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Picosecond time-resolved infrared spectroscopy of rhodium and iridium

azides

Peter Portius*,’ Anthony J. H. M. Meijer,’ Michael Towrie,” Benjamin F.
Crozier,” Ingrid Schiager’

Picosecond time-resolved infrared spectroscopy was used to elucidate early photochemical
processes in the diazido complexes M(Cp*)(N3),(PPhs), M = Rh (1), Ir (2), using 266 nm and
400 nm excitation in THF, CH,Cl,, MeCN and toluene solutions. The time-resolved data have
been interpreted with the aid of DFT calculations on vibrational spectra of the singlet ground
states and triplet excited states and their rotamers. While the yields of phototransformations via
N, loss are low in both complexes, 2 cleaves a N3 ligand under 266 nm excitation. The

molecular structure of 1 is also reported as determined by single crystal X-ray diffraction.

Introduction

Azides play a prominent role in photochemical transformat-
ions'? and photo-induced catalysis® involving organic and inor-
ganic azides as well as azido complexes. Detailed photochemical
studies of transition metal azido complexes revealed photo-in-
duced reductive eliminations*® with mechanisms reminiscent of
photo-induced C-H bond activation reactions observed with tran-
sition metal carbonyl complexes.”'* These reactions were studied
in inert matrices,'™'® in solution'’?' and in the gas phase.”> A
primary step in the photolysis of azido complexes may involve
the initial elimination of N, from an excited state and the
formation of highly reactive nitrenes, which is usually followed
by the addition of electron-rich species in solution or rearrange-
ment via insertion reactions.”> The formation of nitrido complex-
es and the reductive elimination of the azidyl radical are alter-
native photochemical responses.”** Reactions involving azides
can be monitored conveniently since the symmetric and asym-
metric stretching vibrations of the linear N3 group, v,(N;) and
vs(N3) give rise to intense absorption bands in the mid-IR spectral
region. The spectral position of these bands is sensitive to
structural and electronic changes which makes time-resolved
infrared (TRIR) spectroscopy a suitable technique to study the
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nature and the photochemistry of the photogenerated excited
states.??” Using transient absorbance (TA) and time-resolved
infrared (TRIR) spectroscopies, a variety of azides has been
investigated,” including, for example, mono- and bis(phosphine)
diazido platinum(II) complexes. In these experiments, a coor-
dinatively unsaturated species, Pt(N;)(PPhs),, was identified as
highly reactive intermediate. Investigations of the iridium
complex Ir(Cp*)(N3),(PPh;), Cp* = CsMes, involved the continu-
ous irradiation of benzene solutions at A, = 313 nm,” which
produced Ir(Cp*)H(Ph)(PPh;) and Ir(Cp*)H{(u-Ph)PPh,}(PPh;)
in reductive elimination / C-H insertion and orthometallation
reactions. In halogenated solvents, however, the photo-reaction
generates the chloro complex Ir(Cp*)Cly(PPhs) via N3 / Cl
ligand exchange. In a related investigation near-ultraviolet
radiation generates Ir(Cp*)(L) as a reactive intermediate, which
undergoes oxidative addition with solvent C-H and C-Cl bonds.’
The quantum yields for these reactions range from 0.01 to 0.3.
The lack of mechanistic insight on the ultrafast time scale
motivated our investigation of late transition metal azido
complexes as part of a wider research programme into nitrogen-
rich energetic compounds.”*>° This work describes the first pico-
second TRIR (ps-TRIR) spectroscopic study on these complexes
using Rh(Cp*)(N3)>(PPhs) and Ir(Cp*)(N3),(PPh;).
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Results and Discussion

Spectroscopy

The complexes subject to this investigation, M(Cp*)(N;),(PPh;), M
= Rh (1), Ir (2), are shown in Scheme 1. The UV/vis absorption
spectra in MeCN (Fig. 1) feature two resolved bands at 393 nm and
269 nm (with the extinction coefficients 6.1x10* and 2.0x10* 1 mol™
em™', respectively) for complex 1, whilst the spectrum of complex 2
exhibits one band at 305 nm (3.7x10° I mol™" cm™). The band posit-
ions of 1 are slightly solvent dependent with shifts of less than 300
to 500 cm™' (Ayae [nm] = 397, 272, DMF; 398, 272, THF; 398, 273,
CH,CL,).

