (Amax= 260 nm), trans HNNH 1 (A a4 = 386 nm)
and an unidentified species (Apax= %80 nm). Subsequent thermolysis
(>100 K) affords NH3, NoHy, ftlHqﬁ;,, H2 and N2 products. Direct irradiation
of 3 in a glass (2-MTHF, 779K) with visible light affords Hy, N7, and trans-
HNNH 1. Photodecomposition of matrix igolated 3 (Ar, 109K) with visible
light in the presence of CO affords formaldehyde (HpCO), trans-HNNH 1, H»,
and N». This represents the first direct observation of thermal and

photochemical interconversion of H5N» isomers,



CHAPTER 2

Preliminary studies of the low temperature matrix isolation and
spectroscopic characterization of 1,1-dimethyldiazene 7 and 1,1-di-
isopropyldiazene 18 are reported. The UV (VIS filtered) photolysis of
carbamoyl azides 13 and 17 in a rigid medium (organic glass, 800K or Ar
matrix, 100K) provides a new general method for the photochemical
generation of reactive 1,1-diazenes. This photochemical route is considered
to proceed via the photo-Curtius rearrangement of a carbamoyl! azide to an
aminoisocyanate followed by photodecarbonylation to a 1,l-diazene and
carbon monoxide. Electronic absorption spectroscopy (2-MTHF, 809K) reveals
structured absorption curves (n-m*) Amax = 556 nm, Ao =643 nm for 7
and Ampax = 504 nm, 7\0’0= 620 nm for 18. 1,1-Dimethyldiazene 7 was
independently generated by UV (VIS filtered) photolysis of (Z)-3,3-dimethyl-1-
phenyltriazene-1-oxide 16 to afford 7 and nitrosobenzene. Matrix isolation
FT-IR spectroscopy (Ar, 109K) reveals the characteristic N=N stretch for 7 at
1600.96 cm-1, Incorporation of a terminal 15N label shifts this stretch to
1581.83 cm-l. The N=N stretch for 18 at 1600.92 cm-! is 15N shifted to
1579.46 cm-1. Photochemical decomposition of 7 (Ar, 109K) yields the
infrared bands of ethane and an unidentified species (U) which is subsequently
photolyzed to ethane. The effects of substitution on the electronic transitions
and R9N=N stretches of 1,l-diazenes correlates with the trends of the
isoelectronic carbony! compounds. Thermolysis of 7 and 18 (2-MTHF, 90°K)
vields red-orange 9 (A max = 464 n, €=13000 M-l cm=1)and 30 (A a5 = 474

nm, € = 3000 M-l cm-1), respectively. These species are tentatively
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identified as the azomethinimine tautomers of the 1,l1-diazenes with o-
hydrogens. Irradiation of 7 and 18 at their n-g* transitions in the visible (2-
MTHF, 800K) also initially yields 9 and 30, respectively, in addition to the
hydrocarbon products expected from nitrogen extrusion. Subsequent
bimolecular decomposition of 9 (E5z = 8.2 + 0.5 kcal/mol, logig A = 1.8 * 0.6)
yields tetramethyl-2-tetrazene 19. Bimolecular decomposition of 9-dg (E3 =
8.6 * 0.5 kcal/mol, logjg A = 1.4 * 0.6) reveals a deuterium isotope effect
ky/kn = 6.7 at 1909K for loss of 9. Thermal decomposition of 30 affords
hydrocarbon products 32, 33, and 34 expected for nitrogen extrusion from 1,1-
diazene 18. The activation parameters for unimolecular decomposition of 30

are B, = 16.8 £ 0.5 kcal/mol, logjg A = 11.8 2 0.3.

CHAPTER 3

The low-temperature I5N NMR spectrum of the 1,l-diazene, N-
(2,2,6,6-tetramethylpiperidylnitrene (1) is reported. The !5N double- and
mono-labeled 1,l1-diazenes la and 1b were synthesized. The nitrene and
amino nitrogens of 1 have resonances in dimethyl ether at -90°C at 917.0 and
321.4 ppm, respectively, downfield from anhydrous 15NH3, affording a
chemical-shift difference of 595 ppm for the directly bonded nitrogen nuclei.
The chemical shift of the ring nitrogen is consistent with an amino nitrogen
whose lone pair is largely delocalized. The large downfield shift of the
nitrene nitrogen is consistent with a large paramagnetic term due to a low-

lying n-m* transition.



vii

TABLE OF CONTENTS

Page
INTRODUCTION
A. Theoretical Studies HpN» Isomers cceccceccccccccccccsce 3
B. Generation and Chemistry of 1,1-Diazenes ecccecccccocs 9
C. Kinetically Persistent 1,1-Diazenes scccccccccoccccccccs 17
N. HoN-» Spectroscopic Characterization eessesscscscecsses 25
E. HzNzChemistry © © 00 00 0000000000000 00000000000 OOLOLOSOS 29
F. Experimentalstrategy © © 00000 0000000000000 000060O0CGCO0®OEEO0OL 33
RESULTS AND DISCUSSION
CHAPTER 1 Low Temperature Matrix Isolation and
CharacterizationoszNN © 0000000000 000000600000000 40
Synthesis of Carbamoyl Azides eccccccccccccocsccccccss 41

3 >

Electronic Absorption Spectra of HoNN 3

and Do)NN 3y seccessccocscscccccccscsscsncscconss 41
Thermal Decomposition of HY)NN 3 ccceccccccccccccccss be
Photochemical Necomposition of HH)NN 3 ccccccoccccccss 47
EmissionSpectroscopy ©90000000600006000006000600000600000 54
Matrix Isolation Infrared Spectroscopy of HP)NN 3 ceccccees 56
HzNNproductAnalysis ©000000000006000000000000000000 98
Matrix FT-IR Studies of Carbon Monoxide <cccccccccccces 105
FSR Studies escesssccccccccccsssosssscscccccssscsssccocse 116
Thermal Necomposition Kinetics ecescsccsveccccccccccccs 118
- Summary ® 00 00000000 0© 0000000000 0°00000000 060060000000 00 123

AQEIOT

RESULTS AND DISCUSSION

CHAPTER 2 1,1-Diazenes with a-Hydrogens. Matrix Isolation
and Characterization of 1,1-Dimethyldiazene and
I,I_Diisooropyldiazene © 00000000000 000000000000000O0 126

Synthesis of Carbamoyl Azides cccccccccccccccccccacces 127
Electronic Absorption Spectra of 1,1-Dimethyldiazene

7 and 1,1-Diisopropyldiazene 18 ccccccccccccccccccsse 127
Thermal Necomposition of 1,1-Niazenes7 and 18 ccccccee 137
Photochemical Decomposition of 1,1-Diazenes 7 and 18 -+« 140
Matrix Isolation Infrared Soectroscopy of 1,1-

Dimethy]diazene7 s00o0000c0000csce00c000ce0c000 000 142
Matrix Isolation Infrared Spectroscopy of 1,1-

Diisooropyldiazene 18 ccccccccscccccsccssssscccsscns 173
G. 1,1-Dimethyldiazene Product Analysis ccccccceccccccsces 174
H, 1,1-Diisopropyldiazene Product Analysis scccecccccccccss 182
I. 1,1-Niazene Tautomerization <cccccccccccccsccccccccce 185

@ >

o0

n



viii

TABLE OF CONTENTS (continued) Page

J. Thermal Decomposition Kinetics ecccceccccccccccccccscs 188
K. Matrix FT-IR Studies of Carbon Monoxide eccccccccccce. 201
L. Summar‘y © 060 000000000000 9000000000000 000000000000000 206

E XPERIME NTAL SECTION © 0 0 00060000 0000 000000000000 O0COCO0OOODOOOSPO OO 208
REFERENCES AND NOTES @ 0 5 @ 2 9 0090000 0920000030000 0090000@2 0050092020 239
APPENDIX 253

CHAPTER 3 15N NMR Spectrum of a 1,1-Diazene. N-(2,2,6,6-
tetramethylpiperidyl)nitrene sesccceccccccsccccccccss 257

INTRODUCTION ssssscossssnssnmssssssanansassansnsssnssossssss 250
RESULTS AND DISCUSSION secscscscssccsssscsscscsscsscscsssss 260
CONCLUSION 264
ENPERIMENTAL SECTION wevasconssssnsanunnaswnsssnsnvnnasees 255

REFERENCES ANDNOTES © 0000000000000 0000000000000000060000060 268



-1-

INTRODUCTION

The isomers of HpN» 1, 2, and 3 have been implicated as reactive inter-
mediates in a number of chemical systems such as diimide reduction,
hydrazine oxidation and nitrogen fixation. Much of our understanding of the

structures and energetics of the H2N» isomers comes from theoretical

efforts] due to the limited experimental? characterization of these reactive

species.
H H
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"Diimide" generated in situ has been widely used as a reagent for the
stereospecific reduction of multiple bonds.33 The accepted mechanism for
this transformation requires the cis HNNH isomer 2. Prior to this work, only
the trans HNNH isomer 1 had been spectroscopically characterized.”

Hydrazine (Ho)NNH5) is used in hundred million pound quantities
annually as a fuel and as a corrosion inhibitor. The H9N» isomers represent
the formal oxidative intermediates in these hydrazine oxidations.

Transition metal dinitrogen complexes and metal complexes of each of
the H-N» isomers have been prepared. These complexes have received
considerable attention as possible models for the discrete steps in the
fixation and reduction of dinitrogen to hydrazine and ammonia in the active

site of nitrogenase enzymes.s



Spectroscopic characterization of each of the isomers of H7N»
is essential for direct studies probing their role as reactive intermediates in
these and other chemical systems.

Until 1978, 1,l1-diazenes® 3a or aminonitrenes 3b unlike their more
stable 1,2-diazene’ isomers (azo compounds) 1 and 2, were not usually isolated
or characterized, but were assumed intermediates based on a substantial body
of chemical evidence. The recent preparation of kinetically persistent 1,1-
diazenes &4, 5, and 6 by Dervan and coworkers have made possible the direct

experimental characterization of the 1,1-diazene functional group.8 These
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studies have provided much information concerning the electronic structure,
the kinetics of thermal reactions and the photochemistry of
1,1-diazenes with tertiary alkyl substituents.

Aided by the studies of kinetically persistent 1,1-diazenes, the method
of low temperature matrix isolation? is utilized for spectroscopic
characterization of the parent 1,1-diazene, HoNN 3 (providing entry to the
H-oN»> energy surface), and other simple dialkyl 1,1-diazenes lacking

kinetic persistence. These studies are described herein.
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Theoretical Studies

Theorists have devoted considerable effort to the H2N2 energy surface
with regard to the electronic structures, relative energies and mechanisms
for interconversion of the HoN, isomers.! The most important question
concerning the electronic structure of HNN 3 js the nature of its ground
electronic state. Unlike simple nitrenes (R-!(I-) the chemical behavior of
aminonitrenes or 1,l-diazenes suggests a singlet ground electronic state.
Early ab initio calculations found a triplet nitrene-like ground state 3b for
H->NN as found experimentally for simple alkyl nitrenes. However, more
recent calculations employing larger basis sets and configuration interaction

found the singlet form 3a to be the ground electronic state.

Table I. Singlet-Triplet Energy Gap in HoN-N.

Calculational

Method Ground State S-T Gap2 Reference

STO-3G Triplet 26.3 Baird, 19731b
4-31G Triplet 11.7 Pople, 19781p
HF Triplet 5.2 Ahlrichs, 1976lh
SCF Triplet 2.1 Wagniere, 19731d
14-31G-ClI Singlet 1.6 Baird, 19771}
GVR-CI Singlet 13.8 Goddard, 19771n

3kcal/mol-1, both states at equilibrium geometries.

From the recent calculations of Davis and Goddard (GVB-CI), the
following picture for the three lowest electronic states of HoNN emerges.

The ground state is calculated to be a singlet (1A1\ of nlanar Coy geometry



with a low lying triplet excited state (3A5) at 0.6 eV (13.8 kcal). The ground
state singlet structure (Sy) results from stabilization due to delocalization of
the amino nitrogen lone pair to the terminal nitrene nitrogen giving rise to
substantial NN double bond character (HZT;IF:'\-I:). This NN double bond
character is reflected in the calculated NN bond length Re(NN) = {.25 /’c\) (for
comparison the experimental Re(NN) for trans HNNH 1 is 1.25 X),’-i the large

dipole moment (u =4.036 D), and the calculated planar Coy geometry. To

50.7 kcal

" ¢ 13.8 kcal H i
N g
W ()

Figure 1. GVB-CI Calculations for HoNN,

the experimentalist, the calculations suggest that H2NN should show an NN
double bond stretch near the 1500 to 1600 cm-l region of the infrared

(vn=N for trans HNNH 1 is 1529 cm-! in the Raman).?f The first excited



singlet state (Sy) is calculated to lie 2.2 eV (50.7 kcal/mol) above the ground
state. This gap corresponds to an n-T* electronic transition. Importantto
the experimentalist, the calculations predict that HpNN should be a colored
species detectable by electronic spectroscopy with an n-m* transition in
the visible region near 560 nm.

The Sy and T excited states have electronic configurations similar to
the lowest singlet and triplet states of nitrene (H—IQI-). Interaction of the
amino lone pair with the nitrene T electrons is equivalent in both spin
states so the 37 kcal/mol separation between T| and S| corresponds to the
triplet-singlet gap in nitrene. In the T; and S| excited state there are two
opposing forces: pyramidalization which reduces antibonding interactions and
planarization which gives rise to a favorable two-center three-electron bond.
These two effects are calculated to be comparable leading to an optimal
pyramidal geometry (21° angle between the HoN plane and the N-N bond
axis) with a calculated barrier of less than 1 kcal/mol (for comparison, the
experimental inversion barrier for NH3 is 6 kcal/mol).10 The calculated NN
bond length (1.37 PO\) for Sy and Ty (Re(NN) for hydrazine is 1.45 P?) and the
calculated dipole moment of 2.35 D are indicative of some two-center three-
electron bonding.

The HyNp energy surface has also been investigated
theoretically.19;"»S,t,U The recent ab initio calculations of Casewit and
Goddard (GVB-CI)!t are summarized in Figure 2. The trans HNNH isomer 1
is found to be lowest in energy with a calculated heat of formation

AHg(298) = 56.9 kcal/mol in good agreement with the latest experimental



value for the heat of formation of 1, AHg(798) =50.7 *2kcal/mol.2MThe
cis isomer 2 is calculated to lie 4.7 kcal/mol higher than 1 and the 1,1-
diazene isomer 3 is calculated to lie 29.4 kcal/mol higher than 1. The N-H

bond strengths were also calculated affording N-H bond strengths of 4?2

H,N:ﬂ + H-

? // \ |

/ \
420 \
/
H\‘f’_ - [, \\ 7.4
= \
.S I \\ N=N
* \ /A
\ H H
294 \ /H
\\ /N:N 4.7
U H s

Figure 2. GVYBR-CI calculations for the H9N, energy surface and the diazenyl
radical.

kcal/mol for HoNN 3, 71.5 kcal/mol for 1, and 66.7 kcal/mol for 2. These
calculations suggest that unimolecular interconversion of the H»N» isomers
through bond homolysis requires surmounting substantial barriers. Various
other theoretical treatments for unimolecular cis to trans HNNH isomeriza-
tion find inversion barriers!aC,f,h,i,k,m,q,r of 45-51 kcal/mol and rotational
barriers!2,G,h,mM of 55-84 kcal/mol. None of these calculated barriers is

consistent with experimental 4.2 kcal/mol activation energy for gas phase



Scheme I
trans-HNNH + trans-HNNH —= H-: + N2 + HoNNH AH = -15 kcal (1)
trans-HNNH + H- — H>NNH AH = -62.3 kcal (2)

cis-HNNH + HpNNH  AH = 4.7 kcal  (3)

L] /
H2NNH + trans-HNNH
~ HNN + H>NNH» AH = -4.6 kcal (4)
HNN+ trans-HNNH — Ny + HpNNH AH = -86 kcal (5)
HNN — Ny +H: AH = -24.1 kcal  (6)

decomposition of 1 found by Willis and coworkers.12 Casewit and Goddard!lt
have proposed a radical-chain decomposition mechanism for 1
(Scheme I) which finds the experimental barrier to be consistent with the
calculated energy gap of 4.7 kcal/mol between cis and trans HNNH.
However, a radical chain mechanism, for the reduction of olefins by "diimide"
in the gas phase has been ruled out.12

Correcting Casewit and Goddard's calculated N-H bond strength of
HoNN for the difference between an N-H and N-CH3 bond strength
[D(HMeN-H) - D(HMeN-CH3) = 18.5 kcal/mol)13 provides an estimate for
the N-CH3 bond energy in 1,1-dimethyl diazene 7 of 23.5 kcal/mol. Applica-
tion of this correction to the calculated N-H bond strength for trans HNNH 1

results in an estimate for the N-C bond strength in trans-1,2-dimethyl



M\e Me
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N=—N —= N=—N + Me: =— N=N
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diazene & of 52.9 kcal/mol. This estimate is in excellent agreement with the
experimental value of 52.5 kcal/moll# for the thermal decomposition of 8 in
the gas phase. Hartree-Fock (HF) calculations of Pasto and Chipman!T result
in a 40 kcal/mol N-H bond strength for HoNN 3 and a 26 kcal/mol C-N bond
strength for 1,l-dimethyldiazene 7 in good agreement with Casewit and
Goddard.!t One must be cautious in applying GVB-CI results to 1,1-diazene

thermochemical estimates as the 18.5 kcal/mol correction may not be

t ;
N=-—> -_-. <+ o - —

/ N /N N H /N N

H H H
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directly apnlicable to 1,l-dialkyl diazenes. OQualitatively, the N-H bond
energy is H2:1=r\_1 is lower than the N-H bond energy in trans HN=NH because
a cleavage in Hzf:rl:& results in the formation of a full N=N double bond
(HN=N.) without the need for charge separation. Although an N-H bond is
broken, substantial m-bonding is gained. However, in HN=NH, a full N=N

double bond already exists so only two-center three-electron bonding is

gained upon breaking an N-H bond.

Generation and Chemistry of 1,1-Diazenes

In the last several decades, the chemistry of presumed 1,1-diazene
intermediates has been extensively investigated.6 There are numerous
methods reported for generating the presumed 1,1-diazene intermediate
(Figure 3). The most versatile method is oxidation of 1,l-disubstituted
hydrazines with oxidants such as tert-butyl hypochloritel> and nickel
peroxide.l6 Other methods include the reduction of N-nitrosamines,” base
induced thermolysis of 1,1-disubstituted sulfonyl hydrazines18 and
difluoramine addition to secondary amines.l? Other attractive routes involve
the thermal or photochemical cleavage of N-amino sulfoximines.?0 The
intermediacy of 1,l-diazenes in these reactions is supported from the
resulting products of their thermal decomposition. The thermal reactions of
1,1-diazenes can be divided into three general classes: (a) fragmentations, (b)
isomerizations, and (c) bimolecular reactions (Figure #). The actual reaction
pathway is dependent upon the mode of generation, structure, degree of

substitution, and reaction conditions. In general, the fragmentation of 1,1-
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Figure 4. Reactions of 1,1-diazenes.

diazenes is in accord with a mechanism involving radical or biradical
formation with loss of nitrogen. The presence of radical stabilizing sub-
stituents may favor fragmentation. Pyrolysis of N-sulfonyl-2,5-dimethyl-

pyrrolidylhydrazinel8c at 400°C yields 1,2-dimethy! cyclo-
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butanes, propene and nitrogen. Oxidation of 1,1-dibenzyl hydrazine with
mercuric oxide at 259C yields dibenzyl and ni’crogen.zl The question of
whether symmetrical 1,1-diazenes decompose by sequential one bond or

simultaneous two bond cleavage remains unanswered.22

R: R R
\. -
NEN <-— /N=g:_: i N=N*
R R R

Concerted fragmentation of 1,l-diazenes may occur in a number of
cases. For example, treatment of cis and trans 2,3-dimethylaziridines with

difluoramine results in apparent stereospecific extrusion of nitrogen from the
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proposed 1,l-diazene intermediates.’3 Recently Duan and Dervan have

demonstrated a stereospecific 2,3-elimination pathway for 1,1-diazenes with

B -hydrogens.24

myE e — 3L

Isomerization of 1,1-diazenes consist mainly of two reaction types: (a)

rearrangement to hydrazones and (b) isomerization to 1,2-diazenes.
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Hydrazone formation is a general reaction for 1,1-diazenes with
a-hydrogens generated by several different methods.b A protic solvent is
generally necessary for hydrazone formation. Labeling studies have
demonstrated that the nitrene nitrogen ends up as the doubly bonded nitrogen
in the product hydr‘azone.25 Cyclic 1,1-diazenes have also been shown to ring

expand to isomeric hydrazones. Although this rearrangement has been the
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subject of extensive research, the mechanism remains uncertain.
Niaziridines and 1,2-diazenes have been ruled out as possible
intermediates.26 Both of these species have been shown to survive the
reaction conditions necessary to generate hydrazones. To date the reaction
is considered to proceed through the intermediacy of an azomethinimine® 9
(analogous to the enol form of a ketone). The function of the protic solvent
may be to facilitate the tautomerization of the 1,1-diazene.

Rearrangement of 1,l-diazenes to 1,2-diazenes has been shown to
occur when the product 1,2-diazene N=N functionality is incorporated into an
aromatic system.2” 1,1-Diazene precursors have also been proposed to give rise
to 1,2-diazenes as the result of a concerted 2,3-sigmatropic rearrangement of

the intermediate l,l-diazenes.28

=2

\(/EU (0) \f\:"s\)\l/ [2,3] «

\J

Nimerization of 1,1-diazenes results in the formation of 2-tetrazenes.
The formation of tetrazenes is a general reaction for 1,1—diazenes.6
However, the mechanism may vary depending on the reaction conditions and

mode of generation of the |,l-diazene. In only a few cases is the mechanism
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known.bhs® Neutralization of solutions of 1,1-dialkyl diazenium ions leads to
the formation of a colored species with the ultimate reaction product being
the corresponding 2-tetrazene.2? The tetrazene product probably results, at
least in part, from the reaction of a 1,1-dialkyl diazene with a diazenium ion

giving a protonated tetrazene which then deprotonates. Rees and coworkers30

R2F§=N_ . - R2N+=NH
Tet <=—— RpN=N ——= TetH*

Tet = R;N—N=N—NR,

isolated a tetrazane 11 from the lead tetraacetate oxidation of
N-aminophthalimide, which upon further oxidation yielded the corresponding
tetrazene 12. Direct bimolecular dimerization of kinetically persistent

1,1-diazenes to form tetrazenes has been demonstrated.3

[o]

: P
Ra2N—NH; —_— RaN=N —=—= R,N—N

‘ RaN—NH;
[o]
RIN-NSN—NR;  =——  RN—N—N—NR;
H H
12 1
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1,1-Niazenes substituted with electron withdrawing groups have been
shown to add to m-bonds and to sulfoxides,® suggesting that these additions
are electrophilic in nature. Addition of diacyl 1,l1-diazenes to olefins is
greater than 95% stereospecific even at low alkene concentrations.3! By
analogy to carbene chemistry, this has heen taken as evidence for a singlet
1,1-diazene ground state. Simple dialkyl 1,1-diazenes have not been shown to

be trapped by alkenes or sulfoxides.

Kinetically Persistent 1,1-Diazenes

Recently, direct studies of the 1,l1-diazene functional group became
available with the preparation of kinetically persistent 1,1-diazenes 4 and 5
by Hinsberg, Schultz, and Dervan.3f Additionally, the acyclic 1,1-diazene 6
was prepared by MacIntyre and Dervan.®8 All three persistent |,1-diazenes

are prepared from the corresponding 1,1-disubstituted hydrazines by oxidation
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with tert-butyl hypochlorite in low temperature solution (-78 to -1200C) in
the presence of triethylamine. The kinetic persistence of these diazenes is
due to the tetramethy! steric blockade which slows dimerization to the
corresponding tetrazenes, the absence of a hydrogens which precludes any
tautomerization/hvdrazone rearrangement chemistry and their preparation at
low temperatures, where nitrogen extrusion is prevented.

As predicted from theoretical studies, these persistent 1,l1-diazenes
are colored species, giving purple (4) and red (5 and 6) solutions. Absorption
and emission spectra are shown in Figures 5, 6, and 7. The absorptions are
n-7* transitions, which show an expected blue shift in the more polar solvent
isopropanol. The extinction coefficients are 20+ 3, The vibrational

structure in the absorption curves correspond to the N-N vibrational
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Figure 5. Absorption (—) and fluorescence (---) spectra of 4 in CFCl3 at
-780C and -1969C, respectively.



Figure 6.

Extinction Coefficient —o

Figure 7.

Extinction Coefficient —e

1 d - b -
410 440 470 500 530 560

1 I " z s s
590 620 650 680 70 740 770

Wavelength (nm)

Emission Intensity —

800

Absorption (—) and fluorescence (---) spectrum of 5 in CFCl3 at
-780C and -1969C, respectively.

\
\-
\~
‘-
\.
kN
\ 1
\ >
Y i
\ s
\.\. ;
\ £
\ €
\ w
\
\0
N\
550 %00
Absorption spectrum of 6 at -125°C in MeyO (—) and
nPrOH/Me)O (---), Fluorescence spectrum of 6 at -196°C in

Me»O/CNyCly (=eme-),



frequencies of the respective excited S| states. The average
vibrationa! spacings from these absorption curves are 1040 to 1250 cm-1,
Weak emission occurs from S with a fluorescence quantum yield of 7 x 10-3
for 5.3h The lifetime of the excited state Sy is about 20 nanoseconds with
internal conversion being the primary decay mode.8h  No other electronic
transitions (e > 50 M-1 cm-1) were detected for 5.

Infrared absorptions are observed at 1595 cm-! for the §-membered
ring diazene and at 1638 cm=! for the 5-membered ring diazene in dichloro-
methane solution.3f In order to characterize these infrared bands as the
respective N-N double bond stretches, the diazenes were prepared with a

terminal 15N label. As expected, the infrared bands were found to shift to
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Figure 8. Infrared spectra of 5 (a) Ry!4N=14N and (b) Ro14N=15N at -780C
(— and at -7890C after warming to 25°C (---).
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lower energy as calculated from Hooke's law (Figure 8). The similarity of these
infrared transitions to the 1576 cm-! Raman active N=N double bond stretch
for trans-1,2-diazenes is indicative of substantial N=N double bond

character in the 1,1-diazenes.

electronic (nm) infrared (cm™)
i 14 14 1415
)\mu‘(CH2C|2) kma,hpf'OH) N=N N=N

+ -
N=|'\!I 543 526 1595 1568
N=N: 497 487 1638 1612

Warming the purple-red 1,1-diazene solutions results in decolorization
and formation of decomposition products shown in Figures 9 and 10.
Bimolecular decomposition (k) is a low activation energy process (E5 = 6.4 *
0.9 kcal/mol, log A= 3.8% 0.7 for 4), which predominates at low
temperatures (<-309C for & and 5). At warmer temperatures the
unimolecular nitrogen extrusion pathway (ki) dominates. The Arrhenius
parameters determined for ky in ether solution are E4 = 20.0 £ 0.4 kcal/mol
and log A = 13.7 * 0.3 for diazene 4,31 B, = 19.0 £ 0.6 and log A = 12.4 * 0.4
for diazene 5,8f and Fa = 13 kcal/mol for an assumed log A = 13 for diazene

6.38
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Figure 9. 'Jnimolecular and bimolecular decompositions for 1,1-diazenes# and
5‘
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Figure 10. Unimolecular decomposition products for 1,1-diazene 6.

The direct and triplet sensitized photolyses of 1,l-diazene 5 with
visible light yield the tetrazene and hydrocarbon products in #4:1 and 9:1
ratios, respectively.8h The high yields of tetrazene from photolysis have
been shown to be the result of bimolecular reaction of the nitrene-like
excited state S1,T| with the ground state 1,1-diazene So. A spin correlation
effect has been demonstrated in the products resulting from direct and
triplet sensitized photolysis of d,2-18.8h To date attempts to locate or
directly observe Ty of a 1,l-diazene have been unsuccessful. Figure 11

summarizes the excited state parameters for 1,1-diazene 5.8h
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E(S)) =  47-50 kcal (CH,Cly)
E(T) < 31 kcal
kg = 3x10% sec”!
kic = 2x108% sec”! (-780C)
kn = knim + kn,
kn, = 3x 109 sec! (-780)
kniv = 8x 107 mol-! sec-! (-78Q)

kisc << kn, or L1104 sec-!

Figure 11. Excited state parameters for kinetically persistent 1,1-diazene 5.
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H2N> Spectroscopic Characterization

Numerous methods have been employed to generate H2N, as a
reducing agent for organic synthesis or for spectroscopic characterization
and study.? Among the more useful modes of generation for spectroscopic

study are (a) microwave (or Tesla coil) discharge of hydrazine vapor,2f (b)

(@) H,N—NH, dischoge Ha ) Np, NHg
+
M
A
(b) H2N—N< > HoN,
Tos
-+

(c) H—N; W H—N-/

+ -
NoHg , NH, N3
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pyrolysis of metal tosyl hvdrazide salts”’2 and (c) dimerization of nitrene
(H-';’-) produced from photolysis of hydrazoic acid.?C  H,N, has been
demonstrated to be extrerhely reactive with a lifetime of several minutes at
room temperature (szas phase).”?€ Thermal decomposition of HoN» occurs
rapidly near liquid nitrogen temperatures (neat).”& HoN» is also efficiently
decomposed photochemically either in condensed phase or as a vapor.2932
All of the above methods for generation of HoN, might be expected to
initially oroduce a mixture of isomers 1, 2, and 3. However, due to the high
reactivity of these species and the presence of substantial amounts of
hvdrogen bonding side products (e.s., NH3, N—;}-Tm in these modes of

generation, firm experimental characterization is available only for the trans

Table II. Snectral Characteristics HoN5 Isomers.

H H
. 23 L N
N=N =N N=N:
7 \ /
H H H H Reference
electronic (T1V/VIS)
A max (nm) 3%6 -- -- 2j
infrared (IR)
(em-1 3131 (307412 e 2¢,2f
17286 (1279)2 --
Raman
{em-1 3128 - B 2f
15%3 - sex
fon-n) 1529 - —

ATentative assignments.
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HNNH isomer 1 (Table 11).2,33 Various other ambiguous assignments have
been claimed for the other HoN» isomers under non-matrix isolation
conditions only to be later reinterpreted as hydrogen bonded complexes of 1
and side products.? Conclusive assignments have resulted from careful
matrix isolation studies, the use of heavy isotopes (D, 15N)2¢,2f 1o aid in the
assignment of vibrational transitions, and observations of thermal and photo-
chemical reactivity.

Trans HNNH 1 has been characterized as a yellow species showing a
non-structured absorption, Amax = 386 nm (neat, 770K).2j In contrast, a
structured absorption, \ 320-440 nm (g = 4 at 365 nm), is observed for a
mixture of 1 (15%) in a large excess of ammonia in the gas phase.3%

In 1964, Rosengren and Pimentel2C identified two infrared transitions
for trans HNNH at 313} cm-1 (weak, NH asymmetric stretch) and 1286 cm-!
(very strong, NNH asymmetric bend), produced from photolysis of hydrazoic
acid in a nitrogen matrix at 20 K. In addition, heavy isotopes (D, 15N) were
incorporated to verify these assignments. Tentative assignments were made
for two cis HNNH bands at 3074 cm-! (weak, NH stretch) and 1279 cm-!
(strong). In 1973, Bondybey and Nibler2f reported the infrared and Raman
spectra of isotopically labeled 1 produced from the microwave or Tesla coil
discharge of hydrazine, followed by deposition in a nitrogen matrix at 12 K.
Their infrared assignments were consistent with those of Rosengren and
Pimentel, resulting in a conclusive vibrational characterization of 1. None of
the tentative cis HNNH infrared bands were located. The characteristic N=N

double bond stretch for 1 was located in the Raman at 1529 cm-1. However,



the 15N shifted multiple for this mode was not located. Additional Raman
bands for 1 were found at 3128 cm-1 (weak, NH symmetric stretch) and 1583
cm-! (very weak, NNH symmetric bend).

