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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.
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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
iq—N/H K= Vo = N
— UM p— —... / .o
r{ H \H H/ H
1 2 Ja 3b

"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.
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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.

\
* L]
N=N
I,',



-25-

H H
. / . \+ -
=N N=N N=N:
/ /\
H H H H
1 2 3

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.



-27-

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
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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
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