Aexc = 266 nm,
R N, 400 nm
@/ M = Rh (1)
Ir (2)
[M(Cp*)(N3)(PPhs)]” <1ns [ IM(CP*)(N3)o(PPhy)**
@) <10 ps
[M(Cp*)(N3)a(PPh)] ™ <—J
(1%,27)

Scheme 1. Photoreactions triggered by excitation at ilOO nm and 266 nm,
~120 fs pulse , M = Rh, Ir; * electronic excited state; ** vibrationally excited
electronic excited state.

The FTIR spectra of 1 and 2 (presented in the bottom panels of Fig.s
2 and 4) in the mid-IR region are dominated by two (1) or three (2)
extensively overlapping absorption bands arising from asymmetric
in-phase and out-of-phase azide N-N-N stretching vibrations,
v,(N3), which in MeCN solution are centred at 2026 and 2007 cm™'
(1) and 2037 and 2017 cm™ (2), respectively. The ps-TRIR spectra
were obtained in the spectral range between ca. 1850 and 2150 cm™
in MeCN, CH,Cl, THF and toluene under 400 nm and 266 nm, ~120
femtosecond excitation (see Table 1).

CHCI,
. — DMF
3 —— THF
2 MeCN
®
E
Qo
=
<
300 400 500 600
Al nm

Figure 1. UV/vis absorption spectra of complex 1.

The TRIR spectra (Fig. 2) of Rh(Cp*)(N3),(PPh;) (1) in MeCN
under 400 nm excitation show the fully bleached ground state
v.s(N3) bands (denoted as feature “a” in Fig. 2) at 2 ps after exci-
tation, and a broad and initially featureless transient absorption
centred at 1977 cm™'. This transient band decays rapidly while
giving rise to new, only partially overlapping transient bands (b)

2 | Dalton Trans., 2014, 00, 1-3

which are fully formed 15 ps after excitation while no transient ab-
sorption remains at low wavenumbers (“c”, <1950 cm™). These
transients decay within the following 800 ps — a process which is
accompanied by the simultaneous recovery of the parent bands.
Precise band positions, approximate shapes and time-dependent
areas were obtained by deconvoluting the spectra using pseudo
Voigt profiles. This treatment afforded kinetic data in spectral
regions affected by band overlap (see Fig.s 9 and S3-6) according to
which three individual transient bands centred at 2003 crn_l, 1983
em ™' and 1969 ecm™ rise with a lifetime of 7, = 7 (£1) ps, (Fig. 5)
while the absorbance at position “c” (vide supra) reduces
simultaneously. The position at lower wavenumbers with respect to
the longer-lived transients in the TRIR spectra, lifetime, and broad-

[T9R1}

ness suggests that the spectral feature “c” originates from excited
states of the v,((N;) vibrations which decay to produce the transient

spectrum of the vibrationally relaxed excited state.

TRIR
3+

—— 2ps

——100 ps
——2800 ps

0.1 LFTIR

A

O-O N 1 N 1 N 1 N 1 n 1 n 1

1850 1900 1950 2000 2050 2100 2150
v/ (cm)

Figure 2. TRIR difference spectra (2 ps — 800 ps) of Rh(Cp*)(N3).(PPh;) (1)
in CH3CN, Aexe = 400 nm (top); bleached parent bands (a), transient bands (b)
and hot bands (c); FTIR spectrum (bottom panel).