Analysis of the gas phase rotational structure of the high resolution
infrared spectrum?i of 1 has provided the following geometrical parameters:
Re(NN) = 1.25 ,:, Re(NH) = 1.03 ;\), <HNN = 106.99. These parameters are
consistent with the established singlet ground state of planar geometry for
trans HNNH,2i

Trans HNNH 1 has also been characterized by photoelectron spectros-
copy,”?k vacuum UV spectroscopy,2© and by mass spectroscopy.2n Foner and
Hudson?™ have recently reported an experimental value for the heat of
formation of 1 (AHg(p98)= 50.7* 2 kcal/mol) from a combination of
ionization potential and appearance potential measurements. All of these
studies indicate that HpN» exists predominantly as the trans isomer 1.

Wiberg has reportedZH that pyrolysis of solid metal tosyl hydrazide
salts followed by trapping of the less volatile side products (NH3, NyHy,
-780C) as means of preparing clean 1 by condensation onto a cold finger at
779 K. According to Wiberg, a mixture of 1, 2, and possibly 3, is obtained
from pyrolysis of metal tosyl hydrazides (M = Li, Na, K, Rb) followed by
condensation of the products. When M = Cs, however, Wiberg reportszj that
an isomer "isodiazene" (3) is obtained. This "isomer" is reported to be 13
kcal/mol higher in energy than 1 by appearance potential measurement in the
gas phase. In addition, this "isomer" is reported to be a colorless species,

Amax = 260 nm (779K). A vellow addition product (A 5y = 398 nm) forms
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HZN—N\ —_— oN, " isomer
Tos
Amax = 260 nm

quickly with ammonia (779K). The same yellow addition product is formed
slowly with 1 at 1109K. No further characterization for this "isomer" has
been reported. Wiberg's assignment for "isodiazene" seems suspect and not in
accord with ab initio (GVB-CI) calculations!t for the H2N» energy surface
which predict 1,1-diazene 3 to be 29 kcal/mol higher in energy than 1. The
UV transition (Apax = 260 nm) observed by Wiberg, is also inconsistent with
the theoretical (GVB-CI) predictionln of an n-m* transition for 3 near
560 nm in the visible region and the observed n-m* (Aqax = 500-540 nm) for
kinetically persistent 1,1-dialkyl diazenes.8 The parent 2-tetrazene 25 HyNy,
which would be expected to result from dimerization of 1,1-diazene 3 has

been reported as a meta-stable species (Apax = 263 nm).35

H7N2 Chemistry

The gas phase thermal and photochemical decompositions of HNNH 1
in the presence and absence of unsaturated compounds (e.g., alkenes, dienes)
have been studied by Willis glil:Ze,h,32,34,36 Thermal and photochemical

decompositions of neat and matrix isolated 1 have been noted by others.2
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The result of gas phase kinetic studies of the thermal decomposition of 1
(generated by microwave decomposition of hydrazine) as a dilute gas mixture
(approximately 10-15% HoN» in excess ammonia) with alkenes has been
interpreted in terms of the following complex reaction (Scheme 11).34,36 The
thermal decomposition of 1 (monitored spectrophotometrically), for the most
part, follows first order decay kinetics, excluding a fast initial non-
exponential decay which is presumably due to self heating and surface
effects. The rate determining step is assumed to be the unimolecular
isomerization of trans 1 to cis 2 (eq. 1), although theory predicts the barrier
for this unimolecular transformation to be quite high.! Cis 2 is then assumed

to be the species responsible for further reduction by the accepted concerted

Scheme I
trans-HpNy —= cis-HoN> (slow, rate controlling) (n
N N __» NoHy + Np (2a)
Cis-RH2N72 + trans-H2Np
T N + Hy + trans-HoN> (2b)
cis-HoN> + olefin —= N5 + product (3)
cis-HypN> + olefin —= adduct (4)
adduct + trans-HpNy —= Ny + NoHy + olefin (5)
adduct + olefin — product + olefin + N» (6)

adduct — olefin + trans-HoN» (7)
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Woodward-Hoffman allowed cyclic transition state to give hydrazine
(disproportionation) (eq. 2a) or reduction of added alkene (eq. 3). Pasto and
Chipmanlt have calculated (4-31G) AHT for this concertedreaction(eq. 3) to
be 26.7 kcal/mol. In addition, Pastols calculates (4-31QG)
AHF for the disproportionation step (eq. 2a) to be 23.8 kcal/mol. Thus, both
the unimolecular isomerization of 1 to 2 and reduction of alkenes by 2 are
predicted by theory to have rather substantial barriers which are apparently
not found experimentally. However, the measured first order decay of 1 is
observed to be faster in the presence of added hydrazine or water and is
dependent upon the structure of added alkene.3%)36 The self reactions of
HoN, (disproportionation) are some 4-8 times faster than alkene addition
(reduction) at 100°C in the gas phase. The first order decay of 1 as a
function of temperature in the presence of added 1,3-butadiene gives
Arrhenius activation parameters (log A = 0.255, E5 = 5.70 kcal/mol)36 which
are different from the activation parameters for the decay of 1 in the
absence of added alkene (log A = 0.477, E4 = 4.20 kcal/mol).3%:36 In addition,
the measured first order decay shows a deuterium kinetic isotope effect.
Thermal decomposition of D7N2 1-dy in the absence of alkene gives
Arrhenius activation parameters log A = 0.301 and E5 = 4.40 kcal/mol.34,38
The gas phase thermal decomposition of 1 is not affected by added O and no
conclusive evidence for a radical chain mechanism for the thermal decom-
position of 1 has been noted. The stereospecificity (syn reduction) of alkenes
by N2D» was not demonstrated in this work.34,36

Willis2€,34,36 finds only Hp, N9, and hydrazine as thermal products of
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1 with no evidence for formation of ammonia or ammonium azide.
Wibergzﬁyw reports that in addition to H, N5, and hydrazine, ammonia and
ammonium azide are also produced from thermal decomposition of neat 1
prepared from the pyrolysis of metal tosyl hydrazides. Wiberg has also noted

a very rapid reaction of 1 with O9 yielding HOOH and N7_.7-g

\ A

N=N,_  —B > H, + N, + NyH, + NHg+ NHzN,

N [HoN—N=N—NH, |

25

The photochemical decomposition of 1 in the presence and absence of
added alkenes has also been reported by Willis,3?2 Photochemically, 1 yields
Hy and N2 as products (>97%). The quantum yield for loss of 1 in the gas
phase ranges from 13-20. Apparent quantum vields for alkene reduction are
approximately 7. The presence of O suppresses alkene reduction supporting
the interpretation of a radical chain mechanism for the photochemical
decomposition of 1 and resulting alkene reduction. The parent diazenyl
radical (+N»H) is implicated as a chain carrier. The rate constant for
homolysis of diazeny! radical is estimated to be 3 x 103 sec-! at room
temperature. Assuming a pre-exponential factor of 1013, the activation
barrier for diazenyl radical homolysis is estimated to be approximately 13

kcal/mol. The lifetime of the n-T* excitedstate of 1 isestimatedtobe5 x
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10-12 sec. No evidence for photochemical trans 1 to cis 2 isomerization has
been reported.”;32 No evidence for collisional deactivation of the excited
state of 1 is noted and dissociation of the excited state of 1 to -N2H + H- or
N2 + 2H- is concluded to have a quantum yield near unity, although
dissociation directly to N + Hy cannot be excluded.32 Primary photo-
dissociation of 1 may occurs from high vibrational levels of the ground state

reached by rapid internal conversion or intersystem crossing from the excited

state,32
Nsz* —=  NpH + H- AH = 71.5 kcal/mol
Nsz* —= Ny +2H- AH = 47 kcal/mol
NZHZ* —= Ny +Hy AH = -57 kcal/mol

¥ Vibrationally hot HoN»

Experimental Strategy

From the direct studies of kinetically persistent 1,1-dialky!l diazenes®
several factors are apparent concerning the generation and direct spectros-
copic characterization of the parent 1,1-diazene HoNN and its simple alkyl
derivatives (e.g., R = CH3, CoHg, etc.). Due to the lack of a steric
blockade to dimerization, HpNN 3 and its simple dialkyl derivatives are
likely to dimerize to their corresponding 2-tetrazenes at near diffusion
controlled rates. Although 3 and its simple dialkyl derivatives should be more

stable to unimolecular nitrogen extrusion than the tertiary substituted
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persistent 1,1-diazenes, the use of very low temperatures may be necessary to
prevent other possible decomposition pathways (e.g., tautomerization,
isomerization). Direct spectroscopic characterization is likely to
require the use of low temperature matrix isolation techniques.

The generation of highly reactive species (carbenes, nitrenes, radicals,
etc.) isolated in a non-reactive material (noble gases, organic glasses,
polymers, etc.) has been a successful method for the spectroscopic
characterization (1JV-VIS, IR, Raman, ESR) of reactive intermediates.? Low
temperature matrix isolation in a solid inert gas matrix is generally the
method of choice for preventing diffusion and resulting intermolecular
chemistry of reactive species. As a result of the low temperatures (10-309K)
necessary to prepare a rigid inert gas matrix (Ar, Kr, Xe, N7) the activation
energy for thermal reactions is not available to the isolated species. The
spectroscopic transparency of these inert host gases facilitates extensive
characterization of reactive intermediates using routine spectroscopic
probes.

Among the techniques commonly used for the géneration and matrix
isolation of reactive intermediates are (a) photolysis of a matrix isolated
photochemical precursor, (b) pyrolysis or microwave discharge decomposition
of a thermal precursor in the gas phase followed by co-deposition with matrix
host gas, and (c) gas phase chemical reaction (crossed beam) of two volatile
species followed by co-deposition with host matrix gas onto a cold spectros-
copic window. Photolysis of a suitable matrix isolated photochemical

precursor is probablv the most widely utilized technique. A common feature
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of the photochemical routes is the loss of a small stable molecule (e.g., N2,
CO, COy) which can diffuse away and become a part of the matrix, leaving a
reactive nitrene, carbene, radical or highly strained molecule as an isolated
species. The chemically inert noble gases (Ar, Kr, Xe) are considered to form
rigid matrices at temperatures below 30% of their melting points. (Tm). In
the temperature regime of 100 to 250K, even small molecules (two to three
atoms) can be effectively trapped in an argon matrix.

Prior to this work no general method for the photochemical generation

of 1,1-diazenes had been reported. However, a number of potential photo-

chemical precursors to 3 and its simple dialkyl derivatives suitable for matrix
isolation studies were given consideration. These are briefly described below.

Photoextrusion of nitrogen from an aminoazide might provide a
general means of generating 1,l-diazenes in a low temperature matrix.

However, the only successful synthesis of an aminoazide reported is the

RzN_N3 e RzN_N Nz

preparation of dimethylaminoazide.39 Dimethylaminoazide has been found to
be very unstable thermally.

Oxidation of 1,1-dialkyl hydrazines with nitroso benzene yields (Z)-3,3-
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dimethyl-1-phenyltriazene-1-oxide adducts.#0 1-Phenyl-2-phthalimido-diazene-
l-oxide has been shown to photochemically cleave in solution to
products consistent with initial formation of N-phthalimidonitrene
(phthalimido-1,1-diazene) and nitroso benzene.#0 The N-phthalimido nitrene
so generated has been trapped as an adduct with olefins, dimethylsulfoxide
and as its dimer the 2-tetrazene. Ultraviolet photolysis of a matrix isolated
(Z2)-3,3-dimethyl-1-phenyltriazene-1-oxide 16 (yeilow, Amax= 326 nm, ¢=
8700, A= 227 nm, ¢=8200) might be expected to produce a l,l-dialky!
diazene (purple, Amax = 500-600 nm, ¢=20) and nitroso benzene (blue,
Amax = 780 nm, ¢ = 45). With the use of appropriate visible light filters to
prevent the anticipated photochemical decomposition of the colored
products, the extinction coefficient of a 1,1-dialkyl diazene product could be
determined by comparison with the visible absorption of the nitroso benzene

co-product.

*l
"o
b= o
<

RoN—N= —> R,N—N  PhNO

T4

Ph
purple blue

R = CH3 16
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Thermolysis of some N-amino aziridines yields products consistent
with the formation of an olefin and 1,1-diazene.#l Vacuum-UV irradiation
(124 nm, 147 nm) of the parent aziridine, ethylenimine, in the gas phase
produces ethylene and nitrene with a quantum yield of 0.2 to 0.3.47 The
reverse thermal reaction has been demonstrated in an argon matrix.43

Aromatic substituents on the aziridine ring might provide a chromophore

h
ReN—N —>  R,N—N ||\
Ph Ph

suitable for effecting this transformation with ultraviolet light. In order to
generate a |,]-diazene by this method, the rate of nitrene like S| relaxation
to the ground state Sgp (1,1-diazene) via fluorescence or internal conversion
must exceed the rate of S; addition to the olefinic fragment produced.
Results from this laboratory with N-(2,2,5,5-tetramethylpyrolidyl) nitrene 5
in solution have shown that addition to activated olefins is not a significant
pathway upon direct irradiation of l,l-diazenes.gg

In solution, photolysis of carbamoy! azides yields products consistent
with the intermediacy of aminoisocyanates,*4 which readily dimerize or are

trapped with alcohols.#5 The resulting dimers of aminoisocyanates can be
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photolyzed in alcohol solution to products consistent with the intermediacy of
the aminoisocyanate monomer.*6  The photo-Curtius rearrangement of
carbamoyl azides has been shown to be sufficiently facile to occur under
matrix isolation conditions at low temperatures (69K, neon).*7 The
intermediacy of aminoisocyanates is supported by matrix isolation infrared
spectroscopy with a characteristic infrared absorption at 2230 cm-!

attributed to the aminoisocyanate.#” Ultraviolet (UV) photolysis of a matrix

0
hv
(CH3)2 NJLNg —— (CH;)z N-N=C=0

13 I.LR. 2230 cm™'
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isolated aminoisocyanate, produced by the photo-Curtius rearrangement of a
carbamoy! azide, might be expected to produce an aminonitrene (1,1-diazene)
and carbon monoxide (CO) just as photolysis of aryl and alkyl isocyanates

produces nitrenes and carbon monoxide,63,48

0 ?
JL hv

h
RoN” Ny —> R,N-N=C=0 —=> R,N—N CO

H2NN and its simple dialkyl derivatives are expected to be colored
species with n-y* transitions in the visible region. Photochemical
generation of 1,1-diazenes in a rigid matrix is likely to require the use of
visible light filters to prevent subsequent photochemical decom-
position of the 1,l1-diazene product. The generation of H>NN and simple
dialky!l derivatives by the photo-Curtius rearrangement/photodecarbonylation

of carbamoyl! azides is described.
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RESULTS AND DISCUSSION

CHAPTER 1

Low Temperature Matrix Isolation

and Characterization of HoNN



41-

Synthesis of Carbomoy! Azides (15)
Carbomoy! azide 15 was prepared by treatment of semi-
carbazide hydrochloride with sodium nitrite.,#9 The resulting stable

crystalline solid was purified by recrystallization and sublimation. Deuterated

0 0
NaNO. =
HZNJKNHNHZ- HO  — HzN)kN=N —
15
0O O
- 0 + —
15 15—d2

15 (15-d) was prepared by exhaustive H,D exchange in excess

N50.

Electronic Absorption Spectrum of H2NN 3 and DoNN 3-dj

For electronic absorption spectroscopy of H»>NN 3, a solution of
carbomoy! azide 15 in dry, degassed 2-methyltetrahydrofuran (2-MTHF) was
loaded into a 1.0 cm path length low temperature spectroscopic cell’0
attached to the low temperature matrix isolation apparatus. The solution
was loaded under a positive pressure of argon through Teflon tubing with
syringe suction. Cooling the solution to 809K results in the formation of a

rigid optically transparent glass. Irradiation of 15 in a 2-MTHF glass at 800K



=42~

with ultraviolet (UV) light from a 1000 watt xenon lamp’! through two Corning
filters CS-7-54 (UV transmitting, visible (VIS) A= 400-680 nm cut-out
filters ) results in the loss of the UV transition due to 15 and formation of a
blue-violet glass. Electronic absorption spectroscopy of this blue violet glass

(R00K) reveals a structured absorbance curve (Figure 12) in the visible Aqax =

ABSORBANCE ——»

0.0 | 1 1 1
500 600 700

WAVELENGTH (nm)

Figure 12. Electronic absorption spectrum of HoNN 3 in 2-MTHF glass 800K
(—) and 1:1 2-MTHF/nPrCN glass 80K (---),
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636 nm. The spectrum reveals fairly well resolved bands at
695, K36, 587, 545, and 509 nm. The maximum absorption at 636 nm
(45 kcal/mol) corresponds to the vertical transition for HPpNN 3, This is close
to the n-m* electronic transition of 560 nm (50.7 kcal/mol) calculated by
Navis and Goddard!n for HpNN 3, The first absorbance band at 695 nm (41
kcal/mol) is tentatively assigned to the adiabatic transition
A 0,0.522  This structured transition (A nax = 636 nm) is comparable to the
structured transitions (Appax = 497 to 543 nm) observed® for kinetically
persistent 1,1-diazenes 4, 5, and 6. The average vibrational spacing between
absorbance maxima in Figure 12 of 1315 cm-! corresponds to the average
vibrational spacing of the N-N stretch in the excited S| state of 3. The
prominence of the N-N stretching mode is indicative of a substantial change
in the Re (N-N) on excitation from Sp to S;. Using the ratio of force
constants predicted by Davis and Goddard!N for the N-N stretches of Sg and
S1 of HoNN 3, y(N-N) in S should be 1357 cm-1.52b  The smaller
experimental average vibrational spacing of 1315 cm-! possibly suggests that
pyramidalization may be more important than ?2-center three electron
bonding in stabilizing S1 of 3. However, the separation of the first two
absorbance maxima in the spectrum of 3 at 695 and 636 nm corresponds to a
vibrational frequency for W(NN) of Sy of 1335 cm-1 closer to the calculated
stretching frequency. For comparison, the average vibrational spacing
observed for kinetically persistent 1,1-diazenes &, 5, and 6 are 1040 to 1250
cm-1.8

The position of an n-m* transition involving non-bonding electrons is
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Table IlI. Comparison 1,1-Niazene Electronic Transitions.

S 20,0 vV E(Sp-Sp) (max)
1,1-Niazene (nm% (nm) (em-1) (kcal/mol)
H
\+ -
/N:y: a 636 695 1315 45.1
H
(Theory, GVR-CINC 560 - 13574 50.7
L -
( N=N: b 543 610 1040 52.7
’ =
qu-y_: b 506 620 1200 56.6
497 572 1238 57.6

Z,
n
3% [ ]

|

82-MTHF glass, 800K, '_3'\’(e20 solution. Refs. 8f,g. CRef, In. dRef. 52b.
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sensitive to solvent polarity and hydrogen bonding effects.”3 Using a more
polar glass forming solvent would be expected to shift the structured
absorbance curve of 3 to higher energy. Irradiation of 15 in a rigid optically
transparent glass consisting of a 1:1 mixture of 2-MTHF and n-butyronitrile
(nPrCN) shifts the structured absorbance curve to higher energy affording
Amax = 624 nm and X 0,0= 681 nm (Figure 12). This blue shift of
A 0,0 14 nm to higher energy suggests that thermally equilibrated ground and
excited states must be differentially solvated, consistent with differing
degrees of electron delocalization of Sp and Sy. For comparison, the
n- T transition of persistent 1,1-diazene 5 shifts from
A 0,0 = 565 nm in MepO to A0,0 =552 nm in isopropy! alcohol solution.3¢
Irradiation of 15-dp in a 2-MTHF glass at 800K affords a structured
absorbance curve for D>NN 3-dy similar to that obtained for 3 (Figure 13).
The average vibrational spacing for 3-dy of 1305 cm-1 is slightly smaller

than the average vibrational spacing observed for 3.

Table IV. 1,1-Niazene 3 Electronic Transitions.

Amax 20,0 E (0,0)
1,1-Diazene Solventd (nm) (nm) (kcal/mol) (Sy)
3 2-MTHF 636 695 41.2 1315
3 2-MTHF/nPrCN 624 681 42.0 1315
3-dy 2-MTHF 636 695 41.2 1305

a’NoK, glass.
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Figure 13. Flectronic spectrum of NyNN 3-dy (2-MTHF, R00K),

Thermal Necomposition of HpNN

Warming the ?-YITHF glass of 3 from 800K to the point at which the
2-MTHF glass softens (v900K) results in loss of the structured absorbance
curve and the blue-violet color due to 3. As the structured absorbance due to
3 diminishes, three new absorhbances are ohserved to grow in at
Apax = 250 nmM, Apax = 3% nm, and Amax %80 nm (Figure 14). The
softened glass appears yellow-orange. The very intense band at 260 nm

apnears to have a verv large extinction coefficient as it very rapidly exceeds



the measurable range. By spectral comparison the 260 nm transition is assigned
to the known35 X ax = 263 nm transition for the parent trans-2-tetrazene 25
the expected dimerization product of HoNN 3. The extinction coefficient for
the A max = 263 nm transition of this unstable species is unknown. For
comparison tetramethyl-2-tetrazene 19 has a rather large extinction
coefficient A max = 280, € = 14,000.58 The A max = 386 nm transition is
assigned by spectral comparison to the known2] A iy = 3%6 nm transition
for trans HNNH 1. The identity of the A a4 = %80 nm transition is un-
certain at this point. Warming the softened glass further to 95-100°K
results in loss of the A 3¢ 386 and A mpax 480 nm transitions. Warming the
now colorless solution to approximately 2200K results in  vigorous gas
evolution and formation of ammonium azide as an insoluble white precipitate.
The parent tetrazene 25 has been shown to decompose to give hydrazine,
ammonia, and ammonium azide as products.:"5 These products together with
N9, Hy, and CO are obtained overall from photolysis of 15 to form 3 followed
by thermolysis as described. Full product analysis from thermal
decomposition of 3 will be reported in a later section. Similar thermal
behavior is found for 3-dp. Other glass forming solvents gave similar

results in the same temperature regimes (see Experimental).

Photochemical Decomposition of HoNN
1,1-NDiazenes have been reported to photodecompose when irradiated
at their n-m* transition in the visible,38 Irradiation of a blue-violet glass of

3 in 2-MTHF at 809K with visible light (VIS) using Corning CS-1-75 and
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Figure 14, 2-MTHF glass of 3 warmed to 909K, Spectra taken at 10 min

intervals.
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two CS-3-70 filters (A >500 nm) results in loss of the blue-violet color and
the structured absorbance curve of 3, together with growth cf the
Amax = 386 nm transition due to 1. Likewise, irradiation of the Amax =
3% nm and Amax = 480 nm transitions obtained from thermolysis of 3 in
softened 2-MTHF at 900K, after recooling to 800K with visible light from
Corning filter CS-1-75 (A >340 nm) results in the loss of these two

transitions and the associated yellow-orange color. The major products from

ABSORBANCE —==

1 1 1 |
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Figure 15.  Absorption curve after warming 2-MTHF glass of 3 to 909K for 2
h and recooling to 809K showing Apax = 386 and Ampay =
480 nm transitions.
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photo-decomposition of 3 in a 2-MTHF glass at 809K are H9 and N».
Similarly photolysis of the Ay .y = 386 and 480 nm transitions affords H» and
N2 products. Full product analysis for photochemical and thermal
decomposition of 3 will be reported in a later section.

One possible assignment for the Ay .y = 480 nm transition may be the as
vet uncharacterized cis HNNH isomer 2. In general cis 1,2-diazenes are
found to have longer wavelength, lower energy n-m* transitions than their
trans 1,2-diazene isomers due to destabilizing lone pair-lone pair
interactions.” Calculations (GTO-CI) of the electronic states of 1 and 2
suggest an energy difference of 0.56 eV (12.8 kcal/mol) for the n-
m* transitions with the cis 2 n-m* atlowerenergy.57Thisenergydifference

would place the n-m* transition for 2 at 467 nm relative to 386 nm for trans

H,C hy H,C CH,
3 \N‘—'N\ _é \N=N,
CH,
8t 8c
Amax (nm) 352 368
AE (kcal/mol) 81.4 77.8
£ 25 250

1. The molar extinction coefficient (€) for a cis 1,2-diazene is typically an
order of magnitude greater than in the trans isomer. Irradiation of 1,2-
diazene n-T* transitions results in photointerconversion of cis and trans with

quantum vyields of 0.3 to 0.5. Higher pressures and longer wavelengths
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generally decrease competitive decomposition pathways and increase
isomerization yields. Direct irradiation of either isomer is considered to
produce a common singlet excited state (S1) which populates vibrationally
excited cis and trans ground states (SO:F) with nearly equal probabilities.”
The hot ground states may then decompose or are deactivated by collision.
Consistent with this interpretation, the use of shorter
wavelength excitation would produce hot ground states with greater excess
vibrational energy which would be expected to result in greater
decomposition yields. This has been observed previously in some cases.”
Attempts to verify the assignment of the Ampax = 480 nm transition
to 2 by photointerconverison of the Ampax = 386 nm transition of 1 and the
Amax = 480 nm transition are shown in Figure 16. The solid curve is that
obtained after thermally decomposing 3 in softened 2-MTHF at 90°K
followed by recooling to 809K where 2-MTHF is again rigid (Figure L5).
Irradiation of the Apax = 480 nm transition with monochromatic light
(470 * 10 nm) for 3 h or broad-band irradiation (A >470 nm) for 1 h
results in decrease of the A ax = 480 nm transition and slight growth of the
Amax = 386 nm transition of 1. Photolysis of the Amax = 386 nm transition
with monochromatic light (380* 10 nm) results in loss of the
Amax = 386 nm transition and a very modest growth in the
Amax = 480 nm transition. Reversal of the order of photolysis results in
similar behavior although the effect is less pronounced. No previous
attempts at photoisomerization of 1 and 2 have been reported.2 However,

Craig has reported successful photoisomerization of neat HNNCH3 in a low
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Figure 16. fa) Complete thermal decomposition of 3 at 900K (2-MTHF)
recooled to %0°K ( ). (b) Photolysis (470 nm) 1 h, 80°K.
(--2), (c) Photolysis (380 % 10 nm) 2 h, 800K (-e..-),
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temperature (779K) polycrystalline matrix monitored by IR.68 The very slight
growth in the Amax = 386 nm transition of 1 upon photolysis of the
Amax = #80 nm transition is consistent with photochemical conversion of cis 2
with a large molar extinction coefficient to trans 1 with a small molar
extinction coefficient. Assuming € for cis 2 is ten times € trans 1,
the conversion of cis 2 to 1 1is nearly quantitative. However,
photolysis of the Ampayx = 386 nm transition of 1 gives only a very slight
increase in the A 3x = 480 nm transition amounting to only a few percent
conversion of 1 to 2 with the assumed extinction coefficient ratio. Hence,
these experiments must be regraded as very tentative and inconclusive.
These observations may be consistent with vibrationally excited ground state
cis 2 efficiently decomposing or alternatively may suggest a barrier for the
excited state (Sy) collapsing to cis 2 which results in very inefficient cis
production and greater decomposition yield from photolysis of 1. Using the
assumed extinction coefficient ratio, the initital ratio of 1 to 2 from
thermolysis of 3 at 909K is approximately 30:1 in favor of 1. If this is
representative of an equilibrium mixture, a free energy difference of 0.51
kcal/mol in favor of 1 is indicated. This is compared with a calculated
difference of 4.7 kcal/mol in the heats of formation of 1 and 2.1t All
attempts to corroborate this tentative photochemical interconversion of 1
and 2 by Raman and Resonance Raman spectroscopy in a 2-MTHF glass at 77
K in the N=N double bond stretch region 1400-1700 cm-1 were unsuccessful.
Any further attempts must overcome experimental difficulties such as

efficient sample photolysis with laser excitation and excessive Rayleigh



scattering due to the sampling method. Since 1 has been characterized by
Raman (v N=N for 1 is 1529 cm-1, N5, 100K) its assignment should be
facilitated. The N=N stretch for 2 would be expected to lie at lower

frequency as observed for cis and trans 1,2-dimethy! diazene.89

Emission Spectroscopy

For emission studies, concentrated ¢0.1-0.5 M) samples of 3 were
prepared by prolonged UV (VIS filtered) photolysis (14-24 h) of a 2-MTHF
glass of 15 in a 5 mm ODN quartz tube immersed in a liquid nitrogen cooled (77
K) Suprasil finger dewar. Irradiation of the intense blue-violet glass of 3 at
its n-m* transition A\ oy = 636 nm) with either monochromatic light (at
various intense Hg emission lines, A = 436, 546, 579 nm) or broad-band
(x = 480-650 nm) from a 250 watt mercury-xenon source gave no detectable
emission from 3 at wavelengths 600 to 1100 nm. From the excited state
studies®2 of kinetically persistent 1,1-diazene 5 it was determined that the
short lifetime (73 nanoseconds) of the n-m* excited state Sy was controlled
by very fast internal conversion (kjc=10% sec-! for 5) to ground state Sn.
1,1-Niazenes %2 and 68 were found to exhibit structureless fluorescence
spectra (in contrast to a structured emission for 5) consistent with efficient
vibronic coupling in the pyramidal S; state for & and 6. In the absence of
vibrationally  induced surface crossings and a low lying
T ,m* triplet state, the rate of internal conversion should be determined by
Franck-Condon overlap and therefore should be proportional to

AR (state 1-state 2).9%,55 In 1,1-diazene 5 AE (S)-Sq) is 50 kcal/mol and
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kic is +108 sec-1.88 The quantum yield for fluorescence (¢g) for 5
is 1x 10-3. In 1,l-diazene 6 AE (S|-Sp) is 47 kcal/mol, kiC >
109 sec-l and ¢ is reduced to 1 x 10-%.88 Energy gap considerations
alone may account for the increased kiC in 6, which results in a diminished
fluorescent lifetime (TF < 10-8 sec) and reduced ¢p. For comparison, in
azulene AE (S;-Sg) is 42 kcal/mol and kic is greater than 1012 sec-1.56
A rough  estimate  based upon energy gap considerations alone
affords kjc > 1012 sec-l for HoNN 3 where AE (S|-Sp) is %1.5kcal/mol.
Alternatively, the less rigid geometries of 4 and 6 may increase the
contribution of vibronic coupling which could increase kjc. The presence of
high energy N-H stretches (2865, 2808 cm-!) (see later section on infrared
characterization) in 3 may result in efficient vibronic coupling and a
reduced of. Substitution of D for H in 3-d2 could decrease vibronic
coupling and slow kjc resulting in an increased ¢p for 3-dp and
measurable fluorescence. This effect has been demonstrated in
the isoelectronic molecule formaldehyde (H,CO).’7 In HpCO substitution
of D for H results in an increase in ¢ by a factor of ¥20 in going from
H,CO to D,CO. However, no emission was detected for 3-dy again
indicative of a very low ¢F in 3. Assuming KiC >1012sec-1for 3and
kg v 10° sec-1, as found experimentally for 1,1- diazene 5, affords a rough

estimate of ®p < 10-7 in 3. This is consistent with no detectable emission

for 3.
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Matrix Isolation Infrared Spectroscopy of HpNN 3

For infrared studies of 3, freshly sublimed carbomoyl azide 15 was
cryo-pumped from a -200C ice/salt bath and co-deposited with ultra high
purity (TJHP) argon onto a cesium iodide (Csl) inner window of the matrix
isolation apparatus held at 200K (see Experimental Section for details). The
resulting argon matrix of 15 was slowly lowered to 100K and its infrared
spectrum recorded. Figure 17 shows the Fourier transform infrared (FT-IR)
spectrum of 15 isolated in an argon matrix (~1:2000, Ar)9 at 109K. Table V
lists the major FT-IR bands for 15 in Figure 17 and their assignments.
Impurity peaks due to co-condensed atmospheric HoO and CO» are noted.
The stronger infrared bands are found to exhibit "extra" low intensity
multiple bands possibly due to some site splitting, complexes with
atmospheric impurities or the presence of multiple conformers. In general
these "extra" bands were found to be of no consequence. Matrix ratios were
adjusted to prevent the formation of hydrogen bonded "dimer" bands which
are characteristically evident as lower energy multiple N-H stretch bands in
the region 3400 to 3200 cm-1, Achieving only two sharp N-H stretches at
3453.75 and 3572.60 cm-! was indicative of a successful matrix for the
desired photochemistry. Photolysis (2 h) of 15 matrix isolated in argon with
1V light from two Corning CS-7-5¢4 (UV  transmitting, VIS
% = 400-680 nm cut-out) filters results in the loss of all bands due to 15 and
formation of new product bands.fQ Using FT-IR subtraction programs61 the
FT-IR spectrum of 15 is subtracted from the FT-IR spectrum after UV

photolysis of 15. The resulting spectrum clearly shows the positive infrared
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Table V. FT-IR Bands for 15 in an Argon Matrix (1:2000, 109K) Threshold =

0.05 A,

Peak Location (cm-1) Intensity (A) Assignment
3776.05 0.05 H»0,V OH
3756.79 0.14 H»>0O,V OH
3711.21 0.08 H,0,V OH
3572.59 0.89 VvV N-H
3569.70 0.12
3453.75 0.81 VvV N-H
3451.10 0.15
3376.37 N.06 V NH (dimer)
2448 .50 0.16 overtone
2345.09 0.11 CO9, ¥V CO
2339.06 0.04 CO9,V CO
2175.38 0.06
2164.53 1.44 V N3 (asym)
?7160.91 0.66
2157 .54 0.723
2152.96 0.07
2135.36 0.08%

2092.21 0.07 overtone
1791.84 0.09 overtone
1764 .60 0.15

1761.95 0.28

1757 .37 0.91 v CO
1754 .48 0.63

1746.76 0.30

1738.81 0.26

1733.50 0.15

1706.26 0.06

1623.5% 0.15 H,0, § O-H



Table V. Continued

Peak Location (cm-1 Intensity (A) Assignment
1607 .91 0.15 H70, 8 O-H
1607.36 0.14
1586.21 0.20
1583.80 0.10
1578.98 0.92 § -NH,
1576.09 0.35
1385.65 0.06
1382.99 0.06
1370.22 0.08
1339.36 0.09
1335.02 0.06
1323.21 1.08
1320.80 1.22 vV NCO (sym)
1315.25 1.09
1302.96 1.04
1250.%9 0.56
1248 .24 0.58
1243,18 0.06
1230.88 .97 V N3 (sym)
1227 .26 0.15
1221.72 N.16
1197.13 0.26
1098.05 0.30 o NH»
881.34 0.10 V C-N3
R78.93 n.10
866.39 0.10
763.94 n.31
761.04 0.07 S N3
737.18 0.32 N3
695.47 n.73 NCN

642.20 0.60 NCN
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absorption bands due to products from photolysis of 15 together with
atmospheric impurities H90 and CO (Figure 18). These bands are divided
into four groups and are a.ssigned based on their photochemical and thermal
behavior together with isotopic shifts. These assignments are summarized in
Table VI,

The first group of bands at 3277.53, 29%9.46, 2259.03, 2212.02,
2207.6%, 1071.15, 952.69, 868.08, 864.70 cm-l grow in quickly with UV
photolysis of 15 and decrease with prolonged UV irradiation. These are
assigned to the photochemical intermediate aminoisocyanate
(labeled M in Table VI) expected to result from the photo-Curtius
rearrangement of 15. The most intense band at 2212.02 cm-! is very likely
the characteristic N=C=0 asymmetric stretch for aminoisocyanate.