The recovery of the bleached parent bands and the decay of all long-
lived transients occurs synchronously with a lifetime of » = 118
(£ 15) ps. TRIR spectra of complex 1 in THF (Fig. 3, S3, S12),
CH,Cl, and toluene solution (Fig. S11) have similar shapes with
minor differences in transient and bleached parent band positions
(see Table 1). However, the lifetimes for the decay of vibrationally
excited (hot) states vary slightly between 7 = 4(x1) ps (CH,Cl,) and
6(£1) ps (THF), while the decay of the vibrationally cold transient
and the recovery of the bleached parent absorptions have lifetimes as
short as 78(£5) ps in toluene.

These findings are interpreted in terms of a set of overlapping bands
which arise from vibrationally excited states of an electronic excited
state (1*). The relaxation rate associated with the decay of these
bands is solvent-dependent and is progressively slower on moving

This journal is © The Royal Society of Chemistry 2014
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from MeCN > THF = toluene > CH,Cl,. The bands of these excited
states are centred at lower energy than those of the vibrational
ground state due to anharmonicity. For the v,y(N3) stretches the tran-
sitions v=n + 1 — v =n + 2 are therefore at lower wavenumbers
than the v=n — v=n + 1 transitions.
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Figure 3. TRIR difference spectra of Rh(Cp*)(N3)»(PPhs) (1): 2 — 1000 ps in
MeCN, Aexe = 266 nm (top left), 2 — 800 ps in THF, Ay = 266 nm (top right);
2 — 600 ps in THF, Ak = 400 nm (bottom left); normalised kinetic traces of
the time-dependent areas of the bands at 1983 cm™ (hot band, black), 2003
cm™! (transient, red) and 2026 cm™! (parent, blue) in CH3CN, A = 400 nm
(bottom right; inset: traces of parent bleach recovery in toluene (1), THF (2)
CHxCL (3), MeCN (4) and in the same time interval).

This assignment is supported by the recently observed anharmonicity
in time-resolved 2DIR measurements on azido complexes®® as well
as results from picosecond TRIR for the CO stretching vibrations of
short lived intermediates generated by femtosecond excitation of
Rh(Cp)(CO), where the hot bands have been found ca. 40 — 80 cm™
below in energy than the vibrationally cold transient bands.**® Ex-
citation of complex 1 at 400 nm in any of the studied solvents is re-
versible and the quantum yield for the generation of any reactive
intermediate is negligible (Fig. 3). While the excitation of complex 1
in MeCN and THF at higher photon energy (266 nm, see Fig. 3 top
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left and top right) leads to similar spectral transient features, these
are, however, extended much further to lower wavenumbers in the
period up to 10 ps after excitation. On the contrary, the TRIR spectra
at late time delays, after the cooling process of the electronic excited
states is complete, are nearly identical for both excitation energies.
This indicates that the excited state detected in TRIR experiments is
formed considerably hotter vibrationally if populated with a 266 nm
pulse, which in principle could be expected. Importantly, close
inspection of the TRIR spectra of 1 (A, = 266 nm) reveals residual
parent bleach bands which persist at late time indicating irreversible
photochemical transformations with estimated quantum yields of
0.033(18) and 0.006(5) in CH3CN and THF, respectively (Table 1).
The nature of the photoproduct could not be ascertained as the long
lived transient bands were too weak.

e

2 LTRIR

AA
x 10°

—e— 1ps

8 ps
—e— 16 ps
—e—256 ps |a

FTIR
0.1 1

0.0

1875 1950 2025 2100
v/ (cm)
Figure 4. TRIR difference spectra (1 — 256 ps) of Ir(Cp*)(N3)(PPhs) (2) in

MeCN, Aexc = 400 nm; parent bands (a), transient bands (b), and hot bands (c)
(top); FTIR spectrum (bottom).

Table 1. Band positions of ground state bleaches and transient absorptions obtained from fits of the TRIR spectra using pseudo Voigt profiles (see Fig. 7).
Lifetimes of vibrational relaxation (7;) and decay () of electronic excited state of M(N3),(Cp*)(PPhs), M = Rh (1), Ir (2).

Complex Aexe Solvent v.s(N3) parent “ V.(N3) transient ¢ T o residual parent
/nm /em™! /em / ps / ps bleach / % ¢
1 400 CH,CN 2026, 2007 2003, 1983, 1969 7(x1) 118(£15) 0
1 400 CH,Cl, 2025, 2005 2001, 1983, 1968 4(21) 102(£7) 0
1 400 THF 2022, 2003 1996, 1973, 1960 6(£1) 91(x4) 0
1 400 Toluene 2021, 2002 1995, 1973, 1957 5(x1) 78(5) 0
1 266 CH;CN - - 5(x1) 129(£11) 3.3(£1.8)
1 266 THF - - 4.8(x0.4) 77(3) 0.6(£0.5)

This journal is © The Royal Society of Chemistry 2012
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2 400 CH;CN 2037, 2017 2015, 1983, 1972 8(£2) 880(£140) 2.1(20.6)
2015°,1983°%,1972°
2 266 CH,;CN 2037, 2017 ) ) 8(£1) 822(£58) 17(£2)
2030 <, 2006 ¢

“ position of peak maximum, ® electronic excited state, permanent photoproduct, ¢ (residual bleach) / (total bleach 2 ps after excitation) x 100 %.

The transient spectra of the iridium complex Ir(Cp*)(N3),(PPhs) (2)
in MeCN solution (Ae = 400 nm, Fig.s 4 and S14) are similar to
those of the Rh analog discussed above if the time delay 30 ps after
excitation is considered. Intriguingly, two comparably broad bands
are discernible at low energy, centred at 1919 cm™ and 1954 cm™,
which decay with lifetimes of 4(£1) ps and 8(%1) ps, respectively
(Fig. 4, Tab. 1). Spectral position and decay characteristics again
match expectations for the vibrationally excited states of the electro-
nic excited state 2* in which the spectral positions of the absorption
bands possibly arise from the transitions v — v +1 (v =2, 1919 cm™';
v=1,1954 cm™; v =0, 1983 cm™). Fig. 7 shows pseudo Voigt fits
revealing the precise position and shape of the overlapping bands
(see experimental for details).* While the vibrational relaxation for
the excited states of 2* resembles that of 1*, the decay of transient
bands and parent recovery of 7, = 880(£140) ps are approximately
seven times slower for the iridium complex (Fig. 5). In contrast, pre-
viously reported TRIR studies on the carbonyl complexes M(Cp*)-
(CO), (M = Rh, Ir, Aexc = 295 nm) found no difference for the life-

times of the excited states.*!*?

1953 cm’’

Normalised AA

2038 cm”

0 100 200 300 400 500 600
t/ ps
Figure 5. Normalised kinetic traces at 1953 ¢cm™' (black), 1985 and 2014
em™' (red) and 2038 cm™' (blue) of Ir(Cp*)(N;3),(PPhs) (2) in CH3CN, Aeye =
400 nm; TRIR spectra shown in Fig. 4.

Four nanoseconds after excitation at 400 nm, 98% of the ground
state of complex 2 in MeCN solution is recovered (Fig. S7), which
suggests the formation of a longer-lived photoproduct with a low
quantum yield of less than 0.02. This finding compares well with the
quantum yields (0.029-0.067) obtained in steady state photochemical
experiments with related complexes Ir(Cp*)(N3),(PR3), Ao = 313
nm, in CH,Cl,, CHCl; and C4Hg solutions.” However, no transient
bands of this photoproduct could be discerned in the late time spec-
tra. At a higher excitation energy (A, = 266 nm), only 83(2)% of
the bleached parent absorption has recovered with two new transient
absorption bands being clearly discernible at 2030 cm™ (v;) and
2006 cm™ (v,), respectively (Fig.s 6, S6). These bands are tentative-
ly assigned to the salt [Ir(Cp*)(N3)(PPh;)(MeCN)]" N5~ (3) which is