A second group of product bands at 2865.55, 2807.20, 2140.90, 1863.20,
1574.16, and 1003.07 cm-1 also grow in with prolonged UV (VIS filtered)
photolysis of 15 and are efficiently photolyzed away with visible irradiation
at 100K using  Corning CS-1-75 and two (CS-3-70 filters
>500 nm). Recall that this filter combination resulted in decolorization of
the blue-violet 2-MTHF glass of 3 and its structured n-
7 * absorption curve. Subtraction of the spectrum resulting from visible light
(VIS) photolysis (A > 500 nm) from the spectrum before VIS photolysis results
in positive absorption bands assigned to H2NN 3 (labeled (M) in Table
Vi (Figure 19). The bands assigned to aminoisocyanate are not affected by
VIS photolysis of 3. The band at 2140.90 is assigned to carbon monoxide (CO)

resulting from photolysis of the intermediate aminoisocyanate. Curiously,
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this CO band at 2140.90 cm-! shows the same photochemical behavior as the
group of bands assigned to H9NN 3, This will be addressed more fully in a
later section.

Two other groups of bands resulting form UV photolysis of 15 are
observed to increase with the VIS photolysis of 3. One group of bands at
2139.94, 2137.22, and 2137.53 are also assigned to CO. The unique behavior
of these CO bands suggest that they may be somehow related to the products
from VIS photolvsis of 3. This will be addressed in a later section. A final
set of bands at 2865.55, 2800.22, 1741.70, 1498.71, 1227.03, and 1168.45 cm-!
also increase in intensity with UV photolysis of 15. Surprisingly, these bands
also increase with VIS photolysis of HoNN 3, Based on their photochemical
behavior, their isotopic shifts and spectral comparison, these bands are

assigned to formaldehyde (H,CO) (labeled F) in Table VI) an unexpected
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photolysis product. This will be addressed more fully in a
later section. For comparison, literatureb? values for the infrared spectral
assignment of H2CO (1:800) in an argon matrix at 109K are 2863, 2797, 1742,
1498, 1245, and 1168 (+1) cm-1. All bands except the 1227.03 cm-1 (1245
cm-1) band are within experimental error. This band, assigned to the
§ CH2 rocking mode of H2CO, has been observed to shift to higher
frequency in a hydrogen bonding environment. For example, forming the
dimer of formaldehyde (H,CO), matrix isolated in argon shifts this mode
from 1245 to 1251 cm-1.625 This mode is found at 1239 cm-! for H,CO
monomer in a nitrogen matrix.52b

Of the infrared bands assigned to 3 (Figure 19) the band at 1574.16 cm-1
is in the region where one would expect to find the characteristic N=N double
bond stretch of H9NN. For the kinetically persistent 1,l-diazenes &
and 5 in CH»Cly solution, this characteristic N=N stretch is found 1595 and
1638 cm-1, respectively.3¢ In order to assign these bands as the N=N double
bond stretch, the terminal 15N labeled 1,1-diazenes were prepared.
Incorporation of the 15N label results in the predicted Hooke's law shift of
the 14N=15N stretch to lower energy. For kinetically persistent 1,1-diazene
4 the experimental !4N=15N double bond stretch was found at 1568 cm-18e
This 27 cm-! shift to lower energy was identical to the Hooke's law
calculated shift. In order to verify the 1574.16 cm-1 band observed in the
FT-IR spectrum of 3 as the characteristic N=N double bond stretch for this
species, a 15N terminal label was desired. The Hooke's law calculated ratio

v (1aN-18N)/18N=15N) is 1.0171 or a predicted shift for the 14N=15N stretch



from 1574.16 to 1547.69 cm-l in 3. Stirring carbomoyl azide 15 with an
excess of ( 1-15N) labeled sodium azide®3 in dry acetonitrile afforded 15-
I5N. The combination of 15N NMR, high resolution mass spectroscopy and
FT-IR spectroscopy demonstrates a statistical incorporation of 13N into 15-

15N by azide exchange in solution. Due to the symmetry of the azide anion

L5 | dl & L

N3 N3 *

NNy = | XN = H,N"N;
2 N3

15 15- N

in solutionf% the 15N label should be equally distributed between the two
terminal positions of the azide moiety. Four equivalents of
( 1-1°N) sodium azide results in an approximately 80:20 mixture of 15-15N:
15 by mass spectroscopy. I5N-NMR reveals two singlets at -140.10 and
-262.32 ppm from 15N-CH3N02. Matrix isolation of 15-13N in argon
(~1:2000) at 109K (Figure 20, Table VII) reveals that the unlabeled
asymmetric azide stretch at 2164.53 cm-! has 15N shifted multiple bands at
2159.23 cm-l and 2141.15 cm-1 in an approximate 1:1 ratio consistent with
the 15N label equally distributed between the two terminal positions of the
azide moiety. Photolysis of an 80:20 mixture of 15-15N:15 would be expected

to yield a 60:40 mixture of HpNN 3 to H2N15N 3-15N by the photo-Curtius
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Table VI. Infrared Assignments for Products from Photolysis of 15 and 15-
15N (132000, Ar, 100K).

120 min 120 min 100 min
hv UV hv VIS hv VIS
(VIS filtered) (X >500 nm) (A= 360-420 nm) Assignment
3776.05 h, VOH
3756.53 h, VOH
3710.96 h, VOH
3669.74 h, VOH
3277.53 (N, YNH
298946 (M, VNH
2865.55 (=) D, VNH
2%865.55 (+) (+) F, VC-H
2807.20 (-) D, VNH
2%00.22 (+) (+) F, VC-H
2345,09 CO,, VCO
2339.06 CO,, vCO
2259.03 I, wl4N=C=0
223%.78 1*, w15N=C=0
2212.02 I, w14N=C=0 (asym)
2207 .68 I, wl¥N=C=0
2194.18 I*, »15N=C=0
2149.82 (-) COJIT, 9C0
2143.32 ) CO/T, vCO
2140.90 (-) CO/D, vCO
2139.94 (+) (+) CO, vCO
2137.22 CO, vCO
2137.53 (+) (+) CO, vCO
1863.20 () D, §N-H
1741.70 (+) (+) F, vC=0
1623.58 h, §O-H
1610.0% h, §O-H
1607.67 h, §O-H

1592.96 h, 8§ O-H
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Table VI. Continued.

120 min 120 min 100 min
hv UV hv VIS hv VIS
(VIS filtered) (X >500 nm) ( A= 360-420 nm) Assignment
157416 (-) D, v 14N=18N
1547 .64 () N*,y 14N=15N
1498,71 F, 8§ CHy
172%8.01 (-) T, § N=N-H (asym)
1286.81 (A T*,§ I5N=N-H
1227 .03 (+) (+) F, § CHy
1218.83 ”
1168.45 (+) (+) F. 8 CH»
1146.03 (M
1030.32 (D
1021.15 (M
1003.07 (-) n, s NS RN E
1002.35 (=) D*, § 15N=14N-H
952.69 (M
%68.08%8 (M
64,70 (M
h = HyD
1 = Aminoisocvanate (HyN-N=C=0), I* = (I-15N)
D = Diazene (HHNN), D* = (N-15N\)
F = Formaldehyde (H>,CO)
T = Trans-1,2-diazene (HNNH), T* = (T-15N)
CO = Carbon monoxide
(- = Decreased
(+) = Increased
() = Tentative assignment
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rearrangement and subsequent photolysis of the intermediate amino-
isocyanate.

Photolysis of matrix isolated 15-15N (1:2000, Ar, 100K) (Figure 20,
Table VII) with two CS-7-54 filters for 2 h results in decrease in the FT-IR
bands of 15-15N and formation of product bands. Figure 21 shows the
product FT-IR spectrum minus the FT-IR spectrum of 15-15N. These bands
are summarized in the first column of Table VI. In addition to the product
bands reported from the UV photolysis of 15, additional 5N isotope shifted
bands are found at 2238.78, 2194.18, 1547.64, and 1002.35 cm-1. These
correspond in intensity (based on 15N incorporation into 15-19N) to 15N
shifted bands of product infrared bands at 2259.03, 2212.02, 1547.16, and
1003.07 cm-1, respectively, observed from UV photolysis of 15. The new
band at 1547.64 cm-l corresponds to the calculated 1547.69 cm-!
v14N=15N stretch for 3-15N (Figure 23). Comparison with the Raman active

v 8N=I4N stretch for HNNH 1 at 1529 cm-1 2f demonstrates the
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Table VII. FT-IR Bands for 15-15N in an Argon Matrix (1:2000, 100K)
Threshold = 0.05 A.

Peak Location (ecm-1) Intensity (A) Assignment
3711.21 0.02 H,0, v OH
3572.59 0.88 v NH
3569.70 0.09
3453,75 0.77 v NH
3451.10 0.11
2448 .02 0.05 overtone
2345.09 0.09 CO,, v CO
2339.06 0.05 CO,, v CO
2164 .53 1.02 v 18N 18N-18N (asym)
2159,22 1.04 v -I5N=L4N=14N (asym)
2155.61 0.20
2152.96 0.09
2151.03 0.07
2146.93 0.06
2141, 14 1.01 v 14N1ENZI5N (asym)
2138.01 0.14
2136.56 0.16
2135.36 0.14
1761.47 0.20
1757.70 0.61 vV C=0
1755.20 0.55
1744 .83 0.26
1739.77 0.10
1738.57 0.10
1623.58 0.06 H,0, 8 OH
1607 .91 0.06 H,0,8 OH
1602. 36 0.09 H50, 8 OH
1586.21 0.08
1583.80 0.15
1578.9% 0.71 § NH,
1572.95 0.06

1359.37 0.08
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Table VII., Continued.

Peak Location (cm-1) Intensity (A) Assignment
1321.52 0.82
1315.25 1.016 v NCO (sym)
1311.40 0.311
1309.50 0.289
1302.92 0.48
1299.83 0.27
1248 .00 0.35
1230.%8 0.60 v N3 (sym)
1221.96 0.60 v I5N=N=N (sym)
1208.22 0.40 v N=N=15N (sym)
1196.89 0.10 v N=N=15N (sym)
1193.03 0.11 v N=N=15N (sym)
1191.35 0.28
1098.05 0.20 o NH,
881.34 0.05 v C-N3
878.93 0.05
855.06 0.08
763.95 0.18 § N3
736,94 0.13 § Nj
735.97 0.13
695.23 0.34 § NCN
693.55 0.38% § NCNI5
641.96 0.47 s N15CN
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substantial double bond character in the 1,1-diazene N=N bond in accord with
the calculation of Davis and Goddard.In

Photolysis of the products from UV (VIS filtered) photolysis of 15-15N
with visible light (500 nm) results only in the loss of all bands assigned to 3-
I5N and 3 and the accompanying CO stretch at 2140.90. Figure 22 shows the
difference FT-IR spectrum for before minus after VIS photolysis of the 3-
15N, 3 mixture. Table VIII summarizes the infrared bands assigned to 3 and
3-15N. The strongest FT-IR band of 3 at 1003.07 cm-1 is also affected by
the incorporation of a 15N label. This band is likely assigned to the in plane
asymmetric bending mode of 3. This band shows a small N isotope shift of
0.72 cm-1 to 1002.35 cm-1. For comparison, the asymmetric in plane bend
is also the strongest infrared band observed for HNNH 1 at 1286 cm-l.,2¢c
This mode also shows the small 15N isotope shift expected for a bending
mode from 1285.8 to 1284.3 cm-1 (a shift of 1.3 cm-1). The infrared band at
1863.20 cm-! observed for 3-15N shows no resolvable (0.25 cm=1 resolution)
15N shift. This band is therefore likely assigned to the out of plane torsional
mode for 3. The N-H stretching modes at 2865.55 and 2807.20 cm-! are also
unaffected by a terminal 15N label in 3-15N consistent with their assign-
ments. Due to its Cyy symmetlry HoNN should exhibit six vibrational
modes all of which should be both infrared and Raman active. Five of these
six modes have been located in the argon matrix FT-IR spectrum described.
The sixth mode is presumably obscured by other infrared bands. Conclusive
assignment of the vibrational modes of 3 must await full Raman characteriza-

tion and polarization studies.
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Table VIII.  Infrared Bands for HoNN 3 and HoNI5N 3-15N (Ar, 100K),

(em-D Assignment
2865.55 v N-H
2%07.20 v N-H
1863.20 § =N-H (out of plane)
1574.16 v leNnz18N
1546764 v 14N=15N
1003.07 § 14N=!%N-H (in plane)
1002.35 § 15N=14N-H (in plane)

( ) = Tentative assignment

The remaining 19N isotope shifted product bands observed from UV
photolysis of 15-15N at 2238.7% and 2194.18 cm-! are assigned, due to the
magnitude of  their shift and their relative intensities, to
v-13N=C=0 the 15N isotope shifted isocyanate stretching modes
(y -l4N=C=0) of aminoisocyanate [labeled (1*) in Table VI) at 2259.03
and 2212.02 cm-l, All of these bands are observed to grow in
quickly with UV photolysis and decrease in intensity with prolonged UV
photolysis.

Photolysis of HoNN 3 with visible light (VIS) (\> 500 nm) results in
loss of all bands assigned to 3 and formation of new
bands 2149.82, 2143.32, 1288.01, and 1218.83 cm-l. In addition, VIS

photolyvsis of 3 results in the growth of bands assigned to formaldehyde



T

(H2CO) at 2865.55, 2800.22, 1741.70, 1498.71, 1227.03, and 1168.45 cm-1 and
growth of two CO bands at ?139,94 and 2137.22 cm-!. The CO bands will be
discussed in a later section. Photolysis of 3-15N with visible light results in
formation and growth of the same product bands observed in the photolysis of
3 together with formation of a single 15N isotope shifted band at 1286.81
cm-!  (see second column of Table V. VIS irradiation
(>500 nm) of 3 in a rigid 2-MTHF glass at 800K resulted in the growth of an
electronic absorption at 386 nm assigned by spectral comparison to the known
electronic absorption of trans HNNH 1 at 386 nm. The infrared band at
17%8.01 cm-! and its 15N shifted multiple at 1286.81 cm-l (a shift of 1.20
cm-1) corresoond to the strongest infrared transition reported by Rosengren
and Pimentel2C for 1 at 1285.8 * 0.3 cm-! in a nitrogen matrix. The
incorporation of a single 15N isotope into 1 was found by Pimentel to result
in a 15N shift of 1.3 em-! to 1284.5* 0.3 cm-1. For direct comparison, 3
was matrix isolated in N5 (1:2000, 100K),65 VIS photolysis

(>500 nm) results in formation of the corresponding band for 1 at

N, + H,C=0
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1286.02 cm-! in agreement with the 1285.8 + 0.3 cm-! band reported by
Rosengren and Pimentel.”C  All attempts to locate the other reported
infrared band for 1 at 3131 cm-l (N> matrix, very weak, broad,
v N-H) have been unsuccessful. This may be attributed to a low yield of 1
from VIS photolysis of 3 (estimated at <10%). Photolysis of trans HNNH 1
could he effected with either monochromatic light (3380 * 10 nm) or more
efficiently with Corning CS-5-58 and CS-7-51 filters () = 360-410 nm,
2-3h) (see Figure 24), In addition to loss of the 128%.01
cm-! band (Ar) (and the 1286.81 5N multiole with 1-15N) two CO stretches
at 2149.82 and 2143.32 cm-1 are also lost with photolysis of 1. This will be
discussed in more detail in a later section. Photolysis of 1
(A = 360-410 nm) results in growth of absorbances due to H2CO and two CO
bands at 2139.9% and 2137.53 cm-l. Identical behavior was found with VIS
photolysis of 3. The third column of Table VI summarizes the effects of
photolysis of 1 and 1-15N. None of the tentative cis HNNH 2 bands reported
by Rosengren an Pimentel?C at 1279 and 3074 cm-l were observed in the
photolysis of 1 with either broad-band ()\ = 360-410 nm) or monochromatic
A = 380 % 10 nm) light (Ar or N5, 109K). The identity of one last minor
product band from photolysis of 3 and 3-135N at 1218.83 cm-! remains
uncertain.

In order to further support the infrared assignments for 3, 1, and their
photochemical decomposition products, 3-dp and 3-dp-19N were also pre-
pared. Exhaustive H-D exchange of 15 and 15-15N afforded 15-d9 and 15-dp-
I5N. Photolysis of 15-dy (1:2000, Ar, 109K) (Figure 25, Table IX) and 15-d>-

15N (1:2000, Ar, 100K) (Figure 26, Table X) with UV light from two CS-7-54
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filters (\ = 400—680 cut-out) results in loss of the infrared bands due to the
starting carbomoy! azides and formation of product absorbances assigned to
aminoisocyanate-d9 (labeled (I) in Table XI), D2NN (3-d2), formaldehyde-ds
(N> CO) (labeled (F) in Table XI) and carbon monoxide (CO) listed in the first
column of Table XI. Subtraction of the spectrum of the respective starting
carbomoy! azide from the product mixture FT-IR spectrum (Figure 27 for 15-
do, Figure 28 for 15—dz-15N\ clearly reveals the product absorptions.

The first group of bands at 2259.03 and 2231.06 cm~1 from 15-dp show
I5N shifted multiole bands at 2237.81 and 2212.26 cm-! a shift of 21.22 and
18.80 cm"l, respectively. These bands are observed to grow in quickly with
UV photolysis and decrease with prolonged UV irradiation. These bands are
assigned to the isocyanate stretches (v N=C=0) for aminoisocyanate-d> and
the corresponding 15N shifted modes (v 15N=C=0). No other bands for
aminoisocvanate-d> were located suggesting that the v N=C=O is the most
intense infrared band for the aminoisocyanate as anticipated.

A second group of bhands at 2140.90, 2138.73, 2109.08, 1599.23,
1571.27, 1195.69, 913.64, 899,89, and 793.83 cm~! from photolysis of 15-d
are assigned to MoNN 3-d5 and CO at 2140.90 cm-!. The behavior of the CO
bands will be discussed in a later section. These bands all decrease with VIS
irradiation (A > 500 nm) as observed for HoNN 3 and its accompanying
identical CO band at 2140.90 cm-1. The difference FT-IR spectrum resulting
from the subtraction of the spectrum after VIS photolysis of 3-dy is shown in
Figure 29. This spectrum clearly shows the absorbances assigned to 3-d and

CO. The bands at 1599.23 and 1571.27 cm-l are in the region where the
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Table IX. FT-IR Bands for 15-d2 in an Argon Matrix (1:2000, 109K) Threshold =

0.05 A,

Peak Location (cm-1) Intensity (A) Assignment
3756.26 0.07 H>0O,v O-H
278%2.21 0.06
2682.68 0,33 v N-D
2664 .98 0.06
2524.18% 0.40 v N-D
2447 ,96 0.06
2345.09 0.08 COy,v CO
2195.69 0.41
21%85.53 0.06
2164 .54 0.07
2157.9% 1.04 v N3 (asym)
2154.50 0.93
2151 57 0.75
1753.24 0.20
1751.45 D.31
1747 .45 0.96 v C=0
1726.22 0.11
1623.58 0.08 H,70,8 O-H
1607 .91 0.08 H70, 8 O-H
1466 .47 0.11
1420.55 0.09
1348 .24 0.22
1342.7% 0.18
1341.90 0.19
1340.64 0.29
1338.07 1.06 v NCO (sym)
1313.27 0.31
1311.80 0.19
1243.12 0.41
1236.49, 0.12
1234.20 0.99 v N3 (sym)
1224.00 0.16



B

Table IX. Continued

Peak Location (cm-1) Intensity (A) Assignment
1136.35 0.15 § NDy
821.72 0.10 0 N-D
727.22 0.14 § N3

659.23 0.4l ' NCN
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Table X. FT-IR Bands for 15-d2-15N in an Argon Matrix (1:2000, 109K)

Threshold 0.05 A.

Peak Location (cm-1) Intensity (A) Assignment
2782.22 0.05
2682.69 0.32 v N-D
2664,98 0.05
2524.19 0.37 v N-D
2345.09 0.06 COy, v CO
2195.69 n.21
2185.55 0.11
2170.98 0.35
2168.36 0.11
2164.55 0.09
2157.97 0.63 v-N=N=N (asym)
2151.40 0.39
2146.28 0.45 v-15N=N=N (asym)
2141.20 0.08
2136.58 0.10
2133.55 0«12
2131.76 0.51 v-N=N=15N (asym)
2129.48 0.41 v-N=N=15N (asym)
1753.25 0.14
1751.46 0.20
1746.76 0.99 v C=0
1726.23 0.06
1466 .47 0.09
1420.55 0.07
1348.04 0.12
1346.41 0.l4
1343.76 0.26
1341.10 0.23
1337.87 1.18 v NCO (sym)
1315.28 0.18
1311.%0 0.17



Table X. Continued.

.-

Peak Location (cm-!) Intensity (A) Assignment
1243.12 0.16
1240.01 0.13
123424 0.65 V N=N=N (sym)
1231.59 0.23
1225.55 0.47 v 15N=N=N (sym)
1220.44 0.10
1207.22 0.65 V N=N=15N (sym)
1136.35 0.18 § ND,
821.73 0.06 o N-D
727.23 0.11 § N3
659.00 0.29 I' NCN
656.75 0.18 I' NCI5N
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Table XI. Infrared Assignments for Products from Photolysis of 15-dy and
15-d»-15N  (~1:2000, Ar, 109K).

90 min 240 min
hv UV hv VIS 150 min
(VIS filtered) (A >500 nm) hv (A= 360-420 nm) Assignment
3776.05 h, v OH
3756.53 h, v OH
3710.9% h, v OH
3701.81 h, v OH
278214 d, v O-D
2723 .80 d, v O-D
2345,09 COy, v CO
2339.06 CO5, v CO
2259.03 I, v -14N=C=0
2237.81 I*,v -15N=C=0
2231.06 I, v -14N=C=0
2212.26 I*,v -15N=C=0
2179.96 (+) (+) F,v C-D
2149.82 (-) CO/T,v CO
2143,.32 (-) CO/T,v CO
2140.90 ) CO,v CO
2139.94 (+) (+) CO,v CO
2138.73 (-) D, v N-D
2137.53 (+) (+) CO,v CO
2109.08 ) D,v N-D
2071.48 (+) (+) F,v C-D
1720.00 (+) (+) F (H,D),v C=0
1697.58 (+) (+) F,v C=0
1623.58 h,§ OH
1607 .67 h,§ OH
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Table XI. Continued

90 min 240 min
hy UV hv VIS 150 min
(V1S filtered) (X > 500 nm) hv (A = 360-420 nm) Assignment
1599.23 (<) N, § N-D
1572.95 h, § OH
1571.27 (=) D, v Nl4-14N
1552.22 () D, v N14:-15N
1427.35 d, 8 0-D
1413.61 d, 8§ O-D
1195.69 () D, § N=N-D
1194.72 (-) D*, § 15N=N-D
984.99 (+) (+) F, 8 C-D
965.95 (- (?)
964.50 (- (?*)
947.39 () T, § N=N-D (asym)
945.46 (-) T*, 8 15N=N-D
913.64 (-) D (H,D), § N=N-D,H
912.92 (-) D* (H,D), § 15N=N-D,H
899.89 (-) D (H,D), § N=N-D,H
899.18 (-) D* (H,D), § 15N=N-D,H
793.83 (-) D, § N=N-D
793.11 (-) D*, § 15N=N-D
h = Hy0
I = Aminoisocyanate-dy (NPN-N=C=0), I* = (1-15N)
D = Diazene (NHNN), D* = (D-15N)
F = Formaldehyde-d, (D»C=0)
T = Trans-1,2-diazene-dy (DNND), T* = (T-15N)
CO = Carbon monoxide
d =Dy0
(-) = Necreased
(+) = Increased
() = Tentative assignment
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characteristic N:N stretch for 3 is found. Photolysis of lS-dz-lSN yields 3-
dp-15N. Subtraction of spectrum after VIS photolysis of 3-dp-13N results in
the difference FT-IR spectrum clearly showing the absorbances due to 3-dp-
I5N and CO (Figure 30). The resulting spectrum reveals !5N shifted bands
for 3-dp-15N at 1552.22, 1194.72, 912.92, 899.18, and 793.11 cm-l. The
1552.22 cm-1  corresponds to the Hooke's law I5N  shifted
VN, AN=15N stretch of the characteristic v Dpl4N=14N stretch at 1571.27
cm-1l. The remainder of the 15N shifted bands of 3-dz—15N are assigned to
15N shifts of the N=N-D bending modes of 3-dy by analogy to 3. The bands
at 913.64 and 899.89 cm-! and their 15N multiples are assigned to the H,D
counterparts of the strongest bands observed for 3 at 1003.07 cm-! and 3-dy
at 793.83 cm-! due to some 15-h,d (and 15-h,d-15N) impurity in 15-dy (and
l5—d2-15N\. The infrared transitions for 3-dp and 3-d2-l5N are summarized
and assigned in Table XII. All six infrared modes of DoNN 3-dy have been
located. Failure to observe a !5N multiple band (0.25 cm-! resolution) for
the absorotion for 3-dp at 1599.23 cm-! is consistent with its assignment as
the out of plane torsion mode.

A third group of bands from UV photolysis of 15-dy and l5-d2-15N at
2139.94 and 2137.53 are identical to the CO stretches observed in the UV
photolysis of 15 and 15-15N. These CO stretches are observed to increase
with photolysis of 3-d» and 3—dz-15N with visible light consistent with their
assignment as CO's somehow associated with the photochemical
decomposition products of 3, 3-15N, 3-d5, and 3-dy-15N,

The final group of product bands from photolysis of 15-dy and 15-dp-
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Table XII. Infrared Transitions of DPNN 3-dp and D2N-15N 3-do-15N (Ar,

100K),

(cm-1 Assignment
2138.73 v N-D
2109.08 v N-D
1599.23 8§ N=N-D (out of plane)
1571.27 v 14N=14N
1552.22 v 1#N=15N
1195.69 § 14N=N-D
1194.72 § 15N=N-D
(913.64) 8§ N=N-H (H,D)
(912.92) § 15N=N-H (H,D)
(899.89) § N=N-D (H,D)
(899.18) § 15N=N-D (H,D)
793.%3 § N=N-D

793,11 § 15N=N-D

( )= Tentative assignment

15N show no !N multiples. These bands are assigned by spectral comparison
to formaldehyde-dy (N2CO) and formaldehyde-h,d (H,DCO). These bands are
listed in the first column of Table XI (F-dy, F-hd). These bands are observed
to increase with VIS photolysis of 3-d» and 3—dz-l5N (see second column
Table XT) demonstrating, as found for 3, that formaldehyde is a photochemical

°

decomposition product of 3 in the presence of CO. This will be discussed
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fully in a later sec;tion. The observed infrared bands for isotopically labeled

formaldehydes are compared with their literatureb2,66 values in Table XIII,

Table XIII. Formaldehyde Infrared Bands from Photolysis of 3 and 3-da(h,d)

in the Presence of CO (Ar,

100K)2 (cm-1),

Literature

Comparison.
HoCO  (lit.)P D,CO  (lit.)b H,DCO (lit.)S  Assignment
2865.55 28%%3.0 2179.9¢ 2176.8% -- 2873.8 | C-H
2800.22 2797.1 2071.48 2069.1 -- 2764.3 ) C-H
1741.70 1742.0 1697.58 1697.%8 1720.00 1723.2  C=0
498,71 1498.% -- 1099.1 -- 1399.1 § CH»
(scissor)
1227.03 1244.% 984.99 987.1 -- 1028.0 § CH»
(rock)
1168.45 1168.0 - 938.3 -- 1074.0 § CH> (out
of plane)

aThis work #0.05 cm-1. bPRef. 62 (Ar, 100K). CRef. 66 (Ar, 100K).