4 | Dalton Trans., 2014, 00, 1-3

generated upon N; / MeCN ligand exchange via a coordinatively
unsaturated 16e intermediate. This assignment is independently
verified by the v,4(N3) absorption of the azide anion, which in MeCN
appears at 2005 cm™' (v,), and by the effect the ligand exchange
reaction in the analogous rhodium complex Rh(Cp*)(N3),(PPhs) vs.
Rh(Cp*)(N3)(phen)]" has on the spectral position of the v,,(N3) band
v (+4 cm™
wavenumber of in-phase and out-of-phase v,(N3) vibrations in the

to +7 cm™' in nujol).”? The shift for the average

proposed complex 3 is +3 cm™'. Alternatively, the 16e intermediate
could be saturated by a C(2)-H agostic interaction with phenyl
groups of the PPh; ligand as observed previously in ruthenium
chemistry.*

The nearly full reversibility of the photoreaction initiated by excitat-

ion at 400 nm and transient lifetimes of less than 1 ns suggest that
decay of the electronically excited states ([M(Cp*)(N3),(PPhs)]*, M
= Rh, 1%; Ir, 2*) to the ground state is prevailing over possible
ligand-loss reactions. The electronic excited state may result from
non-dissociative metal-to-ligand charge transfer which would require
reduction in the bond order of the Ng-N, bonds of the azido ligands
thus reducing the force constant of the v,(N3) vibrations in order to
agree with the observed transient IR bands which appear at lower
wavenumber in comparison to the ground state. The occurrence of
three transient bands in the excited states 1* and 2* apparently con-
tradicts the requirement from first principle according to which dia-
zido complexes cannot have more than two IR active v,4(N;) stretch-
es. This issue was investigated by DFT calculations (vide infra).

—e— 2psS

10} | -

8 ps
—e— 16 ps
—e— 256 ps 4
-15_.*. 4000 ps . . |
1875 1950 1975 2100
v/ (cm™)

Figure 6. TRIR difference spectra of Ir(Cp*)(N3)»(PPhs) (2) in MeCN
solution under 266 nm excitation.

This journal is © The Royal Society of Chemistry 2014
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Figure 7. TRIR spectrum obtained ca. 512 ps after laser flash (Aexe= 400 nm)
(e) of a solution of Ir(Cp*)(N;)2(PPh;) (2) in MeCN. The overlap of pseudo
Voigt profiles for parent bleach (—) and transient bands (—) results in a fit
curve (—) and a residual (—).

Crystallography

A X-ray diffraction study of dark red single crystals of compound 1,

which were obtained from CH,Cl, / hexane at r.t., reveals a complex
where rhodium is coordinated by Nz, PPh; and Cp* ligands with
three-legged piano stool geometry resulting in coordination angles of
Cp*®-Rh-N,, 121.8°, 124.5° and Cp*®-Rh-P 133.8°, relative to the
centre of gravity of the Cp* ring carbon atoms, Cp*® (thermal
ellipsoid plot shown in Fig. 8). The Cp* ring shows little deviation
from planarity (1.9(5) pm) and the coordination centre is located
1.8275(3) A away from its plane and 1.4 pm off the normal through
Cp*® indicating a nearly perfect symmetrical 777 coordination mode.
The azido ligands are almost linear (176°, 177°) and coordinate in a
fashion typical for terminal non-bridging transition metal azides with
Rh-N,-Ng angles of 119° and 116° and N,-Ng bonds longer than Ng-
N, bonds by 5.3(10) pm and 5.8(10) pm, respectively.