Photolysis

matrix

isolated  3-dp

with

visible  light

(5500 nm) also results in formation of new infrared bands at 2149.82,

2143,32, 965.95, and 947.39 cm-l. The bands at 2149.82 and 2143.32 cm-!

are identical to two of the new bands observed in VIS photolysis of 3 and 3-

I5N. These bands are assigned to CO's and will be fully discussed in a later

section. The bands at 965.95 and 947.39 show !5N shifted multiples with VIS

photolysis of 3-dp-I15N at 964.50 (a 15N shift of 1.45 cm-1) and 945.46 (a
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shift of 1.93 cm-1), respectively. The band at 947.39 cm-! corresponds to
the known strong infrared band for trans PDNND l-d2 found by Rosengren and
Pimentel2C at 946.2+ 0.3 cm-! in a nitrogen matrix. The reported 15N
isotope shift for this band is 2.0 cm-1 to 944.2 cm-1. This is very close to
the observed 1.93 cm-! 15N shift to 945.46 cm-1 in an argon matrix. These
bands are efficiently photolvzed away with either monochromatic light
(x = 330 % 10 nm) or broad band irradiation () = 360-410 nm) (see third
column Table XI) consistent with the assignment to trans PNND 1-d and 1-
d>-15N (Figure 31). Table XIV summarizes the observed FT-IR assignments
for HNNH 1, DNND 1-d» and their literature assignments.?C  The band at

965.95 and its 17N multiple at 964.50 cm-! are also photolyzed away with 1-

Table XIV. Infrared Rands for HNNH 1 and DNND 1-dy. Literature

Comparison.2C
Difference
Observed2 Literatureb (Obs.-Lit.)
1,2-Diazene (cm-D) (cm-1) (cm-1)
1 1288.01 1285.8 +2.2
(1286.02)C (+0.2)C
1-15N 1286.81 1284.5 +2.3
15N shift 1.20 1.3 -0.1
1-d, 947.39 96,2 +1.2
1-do-15N 95,46 Ul .2 +1.3
15N shift 1.93 2.0 -0.07

aThis work (Ar, 109K), bRef. 2c (N5, 109K). CThis work (N2, 10°K).
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dy. The assignment of these bands remains uncertain. Attempts to
selectively photolyze or interconvert these bands with the bands due to 1-dp
(as a possible assignment to 2-d2) have been unsuccessful. Photolysis of 1-dp
as for 1 results in the increase of the bands due to formaldehyde (D2CO) and
two CO bands at 2139.94 and 2137.53 cm-!. Two CO bands at 2149.82 and
2143.32 are lost concomitant with the bands due to 1-d5. Identical behavior
was observed in the CO stretch region with 1. This will be discussed in a
later section. The third column of Table XI summarizes the photochemical

behavior of 1-dp.

H2NN Product Analysis

For product analysis, samples of 3 were prepared by photo-Curtius
rearrangement/photodecarbonylation of carbomoyl azide 15 isolated in a rigid
2-MTHF glass contained in a 5 mm O.D. quartz tube immersed in a liquid
nitrogen filled finger dewar at 770K, Gaseous products Hy, N9, and CO were
identified by VPC coinjection and mass spectral analysis and quantitated by
Toepler pump analysis. Ammonia (NH3), hydrazine (N2Hy), ammonium azide
(I:Iqu:h), and formaldehyde (HCO) were quantitated by standard colori-
metric analysis. Product ammonium azide was compared with independently
synthesized T:Iqu\-I3 by FT-IR,

Warming a blue-violet 2-MTHF glass of 3 from 809K to 900K results in
the loss of 3 and formation of HNNH 1 (yellow, A jjax = 38 nm), 2-

tetrazene (HyNy) 25 A max = 260 nm) and an orange species Amax =

480 nm (see Figure 14), Warming further results in loss of the
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yellow-orange color together with vigorous gas evolution and formation of an
insoluble precinitate of ammonium azide. Analysis of the products for
thermal decomposition of 3 reveals the formation of NH3, N2Hy,
‘GHQV\-Y_‘; together with Hy, N9, and CO, Carbon monoxide (CO) and N2 are the
expected side products for photo-Curtius rearrangement of 15 to aminoiso-
cyanate and N7 followed by photo-decarbonylation to form 3 and CO. These

products are summarized in Tahle XV. Ammonia, hydrazine, ammonium

+ =
NH,4 N

/

+ - A i

3 25
RO~

NHs + N, + NH;

azide, and N9 are known thermal decomposition products of 2-tetrazene 25.
Observation of these products together with a thermally labile intermediate
X max = 260 nm (large extinction-coefficient) suggests that 3 dimerizes to
form the expected 2-tetrazene 25 M\ qax = 260 nm) which subsequently
thermally decomposes to NH3, NoHy, and Ny and tautomerizes to TJ\Iqul:Ig,.
The mechanism for the thermal decomposition of tetrazene 25 is unknown.
Attempts to directly monitor its disappearance by electronic spectroscopy

+ -
are severely impeded due to simultaneous formation of NHyN3 precipitate
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Table XV. Products from UV Photolysis of 15 Followed by Thermolysis of

3.2
Product RatioP % YieldC Ratiod % Yielde
CcO 1 29.0 -- --
N> 1.65 50.0 21.7 49,3
H, 0.40 12.0 13.3 30.2
NH, 0.12 4,0 4.0 9.1
NoHy 0.03 0.90 1 2.3
+ -
‘\IHL;’\T_'; N.12 4.0 4.0 9.1
H,cof = - -- --

2Typically 1.50 mg15in 300 A L 2-MTHF,(15) = 58 mM; h,, 2-CS-7-54
filters, 5 h, 770K; warmed to RPT. bMolar ratio, normalized. Average of
three determinations. Individual vyields #10% of each. Total mass97 *
10% typically. CENormalized from ratio in b. d(c) Corrected for CO and 1
equivalent of N5 asside products of photo-Curtius/decarhonylation of
15, 3 + N2 +CO, ENormalized from ratio in d. fFormaldehyde not detected.

together with vigorous gas evolution. Hence, kinetic studies were not
attempted. The rapid and spontaneous nature of the thermal decomposition
of 25 may suoport a radical chain decomposition mechanism (together with
rapid self-heating) or the presence of a catalyzed pathway (e.g., trace acid).
Correcting the vields of products from thermal decomposition of 3 for the
formation of CO and one equivalent of N9 as side products of the photo-
Curtius rearrangement/decarbonylation route to 3 reveals an added com-
ponent of Hy and N7 as products (see Table XV). The ratios of Hp, N2, and

CO products from thermal and photochemical decomposition of 3 in 2-MTHF



are summarized in Table XVI,

Visible liql;t ( >340 nm) photolysis of a blue-violet glass of 3 results in
decolorization and formation of Hy, N5, and CO in a 0.98:1.95:1.0 ratio. The
nearly quantitative vield of gaseous products is consistent with a sequence
consisting of UV photo-Curtius/decarbonylation of 15 to 3+ Ny + CO

followed by direct photolysis of 3 in the visible to produce Hy + N» in an

Table XVI.  Thermal and Photochemical Decomposition of HoNN 3, Hj, N,
and CO Ratios.2

Conditions N,»/CO H,/CO
hvh Ac 1.65 0.40
huvb hv (X >500 nm)dse 1.8% 0.82
hv,D hvd >340 nmiet 1.95 0.9%
hv,2 hv (X >500 nm),d hv (X >3u0 nm)e 1.94 0.95
hV 1V 4 VIS)E,2 1.96 104

3Molar ratios from Toepler pump analysis. CO yield 95 * 10% from warmed
(R.T.) reaction mixture. P hv (2-CS-7-54 filters, 5 h, 779K). SWarmed to
R.T. Other products summarized in Table XV. 3hv(CS-1-75, 2-CS-3-70
filters, 5 h, 770K). Remaining products summarized in Table XVII. €H,CO
not detected, see FExperimental. fhv (CS-1-75 filter, 5 h, 779K).
Zhv Ino filters, 5 h, 77°K),

overall expected ratio for H»:N2:CO of 1.0:2.0:1.0. UV photolysis of 15 with
no visible absorbing filters results in no blue-violet color due to 3 and a

nearly quantitative yield of Hy, N, and CO in a ratio of 1.04:1.96:1.0.
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The added component of H and N7 in the photochemical generation
followed by thermolysis of 3 may represent actual thermal decomposition
products from 3. Alternatively H9 and N2 may be the result of secondary
photolysis (S; or T}) during photochemical generation of 3. Competing
relaxation/decomposition pathways from photoexcited aminoisocyanate to
excited 3 /Sy, T1) and CO followed by decomposition of excited 3 to H» and
N+ products represents a reasonable alternative source of H» and N».
Additionally, excited 3 may isomerize to 1 which would be efficiently
decomposed at the wavelengths used to generate 3 from 15.

Irradiation of 3 with visible light (A >500 nm) affords vyellow 1
(X max = 386 nm). Subsequent warming to room temperature results in loss of
! and formation of ?:THQTCB, NoHy, NH3 in addition to Hp, N2, and CO in a
0.82:1.88:1.0 ratio. These products are summarized in Table XVII. Photolysis
of 3 appears to afford 1 in approximately 10 to 15% yield based on the
reduced vield of H, when compared to that obtained upon photolysis
(>340 nm) of 3. Thermolysis of 1 appears to result in formation of NH3,
N->Hy, and ':1H4‘:13 as observed from thermolysis of 3, which to some extent
also yields 1. Wiberg found?® NoH,, NH3, Y:LIHL,,YCI;, N2 and Hy as thermal
products from decomposition of neat 1 near 770K, Willis found37 only NoHy,
H5, and N5 as thermal products for gas phase decomposition of 1 (100°C).
Willis proposed that hvdrazine results from isomerization of trans 1 to cis 2
followed by disproportionation. The mechanism for NH3, NoHy, and &Hq':@

formation from 1 is less obvious. Dimerization of 1 to form tetrazene 25 has

been reported,?> Subsequent thermolysis of 25  would explain the
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obhserved products. The greater proportion of N»>Hy obtained from
thermolysis of 1 produced from VIS photolysis of 3 compared with that
obtained from thermolysis of 3 could result from competing isomerization to
2 followed by disproportionation. The orange Amax = 480 nm speciesfrom
thermolysis of 3 (tentatively identified as cis 2) is also seen transiently in
thermolysis of 1 produced from photolysis of 3 [VIS Photolysis (>500 nm)
of concentrated samples (0.5 M) of 3 and 3-dp occasionally resulted

in formation of the orange ) max = 430 nm species.69] Attempts to trap HoN»

Table XVII. DNecomposition Products from Photoisomerization of 3 to 1
Followed by Thermal Decomposition.

Product Ratiod % YieldP RatioC % Yieldd
ole) 1 26 - -
N> 1.88 50 44.0 49
H, 0.82 22 41.0 46
NH; 0.02 0.5 1 1.1
NoHy 0.05 1.3 2.5 2.8
r:rHL,r;J_; 0.3 0.8 1.5 1,7

@Molar ratios see experimental. Tvpically 1.50 mg 15 in 300 yL 2-MTHF, hy
2-CS-7-54 filters, 5 h, 77 K3 hy CS-1-75, 2-CS-3-70 filters, 5 h, 77 K;
warmed to R.T. DTotal mass yield 90 £ 10% tvpically. Normalized from
ratio in a. Average of two determinations each. Formaldehyde not detected.
Individual yields X10% of each. CSCorrected for CO and 1 equivalent of N7 as
side products of photo-Curtius/decarbonylation of 15 » 3 + Ny + CO.
dNormalized from ratio in c.
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with a large excess of reactive olefin (which could result in reduction if cis 2
is present) are summarized in Table XVIII. Norbornene has been shown to be
among the most reactive olefins toward diimide reduction’0 (presumably cis
HNNH 2). Thermolysis of 3 produced from VIS filtered photolysis of 15, in a
2-MTHF glass containing a 50 to 100 molar excess of norbornene does result
in a low but measurable yield of norbornane. VIS photolysis of 3
(>500 nm or >340 nm) in the presence of the same excess of norbornene
followed by thermolysis results in approximately the same degree of

reduction (approximately 7% of 1 equivalent of 15). However, UV photolysis

Table XVIII. Reduction of Norbornene.,

% Yield<

Conditions®D 15 ﬂb ﬁb

hv,d Ae 1 50 7.1 £0.3
hv,df A 1 100 6.3 £ 0.3
hv,d hv (>340 nm),Z A 1 50 6.6 0.3
hv,d hv (>500 nm),h A 1 50 6.720.3
hv (full lamp),L A 1 50 7.2+0.3

3Photolysis in 5 mm quartz sample tube, Suprasil finger dewar, 77 K. bMmolar
ratio 15:norbornene (15)= 4.5x 102 M, in 2-MTHF, 300
UL sample. £% Yield based on (15 ), n-octane as internal standard, 15 m SE-
54 capillary, R.T. dhv, 2-CS-7-54 filters, H,O filter, quartz optics, 4 h.
E€Warmed to Bals Irorms opaque, fractured glass.
ghv, CS-1-75 filter, & h. Dhhv, CS-1-75, 2-CS-3-70 filters, & h.
1hv, quartz optics, H»O filter, 4 h.
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of 15 with no visible filters (which gives no blue-violet color of 3) results in
the same degree” of reduction within experimental error. These studies
implicate a mechanism other than direct HoN, reduction of norbornene.
Nirect H abstraction by an excited state of norbornene’2 and/or H- addition
(produced from photolysis of 3) are possible alternative reduction

mechanisms. This was not explored in ereater detail.

Matrix FT-IR Studies of Carbon Monoxide

Several grouos of bands showing no isotope shifts in the photo-Curtius
rearrangement/photodecarbonylation of 15, 15-15N, 15-d7, and 15-d2-15N
have been assigned to CO, a co-product in the photochemical generation of
isotopically labeled 3, The appearance of several groups of CO bands each
mirroring the behavior of the photogenerated diazenes 3 and 1 and their
photochemical decomposition products (H», N5) suggests an intimate associ-
ation or matrix site arrangement of these products with a contiguous CO
molecule in an argon matrix.?! UV (VIS filtered) ohotolysis of 15 affords CO,
Ny,and 3 in addition to formaldehvde and aminoisocyanate FT-IR bands (see
Figure 18). Figure 32b shows the CO stretch region of the infrared spectrum
obtained from UV (VIS filtered) photolysis of 15. Four CO bands at 2140.90,
2139,94, 2137,22, and 2137.53 cm-! are observed. Photolysis of 3 with visible
light (% >500 nm) results in loss of the CO band at 2140.90 cm=! with loss of
the bands due to 3 (Figure 32c), growth of two ©O bands at 2139.94 and
2137,53 cm-! together with formation of two new CO bands of equivalent

intensitv at 2149.82 and 2143.32 cm-l. As described earlier, VIS photolysis
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of 3 affords mainly Hy and Ny (2-MTHF, 770K), trans HNNH 1 (2-MTHF,
770K or Ar, 100K), and formaldehyde H5oCO (Ar, 109K). Formaldehyde very
likely results from successive hydrogen radical reduction of CO62a contig-
uous to 3 and will be discussed in a later section. Photolysis of 1 (Ar, 100K)
results in loss of its infrared bands, loss of the two CO bands at 2145.82 and
2143.32 cm-l together with growth of the two CO bands at 2139.94 and
2137.53 (Figure 32d). The photolysis products of 1 are mainly H2 and N2 (2-
MTHRF, 77 K) (Table XVI),

Matrix isolated complexes of CO with various small molecules has
been demonstrated to result in shifts of the CO infrared stretch due to
hydrogen bhonding (e.e., H20O, NH3), dipole-dipole (e.g.,, CO dimers) and
electrostatic (e.g., N») interactions.”’! Some of these effects together with
the observed and assigned CO bands from matrix studies of isotopically
labeled 3, 1, and their photodecomposition products are listed in Table XIX,

Matrix isolation of CO (1:2000, Ar, 109K) affords a single infrared
hand at 213%.25 cm-! in argon (Figure 33a). In a nitrogen matrix (1:2000, N>,
]NOK) the CO stretch is observed at 2139.69 cm-! (Figure 33b). Matrix
isolation of CO in a mixture of nitrogen and argon, CO/N5/Ar (1:20:1000,
109K) shifts the CO stretch to 2136.32 cm-l. The two CO bands which are
observed to grow in with photolvsis of 3 and 1 is an argon matrix at 2139.94
and 7137.53 cm-! are likely assigned to "complexes" or sites of CO
contiguous to Ny (possibly two N»'s) and H» (photolysis products of 3 and 1).
The nearly one-to-one ratio of intensities of these bands suggests two equally

formed N5 + H,/CO sites in an argon matrix from photolysis of 15, 3, and 1.



® O 3 O3 0 »w O D

Figure 32.

-1n7-

T —

I | | l
2150 2140 2130 2120

Weavenumbers

Successive FT-IR spectra of CO region (Ar, 109K). (a) Before
photolysis of 15 (1:2000, Ar, 100K), (b) After UV (VIS filtered)
photolysis of 15 (2 h) to form HoNN 3 and CO. (c) After VIS
(>500 nm) photolysis of 3 (2 h) to form HNNH 1. (d) After
photolysis of 1 (360-420 nm) 100 min.
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Table XIX. Matrix Isolated Carbon Monoxide (CO) Infrared Stretch Frequencies.

Obs.2 vCO Lit.P v CO

CO/Matrix (Ratio) (cm-1 (cm-h (Ratio)
CO/Ar (1:2000) 2138.25 2138.40 (1:1000)
CO/N, (1:2000) 2139.69 2139.69 (1:1000)
CO/N5/Ar (1:9:1800) 2136.32 2136.60 (1:20:2000)
CO/M»0/Ar (1:2:2000) 2148.60 2148.8 (2:5:1000)
CO/NH4/Ar 2143.3 (1:1:1000)
CO "dimers"/Ar € 2139.40 21%9.8 &
CO/HHNN/Ar d 2140.90
CO/MHNN/Ar d 2140.90
CO/HHNIN/N, d 2135.84
CO/t-HNNH/Ar d 2149.82

2143.32
CO/t-PNND/Ar d 2149.82

2143.32
CO/t-HNNH/N, d 2143.80

2135.8%4
CO/H5/No/N>/Ar d 2139.94

213%.97

2137.53
CO/N»/N»/Noy/Ar d 2139.94

2137.53
CO/H5/N»/N5»/N» d 2139.69

aThis work (100K), bRef, 71 (100K), C€CO/Ar warmed to 309K and back to
109K, dMatrix ratio unknown estimated at (1:1:>2000) from photolysis of
15 (~1:2000, 1NOK),
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(a) FT-IR spectrum of CO (1:2000, Ar, 100K), (b) FT-IR
spectrum of CO (1:2000, Ny, 100K),
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Wavenumbers

(a) FT-IR spectrum of CO region after UV (VIS filtered)
photolysis (2 h) of 15 (1:2000, Ar, 109K) to form 3 and CO. (b)
After warming (a) to 359K 3 min back to 109K, (c) After
warming (b) to 359K 10 min back to 109K,
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Figure 35.
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2150 2140 2130 2128

Wavenumbers

Successive FT-IR spectra of CO region (N5, 109K), (a) Before
photolysis of 15 (1:2000, N5, 100K), (b) After UV (VIS filtered)
photolysis of 15 (? h) to form 3 and CO. (c) After VIS

(>500 nm) photolvsis (2 h) of 3 to form 1. (d) After photolysis
of 1 (360-420 nm), ? h.
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The growth of these CO bands with sequential photolysis of 15 to 3 to 1 and 1
to products (Hy, N9, H2CO) supports the assignment of these CO bands at
2139.94 and 2137.53 cm-1 to two CO/N5 sites. Warming an argon matrix of 3
to 359K allows diffusion of small molecules (e.q., CO, N5) and results in
broadening and "merging" of the CO stretches (Figure 34). As an added test
for these uniaue N»/CO site assignments, UV (VIS filtered) photolysis of 15 in
a nitrogen matrix (»1:2000, N, 100K) affords only two CO bands at 2139.69
and 2135.84 cm-! (Figure 35b) together with bands due to 3.65 VIS photolysis
of 3 results in a diminished band at ?135.84 cm-! (Figure 35¢) together with
loss of the infrared bands of 3 and growth of the CO band at 2139.69 cm-1,
This is consistent with loss of the unique N»/CO sites found in an argon
matrix due to replacement of Ar with N, molecules (degeneracy). VIS
photolysis of 3 in a nitrogen matrix also results in formation of two CO bands
at 2135.84 and 2143.80 cm-! (Figure 35c¢) (analogous to the 2149.82 and
2143.32 cm-! bands in Ar, 109K) together with an infrared band of 1.
Photolysis of 1 results in loss of these bands (Figure 35d).

Hydrogen bonding to CO (e.g., H20, NH3) shifts the CO stretching
frequencyv to higher energy (Table XIX). The shift is H-bond donor dependent
(e.c., pKal.”3 The stabilization results from H-bonding to the
50 lone pair of CO at carbon which reduces antibonding character in the CO
bond (higher energy stretch).”3;7% Dipole-dipole stabilization of CO also
results in a higher energy CO stretch. The small dipole moment of CO
(u= 0.12 D is oriented toward carbon.”? Matrix isolated CO dimers (head-

to-tail) show a higher energy infrared stretch than free CO (Table XIX). The
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CO band at 2140.90 cm-1 (Ar, 100K) which is lost with VIS photolysis of 3 is
consistent with CO stabilized by dipole-dipole interaction and/or hydrogen
bonding to 3. The large calculated dipole moment for 3 (4.036 M)IN should
lead to favorable dipole-dipole stabilization of CO in the proper orientation.
The corresponding CO band in a nitrogen matrix is found at 2135.8% cm-!
which is destabilized (lower energy stretch) compared to CO in N5 (2139.69
cm-1), The destabilization may be due to the inability for CO to rotate to a
favorable dipole-dipole or hydrogen bond stabilized orientation to 3 in N5 at
100K, The two equivalent intensity CO bands at 2149.82 and 2143.32 cm-!
formed from VIS photolysis of 3 (Ar, 109K), which are lost with subsequent
photolysis of 1 suggests their assignment to two tvpes of stabilized CO/1
complexes., The magnitude of the higher energy shifts correlates well with

the hvdrogen bond stabilization of CO encountered with H»O or NH3 in an
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argon matrix (Table XIX). Photoisomerization of 3 to 1 could occur as a
simple 1,2 H shift%% in electronically excited 3 (Sy, Ty) or alternatively,
through bond cleavage to diazenyl radical (HNN:) and H- followed by
recombination.?® If in the CO/3 complex CO and the N=N double bond of 3
lie coaxial (Coy symmetry) then the complex of CO and 1 resulting from 1,2
H shift of excited 3 should result in a single complex of CO and 1 by
symmetry (assuming no rotational diffusion). However, if the CO axis is non-

linear relative to the C5 axis of 3, the photoisomerization of 3 to 1 should

AZ Y o
NN _h N=N
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result in two CO/1 complexes due to symmetry. Photolysis of aminoiso-

cyanate to H-2NN 3 plus CO would be expected to yield a non-linear

arrangement of CO and 3 due to the anticipated bent geometry of aminoiso-

cyanate.*4 Observation of two CO stretches assigned to two complexes of |

and CO formed with equal probability (1:1 intensities) at 2149.82 and 2143.32

cm-1 is consistent with a photochemical 1,2 H shift of 3 to 1 in a non-linear

Scheme I
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complex with CO. The lower energy CO stretches observed in a nitrogen
matrix 2135.84 and 2143.80 cm-! suggest a less stabilizing orientation of 1
and CO in N» produced from photolvsis of a destabilized 3/CO complex.

Scheme Il summarizes the CO matrix behavior.

ESR Studies

The derivative electron spin resonance (ESR) spectrum of a 2-MTHF
glass of 3 (1NOK) reveals a structural signal in the g = 2 region, an apparent
supernosition of two signals (Figure 36a). The anisotropic nature of the glass
precludes a precise determination of the »20 gauss hyperfine splittings.
The ESR spectrum of a 2-MTHT¥ glass of 3-dy reveals an identical signal. VIS
irradiation of 3 or 3-d» with ()} >500 nm, »109K) results in growth of the
structural portion of the signal with the center doublet portion unchanged.
The structured portion of the signal corresponds to 2-MTHF radical(s)
independently produced from photolvsis of trans-1,2-dimethyldiazene 8t or
di-tert-butyl peroxide in a 2-MTHF glass (779K) (Figure 36b). The identity of
the center doublet portion of the spectrum is unknown.”6é A similar spectrum
to Figure 36a has been obtained from <y-irradiation of a 2-MTHF glass.77
Prolonged UV (VIS filtered) photolysis of a 2-MTHF glass alone (779K) under
conditions used to generate 3 does not yield the spectrum of Figure 36a. The
formation of 2-MTHF radical(s) in photolysis of 15 or 3 is consistent with the
generation of He from 3 followed by abstraction from the matrix. VIS
photolysis of 3-dyp prepared form 15-dp (>97% d5) results in a mixture of

NHtHNH5 in a ratio of 75:23:2 by mass spectroscopy. This is consistent with
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Figure 36. (a) ESR spectrum of blue-violet glass of HoNN 3 (2-MTHF,
100K), (b) ESR spectrum (10°K) of 2-MTHF radical(s) produced
from photolysis of either trans-1,2-dimethyldiazene 8t or di-
tert-butyl peroxide in 2-MTHF glass, 770K,
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H abstraction from 2-MTHF solvent by ND.. Failure to observe formaldehyde
as a poroduct from 3 in 2-MTHF may reflect a preference for H abstraction
from solvent to H- addition to CO. However, in the absence of an abstraction
pathway (Ar, 100K) photolysis of 3 and 1 in the presence of CO then affords
formaldehyde. No signal attributable to diazenyl radical (HNN.) was
ohserved from VIS photolysis of 3 in 2-MTHF (109K)78 or in an argon matrix
100K.79 A concerted photochemical reduction of CO by 3 or 1 cannot be

ruled out.

Thermal Decomposition Kinetics

The difficulties and perils associated with kinetic studies in rigid and
softened organic glasses have been noted by others.8] Frequently, very rapid
non-exponential decays are noted in the decomposition of reactive
intermediates in these media. A rigorous interpretation of this behavior is
lacking, but may be ascribed to matrix site effects or contributions of
quantum mechanical tunnelling. The rapid thermal decomposition of HpNN 3
in a softened 2-MTHF glass at 90 * 10K was monitored spectroscopically at
636 nm. Early kinetic points prior to temperature equilibration (»30 min)
were discarded. A linear least squares analysis reveals an apparent
bimolecular decomposition pathway for 3 from the "best fit" 1/absorbance
versus time plot (Figure 37). Assuming a molar extinction coefficient (¢) of
20 M-1 cm-l (for Kinetically persistent 1,l-diazenes £=20+3M-!cm-1)
yields a corrected bimolecular rate constant of 7.2 x 10-% M-l sec-! (r2 =

0.991) at 90 * 19K, The estimated diffusional rate constant for 2-MTHF at
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90+ 10K is & x 10-6 102 M-l sec-1,32 Hence, the observed bimolecular

decay of 3 (k) is apparently greater than or equal to the estimated

diffusional rate constant. Nue to the extreme variation of solvent viscosity

with temperature32 the rate of decay of 3 was not determined as a function

of temperature.
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Figure 37, RBimolecular kinetic plots for decomposition of 3 and 3-d, at

9N * 19K in 2-MTHF from same initial concentration at 800K,
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Thermal decomposition of M)NN 3-d), prepared indentically to HoNN
3, in softened 2-MTHF at 90 * 10K affords the "best fit" kinetic plot shown in
Figure 37. The corrected bimolecular rate constant of 6.8 x 10=5 M-1 sec-1
(r? = 0.99%) is indicative of a substantial deuterium kinetic isotope effect
ky/kmy ~ 106+ 3 at 90+ 19K, Simple head to head dimerization of 3 to
afford 2-tetrazene 25 (as is observed for kinetically persistent 1,1-diazenes in
solution)®2 would be expected to show only a small inverse secondary isotope

effect.

N=N ———>  H,N—N=N—NH,

3 25

For a hybridization change from sp3 to sz, a normal secondary
isotope effect is typically ky/kn ~ 1.1 to 1.4 per deuterium at 298°K. This
would correspond to ky/kp = 1.4 to 3.1 per deuterium at 909K, For
comparison, a normal primary isotope effect kyy/kp =~ 5 at 298°K corresponds
to a kn/kn ~ 200 at 909K. Clearly a simple head-to-head dimerization of 3
to 25 at 909K (sp? to sp?, ky/kp = 0.71 to 0.32 per deuterium) would not

account for the ohserved isotope effct for bimolecular decomposition of 3.
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The observed kinetic isotope effect mav be consistent with the mechanism

pronosed in Scheme 1V,
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An initial concerted w2s + m2s+ 02shead-to-taildimerizationof3to
afford intermediate 31 as the rate determining step would be expected to
show the observed bimolecular decomposition kinetics and a deuterium
isotope effect of approximately ky/kp =~ 200/(3.2)2 ~ 20. This value is
comparable to the observed value ky/kp= 10.6% 3 at 90* 19K,
Tautomerization of 31 to afford 2-tetrazene 25 competitive with hydride
elimination and subsequent disproportionation to afford trans HNNH 1, cis
HNNH 2, Hy and Ny or addition to afford hydrazine would account for the
products observed from thermal decomposition of 3. Unfortunately, kinetics
for formation of 1 (A max = 336 nm), 2 (A nax = 480 nm) (tentative identifica-
tion) and tetrazene 25 gave inconsistent results. Subsequent thermal
decomposition of 1 and the A 54 = %80 nm species at 90 to 100°9K were also
inconsistent and do not support a clear interpretation.

The mechanism of Scheme IV may be consistent with the low activa-
tion energy (Ea <5 kcal/mol) necessary for the facile thermal decompositions
observed at these low temperatures (assuming log A < 5). However, any
mechanistic considerations derived from the limited kinetic data presented
must be tempered with the consideration of alternative mechanisms. Due to
the presence of radicals (e.g., ‘MTHF) in samples of 3 prior to thermolysis
see previous section) a facile radical chain decomposition of 3, 1, 2, and 25
cannot he excluded. This alternative mechanism could provide the necessary
rapid, low E5 pathway for the observed decompositions.

Unsuccessful attempts were made to prepare 3 isolated in a "rigid"

high temperature matrix (e.g., adamantane, polymethylmethacrylate,
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polyethylene) in order to investigate the "non-diffusive" unimolecular
thermochemistry of 3. It was hoped that activation parameters could be
derived for comparison with theoretical calculations for the N-H bond
strength of 3 and the H2N» energy surface. However, in all cases the blue-
violet color of 3 was lost well below 2009XK, resulting in formation of the
yellow color of trans 1. It is unknown whether this isomerization of 3 to 1 is
the result of diffusion of 3 in these "rigid" matrices, well below their
softening points or whether a low activation energy pathway for uni-
molecular decomposition of 3 (e.g., tunnelling) exists. The yellow color of 1
persists for several days at 29%8°K in a polymethylmethacrylate matrix. This
is suggestive of slow diffusion in this matrix. In contrast, the blue-violet
color of 3 in this matrix is gone in less than 20 seconds upon warming from

779K to 1200K.

Summary

The low temperature matrix isolation and direct spectroscopic
characterization of the parent 1,1-diazene H2NN 3 has been described. The
UV (VIS filtered) photolysis of carbamoyl! azide 15 in a rigid medium (2-MTHF
glass, 800K or Ar matrix, 109K) provides a new method for the generation of
reactive 1,l1-diazenes. This photochemical rearrangement is considered to
proceed by the photo-Curtius rearrangement of 15 to aminoisocyanate
followed by photodecarbonylation of the aminoisocyanate to afford HHoNN 3
and carbon monoxide. H7NN is a blue-violet species Apax = 636 nm

displaving  the now characteristic structured ahsorption curve
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of a 1,1-diazene. The characteristic N=N double bond stretch for 3 is located
at 1574.16 cm-1. This is consistent with the theoretical (GVB-CI) prediction for
HoNN. Isotopic labeling (D, 15N) has provided identification of the infrared
active modes for 3, 3-15N;, 3-dp, and 3-dz-15N. No emission was detected
from irradiation of 3 at its n-m* transition consistent with very rapid
internal conversion (kic ,» 1012 sec-1) controlling the lifetime of the excited
state (S)). This in turn is consistent with the relatively small Sp-S| gap of
41.5 kcal/mol in 3. The products of thermal and photochemical
decomposition of 3 were determined. Thermolysis of 3 (2-MTHF, 909K)
affords tetrazene 25 (Amax = 260 nm) at a nearly diffusion controlled rate as
expected. Additionally, thermolysis of 3 affords yellow trans HNNH 1
(Amax = 386 nm) and another species Amayx = 480 nm tentatively identified
as cis HNNH 2, The mechanism for formation of these unexpected products
is unknown but suggests that 3 is indeed a higher energy species than 1 and 2.
Photolysis of 3 (2-MTHF, 800K and Ar, 109K) affords some trans HNNH 1
together with Hy and N9. Photolysis of 3 in the presence of CO (Ar, 10°K)
also affords formaldehyde (H2CO). The photochemical isomerization of 3 to
1 can be compared to the proposed isoelectronic photochemical isomerization
of H»CO to hydroxycarbene which has been invoked to explain the much
disputed formaldehvde photochemistry.66a9‘* Attempts to detect diazenyl
radical (HNN) in the photodecomposition of 3 by ESR and matrix FT-IR were
unsuccessful. Attempts at photochemical isomerization of trans 1 to cis 2
were inconclusive. The observation of several FT-IR stretching frequencies

for CO mirroring the photochemical behavior of diazenes 3
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and 1 and their photodecomposition oroducts in solid matrices (Ar, N, 100K)
suggests an intimate association of these diazenes and the CO side product in

a rigid low temperature matrix.
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RESULTS AND DISCUSSION

CHAPTER 2

1,1-Diazenes With o -Hydrogens. Matrix Isolation

and Characterization of 1,1-Dimethyldiazene

and 1,1-Diisopropyldiazene
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Synthesis of Carbamoyl! Azides

Reaction of the requisite dialkyl amine with phosgene at low
temperatures affords dialkyl carbamoy! chlorides 2147 and 22.83 Carbamoyl
azides 13 and 17 are easily prepared hy the reaction of sodium azide with the
corresponding carbamoy! chloride in dry acetonitrile.47 Preparative VPC

affords analvtically pure carbamoyl! azides 13 and 17.

O O

Cl,CO /L NaNsz ’U\N

R = CH3 21 13
R = (CH5),CH 22 17

Electronic Absorption Spectra of 1,1-NDiazenes 7 and 18

For electronic absorption spectroscopy of 1,l-diazenes 7 and 18, a
dilute (5 x 10-3 M 10?2 solution of the freshly purified carbamoyl azide in dry,
degassed 2-methyltetrahydrofuran (2-MTHF) was loaded into a 1.0 cm path
length low temperature spectroscopic cell®D attached to the low temperature
matrix isolation apnaratus. The solution was loaded under a positive pressure
of argon through Teflon tubing with syringe suction. Cooling the solution to

800X results in the formation of a rigid optically transparent glass.
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Irradiation of carbamoy! azide 13 in a 2-MTHF glass at 800K with ultraviolet
(UV) light from a 1000 watt xenon lamp51 through two Corning CS-7-54
( UV transmitting, visible (VIS) A 400-680 nm cut-out) filters results in
loss of the UV absorption of the carbamoy! azide and formation of a red-
orange glass. Electronic absorption spectroscopy of this red-
orange glass revealsa structured absorption curve Amax = 556 nm (51.5
kcal/mol) and X0 =653 nm (43.9 kcal/mol)>2a assigned to 1,1-dimethyl-
diazene 7 together with a structureless absorption due to another species
X max = 464 nm (Figure 38). Similarly, irradiation of carbamoyl azide 17 in a
dilute glass (~5x 10-3 M, 2-MTHF, 809K)02 affords a purple glass.
Electronic absorption spectroscopy reveals a structured absorption curve
X max = 504 nm (52.7 kcal/mol) and 1 g, = 620 nm (46.2 kcal/mol)22 of 1,1-

diisopropyldiazene 18 (Figure 39). These structured absorptions are close to

0
hy
R?_NJKNE, S [RZN—N=C=O] + N,

R = CHy 13 7
R=(CHg),CH 17 18
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Figure 38. Electronic absorption spectrum of 1,l-dimethyldiazene 7 and
A max = 464 nm co-product (2-MTHF glass, 300K).
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Figure 39. Electronic absorption spectrum of 1,l-diisopropyldiazene 18 (2-

MTHF glass, 800K)
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Table XX. 1,1-Niazene Electronic Transitions.

A max An,n _ F(Sp-S1) (max)
1,1-Niazene (nm) (nm) v cm-! (kcaD
H\ a
/N=N 636 695 1315 5.1
H
H3C\ a
N=N 556 653 1315 51.5
H3C
[
D*=N 598 614 1340 54,6
_\ a
N=N 504 520 1306 56.%
b
N=N 543 610 1040 52.7

=N 506 670 1200 56.6

2,
\
b
K=N 497 572 1238 57.%

aThis work. 7-MTHF glass, 800K, DPMe,0 solution. Ref. Se,f. CRef. R4, 2-
MTHF glass, 8N°K.
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the n-m* transition calculated by Davis and Goddard!n for H9NN 3 near 560
nm. The kinetically persistent 1,1-dialkyl diazenes &, 5, and 6 prepared
earlier in the Nervan group were found to have similar structured absorptions
max = 497 to 543 nm) due to this n-T* transition in the visible.®&f The
parent 1,1-diazene 3 has also heen shown to be a blue-violet species with a
structured absorption Amax = 636 nm in a 2-MTHF glass at 80°0K.4 The
characteristic n-T* transitions for 1,1-diazenes are summarized in Table XX,

The structure in the absorption spectrum of 1,1-diazenes is assigned to
the vibrational snacing of the excited state (Sy). The prominence of this N-N
stretching mode is indicative of a substantial change in Re(NN) on excitation
from ground state (Sp) to Sy. The calculations of NDavis and Goddard!n
indicate an optimal pyramidal geometry for S; of 3. The experimental
average vibrational spacing for 3 is 1315 cm-1. Comparison with the
calculated N-N stretch for Sy of 3 (1357 cm=115?b may indicate a preference
for pyramidalization over two center three electron bonding in S| of 3. The
average vibrational spacing in Sy of 1,l-dimethyldiazene 7 is 1315 cm-!
comparable to that of 3. By comparison, the average spacing in S} of 1,1-
diisooropyldiazene is 1306 cm-1. The smaller vibrational spacings observed
for the kinetically persistent 1,1-diazenes with tertiary alkyl substituents in
solution (1040 to 1238 cm-1 may be reflective of the poorer resolution of
their vibrational structure. In general, pyramidalization should stabilize 1,1-
diazene S) states bv relieving nitrogen lone pair-alkyl group repulsions.
These interactions are certainly more severe in tertiary substituted 1,1-

diazenes. The observed lower S} N-N vibrational frequencies in the
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kinetically persistent 1,1-diazenes would be consistent with this explanation.
However, in the absence of tertiary alkyl-lone pair repulsive interactions the
average vibrational frequency in Sy should follow a trend indicative of the
necessity to relieve alkyl-lone pair repulsions. Small grouos (e.g., H, Me)
should require less pvyramidalization. Larger groups (e.g., i-Pr) should require
more pyramidalization resulting in a lower Sy vibrational frequency (as is
observed), In the wunsubstituted five-membered ring 1,1-diazene
pyramidalization is restricted resulting in more two center three electron
bonding and higher N-N vibrational frequency in Sj. The electronic n-
T* transitions of 1,1-diazenes show a trend similar to that observed in the
isoelectronic carbonyl compounds (Table XXI),

l,1-Nimethyldiazene 7 was also prepared by UV (VIS filtered)
photolysis of (7)-3,3-dimethvl-1-phenyltriazene-1-oxide#0 16 in a rigid 2-
MTHF glass ®00K) affording the structured absorption curve of 7 (purple,
Amax = 5% nm) together with the structured absorption of nitrosobenzene

(blue, Amax 780 nm, € = 45) (Figure 40). Comparison of these absorhances

16 1
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Figure 40, FElectronic ahsorption spectrum of 1,l-dimethyldiazene 7
(A max = 556 nm) and co-product nitrosobenzene (A pax = 780
nm) from UV (VIS filtered) photolysis of 16 (2-MTHF, 800K),
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provides an estimate for the molar extinction coefficient for 7 of
e= 6 (M-1 em-D, Warming the glass gives a nearly quantitative

(>909%) yield of tetramethyl-2-tetrazene 19 and nitrosobenzene.

Thermal Decomposition of 1,1-Diazenes 7 and 18

Warming a 2-MTHF glass of 7 to softening at 909K results in loss of
the structured absorption curve due to 7 (Figure 38) and formation of a red-
orange soecies (Amax = 464 nm) (Figure 41) together with growth of the UV
absorotion due to tetramethvl-2-tetrazene 19 (A a4 = 280 nm). Warming
this softened glass to greater than 1800K results in loss of the
Amax = 464 nm absorption and growth of the UV absorption due to tetrazene
19. Tetrazene 19 is obtained in nearly quantitative yield from 13 overall.

Similarly, warming a ?-MTHF glass of 1,1-diisooropyldiazene 18 to 900K
results in loss of the structured absorption curve due to 18 (Figure 39) and
formation of a red-orange species (Aax = 474 nm) (Fisure 42) together with
growth of the UV absorption due to tetraisopronyl-2-tetrazene 20
(Amax = 290 nm). Warming this softened glass to greater than 200°K results
in loss of the red-orange species (Amax = 474 nm) and formation of products
expected from thermal decomposition of 18. Attempts to detect the 1,1-
diazenes 7 and 18 in these warmed red-orange solutions in possible
equilibrium with the Amax = 464 or Amax =474 nmspecies,respectively,by

electronic spectroscopy were unsuccessful.
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Figure #1. Thermolvsis of 1,l-diazene 7 (2-MTHF, 900K), 10 min
intervals,
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Figure 42. Thermolysis of 1,l-diazene 18 (2-MTHF, 90-0K), 10 min
intervals.
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Photochemical Pecomposition of 1,1-Niazenes 7 and 18

1,1-Niazenes have been shown to decompose when irradiated at their
n-m* transitions in the visible, Irradiation of a 2-MTHF glass of 7 with
visible light (VIS, 2 h) from Corning filters CS-1-75, CS-3-70, and CS-4-96
(A 470-617 nm) results in loss of the structured absorption of 7 and growth
of the absorption \Amax = 464 nm due to the red-orange species. Fxtended
VIS photolvsis results in no detectable decrease in the 464 nm absorption. A
mixture of ethane and tetrazene 19 are ohtained upon warming the glass to
room temperature. FEthane is the expected photochemical decomposition
product of 7. Similarly, VIS photolysis of a 2-MTHF glass of 18 with Corning
filters CS-1-75 and CS-3-70 (5470 nm) results in loss of the structured
absorntion of 18 and formation of the red-orange species
Amax 474 nm. Extended VIS irradiation (10 h) results in no detectable loss of
the Xmax = %74 nm transition. A mixture of hvdrocarbon products expected
from thermal and photochemical decomposition of 18 together with tetrazene
20 are obtained upon warming the red-orange glass. Full product analysis for
thermal and photochemical decomposition of 7, 18 and kinetics for thermal
decomposition are reported in a later section. Similar behavior was obtained
in several other glass forming solvents including 3-methyl pentane, triacetin
and methylmethacrvlate. One possible explanation for the red-orange species
obtained from 1,1-diazenes 7 and 18 might be the cis-?-tetrazene isomers of
the corresponding trans-?-tetrazene products ultimately observed. However,
UV (VIS filtered) irradiation of trans-2-tetrazenes 19 and 20 in a rigid 2-

MTHF glass (80OK) gave no red-orange coloration and no detectable visible
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transitions between 350 and 750 nm. This is consistent with exclusion of the
corresponding cis-2-tetrazenes as the species responsible for the
Amax 464 and 474 nm transitions from 1,1-diazenes 7 and 18, respectively.
In addition, warming a rigid glass of 7 or 18 in triacetin to 1500K (still rigid),
results in loss of 7 and 18 and formation of the Amax = 464 and Amax =
474 nm species resnectivelv. Hence, diffusion of the 1,1-diazenes is

apparently unnecessary for the ohserved thermal decomposition.

Matrix Isolation Infrared Spectroscopy of 1,1-Dimethyldiazene 7

For infrared studies a gas mixture of freshly purified dimethvl
carbamoy! azide 13 in ultra high purity argon (1:1400, Ar) was deposited onto
a cesium iodide (CsI) inner window of the matrix isolation apparatus at 200K,
The resulting argon matrix of 13 was slowly lowered to 109K. Figure 43
shows the FT-IR spectrum of 13. Table XXII summarizes the assienments for
the infrared bands of 13 and co-condensed atmospheric impurities (H20O,
CO,). Irradiation (1 h) of matrix isolated 13 with UV (VIS filtered) light from
two Corning CS-7-54 filters results in loss of the infrared bands of 13 and
formation of product bands. Subtraction of the FT-IR spectrum of 13 from
the FT-IR spectrum resulting from UV photolysis of 13 clearly shows these
product bands (Figure 44). These bands are divided into five groups.
Assignments are based on thermal and photochemical behavior and com-
parison to authentic argon matrix infrared spectra. The first column of Table
XXIII lists the products from UV photolysis of 13 and their assignments.

The first group of bands labeled (I) are assigned to dimethylaminoiso-
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Table XXII. FT-IR Bands for 13 in Argon Matrix (120 mm) (1:1400, 109K)

Threshold 0.05 A.

Peak Location (cm-1) Intensity (A) Assignment
2949.45 0.10 v C-H
2943,25 0.09
2936.07 0.05
2923.22 0.05
2345.03 0.08 CO%, YV CO
2339.00 0.05 COy; v CO
?2213.05 0.06
2208.53 0.06
2156.75 1.36 V N3 (asvm)
?2152.91 1.20 V N3
(2146.12) 0.14
(2133.80) 0.18
(212%.99) 0.12
1713.47 1.36 v NCO (asym)
1705.59 0.51
1502.88 0.56
1466.83 0.07
1461.09 0.09
1439, 14 0.08
1434.59 0.32 § CH3
1432.92 0.15
1410.45 0.11
1408.85 0.34 § CH3
1407 .49 0.22
1398.37 0.

1396.22 1.10 v NCO (sym)
13%6.22 0.3
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Table XXII. Continued.

Peak Location fcm-1) Intensity (A) Assignment
1240 .60 1.39 v N3 (sym)
1236.59 0.79

(1232.42) 0.56
122%8.31 0.63

(1221.2%8) 0.10

(1215.5%8) 0.17

(1212.51) 0.09

(1203,72) 0.09
1138.53 0.%3 0 CH3
1136.89 Nn.%9
1124.99 0.14
1121.41 0.39
1071.63 0.06
1069.%3 0.12 Y CH3
1N66.23 0.05
973.81 0.07 v C-N (asym)
729.76 0.08
776.51 N.18 § N3
648.12 0.14 v N=C (sym)
644,85 0.06

() = 15N labeled (13-15N) as impurity
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cyanate, the expected product from the photo-Curtius rearrangement of 13,
These bands grow in quickly with UV photolysis of 13 and decrease with
extended UV Dhotolvsi-s. Photolysis with  wavelengths 340-419
nm also results in decrease in their intensity (see third column of Table
XXIIN. These bands are unaffected by warming the matrix to 30-350K, The
most intense band of (N at 2219 em-! is likely assigned to the isocyanate
stretching frequency. For comparison, Lwowski#’ reported this stretch at
2230 + 2 cm-! in a neon matrix at 69K,

A second group of bands are observed to grow in with UV (VIS
filtered) irradiation of 13. These bands assigned to 1,l1-dimethyldiazene 7
are labeled (M) in Table XXIJII, Recall that VIS irradiation of 7 in a rigid
2-MTHF glass (800K) resulted in loss of 7. The infrared bands assigned to 7 are
all efficiently photolvzed away with VIS irradiation at 109K using Corning
filters CS-1-75, CS-3-70, and CS-4-96 () 470-610 nm). Subtraction of the
FT-IR spectrum after VIS photolysis from the spectrum before VIS photolysis
results in positive absorption bands assigned to 7 (D) (Figure 45) together
with a third group of bands at 2142.02 and 2134.75 cm-!l assigned to
carbon monoxide (CO)., All of the bands assigned to 7 are unaffected by
warming the matrix to 30-350K,

The third group of bands, assigned to CO, show the same behavior as the
bands assigned to 7 (M), This type of CO behavior was demonstrated in the
infrared studies of isotopically laheled H7NN 3 (see Chapter 1). The
formation of two distinct CO bands mirroring the behavior of 1,1-diazene

7 will he discussed in a later section.
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A fourth group of product bands from UV photolysis of 13 also increase
in intensity with VIS photolysis of 7 in argon at 100K, These bands labeled (E)
in Table XXIII, are assigned to ethane. Ethane is a product of VIS photolysis
of 7 in a 2-MTHF glass (800K),

A fifth group of product bands from UV photolysis of 13 remain

unaffected by VIS photolysis of 7. Irradiation with wavelengths 340-410 nm

26

also has no effect. These bands are tentatively assigned to the unknown N-
methyl-diazetedinone 26, labeled (A) in Table XXIII. The strongest band
observed for 26 (Figure 44) at 1815.06 cm-1 is consistent with the stretching

frequency of a carbonyl in a four-membered ring. For comparison, dimethyl-
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diazetedinedione 27 has a carbonyl stretch at 1780 cm-! in CHCI3
solution.®6a N ,N'-diisopropyl-1,2-diazetedinedione 28 has a C=0O stretch at
1815 cm-1,36b whereas B-lactams have a stretch near 1800 cm-187
Niazetedinone 26 would result from intramolecular insertion of dimethyl
carbamoyl nitrene into a methyl C-H bond. This intramolecular insertion is
precedented for diethyl carbamoy! carbene yielding the corresponding four-
and five-membered ring compounds.83% No previous evidence for
intermolecular or intramolecular dialkyl carbamoyl nitrene insertion
chemistry has been noted.*5D,6 Attempts to isolate and fully characterize 26
have not been successful to date.

Of the infrared bands assigned to 1,l1-dimethy! diazene 7 the major
band at 1600.96 cm=! and a minor band at 1590.83 cm-! with a shoulder at
1591.53 cm-l are all in the region where one would expect to find the
characteristic N=N double bond stretch of the l,1-diazene. This N=N stretch
has been shown in the kinetically persistent 1,l1-dialkyldiazenes in solution
and in the parent 1,1-diazene H9NN in an arson matrix to be Hooke's law
shifted to lower energy with the incorporation of a terminal 15N label at the
nitrene nitrogen. In order to verify the assienment of the characteristic N=N
double bond stretch for 7 a !N terminal label was desired. Reaction of
dimethyl carbamoyl chloride 21 with (1-15N) labeled sodium azidef3 indry
acetonitrile afforded 13-15N, The combination of 15N NMR, high resolution
mass snectroscony and FT-IR spectroscooy demonstrates an equal distribution
of the 15N lahel between the two terminal positions of the azide moiety.

5N NMR reveals two singlets at -141.40 and -264.02 ppm from 19N-CH3NO,.
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Table XXIII. Infrared Bands for Products from Photolysis of 13 and 13-15N
(1:1400, Ar, 100K) (cm=-1),

60 min - 60 min 60 min
hv UV hv VIS hv
(V1S Filtered) (X 470-610 nm) ( A 340-410 nm) Assignment
3776.01 H>0, V O-H
3756.53 Hy0, V O-H
3711.10 H20, V O-H
31R4.24 (<) D (overtone)
3037.1% (-) D (?)
3009.44 () (V)
3004 .64 (-) Du, ¥ C-H
3001.50 (+) (+) B, 2CH
2991.15 (+) (+) E, VC-H
29%2.65 (+) (+) E, VC-H
29%0.53 (+) (+) E, VC-H
2967.,28 » (-) (V)
2958.15 (+) (+) E, ¥V C-H
2955.91 (+) (+) E, VC-H
2947.97 (-) D, V C-H
2941.17 {=) n, VC-H
2938.23 -3 D, VC-H
7931.79 (-) D, V C-H
2926.06 (+) (+) E, VC-H
2909.47 (-) (V)
2900.3% (+) (+) E, YV C-H
2%95.21 (+) (+) E,VC-H
2%90.90 (+) (+) E,VC-H
2345.00 CO,, V CO

2339.01 CO,, ¥V CO
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60 min 60 min 60 min
hv UV hv VIS hv
(VIS Filtered) (X 470-610 nm) (A 340-410 nm) Assignment
2219.,49 (-) I, v-Nl4=C
2207.00 (-) I* V- NH (* 0
2147 .02 (=) CO, v CO
2137.%0 (+) CO, v CO
2135.93 CO, v CO
2134.,75 (-) CO, v CO
2132.95 (+) (-) CO, v CO
115,06 (A, v 14NCO)
1811.97 (A* v 15NC0)
1623.60 H,0, SOH
1607.73 H>0, § OH
1600.96 (-) Dxg, v 14N=14N
1591.53 fedl D, v 14N=14N
1590.83 (-) Py v 1aNz1ey
15%1.83 (-) Da*, v TEN=15N
1572.26 (-) Dp*, v 1#N=15N
1473.12 () I, § CH3
1471.62 (-) I, § CH3
1467 .84 (+) (+) E, &CH3
1464 .97 (+) (+) E, § CH3
1463.03 (-) (8)!
1448.50 (-) Day, § CH3
143%.16 (-) Dp, § CH3
1430.01 (-) (8)
1423.25 (-) D (?)
1380,12 (+) (+) E, w CH3
1375.12 (+) (+) E,w CH3
1369.10 (S (U), w CH3
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Table XXIII. Continued.

60 min 60 min 60 min
hy UV hv VIS hv
(VIS Filtered) () 470-610 nm) (A 330-410 nm) Assignment
1358.17 (=) Dy, W CH3
1184.35 (=) D, P CH3
1158.79 (=) (), § cNIdN
115424 * (-) (U%), 8 CNI5N
1078.77 (-) ({8)]
1077.80 * () (U*)
946,18 (-) ()
937.02 () ()
%59.37 (-) Dag, ¥V C-N
857.56 (-) D1, ¥ C-N
856.49 (-) N (?)
849,74 (-) D, V¥ C-N
345,90 (-) I
%729.720 (+) (+) E
825.85 (+) (+) E, V C-C
822.27 (+) (+) E
818,16 (-) 1
606.67 (+) (+) (E)
605.56 (+) (+) (E)
Dar = 1,1-Dimethyldiazene 7, Dy* = 7-19N
D = Minor species (7), Dy * = N-15N
E = Ethane
1 = Dimethylaminoisocvanate, I* = 1-158
A = N-Methyldiazetedinone (26), A* = A-15N
() = Tentative assignment
(+) = Increased with photolysis
(-) = Decreased with photolysis

(U) = Unidentified. (U*) = (U-15N),
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Matrix isolation of 13-15N in argon (1:1400, Ar, 109K) (Figure 46, Table
XXIV) reveals the two 19N labeled asymmetric azide stretches at 2151.04 and
2133.74 cm-! in an approximate 1:1 ratio. Photolysis of a 13-15N would be
expected to yield a 1:1 mixture of unlabeled 1,1-diazene 7 and terminally
labeled 7-15N by the photo-Curtius rearrangement and subsequent photo-

decarbonylation of the intermediate dimethylaminoisocyanate.
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Table XXIV. FT-IR Bands for 13-15N in Argon Matrix (120 mm) (1:1400, 100K)

Threshold 0.05 A.

Peak Location (cm-1) Intensity (A) Assignment
3756.37 0.07 H»0, v OH
3711.02 0.05 H,0, v OH
2949 .45 0.09 v C-H
2942 %4y 0.06
2935.50 0.05
2923.22 0.05
2345.03 0.08% COy, v CO
2339.00 0.06 COa, v CO
2187.43 0.14
2183.724 0.09
2174.27 0.10
(2157.4%) 0.15

2151.04 1.02 v-N15=N=N (asym)
2148.07 0.60

2146.00 0.51

2133.74 0.96 v-N=N=15N (asym)
2129.05 0.70

1724.13 0.16

1721 .45 0.17

1712.93 1.31 v NCO (asym)
1704.02 0.54

1692.51 0.07

1623.65 0.08 H,0, § OH
1607.77 0.08 H,0, § OH
1502.78 0.53

1466 .42 0.07

1462.11 0.09

1439 .04 0.06

1434 .45 0.30 § CH3
1432.76 0.14

1410.45 0.11

1408.%3 0.34 § CH3

1407 .49 0.22
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Peak Location (cm-1) Intensity (A) Assignment

139%.13 0.64

1395.99 1.12 v NCO (sym)
1385.92 0.32
(1240.39) 013

1233.60 0.92 V-N15=N=N (sym)
1229.73 0.67

1225.75 0.34

1220.94 0.3%

1215.53 0.9% v-N=N=15N (sym)
1212.52 0.60

17207 .82 0.33

1203.75 0.54

1136.03 0.8%8 o CHj

1134,78 0.%9

1117.10 0.19

1112.15 0.05

1071.62 0.06

1069.%3 0.13 y CH3

1N66.23 0.05

973.41 0.07 v C-N (asym)

970.53 0.05 v C-15N (asym)

729.69 0.05

726.%2 0.15 § N3

648,12 0.12 v N-C (sym)

644,85 0.10

() = Unlabeled (13) as impurity



-158-

TJV (VIS filtered) photolysis 13-15N (1 h) (1:1400, Ar, 100K) results in
loss of the infrared bands of 13-15N and formation of product bands. Figure
47 shows the product FT-IR spectrum minus the FT-IR spectrum of 13-15N,
These product bands are summarized in the first column of Table XXIII. In
addition to the product bands from photolysis of 13, additional 13N shifted
bands are found at 2207.00, 1811.97, 1581.83, and 1572.26 cm-1. These bands
correspond in intensity to 13N shifted multiples of unlabeled product bands at
2219.49, 1815.06, 1600.96, and 1590.83 cm‘l, respectively. The major band
at 1581.23 c¢cm-! and a minor band at 1572.26 cm-l are lost with VIS
irradiation together with the hands of unlabeled 7 and are assigned to 7-15N,
Subtraction of the FT-IR spectrum after VIS photolysis from the FT-IR
spectrum before VIS photolvsis results in the spectrum of 7, 7-15N, and bands
due to carbon monoxide (CO) (Figure 48). The more intense bands at
160096 and 1581.83 cm-! are assigned to the characteristic
v L4N-14N and v 14N=15N stretches of 7 and 7-15N, respectively. Figure 49
shows the N=N stretch region. The observation of a minor band at 1590.%3
cm-1 which shows the same behavior as bands due to 7 and also shows a large
15N shift to 1572.26 cm-! is surprising. One possible explaination for this
would be matrix site splitting of the bands of 7 vielding small multinle bands
of 7 due to different sites. The minor band at 1590.83 cm-! would
correspond to the 1600.96 cm-1 v 14N=14N stretch in a different site
environment. However, attempts to remove this possible site splitting by
warming the matrix to 30-359K were unsuccessful. This observation is
consistent with assigning the 1590.83 cm-! band to another species with a

N=N stretch which is also efficiently photolyzed with VIS irradiation
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Table XXV. Infrared Bands for 1,1-Dimethyldiazene 7 and 7-13N (Ar, 109K),

Peak Location

(cm-1 Assignment
31%4.24 (overtone)
3037.13 (?)

3004.64 M, V C-H

29472.97

2941.17

2939,727 M, V C-H

2938.73

2933.79

1600.96 M, v LiN-1AN

1591.53 m, V 14N 18N

1590.39 m, V 14N=14N

1581.%3 M, v 14N=15N

1572.26 m, V H4N=15N

144850 M, § CH;

143846 M, 8§ CH3

1423.25 (?)

1358.17 M, 0 CH3
1184.35 M, P CH3
859,37 M,V C-N
857.56 M, V C-N
56.49 (?)

849.74 m,V C-N

845.90 m, V C-N

M = Major species (7, 7-15N), m = Minor species.

Tentative assignment.

(?) = Uncertain.

() =
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(A 470-610 nm) or its assignment to 7 in a different matrix site which is not
altered by warming to 30-350K. The band at 1590.83 cm-! and other
additional "minor" bands which show matrix behavior similar to 7 and 7-15N
are labeled (M) in Table XXIIl, The major bands (greater intensity) assigned
to 7 and 7-15N are labeled (Dyy). Table XXV summarizes the infrared bands
of 7 and 7-15N and their tentative assignments. Only the N=N double bond
stretch mode shows a 15N shift. This is consistent with the assignment of
these bands to 1,1-dimethyldiazene 7 and 7-15N with 15N incorporation only
into the terminal "nitrene" nitrogen.

Two other product bands from UV photolysis of 13-15N also show a
15N shift to lower energy. The asymmetric isocvanate stretch
v 14N=C=0 of dimethylaminoisocyanate [ labeled M in Table
XXII) at 2219.49 em-! shows a !5N shift to 2207.00 cm-!. For comparison,
the isocyvanate stretch for the parent aminoisocyanate (HpN-N=C=0) was
found to 5N shift from 2212.02 cm-! to 2194.18 cm-! in an argon matrix at
100K (see Chapter 1). In addition, the band at 1815.06 cm-! shows a small
I5N shift to 1811.97. This band is tentatively assigned to the asvmmetric
NCO stretch of N-methyl diazetedinone 26 (labeled (A) in  Table
XX,

Photolysis of 7 with visible light (VIS) (X 470-610 nm) results in loss
of all infrared bands of 7 and formation of new bands assigned to ethane
(labeled (E) in Table XXIII) together with a CO band at 2137.80 cm-1,
Ethane and nitrogen are the expected photolysis products of 1,1-diazene 7.

Ethane is a product of photolysis of 7 in a 2-MTHF glass (809K). A
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Table XXVI. Comparison Ethane Infrared Bands (Ar, 109K) (cm-1).2

hv VIS hv UV
1,1-Niazene 7 t-1,2-Diazene 8t Ethane/Ar Assignment
3000.50 3001.15 3000.50
2991.15 2991.82 2991.97
2986.74 Vv C-H
2982.65 29%2.05 2984 .16
29%0.53 2979.50 2979.84
2958.15 2960.8%]
2955.91 2956.73
2952.91 2952.64 2951.26
2926.00 2926 .16 2920.83
2900.3% 2901.74
2895.21 2895.57
2893.02 2893.75
2890.90 2891.17 2891.52
1467 .84 146%8.00 1467 .40 § CH3
464,97 1464 .21
1380.12 1379.%0
1375.12 1378.17 1374.50 w CH3
832.16
829.20 829 .64 822.26
825.85 82%.30 R20.34
822.27 R26.13 818.09
(606.67) (610.03)
(605.56) (60%.28)

ari1:1400, Ar, 109K, ( ) Tentative assignment, Close to strongest observed
bands for methyl radical (CH3+) at 602-620 cm-1 (Ar, 100K), Ref. 90.
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comparison of the infrared spectrum of matrix isolation ethane (1:1400, Ar,
109K) with that produced from 7 is made in Table XXVI. Some additional
unidentified minor product bands (labeled (U) in the second column of Table
XXIII ) are also obtained from VIS photolysis of 7. VIS photolysis of 7-15N
produces the same set of product bands together with I5N shifted multiple
bands at 1154.24 and 1077.80 cm=1, The #.55 cm-1 15N shift of the band at
1158.79 cm-1 to 1154.24 cm-1 suggests its assignment to a bending mode
involving a 15N labeled nitrogen. The same is true for the band at 1078 .77
cm-1, which shows a 0.97 cm-1 15N shift to 1077.80 cm-!. Photolysis of (U)
with wavelengths 340 to 410 nm results in loss of these unidentified product
bands and growth of bands due to ethane. Subtraction of the FT-IR spectrum
after 340-410 nm photolysis from the FT-IR spectrum of (U) before photolysis
results in the difference spectrum of Figure 50. Positive absorbance bands of
(U) and a CO band at 2132.95 cm-! are clearly displayed. Additionally, bands
due to dimethylaminoisocyanate are also apparently photolyzed with light 340
to 410 nm. The negative absorbances correspond to ethane and a CO band at
2137.80 cm=l. The behavior of CO bands will be discussed in a later section.
Similarly, Figure 51 shows the differenced spectrum resulting from 340-410
nm photolysis of !5N-labeled (U). The observation of ethane as a product
from photolysis of (U) between 340 and 410 nm suggests the 1,2-dimethyl-
diazene isomers 8 as possible candidates for (U). The argon matrix infrared
spectrum of trans-1,2-dimethyldiazene 8t (1:1400, Ar, 109K) (Figure 52,
Table XXVID) easily rules out 8t as the species responsible for the bands

labeled (U). Photolysis of matrix isolated 8t () 340-410 nm) results in loss
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3000 2950 2900
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Comparison ethane FT-IR spectra of the C-H stretch region. (a)
Fthane (1:1400, Ar, 109K), (b) Ethane from VIS photolysis of
1,1-diazene 7 (Figure 53). (c) Ethane from photolysis (340-
410 nm) of trans-1,2-diazene 8t (1:1400, Ar, 100K) 1 h,
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Table XXVII. Infrared Bands for 1,2-Diethyldiazenes 8t and 8c (cm-1).

Trans-1,2-Diazene 8t2 Cis-1,2-Niazene 8ch
2992.91 (m) 3018 (m)
2983.65 (m) 2960 (s)
2981.46 (w) 2910 (m)
7926.12 (s) 1561 (w)
2923.726 (w) 1477 (m)
7854.03 (w) 1460 (s)
1441.52 (s) 1430 (m)

1436.76 (s)

1379.46 (m) 1370 (s)
1977.72 (w) 1159 (s)
1108.72 (w) 1110 (m)
100%8.26 (m) 935 (m)

aThis work (1:1400, Ar, 109K), DRef, 89 (gas). w = weak, m = medium, s =
strong.

of the hands of 8t and formation of bands due to ethane. Subtraction of the
FT-IR spectrum after photolysis from the FT-IR spectrum before photolysis
of 8t clearly displays the infrared spectrum of ethane produced from
photolysis of 8t (Figure 53, Table XXVI). No bands of (UJ) were obtained from
photolysis of 8t. No infrared bands attributable to cis-1,2-dimethyl diazene

8c were observed to grow in the photolysis of trans-1,2-diazene 8t. Table
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XXV] shows a comparison of the ethane infrared bhands produced from
photolysis of 1,1-diazene 7, 1,2-diazene 8t, and argon matrix isolated ethane
(1:1400, Ar, 109K)., Close inspection of the C-H stretch region (Figure 54)
reveals that infrared spectrum of matrix isolated ethane is noticeably
different from that of ethane produced photochemically from either 7 or 8t
which give nearly identical ethane product spectra. The single nitrogen
molecule oproduced together with ethane from photolysis of 7 and 8t
apparently perturbs the matrix site around ethane in solid argon. Although 8t
can be ruled out as a possible assignment for (1)), the cis-1,2-diazene isomer
8c remains a possible choice. Table XXVII shows a comparison of the
infrared band for cis and trans 1,2-diazenes 8t and 8c. The bands for 8c
correlate fairly well with those for (U) in Table XXIII.

Another possible candidate for (U) would be H, ethvl-l,.?.—diazenem3
(XA max = 367 nm) which would also vield ethane as a photodecomposition
product. However, no infrared band attributable to an N-H stretch is
observed for (1)) in the region 2%00-3400 cm-!. Additionally, comparison
with the literature matrix infrared spectra for cis- and trans-H, methvl-1,2-
diazene do not support H, ethyl-1,2-diazene as a candidate for (U).33

Tetramethyl-?-tetrazene 19 was also ruled out as a possible candidate
for (1)) by comparison with its argon matrix infrared spectrum (see Experi-
mental). UV (VIS filtered) photolysis of 19 (1:700, Ar, 10°K) results in
formation of products from disproportionation/recombination of two
dimethylamino radicals.?93 The dispronortionation products N-methyvl-

methylenimine (v -N=CH, 1643 cm-!) and dimethylamine (v NH = 3340
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em-1) are also easily ruled out as candidates for (1)),

Matrix Isolation Infrared Spectroscopy of 1,1-Diisopropyldiazene 18

UV (VIS filtered) photolysis of matrix isolated diisopropyl carbamoyl
azide 17 and 5N labeled 17-15N yielded infrared product bands for com-
parison with those obtained from photolysis of 13 and 13-15N. A band
assigned to V-14N=C=0, the characteristic isocyanate stretch of diisopropy!-
aminoisocyanate, was found at 2241.91 cm-1. Photolysis of 17-15N resulted
in a 15N shift to 2231.55 cm-! for the 15N labeled isocyanate stretch
v-15N=C=0 (Figure 55). UV photolysis of 17 also yields a minor product
infrared band at 1815.95 cm-! and a major product band at 1795.9% cm-l.
These bands are tentatively assigned to the carbonyl stretches of 29 and 30.
The four and five-membered ring compounds would result from intramolecular
C-H insertion of the diisopropyl carbamoyl nitrene into a methine or methyl

C-H bond, respectively. Photolysis of 17-15N results in a 15N shift of the

*N)O]\N _hv AN’(LLN i o )\N—N= =
3 \( c
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minor band at 1815.95 cm-! to 1810.45 cm-! in support of this assignment.
The corresponding four-membered diazetedinone 26 obtained from photolysis
of 13 showed a 15N shift from 1%15.06 to 1811.97 cm=! (Figure 55).

The characteristic N=N double bond stretch for 1,1-diisopropyldiazene
18 is found at 1601.92 cm-1. Photolysis of 17-15N results in a Hooke's law
shift to 1579.46 cm-! (Figure 57). The characteristic 1,1-diazene N=N double
bond stretch frequencies are summarized in Table XXVIII. A comparison of
the 1,1-diazene N=N double bond stretch frequencies with the isoelectronic
carbonvl stretch frequencies is made in Table XXIX. The N=N stretch
frequencies for 1,1-diazenes parallel the trend in the isoelectronic carbonyl
compounds. One effect in this trend is indicative of increasing p-orbital
character in the N-C bonds with decreasing CNC bond angle. This results in
increased s-orbital character of the NN bond and higher energy N=N stretch
freaquencyv. Superimposed on this effect is an apparent inductive/
hyperconijugative stabilization of the positive charge on the amino nitrogen of
the 1,l-diazene. Greater electronic donation (alkyl vs. H) results in a
stronger ':1:':1 double bond and a higher energy N=N

stretch frequency. The onnosite electronic effect is realized in the iso-

electronic carbonyl compounds

1,1-NDimethyldiazene 7 Product Analysis
For product analysis, samples of 7 were prepared by UV (VIS filtered)
photolysis of 13 in a rigid 2-MTHF glass contained in either a 5 mm O.D,

quartz tube immersed in a liquid nitrogen filled finger dewar or contained in
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Table XXVIIl. 1,1-Niazene Infrared Transitions.

1,1-Niazene LIS AN Tan- 15N 14N-15N (cale.)S
H\ a
N=N 1574 1548 1548
/
H
D\ a
N=N 1571 1552 1545
/
D
HaC
&, @
N=N 1601 1582 1574
HyC
\ a
R=N 1601 1579 1574
b
N=N 1595 1568 1568
b
N=N 1632 1612 1610

aThis work, Ar/1nNoK, bref, Re,f. CH5Cl»/-7R0C, CHooke's law calculated.
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Table XXIX. Comparison of 1,1-Diazene and Isoelectronic Carbonyl
Infrared Transitions.

1,1-Niazene . N=N C=0 Carbhonyl
D\ D\
/N= N 15712 16984 /c =0
D D
"\ "
=N 15742 17u2d C=0
/ /
H H

< 5N=ﬂ 15950 1690C { =0

_/N=N 16012 1713¢ 7/c=o
H3C\ H3C\
/KJ=N 16012 1719C /c=o
HyC HyC
R=N 16380 1725¢ c=0

aThis work, Ar/109K, bCH,C1,/-780C, Ref. 8e,f. SCCl,/R.T. dAr/100K,
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the low temperature "JV/VIS spectroscopy cell at fNOK,

Warming a 2-MTHF glass of 7 results in loss of 7 and growth of
transition due to tetramethyl-2-tetrazene 19 and a red-orange species
Amax = 464 nm. Warming to greater than 170°K results in decolorization.
Product analvsis by analytical vapor phase chromatography (VPC) reveals
tetramethvl tetrazene 19 as the major product together with ethane, N5 and
CO, Photochemical decomposition of 7 with visible light (VIS) (470-610 nm)
(2-MTHF %00K) also results in loss of 7 and formation of the red-orange
species Amax = 46% nm. The Amayx = 4A4 species appears unaffected by
futher visible photolysis (>340 nm). Warming to decolorization and VPC

analysis reveals a greater yield of ethane than obtained from thermolysis of 7

Table XXX, 1,1-Dimethyldiazene 7 Necomposition Products.2

Conc. 13 (M) Conditions CoHg 19
1 x 10-! ThermalbsC 1 9.7
1 x 10-! hu(VISih,d 1 6.1
5x 10-3 Thermal&f 1 9.3
5x 10-3 hu(VIS)Es2 1 6.0

8Molar VPC ratios, n-Octane internal standard. bOuartz finger dewar, 77 K,
hv uv (2-CS-7-54 filters), 3 h, 0.1 M, 13 2-MTHF,
Chy UV, warmed to R.T.,, 95% conversion, 95% product vyield.
Fhv TV, hy (VIS) (CS-1-75, CS-3-70, CS-4-96 filters), 3 h, warmed, 92%

conversion, 96% product vield. e1JV/VIS spectroscopic cell, 82 K,
hy UV (2-CS-7-54  filters),2 h, 5x 10-32 M, 13 2-MTHF,
the v, warmed, 92% conversion, 94% product vyield. g

hy UV, hy (VIS), 3 h, warmed, 90° conversion, 92% product vield.
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together with tetrazene 19 as the major product. The product ratios for

thermal and photochemical decomposition of 7 are listed in Table XXX,

R
/T

HyCy . _ HyC CHy
/N=N -8 >N-N=N—N<
c c
"3 7 Hs 19 s
hy
HyC—CHy + N,

Tetrazene 19 was synthesized independently by oxidation of 1,1-
dimethyldiazene. @ Tetrazene 19 isolated from decomposition of 7 by
preparative VPC was compared spectroscopically (1H NMR, UV, IR) and
by analytical VPC coinjection. Methane, 1,2-dimethyldiazene 8 and
formaldehyde dimethyl hydrazone 10 were not detected by 1H NMR or
analytical VPC (SE-54 capillary) from decomposition of 7 in 2-MTHF. Ethane
was the major photochemical decomposition product of 7 in an argon matrix
at 100K, It can be inferred that the red-orange A 5% = 464 nm species
which reuslts from thermal and photochemical decompositions of 7 in 2-
MTHT® ultimately yields tetrazene 19.

The activation energy for nitrogen extrusion from 7 is estimated to be
23-26 kcal/mol. Hence, thermal decomposition of 7 to afford ethane and N»
is unlikely at the low temperatures where the structured absorption of 7 is

lost (<1009K), The ethane detected in the products from UV photolysis of 13
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to produce 7 followed by thermal decomposition of 7 very likely results, at
least in part, from competitive decomposition/relaxation of excited 7

produced photochemically.

1,1-Diisopropyldiazene 18 Product Analysis

Warming a 2-MTHF glass of 18 results in loss of 18 and formation of a
red-orange species Amax = 474 nm. Warming to greater than 1809K results in
decolorization. Product analysis by capillary VPC reveals tetrazene 20 and
hydrocarbon products 32, 33, and 34.

Photochemical decomposition of 18 with visible light (VIS)
(>470 nm) also results in loss of 18 and formation of the red-orange species
Amax = 474 nm. The products for thermal and photochemical decompositions
of 18 are summarized in Table XXXI.

Tetrazene 20 is the expected dimerization product of 1,l-diazene 18.
Hydrocarbons 32, 33, and 34 are the expected products of thermal and
photochemical decomposition of 18 to two isopropy! radicals and No. It is
unlikely that 1,l1-diazene 18 extrudes N, at the low temperatures

( <1009K) where the structured absorption curve of 18 is lost and the red-

Y S,
VAR

:\{‘:“ N Y
32 33 34

18

N X
~

Y

20
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orange Amax = 474 nm species grows in. Thus, it could be inferred that the
Amax = U474 nm species which subsequently decomposes (>200°K)
ultimately vyields the observed hydrocarbon products 32, 33, and 3%
(at least in part). Higher initial concentrations of 18 afford a greater ratio of
tetrazene 20 to hydrocarbons from both thermal and photochemical
decomposition of 18. For comparison, 1,!-di-tert-butyldiazene 6, showed
only unimolecular thermal decomposition to hydrocarbons 35, 36, and 37 at

-780C.  Direct dimerization of 6 to tetra-tert-butyltetrazene was not

—%(’=§:——> )—H ==
i 3 > 9

6 35 36 37

observed.3f  The ratio of disproportionation products 32 and 33 to
recombination product 34 from thermal decompositoin of 1,1-diazene 18 is
comparable to that obtained from 1,l-di-tert-butyldiazene 6. Comparison
with the thermal and photochemical decomposition of 1,2-diisopropy! diazene
is made in Table XXXII. The greater ratio of disproportionation to
recombination products from 18 (or the red-orange Amax = 474 species)
may favor a competitive thermal decomposition of 18 via a

B-hydrogen elimination. Subsequent radical chain decomposition of the H,
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Table XXXI. 1,1-Niisopropyldiazene Necomoosition Products.2

Conditions 32 33 3, 20
Thermalb;C 15 13 1.0 h.8
hy(VIS)b,d 11 12 3.8 1.0
hv(VIS)e 2.8 3.3 1.0 1.0
Thermal&,g 16 15 1.0 160

aMolar VPC ratios n-dodecane and n-pentane internal standards. bUV/VIS
spectroscopic cell, 3 x 10-3 M, 17 2-MTHF, 82 K, hv UV (2-CS-7-54 filters), 3
h.,  Chy v, warmed, 95%  conversion, 94%  product vyield.
dhv UV, hy (VIS) (0S-1-75, CS-3-70), 10 h, warmed, 95% conversion, 93%
product vyield, €0uartz finger dewar, 77 K, 0,1 M 17 2-MTHF,
hv IV (2-CS-7-54 filters), 3 h. fhv (VIS) (CS-1-75, CS-3-70 filters), 10 h,
warmed, 99% conversion, 94% product yield. £hv UV, warmed, 96%
conversion, 97% product yield.

Table XXXII. Molar Product Ratios for Some Related Decompositions.

Compound ~ Conditions 32 33 34
1,72-Niisopropyldiazened hv, R.T., octane 1.0 1.2 1.6
1,2-Niisopropyldiazened hv, R.T,, gas 1.0 1.0 146
Niisopropyl ketoneP hv, 100°C, gas 1.0 1.0 3.5

aCis or trans, Ref. 104, bRef. 105,
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isopropyl-1,2-diazene would give the observed disproportionation products 32
and 33. Although a concerted R-elimination pathway cannot be ruled
out, the formation of 2,3-dimethylbutane appears to indicate a nitrogen

extrusion pathway for 18.

18 32

1,1-Diazene Tautomerization

The identity of red-orange species Apax= 464 nm and Apay =
47% nm produced thermally or photochemically from 7 and 18,
respectively, which apparently yields tetrazene and hydrocarbon products
(the expected thermolysis products from 7) of the 1,1-diazenes, is intriguing.
The tautomer of a 1,l-diazene 7 (analogous to the enol form of a ketone) is

azomethinimine 9. Stabilized azomethinimines with N-aryl substituents

Ph
H:C \ _ A\ _
=i R Ki—Ramnph
/
HaC 7\
7 9 38
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such as 38 have been prepared.95,97 These species are known to be deeply
colored (red-orange, Amax = 460 nm, € = 10,600). Azomethinimines have
also been postulated as intermediates in a number of chemical reactions. The
reaction of alkyl and aryl lithium reagents with N-nitrosamines affords
transient deeply colored species which can be trapped to give products

consistent with the intermediacy of an azomethinimine.98 Neutralization

RCH,
1) PhLi \

+ —
Ph
| H

of dimethyldiazenium salts with base in aqueous solution affords a transitory
red species.?? Tetramethyl tetrazene 19 is the major product. This transient
red color has been interpreted as evidence for 1,1-diazene 7. However,
competitive deprotonation of dialkyl diazenium salts is also likely to occur at

the o C-H resulting in formation of the tautomer of the 1,1-diazene, an

azomethinimine, 100
- Me
Me), Ri=N ' & Ni=q
— —_—e =
(Me),N A NN
H H

(Me),N—N=N—N (Me),
19
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Theoretical treatments for azomethinimines tend to indicate a singlet
biradical ground state analogous to that found for the isoelectronic ozone.?”
The relative heats of formation of a l,1-diazene and its azomethinimine
tautomer have not been calculated.

The electronic transitions for the deep red-orange species obtained
from the corresponding 1,1-dialkyldiazenes with a-hydrogens are compared in

Table XXXIII, These transitions follow the trend expected for substituent

Table XXXIII. Flectronic Transitions for Proposed 1,1-Diazene Tautomers.

Tautomer X max (nm)@
\, _
N—N b6ub
7\
H

R—N 474b

— c
Q N\ 491¢
-+ -
_ 496C,d
QN N\

a2-MTHF  solution. bThis work. CRef. R4, dshows reversible
thermochromism (\max = 466 at 9NOK, X ax = 496 at 2000K),
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effects on a m-w* transition (5 nm red shift per alkyl substituent) as
predicted by Woodwards rules for alkenes.®” The observation of these deeply
colored species (¢ = 3000 M-! cm-1) in a number of solvents, the substituent
effects on the electronic transitions, the observed thermal chemistry, and a
comparison with the spectroscopic properties of stabilized azomethinimines
suggests their tentative assignments as the tautomers of 1,1-dialkyl diazenes

(azomethinimines). The apparent facile thermal rearrangement of 7 to 9 and

.
N=N ——— N
/ R'—/< \
R , H
R
R=Me T R =H 2
R=i-Pr 18 R=Me 30

18 to 30 at 909K suggests a very small barrier for this transformation.
Observation of this transformation in a triacetin glass well below the
softening temperature may be indicative of a unimolecular pathway. Failure
to detect 1,l-diazenes 7 and 18 in equilibrium with 9 and 30 by electronic
spectroscopy suggests that 9 and 30 are indeed lower in energy than the
corresponding 1,!-diazenes. For comparison, a free energy difference

AG =1 kcal/mol at 909K corresponds to an equilibrium constant K = 268.

Thermal Decomposition Kinetics

The kinetics for thermal decomoosition of 1,1-diazenes 7 and 18 in a
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softened 2-MTHF glass (see Figures 41 and 42) do not bear interpretation due
to the limited data attainable and baseline effects due to overlap of the very
strong transitions attributable to 9 and 30. In addition, the kinetics for
growth of the A max = 464 nm and Amax = 474 nm transitions of 9 and 30 at
900K in a softened 2-MTH¥ glass are non-exponential and fit no simple
kinetic treatment. The non-exponentiality may be attributable to the non-
fluid nature of the softened glass (viscosity or site effects).31,82 Kinetic
treatments for presumed site effects on unimolecular decompositions in rigid
media (e.g., In A vs. tl-/?—, t1/3, etc.) did not yield interpretable data, 101
Although kinetic treatments at 90°K.proved inconclusive, thermal
decomposition of 9 and 30 at warmer temperatures in 2-MTHF solution gave
excellent kinetics. Thermal decomposition of 9 monitored at 464 nm gave
bimolecular decomposition kinetics over a range of initial absorbances
(Figure 58, Table XXXIV). Attempts to measure kinetics for formation of
tetramethyl-2-tetrazene 19 (Apnax = 280 nm) which grows in with decay of 9

were unsuccessful presumably due to an overlapping UV absorption due to 9.
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Figure 58. Rimolecular decay kinetics for Amax = 464 nm species (9-h6)

from thermolysis of 7 (2-MTHF),

Table XXXIV. Second Order Rate Constants for Decomposition of 9-hg.2

Temperature (°K) ky (A-1 sec-1) r?
180 5.45 x 10-? 0.999
190 1.40 x 104 0.999
200 4.n? x 10-4 0.999
210 1.49 x 10-3 0.999

22" \‘THF.
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Figure 59. Arrhenius plot for bimolecular decomposition kinetics of

Amax = 464 nm species (9-hg) from 7 in 2-MTHF,

For comparison, fully deuterated (>99% dg) 13-dg was prepared. UV
(VIS filtered) photolysis of 13-dg in a 2-MTHF glass at 800K afforded a
structured absorption curve of 7-dg (Apax = 556 nm) identical to that
obtained for 7. Warming the glass to 909K afforded 9-dg Amax = 464 nm.
From the same initial absorbance the rate of formation of 9-hg (AA/At) is

only a factor of A3 times the rate of formation of 9-dg. This surprising result
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would be consistent with the lack of a primary deuterium kinetic isotope
effect for tautomerization of 7 to 9 and the presence of only secondary
isotope effects. For a change in hybridization from sp3 to sp’?, a normal
secondary deuterium isotope effect ranges from ky/km= 1.4 to 3.1 per
deuterium at 900K,

The thermal decomposition of 9-dg shows a strong deuterium isotope
effect (Figure 60, Table XXXV). At 1909K ky’/kpm = 6.7 for bhimolecular
decomposition of 9. The magnitude of the deuterium isotope effect is
consistent with a combination of primary and secondary isotope effects. A
normal primary isotope effect of kn/kn = 5 at 2980°K would correspond to
ky/kn = 12.5 at 1909K, For a change in hybridization from sp2 to sp‘5 a
normal secondaryv isotope ranges from ky/kr = 0.59 to 0.83 per deuterium at
1900K, A combination of two secondarv isotope effects and a primary
isotope effect would be expected to range from ky/kny = 4.3 to 8.6. The
observed kiy/kry = 6.7 at 1909K is well within this range.

Assuming an extinction coefficient of ¢ =~ 3000 M-! cm-1 for 9
allows calculation of Arrhenius activation parameters for bimolecular
decomposition of 9. For 9-hg F5 = 8.2 % 0.5 kcal/mol and logjg A = 1.8 £ 0.6
(a4¥ = 7.8 keal/mol, 8S¥ = -51.3 e.u.). For 9-dg E = 8.6 * 0.5 kcal/mol and
logig A= L.t * 0.6, The apparent low A factors are consistent with severe
stereochemical constraints on the transition state. For comparison, direct
dimerization of kineticallv persistent diazene 4 E5 = 6.4 * 0.9 kcal/mol and
login A =3.8%0.7.

Mechanistically, the presence of a deuterium isotope effect for
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Figure 60. Bimolecular decay kinetics for \max = 464 nm species (9-dg)

from thermolysis of 7-dg (2-MTHF),

Table XXXV, Second Order Rate Constants for Decomposition of 9-dg.2

Temperature (0K) ko (A-! sec-] r2
190 2.10 x 10 0.997
200 5.83 x 10-? 0.999
210 1.52 x 10-% 0.995
215 3,20 x 10-% 0.999

32-MTHF,
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Figure 61. Arrhenius plot for bimolecular decomposition kinetics of
Amax = 464 nm species (9-dg) from 7-dg in 2-MTHF,
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bimolecular loss of 9 may be consistent with a mechanism involving an
eaquilibrium of 9 and 1,1-diazene 7 followed by dimerization of 7 with 7
(unlikely, no isotope effect expected) or dimerization of 7 with 9 to form
tetrazene 19 (Scheme V), A mechanism involving rate determining
tautomerization of 9 to 7 followed by dimerization of two 7's should show
unimolecular decay of 9 (see Appendix Mechanism A). A rapid equilibration of
9 to 7, with equilibrium favoring 9, followed by rate determining dimerization

of 9 and 7 to form tetrazene 19 should show the observed bimolecular kinetics

Scheme V

Me\+ _ kl Me\+ _
AN = N
Me ! / H
I k]
kp
L+ I — 4
ko
g+ 2 > 19
k2"
9+ 8 —> B
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(see Appendix Mechanism B) if kj >> kz(9), and a deuterium isotope

effect as observed.

-d(9) _  (9) 2 kyl9)
dt -1 K[+ k(9
K
-2 |2 k,y(9)?

[

Dimerization of 9 with 7 may be similar to the known facile acid
catalyzed dimerization of 1,l-diazenes (diazenium ion plus 1,1-diazene
followed by deprotonation). One resonance form of 9 is similar to a 1,l-

diazenium ion with an anionic substituent 9a.

HaC, B HoC ak
%+ 3 44,
N AVARN
H,C H
2 CHy — QG-T‘W CHy
9a / +/
N=N g N=N
— +\ -\w\
CHy CHs
] | |
2N
N—N CHg
2 N o
HaC ’.\J—N\

19
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Figure 62. Unimolecular decay kinetics for decomposition kinetics of

Amax = 474% nm species (30) from thermolysis of 18 (2-
MTHF),

Table XXXVI. First Order Rate Constants for Decomposition of 30.2

Temperature (°0K) ky (A=l sec-1) r2
220 4.68 x 10-5 0.999
225 1.09 x 10-% 0.999
230 2.35 x 104 0.998
235 4.53 x 10-4 0.999

22-MTHF,
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species (30) from 18 in 2-MTHF .,
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Tahle XXXVII, Relative Rates and AG*'S for 1,1-Niazene Necompositions at

-940C (1790K),

1,1-Diazene IXeki K rel
_ a -9
ﬁ;’t‘:N 19.4a 4x 10
+ -
{ N=N 19.12 1 x 10-%
_/ﬁ=N 16.8D 6 x 10-6
2,
N=N 12.5¢ 1

anef, R¢g (F150), bThis work, intermediacy of 18 assumed, k = k7/K see text

(2-MTHF), CRef, 8f (Me,0),
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The thermal decomposition of 1,1-diisopropy! diazene and formation of
red-orange 30 Amax = 474 nm at 909K did not give interpretable kinetics as
previously discussed for 1,1-diazene 7. The decay of 30 monitored at 474 nm
gave unimolecular decomposition kinetics (Figure 62, Table XXXVI). The UV
absorption of tetraisopropyl-?-tetrazene 20 does not grow in with thermal
decomposition of 30. The major products from thermolysis of 1,1-diazene 18
are hydrocarbons 32, 33, and 34. This is consistent with a mechanism
involving rapid equilibrium of 1,1-diazene 18 and tautomer 30 followed by rate
determining thermal decomposition of 18 to afford hydrocarbon products
expected from decomposition of 18 (Scheme VI) (see Appendix Mechanism C).

The Arrhenius activation parameters for unimolecular decomposition
of 30 E5 = 16.8 * 0.5 kcal/mol and logjg A = 11.8 + 0.3 (AH:F = 15.8 kcal/mol,
AS:F = -5.7 e.u.) are consistent with the activation parameters expected for
nitrogen extrusion from 1,l1-diisopropyldiazene 18. For comparison the
activation parameters for cyclic kinetically persistent 1,1-diazene 5 are E; =
19.1 * 0.4 kcal/mol, logjg A = 12.1% 0.3 in THF solution while the
activation parameters for 1,1-di-tert-butyldiazene 6 are E; = 13 kcal/mol
for an assumed logig A = 13. The activation free energies for 1,1-diazenes are

compared in Table XXXVII.,

Matrix FT-IR Studies of Carbon Monoxide
A group of infrared bands assigned to CO show photochemical behavior
which mirrors the behavior of 1,1-dimethyldiazene 7 and its photochemical

decomposition products. Similar behavior was observed for CO bands
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associated with HoNN 3 and its products (see Chapter 1).

UV (VIS filtered) photolvsis of 13 (1:1400, Ar, 100K) (Figure f4a) yields
CO bands at 2142.02, 2137.80, 2135.93, 213475, and 2132.95 cm-! (Figure
64b) in addition to FT-IR bands of 1,1-diazene 7, dimethylaminoisocyanate
and ethane (see Figure 44). Photolysis of 7 with visible light results in loss of
two of the CO bands at 2142.02 (minor) and 2134.75 (major) and growth of two
CO bands at 2137.80 and 2132.95 cm-! (Figure 64c). One CO band at 2135.93
cm-! remains apparently unchanged as a shoulder on the 2137.80 cm-! band.
Coincident with this transformation in the CO stretch region, infrared bands
due to 1,1-diazene 7 { a major set of bands (Nyy) and a minor set (D)) are
lost while infared bands due to ethane and an unknown species (U) grow in.
Further photolysis (A 340-410 nm) results in loss of FT-IR bands of (U) and
growth of ethane bands. Coincident with this transformation, the CO band at
2132.95 cm-l is lost while the CO band at 2137.80 cm-! grows in (Figure
fud),

Shifts of the CO stretch frequency due to hydrogen bonding (e.g., H2O,
NH3), dipole-dipole and electrostatic interactions’! (e.g., N5) allows the
qualitative assessment of the matrix environment of a CO-molecule complex
(see Chapter 1) (Table X XXVIII),

The CO bands at 2142.03 (minor) and 2134.75 cm-! (major) correspond
in intensity ratio and photochemical hehavior to two sets of bands assigned to
1,1-diazene 7 (Mpg, Dy).  The shift of the minor CO band at 2142.03 cm-1
(CO/N,) to higher energy relative to CO in an argon matrix (2138.25 cm-1)

or CO in a nitrogen matrix (2139.69 cm-1 suggests a hydrogen bonding or
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Figure 64.

Wavenumbers

Successive FT-IR spectra of the CO stretch region (Ar, 10°K),
(a) Refore photolysis of 13 (1:1400, Ar, 100K), (b) After UV (VIS
filtered) photolysis of 13 (1 h) to form 7 and CO. (c) After VIS
(470-610 nm) photolysis (1 h) of 7 to form ethane and (). (d)
After photolysis of (1)) 340-410 nm) (1 h) to form ethane.
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Table XXXVII. Matrix Isolation Carbon Monoxide (CO) Infrared Stretch

Frequencies.
Obs.2 Lit.b
CO/Matrix (Ratio) VvCO (em-1) v CO (em-1) (Ratio)
CO/Ar (1:2000) 2138%.,25 2138.40 (1:1000)
CO/NQ (1:2000) 2139.,69 2139,69 (1:1000)
CO/H50/Ar (1:2:2000)  ?214%.60 2148%.% (2:5:1000)
(‘.O/NH3/Ar 2143.3 (1:1:1000)
CO/HNN/Ar c 2140.90
CO/Hz/N?/N'_)_,/Ar c 2139,94
2138.97
2137.53
CO/(CH3NN(MDpY/Ar  d 2134.75
CONCH3 NNV VAL d 2142.02
CO/CoHg/NoINS/Ar  d 2137.80
2135.93
CO/WY/Ar d 2132.95

aThis work (100K), bRref, 71 (100K). CMatrix ratio approximately (1:1:2000,
Ar). dMatrix ratio approximately (1:1:1400, Ar).

dipole-dipole stabilizing interaction (higher energy stretch) for this CO. The
lower energy stretch (relative to free matrix) for the major CO stretch at
2134.75 cm-1 (CO/Myy) suggests a destabilizing dipole-dipole or electrostatic
interaction for this CO. The orientation of CO relative to 1,l1-diazene 7
could give rise to either a dipole-dipole stabilized (CO, ND;,) or destabilized

(CO/Dpy) CO environment. A steric interaction with the methyl groups of 7
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may be sufficient to prevent a stabilizing interaction with CO.

Two CO bands at 2137.80 and 2135.93 cm-! mirror the behavior of
bands due to ethane which grow in with photolysis of 7 and (U). The lower
energy str-etch ffequencies of these CO's (relative to free matrix CO) suggest
an intimate association of CO with ethane and N2 (possibly two N»'s) in a
matrix site. For comparison, the stretching frequency for CO in a rigid 3-
methvl pentane matrix is 2132 cm-1.

In addition to ethane, VIS photolysis of 7 affords infrared bands of a
minor unidentified species (U). A low frequency CO stretch at 2132.95 cm-1
grows in with (UJ) and is subsequently lost with photolysis of (U)
(A 340-410 nm). The low frequency of the CO band at 2132.95 suggests a
destabilizing dipole-dipole or electrostatic interaction of CO with (U). A
destabilizing dipole-dipole interaction of CO with the lone pairs of cis 1,2-
dimethyldiazene 8c would be consistent with the observed CO stretch
frequency. Interestingly, the FT-IR bands of (U) correlate well with those of

c.
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Summary

The low temperature matrix isolation and direct spectroscopic
characterization of 1,1-dimethyldiazene 7 and 1,1-diisopropyldiazene 18 have
been described. The UV (VIS filtered) photolysis of carbamoy! azides 13 and
17 in a rigid medium (organic glass, 809K or Ar matrix, 109K) provides a new
general method for the photochemical generation of reactive 1,l1-dialkyl-
diazenes. This photochemical route is considered to proceed by the photo-
Curtius rearrangement of a carbamoy! azide to an aminoisocyanate followed
by photodecarbonylation of the aminoisocyanate to a l,l-diazene and CO,
The 1,l-diazenes are purple showing structured absorption curves in the
visible Apax = 556 nm for 7 and Ampax = 504 nm for 18. 1,1-Diazene7 was
independently generated by photolysis of (Z)-3,3-dimethyl-1-phenyltriazene-
1-oxide 16 (2-MTHF, 809K) to form 7 and nitrosobenzene. Comparison of the
absorptions permits estimation of the extinction for 7 of 6 (M-1 cm-1), The

characteristic N=N double bond stretches of the 1,1-diazenes are located at
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1600.96 cm-! for 7 and 1600.92 for 18. The soectroscopic- characterization
of matrix isolated !,l-dialkyldiazenes is consistent with the theoretical
(GVB-CI prediction for HpNN 3 and the experimental characterization of 3
and kinetically persistent 1,1-diazenes &, 5, and 6.

Thermolysis of 7 and 18 vyields deeply colored species 9
(Amax = 464 nm) and 30 (Amax = 474 nm), respectively. These species are
tentatively identified as the azomethinimine tautomers of the 1,l-diazenes
with a-hydrogens. Photolysis of 1,1-diazenes 7 and 18 at their
n-m¥* transitions in the visible also results in formation of 9 and 30 (organic
glasses, 800K), The products of subsequent thermolysis of 9 and 30 are the 2-
tetrazene and bhydrocarbon products expected from the respective 1,1-
diazenes.

The kinetics for thermal decomposition of 9 and 30 are consistent with
an equilibrium with the corresponding 1,l-diazenes 7 and 18 followed by
bimolecular dimerization of 7 to 2-tetrazene 19 and unimolecular nitrogen
extrusion for 18. Photochemical decomposition of 7 (Ar, 109K) yields
infrared bands of ethane and an unidentified species (U) which is subsequently
photolyzed to ethane. The observation of several FT-IR stretches for CO
which mirror the photochemical behavior of 1,1-diazene 7 and its
photodecomposition oroducts in an argon matrix (Ar, 109K) suggests an

intimate association of O with these products in a rigid environment.
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EXPERIMENTAL SECTION

Melting points were determined using a Thomas-Hoover melting point
apparatus and are uncorrected. Infrared spectra were recorded on either a
Perkin-Elmer 257 or a Shimadzu IR-435 spectrophotometer. Fourier trans-
form infrared spectra (FT-IR) were recorded on a Mattson Instruments Sirius
100 FT-IR equipped with Starlab minicomputer data station and high
resolution graphics terminals under a positive nitrogen purge at 0.25 cm-!l
using HgCdTe (MCT) detector cooled to 779K unless otherwise noted. Proton
NMR spectra were obtained on either a Varian Associates EM-390, Jeol FX-
900 or Varian Associates XL-200 spectrometer. Chemical shifts are reported
as parts per million (ppm) downfield from tetramethylsilane (TMS) in
8 units and coupling constants are in Hertz (Hz). NMR data are reported in
this order: chemical shift; multiplicity, s = singlet, d = doublet, t = triplet,
m = multinlet; number of protons; coupling constants. Nitrogen (15N) NMR
spectra were obtained on either a Jeol FX-900 or Brucker WM-500
spectrometer. Chemical shifts are reported in parts per million (ppm) from
I5N nitromethane with a negative value indicating an upfield position.
NDeuterium (2H) NMR spectra were recorded on a Jeol GX-400 spectrometer.
Chemical shifts are reported in ppm from TMS, Electronic spectra were
obtained using a Varian associates 219 spectrophotometer. Electronic spin
resonance (ESR) spectra were recorded using a Varian Associates E-line
spectrometer equipped with an Air Products and Chemicals Helitran LTD-3-
110 liquid helium transfer apparatus. Emission spectroscopy was performed

with assistance of members of Professor H. B. Gray's group at Caltech using
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a noncommercial spectrophotometer with a 250-watt xenon source and
Hamamatsu R-406 and R-955 photomultiplier tubes. Raman spectroscopy
was performed with assistance of members of Professor S. I. Chan's research
group at Caltech using a Spex Industries model 14018 double monochromator
equipped with 2400 line/mm holographic gratings and a Hamamatsu R-955
photomultiplier tube. Spectral slit widths were 3 cm-!. A Spectra-Physics
model 170 argon iron laser was used directly or in conjunction with a
Spectra-Physics 375 dye laser. Samples were prepared in 5 mm O.D. quartz
tubes immersed in a liquid N7 filled quartz finger dewar. Light scattered at
900 relative to the incident beam was collected. A Spex Industries SC-32
SCAMP controller/data processor was used for data manipulation.

For analvtical vapor phase chromatography (VPC), a Hewlett-Packard
5700A gas chromatograph equipped with a Hewlett-Packard 18704A inlet
splitter and flame ionization detector was used. Hydrogen was employed as
the carrier and nitrogen was used as the makeup gas. Packed column
analytical VPC was done using a Hewlett-Packard 5720A gas chromatograph
equipped with a flame ionization detector and nitrogen carrier gas. This
instrument was used with 1/8 in. steel columns. All quantitative VPC was
accomplished with a Hewlett-Packard 3390A electronic integrator. VPC
response factors for aliphatic hydrocarbons were assumed to be 1.00 relative
to n-alkanes. Ouantitative analysis of other products were corrected for
detector response. For preparative VPC, a Varian 920 instrument equipped
with a thermal conductivity detector and helium carrier gas was used. This

instrument was used with 0.25 in. or 0.375 in. aluminum packed columns and
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Table XXXIX. VPC Columns

Disignation Description

Carbowax 20M 10 ft. x 3/% in. aluminum; 25% Carbowax
20M on 60/80 Chrom W-AW-DMCS

DMS 20 ft. x 1/8 in. aluminum; 25% 2,4-
dimethyl-sulfolane on 80/100 Chrom P-
NAW

Pennwalt 6 ft. x 1/4 in. glass; 28% Pennwalt 223
%0/100 Chrom R

SE-30 40 meter x 0.2 mm ID fused silica capillary

SE-54 15 meter x 0.32 mm ID fused silica SE-54
capillary

Sieve 5 A 3 ft. x 1/% in. 60/80 sieve 5 A

adapted for use with 1/8 in. packed columns. VPC columns are listed in Table
XXXIX. Identities of products were established by coinjection techniques
with authentic samples from preparative VPC and spectroscopic
characterization. Isotope compositions were determined from combination of
mass spectroscopy and FT-IR, Gas pressures were measured from known
volumes with an MKS type 221 capacitance manometer. Mass spectra (MS)
were recorded on a DNuPont 24-492B Mass Spectrometer.  Combustion
analyses were performed at the Caltech Microanalytical Laboratory.

All reactions were run under a positive pressure of argon. Linde UHP
argon and UHP nitrogen were used as received. FEthane (Matheson) was
passed through a -780C trap prior to use. CO (Matheson) was used as

received. Méthyltetrahydrofuran (2-MTHF) was distilled from calcium
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hydride then distilled from sodium/benzophenone ketyl using excess sodium
prior to use. Toluene, pentane and acetonitrile (CH3CN) were dried over
type 4 A molerular sieves. Diisopropyl amine was distilled from barium
oxide. DNimethyl carbamoyl chloride (Aldrich) was used as received. Sodium-
1-15N azide (Prochem 97 atom %) was used as received. Butyronitrile
(nPrCN) was distilled from P20s5, Dimethylamine dg-hydrochloride (KOR
Isotopes, 99+% dg)!10 was used as received. 3-Methylpentane was distilled
from calcium hydride. Triacetin was dried over type 4 A molecular sieves.
Para-dimethylamino benzaldehyde was treated with activated charcoal and
recrystallized from ethanol. Norbornene was purified by distillation from
sodium. Acetyl acetone was purified by preparative VPC (Carbowax 20M).
Low Temperature Matrix Isolation Apparatus. The low temperature
apparatus is of conventional design9 constructed on a mobile cart employing
an Air Products Nisplex CSW-202 ISMX-IE closed cycle helium refrigeration
unit with rotating optical shroud.!!6 The expander module is mounted on a
rack and pinion gear assembly for horizontal positioning suspended from a
threaded crank lift for precise vertical positioning of the optical portion of
the rotating shroud. High vacuum (<10-7 mbar) was achieved with an
Edwards Mk.2 Diffstack!!9 and measured with an Edwards Penning 8 gauge
mounted on a 3" copper manifold equipped with Veeco!23 brass bellows type
high vacuum valves. Temperature control was maintained with an Air
Products Displex-FE heater/controller unit with an iron-doped gold/chromel
thermocouple (2-3009K + 0.1 K). Calibration was checked against LHe

(4.20K) and LN» (77.59K) by immersion. The thermocouple tip is embedded in
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the cold tip of the expander module just above the window mount. Matrix gas
mixtures were orenared using standard manometric techniques in a glass
vacuum manifold equipped with high vacuum greaseless joints (Witeg) and
double O-ring Teflon stopcocks (Ace Glass).126  Manifold pressures were
measured with a Pennwalt Model 1500 absolute pressure gauge (0-800
torr).!21 Matrix gas and gas mixture deposition rates were controlled with a
Granville-Phillips variable leak valve.l2? Matrix gas was admitted through a
Nuprol?25 brass bellows type high vacuum valve. Sublimation deposition and
cryopump deposition samples were co-deposited with matrix gas from a 1/4
in. T.D. pyréx sublimation tube connected with a Cajon Ultra-Torr fitting
from a low temperature bath. For IR spectroscopy an inner Csl window and
KBr outer windows (International Crystal Labs) were used. Photolysis was
carried out through an outer Suprasil I (Amersil) window through the back of
the inner Csl window with defocused light from a 1000 watt ozone free xenon
source (Oriel).120  The copper vacuum manifold, flex hoses, mobile cart,
expander module positioning crank, and rack and pinion assemblies were
constructed in the Caltech mechanical shops. The glass vacuum manifold was
constructed in the Caltech glass shops.

Carbamoyl Azide (15).49 To a solution of 33.5 g (0.3 mol) semicarbazide
hydrochloride in 150 mU distilled water cooled in an ice bath was added
dropwise with stirring a solution of 22.8 g (0.33 mol) sodium nitrite in 50 mL
distilled water. After the addition was complete, three drops concentrated
sulfuric acid was added and the stirring was continued for 10 min. in the ice

bath. The solution was saturated with ammonium sulfate and extracted with
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ether (4 x 50 mL). The ether was removed under reduced pressure and the
resulting solid was recrystallized from hot ether affording 16.4 g (63%) 15 as
large prisms; mp. 980C (lit. 970C).49  This recrystallized material was
freshly sublimed to a 09C cold finger (bath temp. 30-709C, 1.0 mm Hg) prior
to use. NMR (CDCl3) § 5.24 (bs); UV (MeOH) Amax= 214 nm (log
e= 3.3), x= 266 nm (log e =2)% IR (CH3CN) 3450, 3350, 2155, 1724, 1600,
1322, 1225, 1115, 864, 699, 564, 510, 455 cm-1; MS m/e 86.0533 (M+),

Carbamoyl Azide 15N (15-15N). A solution of 100 mg (1.2 mmol)
carbamoyl! azide (15) in 5.0 mL dry acetonitrile was stirred with an excess
(typically 4 equiv) 320 mg (4.8 mmol) 1-15N-sodium azide for 48 to 60 h at
room temperature in the dark. The mixture was filtered and the solvent
removed in vacuo. The remaining solid was purified by sublimation to a 00C
cold finger (1.0 mm Hg) affording 70-75 mg (75%) 15-15N approximately 80%
15N labeled, 20% unlabeled. 15N NMR (CH,Cly) §-140.08(s),-266.31(s)
(from CH315N0,); IR (CH3CN) 3450, 3350, 2155, 2145, 2125, 1724, 1600,
1322, 1225, 1218, 1200, 1115, 860, 695, 560, 510, 450 cm-1; MS m/e=
87.0503 (M+), m/e = 87/86 = 46/12.

Carbamoy! Azide-d) (15-dp). Carbamoy! azide (500 mg, 5.8 mmol) was
stirred with 400 equiv (2.3 mol) 42 mL D0 (99.8% D) for 48 h in the dark at
room temperature. The excess DO was removed in vacuo and the product
purified by sublimation under reduced pressure to a 0°C cold finger (bath
temp. 30-70°C, 1.0 mm Hg), affording 390 mg (76%) 15-d» as a colorless
solid. IR (CH3CN) 3360, 2670, 2590, 2480, 2425, 2200, 2170, 1720, 1340,

1320, 1245, 1218, 1200, 1192, 820, 735, 695, 658 cm=l; MS m/e = 88.0656
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(M%), m/e = 88/87/%6 = 22/2/1.

Carbamoyl Azide-dp 15N (15-d»-15N). The procedure for carbamoyl
azide-dy (15-dp) was followed with 50 mg (0.58 mmol) carbamoy! azide (15-
d2) was followed with 50 mg (0.58 mmol) carbamoyl! azide 15N (15-15N)
affording 30 mg (59%) as a colorless solid. I5SN NMR  (D70)
S -140.10 (s), -262.32 (s); IR (CH3CN) 3360, 2670, 2590, 2480, 2425, 2170,
2145, 2125, 1720, 1340, 1320, 1245, 1218, 1200, 1192, 820, 735, 695, 658
cm-1; MS m/e = 89.0627 (M+), m/e = 89/88/87 = 23/5/1.

Ammonium Azide.!2% To a paste of 6.5 g (0.] mol) sodium azide in 6.5
mL distilled water was added 40 mL benzene. The slurry was cooled to -5°C
in an ice-salt bath. To this was added dropwise with stirring 2.7 mL (0.05
mol) concentrated sulfuric acid. Once the addition was complete, the
benzene layer was decanted, dried briefly over anhydrous sodium sulfate and
added to 40 mL anhydrous ether at -5°C. Dry ammonia gas was bubbled
through this solution at -59C yielding an insoluble precipitate. The product
was filtered, washed with anhydrous ether and dried in a desicator yielding
4.5 g (75%), 1330C sublimes (lit. 1330 sublimes).! 2% IR (KRr) 3110, 2020, 1620,
1500, 646, 640 cm-1,

Dimethyl Carbamoyl Azide (13).47 To 14.0 g (0.22 mol) sodium azide
in 25 mL dry acetonitrile was added with stirring under argon 10 mL (0.!1
mol) dimethyl carbamoy! chloride (21) in 10 mL dry acetonitrile at room
temperature in the dark. The mixture was stirred for 24 h or until complete
as determined by IR (CH3CN) (vcq, 1740 cm-! of the carbamoy! chloride

reolaced by veco, 1685 cm-1 of carbamoy! azide) or VPC (15 m SE-54 60°C).
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The mixture was filtered and the acetonitrile removed in vacuo. The
resulting clear oil was distilled under reduced pressure yielding 11.7 g (92%)
(13) as a colorless oil; bp 53-550C (5 nm Hg). Preparative VPC (Carbowax
20M, 1800C, 18%00C injector) afforded analytically pure 13. NMR (CDCl3,
220C) § 2.97 (s, 3H), 2.92 (s, 3H); IR (CCly) 2930, 2445, 2167, 2145, 1697,
1485, 1438, 1409, 1390, 1270, 1230, 1135, 1119, 1060, 963, 725, 647 cm-1; UV
(MeOH) Amax= 228 nm (log € = 3.7), A = 250 nm (log € =2.7); MSm/e =
114.05466 (M+) (theor. 114.05415),

Dimethyl Carbamoy! Azide 15N (13-15N). To 0.25 g (3.8 mmol) 1-15N-
sodium azide in 2 mL dry acetonitrile under argon was added 0.40 g (3.72
mmol) dimethy! carbamoy! chloride (21) via syringe. The mixture was stirred
in the dark for 24 h at room temperature. The mixture was filtered and the
acetonitrile removed under reduced pressure atfording 0.41 g (97%) 13-15N as
a colorless oil. Preparative VPC (Carbowax 20M, 180°C, 180°C injector)
afforded  analytically pure  13-15N. NMR  (CDCl3, 220C)
§ 297 (s, 3H), 292 (s, 3H); I5N NMR (CH,Cl, vs CH3l5NO))
§ -141.40 (s), -266.02 (s); IR (CCly) 2930, 2395, 2162, 2135, 2117, 1690,
1485, 1436, 1408, 1385, 1265, 1217, 1200, 1130, 1115, 1060, 960, 720 645
cm-1; MS m/e = 115.05149 (M+) (theor. 115.05119).

1,1,4,4-Tetramethyl-2-tetrazene (19).% To a solution of 10.0 g (0.17
mol) 1,1-dimethyl hydrazine in 100 mL anhydrous ether was added with
stirring under argon 40.0 g (0.185 mol) yellow mercuric oxide in small
portions to maintain reflux of the ether. Once addition of the mercuric oxide

was complete the mixture was refluxed an additional 20 min and then cooled



on ice. The black precipitate was removed by filtering through celite and
sodium sulfate and washed with ether, The light yellow filtrate was dried
over sodium sulfate and the ether removed under reduced pressure. The
remaining yellow oil was distilled under reduced pressure affording 5.6 g
(62%) 19 as a colorless oil; bp #4-45°C (30 mm Hg). Preparative VPC
(Carbowax 29M, 1350C, 1500C injector) afforded analytically pure material.
NMR (CNCl3) § 2.83 (s) ( lit. (CDCl3) § 2.83 (s)) ;73 IR (film) 3015, 2980,
2875, 2838, 2800, 1475, 1425, 1260, 1245, 1145, 1095, 1042, 1005, 900, 827
cm-l; IR (Ar, 1:700, 109K) 3022, 3020, 3010, 2980, 2975, 2890, 2380, 2870,
2830, 2795, 2785, 1505, 1475, 1465, 1450, 1438, 1400, 1282, 1245, 1145, 1095,
104n, 1035, 1013, 1005, 900, 828 cm-l; UV (3-methyl pentane)
Amax = 27% nm (log € = 4.1),

Photolysis of Tetramethyl-2-tetrazene (19). A mixture of freshly VPC
purified tetrazene in argon (1:700) was deposited at 5 mmol/h over 2 h at
200K, Photolysis with two CS-7-54 UV transmitting visible cut out filters for
15 min. resulted in loss of the IR bands of the tetrazene and formation of new
bands consistent with products resulting from combination/disproportionation
of two dimethyl amino radicals to form dimethyl amine
(wNH, 3340 cm-1) and N-methyl methylenimine (\’=CH2’ 3030 cm-1) and
VN=C, 1663 cm=1) lit. (1658 cm-1)129 together with the following product
bands: 3340, 3030, 2950, 2910, 2865, 2835, 2795, 1663, 1480, 1475, 1458,
1445, 1400, 13%0, 1230, 1225, 1155, 1150, 1055, 1030, 1027, 950, 808, 795,
770, 735 cm-1 [ lit. N-methylmethylimine IR (Ar, 20 K)129 3030, 3005, 2894,

2768, 1658, 1472, 1467, 1439, 1399, 1218, 109%, 1045, 1023, 948, 938
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cm-1y,

Trans-1,2-dimethy! Diazene (81).109 To a suspension of 5.64 g (26
mmol) yellow mercuric oxide in 10 ml distilled water at 00C was added
slowly with stirring a solution of 1.80 g (30 mmol) 1,2-dimethy! hydrazine in
15 mL distilled water. An additional 1.51 g (7 mmol) mercuric oxide was
added and the mixture stirred for an additional 2 h at room temperature. The
product 1,2-dimethyl diazene was distilled from the reaction mixture under
reduced pressure 50 mm Hg) with mild heating to 50°C and collected in a
trap at -780C, The product was further purified by trap (-78°C) to trap
(-1960C) distillation through a Drierite column at high vacuum yielding 0.82 g
(64%) 8t as a colorless oil. NMR (dg-acetone) & 3.62 (s); lit. NMR (dg-
acetone)!09 s 3.63 (s) trans (3.51 (s) cis).

Dimethyl Carbamoy! Chloride-dg (21-dg).#’/ Hexadeuteriodimethyl-
ammonium chloride (KOR Isotopes, 99%% dg) 3.9 g (45 mmol) was converted
to the free amine by stirring with 4.0 g sodium hydroxide in 8.5 mL dd H,O
and 50 mL dichloromethane in an ice bath. After 15 min the dichloromethane
laver was separated, dried over potassium hydroxide pellets and added
dropwise with stirring over 45 min to 12 g (120 mmol) phosgene (CAUTION:
extreme poison!) in 30 ml dichloromethane under argon at -10°C in an
ice/salt bath. After 1 h the excess phosgene and 3/4 of the dichloromethane
were removed in vacuo and trapped at -780C over potassium hydroxide
pellets. To the concentrated reaction mixture was added 25 mL dry ether to
precipitate 1.5 g of hexadeuteriodimethylammonium chloride for filtration.

Evaporating the filtrate in vacuo left 2.3 g dimethyl carbamoy! chloride-dg
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(21-dg) which was distilled in vacuo; bp 60-610C (17 mm Hg) yielding 1.95 g
(76%) as a colorless oil. IR (film) 2210, 2140, 2120, 2080, 1740, 1638, 1420,
1370, 1320, 1280, 1220, 1115, 1060, 945, 800, 660, 640 cm-1,

Dimethyl Carbamoy! Azide-dg (13-dg).#” To a suspension of 1.4 g (22
mmol) sodium azide in 3 mL drv acetonitrile under argon was added with
stirring 1.65 g (14.5 mmol) dimethyl carbamoy! chloride-dg in 3 mL dry
acetonitrile. The mixture was stirred for 24 h at room temperature in the
dark or until judged complete by VPC (SE-54 at 60°C). The mixture was
filtered and the solvent removed in vacuo. Distillation afforded a colorless
oil 1.51 g (87%); bp 55-560C (8 mm Hg). Preparative VPC (Carbowax 20M,
1800C, 180°C injector) afforded analytically pure 13-dg. 2H NMR (CDCl3,
250C) § 2.92 (s, 3H), 2.92 (s, 3H); IR (film) 2240, 2215, 2150, 1685, 1390,
1230, 1115, 1060, 1010, 915, 825, 725, 615 cm-1; MS m/e = 120 (M+), m/e =
121/120/119 = 6/97/2.

Methylhydrazine-formaldehyde Hydrazone (10). Methyl hydrazine-
formaldehyde hydrazone (10) was prepared by the method of Muller.lll To a
solution of 14.5 g (101 mmol) methylhydrazine sulfate in 30 mL distilled
water was added 40 mL 5 N sodium hydroxide. To this solution was added
slowly with stirring 7 mL 37% aqueous formaldehyde. The mixture was
stirred | h and then saturated with sodium hydroxide. The mixture was
extracted with ether (2x 50 mL) and the ether removed in vacuo.
Recrystallization from acetic acid/petroleum ether afforded 2.5 g (46%)
colorless needles; mp 121-1239C (lit. 121-123°C).I11  NMR (CDCl3)

§ 10.92 (bs, 1H), 6.33, 5.91 (AB quartet, 2H, J = 11.5 Hz), 2.72 (d, 3H, J = &4
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Hz).

(2)-3,3-Dimethyl-1-phenyltriazene-1-oxide (16).402 To a solution of
9.36 g (90 mmol) nitrosobenzene in 150 mL 95% ethanol cooled to -59C in an
ice/salt bath was added dropwise with stirring a solution of 1.80 g (30 mmol)
l,1-dimethylhydrazine in 40 mL 95% ethanol. After the addition was
completed, the reaction mixture was stirred an additional 45 min at -59C and
then slowly allowed to warm to room temperature. At approximately 00C
the reaction turned from green to bright yellow. The solvent was removed at
room temperature in vacuo.  The remaining brown oil (5.7 g) was
chromatographed on 150 g silica gel eluted with CH5Cl). After
approximately 100 mL forerun, a 300 mL fraction containing 5.45 g of bright
yellow solid 1,2-diphenvldiazeneoxide was collected. The next 700 mL
contained 3.75 g 16 as a light yellow oil. Vacuum distillation bp. 80-810C (0.5
mm Hz) afforded 3.24 g (65%) 16 as a vellow oil. NMR (CNCl3) § 8.2-7.9 (m,
2H), 7.6-7.3 (m, 3H), 3.15 (s, 6H) [ lit. NMR40a (CDCl3) § 8.2-7.9 (m, 2H),
7.6-7.3 (m, 3H), 3.15 (s, 6H)); IR (CCly) 3080, 3010, 2970, 2900, 2850, 2815,
2785, 2047, 1982, 1795, 1750, 1590, 1470, 1420, 1390, 1295, 1250, 1220, 1165,
1135, 1110, 1063, 1025, 1015, 920, 825, 680, 640 cm-l; UV (EtOH)
Amax= 326 nm (log ¢ = 3.9% Amax= 227 nm (log e = 3.8).

Diisopropy! Carbamoyl Chloride (22).33 To a solution of 3.3 mL (45
mmol) phosgene (CAUTION: extreme poison!) in 25 mL dry toluene at -10°C
under argon was added dropwise with stirring 10.0 g (99 mmol) dry diisopropy!
amine in 20 mL dry toluene. The mixture was stirred for 8 h at -10°C to 0°C

and warmed to room temperature. After stirring an additional # h at room
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temperature the mixture was cooled to 00C and the precipitated diisopropy!
amine hydrochloride was filtered. The filtered solids were washed with dry
toluene and the toluene removed in vacuo. The residual solid was
recrystallized from dry pentane (hot) yielding 3.15 g (86%) colorless crystals;
mp 570C (lit, 579C).33 NMR (CNCl3, 240C) § 4.54 (sept, 1H, J = 6.8 H2),
3.5% (sept, 1H, J = 6.8 Hz), 1.35 (d, 6H, J = 6.8 Hz), 1.22 (d, 6H, J = 6.8 Hz);
IR (CCly) 3000, 2970, 2920, 2870, 1740, 1465, 1453, 1417, 1380, 1386, 1342,
1315, 1267, 1220, 1197, 1150, 1130, 1103, 1023, 900, 870, 768, 609 cm-L.

Diisopropy! Carbamoyl Azide (17). To 5.0 g (77 mmol) sodium azide in
15 mL dry acetonitrile was added with stirring under argon 3.30 g (20 mmol)
diisopropy! carbamoy! chloride (22) in 5 mL dry acetonitrile. The mixture
was stirred at room temperature in the dark for 24 h or until complete by IR,
The mixture was filtered and the acetonitrile removed in vacuo. Vacuum
distillation afforded 2.8 g (82%) 17 as a colorless oil; bp. 55-56°C (1.0 mm
Hg), Preparative VPC (Carbowax 20M, 1800°C, 1800C injector) afforded
analvtically pure material. NMR (CNDCl3, 230C) § 3.80 (m, 2H), 1.24 (m,
12H); IR (CCly) 2990, 2960, 2920, 2870, 2430, 2140, 1682, 1465, 1450, 1425,
1375, 1365, 1305, 1281, 1220, 1205, 1150, 1130, 1037, 936, 882, 850, 725, 608
cm-l; UV (MeOH) A ax = 230 nm (log € =3.5)% MSm/e =170 (M+), m/e =
171/170 = 8/86; Anal. calcd. for C7H 4NyO: C, 49.40; H, 8.29; N, 32.92.
Found: C, 49.38; H, 8.25; N, 32.81.

Diisopropyl Carbamoyl Azide-15N (17-15N). To 0.26 g (4.0 mmo)) 1-
15N sodium azide in 2 mL dry acetonitrile was added 0.61 g (3.7 mmol)

diisopropy! carbamoy! chloride (22) in 2 mL dry acetonitrile. After 36 h at
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room temperature the mixture was filtered and the solvent removed in vacuo.
Bulb-to-bulh distillation at high vacuum (1.0 mm Hg) afforded 0.41 g (79%).
Preparative VPC (Cabowax 20M, 1800C, 1800C injector) afforded analytically
pure 17-15N. NMR (CDCl3, 230C) § 3.80 (m, 2H), 1.24 (m, 12H); 15N NMR
(CHCly vs. CH31ONO7) 6 -142.30 (s), -265.70 (s); IR (CCly) 2990, 2960,
2920, 72870, 2430, 2140, 2117, 1682, 1465, 1450, 1425, 1375, 1365, 1305, 1281,
1218, 1200, 1150, 1130, 1037, 936, %82, 850, 725, 608 cm-l; MS m/e= 171
(M*), m/e = 172/171/170 = 8/100/3.

Diisopropy! Nitrosamine (23).26 (DANGER: Cancer suspect agent!)
To a solution of 10.1 g (0.10 mol) diisopropyl amine in 100 mL 6%
hydrochloric acid was added with stirring at 70-75°C a solution of 15 g (0.22
mol) sodium nitrite in 80 mL water dropwise. The mixture was heated for 24
h and then cooled in an ice bath. The cooled mixture was saturated with salt
and extracted with ether (3 x 50 mL). The combined ether extracts were
dried over sodium sulfate and the ether removed in vacuo yielding 11.2 g 23
as a yellow solid. Fractional distillation 87-880C (18 mm Hg) (lit. 87-8%0°C,
18 mm)26 gave a yellow oil which solidified on cooling, 9.9 g (85%). NMR
(CNCl3) 6 4.95 (sept, 1H, J = 6.6 H2), 4.19 (sept, 1H, J = 6.6 Hz), 1.47 (d, éH,
J = 6.6 Hz), 1.16 (d, 6H, J = 6.6 Hz).

1,1-Diisopropyl Hydrazine (24).!1% To a refluxing solution of 5.0 g (43
mmol) diisopropy! nitrosamine (23) in 50 mL absolute ethanol under argon was
added small chunks was continued in order to maintain a molten globule for
20 min. During this time, the yellow color of the nitrosamine had faded and a

white precipitate had formed. The mixture was cooled on ice and 150 mL of



deoxygenated distilled water was slowly added to quench the excess sodium
metal and dissolve the sodium ethoxide. The resulting cloudy solution was
extracted (2 x 50 mL) with ether and dried over sodium sulfate under argon.
The ether was removed in vacuo and the hydrazine distilled 130-1320C (lit.
130-1320C)26 affording 3.75 g (65%) 24 as a colorless oil.

1,1,4,6-Tetraisopropyl-2-tetrazene (20). 1,1,4,4-Tetraisooropyl-2-
tetrazene (20) was prepared by mercuric oxide oxidation of the freshly
prepared 1,!-diisopropyl hydrazine by the procedure of Effenberg_er.1 12 NMR
(CDCI3) ¢ 1.4 (d, 24H, J= 7 Hz), 392 (sept, 4H, J= 7 H2)
(lit. NMR § 1.14 (d, J= 7 H2), 3.92 (sept, J= 7 Hz));!1Z UV(heptane)
A max 291 nm (log ¢ = 4.05).

Low Temperature Electronic Spectroscopy. The inner cell used for
electronic spectroscony in organic glasses and low temperature solutions was
designed by Hinsberg.’0 The cell body is constructed from OFHC copper,
with stainless steel tubing soldered to it. The cell body is nickel plated. The
cell windows are Suprasil I (AmersiD!17 ground to size. The seals between
the windows and the cell body are made with Viton O-rings. The path length
of the cell is 10.0 mm and the volume is approximately 4 mL. Two Suprasil
(Amersil) outer windows on the rotating optical shroud are employed for
electronic spectroscopy and photolysis. Dilute solutions of freshly VPC
purified samples are prepared in freshly distilled dry solvents and freeze-
pump-thaw-degassed through three cycles. Sample solutions are introduced
into the cell through 18 gauge Teflon tubing (Alpha Wire Corp.)118 which

extend to the outside of the optical shroud through two Cajon Ultra-Torr
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Tg Finger Optical
Solvent (0K)3a,hb Dewar Cell Comments
2-MTHF 90 Yes Yes The best overall
3-Methylnentane S5 Yes No Crystallizes
poor solubility
1-Propanol V110 Yes > 900K Fractures
violently
n-Rutyronitrile v 100 Yes No Crystallizes
Triacetin v210 Yes No Fractures
Methylmethacrylate Vw110 Yes No -
Polylmethylmethacrylate) - Yes - -
Freons - - No Possibly as
solvent mixture
Acetonitrile v 130 Yes No Crystallizes
Methylcyclohexane v a0 Yes Variable Crystallizes
(undependable)

3Taken to be n > 1012 cp,

bref. 107, 127.
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fittings. Sample solutions of the carbamoyl azides in a glass forming solvent
are slowly drawn into the cell under positive argon pressure with syringe
suction to prevent bubble formation. As the cell is cooled to form a glass,
more sample is drawn in due to contraction of the solvent (2-MTHF contracts
approximately 22% going to 77 K). Stress fractures in the organic glass often
occur unexpectedly during the course of an experiment destroying optical
clarity., With most solvents other than 2-MTHF stress fractures occur at or
near 77-80°K. This can result in the fracturing of the inner cell windows
with devastating effects. Less severe fractures can usually be remedied with
annealing to 20-30° above the fracture temperature followed by recooling to
a temperature just above the fracture point. Photochemical transformations
were carried out with defocused light through an outer Suprasil window and
monitored by electronic spectroscopy at appropriate time intervals.
Electronic spectra were recorded with the aid of a black cloth to exclude
light from the spectrophotometer sample compartment. Temperature control
was typically ¥0.59K with the tip of the thermocouple just above the cell
taken to be representative of the cell temperature at equilibrium.

FT-IR Spectroscopy. @A Mattson Instruments Sirius 100 sample
compartment cover was modified to permit access of the Displex optical
shroud. In order to maintain an efficient nitrogen purge of the spectrometer
and cell compartment as clear vinyl cover was taped to the optical shroud
with vinyl tape and affixed to the modified sample compartment cover by
means of a detachable Velcro seal cemented around the perimeter of the

access hole. A positive dry nitrogen gas pressure was produced from a
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regulated high pressure liquid nitrogen dispenser dewar.
For a typical matrix isolation FT-IR experiment, the Displex
apparatus, gas handling manifold and flexible connecting line to the matrix

gas cylinder regulator are checked to be He leak tight and exhaustively

outgassed with frequent warming with a heat gun for 24 h prior to gas
admission establishing a vacuum of better than 1 x 10-6 mbar. The carefully
purified dry sample vapor is admitted through a greaseless Teflon joint and the
desired gas mixture in the desired matrix host gas is prepared by standard
manometric techniques. The gas mixture (typically 1:700-1:3000) is allowed
to equilibrate for 24 h prior to deposition. If the guest molecule is
photoreactive, the glass portion of the gas handling system is wrapped with
aluminum foil to exclude light.

The Displex compressor is switched on and the temperature controller
adjusted to the desired deposition temperature (209K for argon and 159K for
nitrogen matrices). Once the inner Csl window temperature has cooled to
770K, the high vacuum valve isolating the cold head from the diffusion pump
is closed to prevent back-streaming of diffusion pump oil to the optical
window. The sample window is allowed to equilibrate for approximately 1 h
at the deposition temperature prior to deposition. During this period the
background interferrogram (empty cell) for the experiment is accumulated
after the appropriate nitrogen purge time to achieve a stable baseline,

To start a deposition, the manifold stopcock leading to the Granville-
Phillips variable leak valve is opened together with the high vacuum isolation

valve (Nupro) to the deposition port on the cold head. The deposition rate is
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adjusted with the Granville-Phillips leak valve to the appropriate flow rate
and checked periodically. The optical shroud is then rotated and the
deposition begun. (For a sublimation or cryopump deposition the sample
would have been equilibrated at the bath temperature by this time and the
sample isolation valve would be cracked open to allow co-deposition with
matrix gas just prior to rotation of the optical shroud.) Deposition progress is
monitored by FT-IR at appropriate intervals. Once deposition is complete
the window temperature is slowly lowered to <10°K and the spectrum of
the matrix isolated material recorded. If deemed necessary, annealing of the
matrix can be achieved through several 10-30-109K temperature cycles
followed by cooling to 109K. (Note that a reproduceable alignment of the
sample window is necessary for a constant baseline.)

Photolysis is carried out through an outer Suprasil window through the
back of the Csl inner window. The photolysis beam is defocused (incident
intensities of approximately 50-100 mW per cmZ) to prevent excessive
heating of the sample matrix as evidenced by an increase in the inner window
temperature and "boil off" of the matrix. Progress of photochemical
transformations is monitored by FT-IR at appropriate time intervals. A
reproduceable alignment of the sample window and infrared beam is necessary
for a constant baseline.

FT-IR Spectra Workup. Work-up of FT-IR absorbance spectra was
achieved using Mattson Instruments FT-IR software. All spectra for a given
experiment were ratioed and processed using a background interferrogram of

the IR cell (or IR cell and deposited matrix gas) recorded prior to sample
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deposition. All absorbance spectra were carefully corrected using interactive
subtraction software for interfering residual atmospheric impurities not
removed in the nitrogen purge ( e.g., H70O (g), CO, (). Ice bands
(H70 (s)) resulting from ice formation on the liquid nitrogen
coole;i HgCdTe (MCT) detector over the course of an experiment were also
judiciously corrected. Baseline inclination or haseline rolls were carefully
corrected with appropriate baseline correction software. The narrow half-
band widths of matrix isolated species (57 cm-1) make these corrections
straightforward. Nifference FT-IR spectra are presented to clearly
demonstrate the effects of a given transformation. Subtraction factors
(a) refer to the formula A - qB = C, where A and B are the ahsorbance
spectra to be subtracted and  is the resulting difference spectrum.

HoNN Product Analysis. Tarbamoy! azide (typically 1.50 mg) was
placed in a 5 mm OD quartz tube fitted with a vacuum stopcock. To this was
transferred 300 yL 2-MTHF (or appropriate dry solvent) freshly distilled from
sodium/benzophenone ketyl. The solution was freeze-pump-thaw-degassed
for three cycles. The solution was thoroughly mixed and then immersed in a
Suprasil finger dewar filled with liquid nitrogen. Once the solution had
glassed it was subjected to photolysis for the requisite time period (typically
5 h photolvsis with 2-CS-7-54 filters under carefully reproduced irradiation
conditions resulted in >99% decomposition of starting material as determined
independently by IR), For thermal product analysis the resulting blue-violet
glass of 3 was then allowed to warm slowly to room temperature. 'Jpon

removal from the 779K dewar the glass quickly turned opaque yellow-orange
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as it softened (characteristic of 1 A max= 3% nm and the Amax= 480
nm species) followed by vigorous gas evolution. The solution
quickly b’ecame colorless and in the -50 to 00C temperature range there was
again vigorous gas evolution together with formation of an insoluble white
precipitate (’GHaﬁ_ﬂ from the colorless solution.

Thermal and photochemical products were determined as follows: The
gaseous products CO, N2 and Hy were identified by VPC coinjection with
authentic samples (sieve 5 A column 250C, He carrier, thermal conductivity
detector, injected in 1 atm C»Hg) by mass spectral analysis or quantitated by
Toepler pump analysis. For Toepler pump analysis, the gas mixture was
pumped from the sample tube and condensable products trapped at 77°K.
The total gas PV was determined and the mixture was then passed through a
hot tube of Cu® (310°C) to oxidize CO to CO» and Hy to H»O which were
trapped at -78° and the N» content determined by PV difference followed by
CO9 PV determination.

Ammonia content was determined for hoth the volatile (NH3) and non-
volatile (;IHL,!\-@\ components by the indophenol method.!!3 The volatile
components fo the reaction were vacuum transferred (779K) to 10 mL
saturated boric acid solution (degassed) and allowed to warm to room
temperature. This solution was tansferred to a 50 mL volumetric flask. 15
mL saturated boric acid, 5 mL chlorine (Cl5) saturated distillated water and 5
mL 8% phenol solutions were added with swirling. The mixture was heated on
a steam bath for 3.0 min and cooled on ice. After cooling to 5°C, 5.0 mL of

a 3.0 M sodium hydroxide solution was added and the mixture diluted to
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volume., After 5 min the intense blue color of the indophenol was fully
developed. The absorbance at 625 nm was measured relative to a reagent
blank containing the appropriate volume of 2-MTHF, The ammonia content
was determined from a calibration curve prepared using ammonium chloride
as a standard. The non-volatile ammonium azide residue in the sample tube
was dissolved in 1.5 mL distilled water and determined as above.

Hydrazine content was determined independent of a volatile NH3
determination as the his azine of para-dimethylamino benzaldehyde.1 15 The
volatile components of the reaction were vacuum transferred (779K) to a
mixture of 5.5 mL 0.1 N H>SOy4 and 0.5 mL of a solution para-dimethyl amino
benzaldehyde (40 mg/mL in 2.0 N H,SOy) (degassed). Upon thawing, the
orange color of the bis-azine appeared and was fully developed in 15 min at
room temperature. The absorbance at 458 nm was measured relative to a
reagent blank contining the appropriate volume of 2-MTHF., The hydrazine
content was determined from a calibration curve prepared using hydrazine
sulfate as a standard (carbamoy! azide does not interfere).

Formaldehyde was determined by the Hantzsch reaction.!13  The
reaction mixture was added to 4 mL of reagent (15.0 g ammonium acetate,
300 pL acetic acid, 200 uL freshlypurifiedacetylacetonein 100 mL distilled
water). The mixture was heated in a sealed tube to 37°9C for 1 h. The
ahsorbance at 412 nm was measured relative to a reagent blank containing
the apporopriate volume of 2-MTHF, The formaldehyde content was
determined using a molar extinction coefficient of 8000 at 412 nm for the

product diacetyl dihydroleutidine (detection limit 2 x 10-8 g H,CO).
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Photochemical products were determined in a similar fashion with
visible light irradiation with a CS-1-75 filter (>340 nm) or the combination
CS-1-75 and two CS-3-70 filters (>500 nm) until the blue-violet color of the
1,1-diazene was gone (typically 4-5 h) prior to warming the glass for product
analysis. Unfiltered photolysis (A >250 nm) was also carried out for the
appropriate time period (typically 5 h) with no color development.

Matrix Isolation of HoNN (3), HoNN15 (3-13N), D,NN (3-dy), DoNN15S
(3-dp-15N). The respective carbamoyl azides 15 (freshly sublimed) were
cryopumped from a -10 or -20°C ice/salt bath and co-deposited with matrix
gas (UHP argon at 200K, UHP nitrogen at 159K) at 5-10 mmol gas per hour
over approximately 6-4 h, respectively. The deposition progress was closely
monitored by FT-IR. These deposition conditions gave consistently
transparent matrices with well resolved bands and minimal atmospheric
impurities (COp, H2O). The window temperature was slowly lowered to 10°K
(10 min) and the infrared spectrum of the starting carbamoy! azide recorded
after the appropriate nitrogen purge time (30-45 min typically). The matirx
was photolyzed with defocused light from a 1000 watt xenon source through
an outer Suprasil window and through the back of the inner Csl window using
2-CS-7-54 UV transmitting, visible (410-680 nm) cut out filters. Typical
photolysis times for 80% conversion of starting carbamoyl azides were 90-120
min. Photolysis of the resulting 1,1-diazenes was carried out with CS-1-75,
2-CS-3-70 filters (>500 nm) for 120-180 min carefully monitored by FT-IR.
Photolysis of trans-1,2-diazenes was carried out with either monochromatic

light (380 £ 10 nm) from a monochromator or with CS-5-58 and CS-7-51
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filters (360-410 nm).

Matrix Isolation of 1,1-Dimethyldiazene (7) and 1,1-Dimethyldiazene-
I5N (7-15N). A 1:1400 gas mixture of the respective dimethyl carbamoyl
azide (freshly purified by preparative VPC) in argon was allowed to
equilibrate in the foil wraoped gas manifold of the Nisplex apparatus. The
mixture was deposited (?700K) at 10 mmol/h over approximately & h (100 mm
gas mixture, 37 mmol). The Csl window temperature was lowered to 100K
and the sample spectrum recorded. Photolysis was carried out through an
outer Suprasil window through the back of the inner Csl window with
defocused light through 2-CS-7-54 UV transmitting visible cut out filters for
60 to 90 min. Photolysis progress was monitored periodically by FT-IR,
Photolysis of the product diazenes was carried out in a similar fashion
through CS-1-75, CS-4-96 and CS-3-70 filters (466-610 nm) for approximately
60 min or CS-1-75 and CS-2-61 (>590 nm). Photolysis of product (1)) from
photolysis 1,1-dimethyldiazene 7 was carried out with CS-5-58 and CS-7-51
filters (360-410 nm) for approximately 60 min.

Matrix Isolation of 1,1-Diisopropyldiazene (18) and 1,1-Diisopropyl-
diazene-15N (18-15N), The respective carbamoy! azides (freshly purified by
preparative VPC) were cryopumped from a -300C ice/salt bath and co-
deposited with argon matrix gas (UHP argon) (200K) at 15 mmol gas per hour
over aoproximately 4-5 h (150-175 mm gas, 55-65 mmol, respectively). The
CSI window was slowly lowered to 109K and sample spectrum recorded.
Photolysis through the back of the Csl inner window with 2-CS-7-54 filters

was carried out for 90-150 min and carefully monitored by FT-IR. Photolysis
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of the product diazene was effected with defocused visible light from

Corning filters CS-1-75 and CS-4-96 (360-610 nm) for 4-6 h and carefully
monitored by FT-IR,

Kinetics. 2-MTHF glasses of the respective diazenes were prepared in
the low temperature electronic spectroscopy cell as described above. The

cell temperature was slowly raised to effect diazene decomposition.
Necompositions were monitored using either the repetitive scan program of

the Cary 219 spectrophotometer (multiple absorptions) or using a timed delay
single wavelength monitor. All data prior to temperature equilibration
(30 min) were discarded. Typically the reactions were monitored through
several half-lives and reported rate constants are derived from a
conventional linear least squares analysis. First-order decays were checked
at two starting concentrations through a minimum of three half-lives and in

all cases gave identical rate constants within experimental error.
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APPENDIX

Kinetic Derivations

1,1-Diazene

Tautomer (azomethinimine)
Product (tetrazene)
Hydrocarbons

I T3

Mechanism (A)

k_l['n = (D\(kl + 2 kz[h))
k_(T)
(P) = k; + 2 k(D)
k. k (T
-d( T 1°-1"
= k (T -
dt Nl k; + 2 ky(D)
ke
= k(M |t - Kk, + 2 k(D)
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k., + 2 k(D) -1
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ky + 2 kz[lﬂ
2 k(D)
2
= k (T :
-1t (kl + 2 kz[ﬁ])
if 2 ko[ D) >> kg
-dl1T)
dt = k-1(T}
Mechanism (B)
ky
D === T
k-1
k2
N+T ——= P

Assuming steady state in (M)

A (1) - k(D) - k(D)) = 0
kl(n] = k_l(T1 - kz(D\(T)
k (T
(™ = e
1t K

-d( T k_y(T) ky(T)
gt = E AT =y (kl 11T | ky(T) K, + K[ T)
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CHAPTER 3

15N NMR Spectrum of a 1,1-Diazene

Y\J-(Z,'Z,G,‘S—Tetrame'chylpiperidyl)nitrenel
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15N NMR Spectrum of a 1,1-Diazene. N—(2,2,6,6-

Tetramethylpiperidylnitrene!

Peter B. Dervan,*2 Michael E. Squillacote,3
Paul M. Lahti,% Alan P. Sylwester, and John D. Roberts*
Contribution No. 6294 from Gates and Crellin
Laboratories of Chemistry, California Institute

of Technology, Pasadena, California 91125

Abstract: The low-temperature 15N NMR spectrum of the 1,1-diazene, N-
(2,2,6,6-tetramethylpiperidyDnitrene (1) is reported. The 15N double- and
mono-labeled 1,l1-diazenes la and 1b were synthesized. The nitrene and
amino nitrogens of 1 have resonances in dimethy! ether at -90°C at 917.0 and
321.4 ppm, respectively, downfield from anhydrous 15NH3, affording a
chemical-shift difference of 595 ppm for the directly bonded nitrogen nuclei.
The chemical shift of the ring nitrogen is consistent with an amino nitrogen
whose lone pair is largely delocalized. The large downfield shift of the
nitrene nitrogen is consistent with a large paramagnetic term due to a low-

lying n-7* transition.
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INTRODUCTION

1,1-Diazenes (aminonitrenes, N-nitrenes) unlike their more stable 1,2-
diazene isomers (azo compounds) are usually not isolated or detected by
spectroscopic methods, but rather are assumed intermediates based on a

substantial body of chemical evidence.> Recently, the synthesis and direct

R : R.. . R
SN s RN fi=n
R R R

observation of persistentf 1,1-diazenes, N-(2,2,6,6-tetramethylpiperidyl)-
nitrene (1)7 and N-(2,2,5,5-tetramethylpyrrolidyl)nitrene® were reported.
The infrared an electronic spectra, and kinetics of decomposition of these
l,l-diazenes713 allowed the first comparison of experiment with theory on
the nature of the bonding and the relative energies of the states of the parent
1,1-diazene (HoN-N).?

15N NMR spectroscopy has proven to be a sensitive probe of the
electronic environment of nitrogen nuclei.l0  With the availability of
persistent 1,1-diazenes, we have obtained the first 15N magnetic resonance
spectrum of a 1,1-diazene. The low-temperature 15N NMR spectrum of N-
(2,2,6,6-tetramethylpiperidyl)nitrene 17 reveals the different electronic
environments of the contiguous nitrogens in the 1,1-diazene. We find the
chemical-shift difference for the amino and nitrene nitrogens to be 595 ppm.

Their assignments were determined from the spectra of the 15N double- and
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mono-labeled 1,1-diazene, 1a and 1b. The nitrene nitrogen of the 1,1-diazene
has a 15N resonance in dimethyl ether at -909C 917 ppm downfield form
anhydrous 15NH3 and represents the most highly deshielded neutral nitrogen-

containing organic compound now known,

RESULTS AND DISCUSSION

Successive treatment of phorone 2 with 15NH,Cl/sodium hydroxide
and hydrazine hydrate/potassium hydroxide afforded !5N-labeled (95+ %)
2,2,6,6-tetramethylpiperidine 3.1l Nitrosation (Nal5NO,, 95%) and
reduction with lithium aluminum hydride gave the double-labeled precursor,
N-amino-(2,2,6,6-tetramethylpiperidine) 4.7,12 Similarly, nitrosation
(Nal>NO,) and reduction of unlabeled 2,2,6,6-tetramethylpiperidine 5

afforded the mono-labeled precursor 6 (Scheme I).

Scheme I
OC N—Y < |5N—'5NH2 i I5N’=I5’:‘:
2 4 1a
( W — ( NN, — ( N="N
5 6 ib
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Oxidation of 4 with nickel peroxide in dimethyl ether affords upon
filtration and concentration (-780C) a deep purple solution of the persistent
1,1-diazene 1 whose electronic spectrum ( Amax = 543 nm (CH3)20), infrared
spectrum and thermal stability are known.” The 15N NMR spectrum of this
purple solution (w1 M) at -900C contains four doublets (Figure la). The two
doublets, § 419.5 (J = 6.4 Hz) and 164.6 (J = 6.4 Hz), can be assigned to the
tetrazene 7 which has been independently synthesized and characterized.”
The pair of doublets at 917.0 (J = 15.5 Hz) and 321.4 (J = 15.5 Hz) were shown
by I5N-15N decoupling to be directly bonded nitrogen nuclei. Upon warming
to 00C, the purple color disappears and the doublets at 917.0 and 321.4
disappear concomitant with an increase in the resonances of tetrazene 7, the
dimerization product of 1.7 These doublets are assigned to the 1,1-diazene
la. Oxidation of the mono-labeled precursor 6 in dimethyl ether at -780C
affords singlets at §917.0 and 419.5 and no neaks at 165 and 321 (Figure 1b).
This fact allows the assignment of the 917 ppm resonance to the nitrene
nitrogen of the 1,l-diazene chromophore. The 15N NMR parameters for the
1,1-diazene la and the tetrazene 7 are presented in Table L.

The large NOE for N2 in la suggests almost full nitrogen-proton
dipole-dipole relaxation for this nitrogen. The nitrene nitrogen N1 was found
to have a smaller NOE than N2 and, as evidenced by the response in a signal
intensity to changes in pulse delay, a spin-lattice relaxation time, Ty, which
is insensitive to magnetic field strength and much shorter than the T; of N2.
Thus a spin-rotation relaxation mechanism seemingly predominates for the

nitrene nitrogen. This may reflect the different electron distributions
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nH2Z=2Z4+
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Figure 1. Fourier transform I5N NMR spectra of 1,l-diazene 1 and
tetrazene 7 in dimethyl ether at -90°C (30 deg pulse angle, 20 sec
repetition time, NOE suppressed). (a) Spectrum of la and 7 from
the nickel peroxide oxidation of 200 mg of & at 9.04 MHz, 250
transients. (b) Spectrum of 1b and 7 from the nickel peroxide
oxidation of 100 mg of 6 at 50.7 MHz, 190 transients. The
assignment of the resonances are described in the text.
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Table 1
Compound : 15N1 15N2
. da  917.0 321.4
*N=N- Jb 15.5 15.5
NOE  -0.2 -5.0
. § 419.5 164.6
N—N=N—N J 6.4 6.4
NOE -2.0 =5 0

-

a8Nownfield from external anhydrous ammonia, at 25°C wusing a 1:4
CH315’\102:CD2C12 mixture as a secondary standard at 380.7 ppm. 2Error in
coupling constants is 0.6 Hz. Error in chemical shift is *0.5 ppm.

between the two nitrogens, since it has been shown that an electron
distribution leading to large chemical shifts will lead to large spin-rotation
interactions.!3

The deshielding of the nitrene nitrogen can be attributed to the
importance of the paramagnetic term as represented by mixing of the ground
state with excited states which results in changes induced by the external
field in the electronic wave functions.l#;15 Experimental correlations of
15N chemical shift with the energy of transitions involving low-lying excited
states, in particular n-T* transitions, are well documented.1# The magnitude
of the downfield shift of the nitrene nitrogen in 1 is consistent with a very
large paramagnetic term due to the low-lying n-T* transition ( Amax = 343

nm in (CH3),0).7
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The amino-nitrogen of la N? has a 15N chemical shift of 321 ppm
comparable to the shifts of nitrones, nitrates and nitro compounds (280-380)
ppm!0 which lack non-bonding electrons on nitrogen. These molecules are
formally N-oxides of imines, nitrites, and nitroso compounds (330-900) ppm10
and are considerably more shielded, even though they are also associated with
low-energy n-m* transitions. Thus, it appears that non-bonding electrons on
nitrogen must be involved in the n-7* absorption of the mole-
cule in order for a large paramagnetic shift to be present for the nitrogen.wc
The amino nitrogen, N2, is not deshielded and hence its lone pair must be
substantially delocalized into the empty p orbital of the nitrene nitrogen, N1.
This is consistent with both experiment (1#N=14N, stretch, 1595 cm-1)7 and
theory (GVB-CI)®° both characterizing the 1,l-diazene as having an N=N

7 bond.

CONCLUSION

In summary, the low temperature 15N NMR spectrum of the I,l-
diazene, N-(2,2,6,6-tetramethylpiperidyl)nitrene (1) is reported. The nitrene
and amino nitrogens of 1 have resonances in dimethyl ether at 917.0 and
321.4 ppm, respectively, downfield from anhydrous l5NH3, affording a
chemical-shift difference of 595 ppm for the directly bonded nitrogen nuclei.
The chemical shift of the ring nitrogen is consistent with an amino nitrogen
whose lone pair is largely delocalized. The large downfield shift of the
nitrene nitrogen is consistent with a large paramagnetic term due to a low-

lying n-7* transition.
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EXPERIMENTAL SECTION

15N nuclear magnetic resonance (15N NMR) data were recorded on a
JEOL FX-900 spectrometer at 9.04 MHz (Figure 1a) and a Brucker WM-500
spectrometer at 50.7 MHz (Figure 1b). Chemical shifts are given in parts per
million (ppm) downfield from anhydrous 15NH3 in § units and coupling
constants in cycles per second (Hz). 15N chemical shifts were obtained using
a l:i CH315N02:CD2C12 solution as a secondary standard. Proton NMR data
were obtained on a Varian EM-390 spectrometer. Chemical shifts are given
in ppm downfield from MeySi in § units and coupling constants in Hz, For
preparative vapor-phase chromatography (VPC), a Varian Aerograph Model
920 instrument equipped with a thermal conductivity detector and helium
carrier gas was used. The VPC column was a 5 ft. x 0.25 in. glass, Pennwalt
223 amine packing (Applied Sciences Laboratories, Inc.). All reactions were
run under an argon atmosphere.

4-Oxa-2,2,6,6-tetramethylpiperidine-13N (8). Phorone 2 (10.0 g, 0.072
mmol) and 100 mg of sodium hydroxide were placed in a 25-mL pyrolysis
tube, then frozen under vacuum. An ammonia solution was prepared by
neutralizing 5.0 g (0.092 mmol) of !9NH,Cl (Prochemicals Limited, New
Jersey; 95.4 atom - %) with 8.0 g (0.20 mol) of sodium hydroxide in 6 mL of
water, This solution was distilled under reduced pressure into the pyrolysis
tube. The reactants were degassed, sealed under vacuum, and heated in a
stainless steel bomb to 135°C for 18 h. The tube was then opened; the
contents dissolved in et her, dried (KoCO3) and concentrated affording 8.2 g

of a yellow oil. Recrystallization from petroleum ether at -78°C gave 7.0 g
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(62%) of 8 as white needles, mp 37-380C (lit. mp 36°C).17 NMR (CDCl3)
6 1.22 (d, 12, 3 = 2 Hz), 2.22 (s, 4.

2,2,6,6-Tetramethylpiperidine-13N (9). A total of 7.0 g (0.45 mol) of 8
were stirred with 10 g of potassium hydroxide, 9.3 mL of hydrazine hydrate,
and 2.0 mL of water in 67 g of triethylene glycol at reflux for 2 h. The
product was distilled (bp 96-1129C), extracted with ether, dried (Na3SOy)
affording 4.5 g (72%) of a clear liquid 9, bp 145-147°C (lit. 151-1520C at 750
mm Hg)lll NMR (CPCl3) §1.12(d, 12, J = 2 Hz), 1.3 (m, &), 1.6 (m, 2).

1-Nitroso-2,2,6,6-tetramethylpiperidine-15N5 (10). A solution of 1.5 g
(0.011 mo!) of 9 in 13 mL of a 6.8% solution of aqueous hydrochloric acid was
heated to 950C. To this was added 1.5 g (0.021 mol) of Nal5NO,
(Prochemicals Limited, New Jersey; 95.5 atom - %) in 8 mL of water. The
solution was stirred at 950C for 48 h. The reaction mixture was allowed to
cool and was extracted with ether, washed with 10% aqueous hydrochloric
acid, saturated aqueous sodium bicarbonate, saturated aqueous sodium
chloride and dried (NaSOy). The ethereal layer was concentrated affording
1.2 g (64%) of a yellow oil 10. NMR (CDCl3) §1.40(d,6,3 =2Hz),1.62(d,
6,1 = 2 H2), 1.7 (m, 6).12

l—Amino—2,2,6,6-tetramethylpiperidine—15N2 (4). A solution of 1.2 g
(7.0 mmol) of 10 in 4 mL of dry ether was added dropwise to 580 mg (15.3
mmol) of lithium aluminum hydride in 17 mL of 1:1 di-n-buty! ether:diethyl
ether. The temperature was slowly raised to 95°C with distillation of solvent;
the temperature was then maintained at 95°C for 3 h. The slurry was cooled to

0°C, excess lithium aluminum hydride was quenched with water, and 25 mLU of
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ether was added. The layers were separated and the aqueous layer was
washed with ether. The combined ether layers were extracted with 10%
aqueous hydrochloric acid.” The aqueous layer was made basic with 20%
aqueous sodium hydroxide. This was extracted with ether, dried (NaSOy),
and concentrated affording 1.1 g of a clear oil. This was further purified by
preparative VPC (Pennwalt, 1800C) affording a 70% vyield of pure l-amino-
2,2,6,6-tetramethylpiperidine-15N2 4, NMR (CDPCl3) §1.05(d,T =2Hz,12),
1.5 (s, 6), 2.8 (broad s, 2).12

N-(2,2,6,6-tetramethylpiperidynitrene-15N, (1a). To 20 mL of
anhydrous dimethyl ether, cooled to -789C, was added 191 mg (1.9 mmol)
triethylamine and 300 mg (1.9 mmol) 1-amino-2,2,6,6-tetramethylpiperidine-
15N, (8) with the aid of a syringe. To this was added 3.4 g (19 mmol) nickel
peroxidel® through a solid addition funnel with stirring over 5 min. The
reaction mixture was stirred at -78°C for 2 h, then transferred through a
Teflon tube to a cooled (-780C) jacketed filter funnel, and filtered into a
three-necked flask cooled to -780C, The clear purple filtrate was
concentrated (v1 M) and transferred into a 10-mm NMR tube for low-

temperature (-900C) 15N NMR studies.
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