C15

Cl14

Figure 8. Thermal ellipsoid plot of complex 1 at the 65% probability level;
hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles
[°]: Rh-N1, 2.095(3); N1-N2, 1.210(5); N2-N3, 1.157(5); Rh-N4, 2.132(3);
N4-N5, 1.214(4); N5-N6, 1.156(4); Rh-C1, 2.212(4); Rh-C2, 2.173(4); Rh-

This journal is © The Royal Society of Chemistry 2012

Dalton Transactions

ARTICLE

€3, 2.201(4); Rh-C4, 2.197(4); Rh-CS, 2.197(4); Rh-P, 2.3345(11); N1-Rh-
N4, 87.91(16); N1-Rh-P, 88.18(10); N4-Rh-P, 86.93(9).

The latter finding suggests that the Rh-N, bonds have comparably
weak ionic character; however, the low wavenumber for the
asymmetric N stretches is close to that of the azide anion and
contradicts this notion, unless 7 back donation is involved which
lowers the v,4(N3;) force constant while maintaining the bond length
difference.

DFT Calculations

DEFT calculations were employed in order to gain further insight into

the nature of the electronic ground and excited states of complexes 1
and 2 and help rationalise the shape of their transient spectra. Using
the experimentally determined molecular structure of complex 1
(Fig. 8) as start geometry, three local minima were identified for
both rhodium and iridium complex in the singlet ground and first tri-
plet excited states, 1a-c, 2a-¢ and la*-c* and 2a*-c*. These struc-
tures are shown in Figs. 9 and S13. While the minimum geometries
of 1a (Fig. 9a) and 2a (Fig. S13a) closely resemble the structure de-
termined for 1 in the crystal (Fig. 11), other minima are related to
these by rotation of azido ligands around the M-N,, bonds (Fig. S13).
For each given spin state these rotamers have electronic energies and
free energies deviating no more than approximately 8 kJ mol™ from
the global minimum and are therefore thermally accessible at r.t. The
scaled frequencies calculated for the asymmetric N; vibrations
(Table 2) were found to reproduce the trends between ground and
excited states observed in the TRIR spectra well as can be gleaned
from a comparison of Table 1 with Table 2 and Fig. 10.

(a) ) (d)

(e)

Figure 9. Rotamers for complex 1 for both the singlet (Sy) ground state and
for the first triplet (7)) state: panel (a) 1a, panel (b) 1b, panel (c) 1¢, panel (d)
1a*, panel (e) 1b*, panel (f) 1¢*.

Dalton Transactions, 2012, 00, 1-3 | 5
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Intriguingly, the spread of calculated frequencies of the v,(Nj3)
modes is considerably smaller in the ground state (22, 20 cm™) than
in the excited state (38, 52 cm™). This result agrees well with the
experimentally observed spread, including the fact that 2 has a larger
spread in the excited state than 1. The fact that the ground state IR
spectra show only one asymmetric absorption band in the v,(N;)
region can therefore be rationalised by the combined effect of the
natural linewidth of v, (N3) stretches in solution (FWHM ca. 10
em™") and the potentially very fast conversion on the vibrational
times scale between the rotamers across low activation barriers at r.t.

| | 1
1980 2000 2020 2040
v/ (cm)
Figure 10. Stick spectra of calculated (red) and observed (blue) vibrational
frequencies of M(Cp*)(N3)>(PPh;) (1, M = Rh; 2, M = Ir) in MeCN. Intensi-
ties were adjusted according to the relative abundance of the isomers in the
electronic ground (-) and excited states (+) as approximated by their relative
Gibbs energies. The electronic ground state intensities are set to negative

values.

Table 2. Calculated vibrational frequencies and infrared intensities and rela-
tive total and Gibbs energies of the local minima on the singlet ground state
and first triplet excited state surface at the B3LYP/6-311g(d,p) level of
theory. All frequencies were scaled by 0.955 to account for anharmonicity
and correlation effects.

Isomer vus(N3) /em ™ “ AE® AG®
1a | 2021 (1977),2011 (2373) | +1.8 0
1b | 2014 (450),2002 (3774) | +0.6 | +7.3
1c 2024 (2346), 2015 (2051) 0.0 +1.2
la* | 1998 (1642), 1973 (2786) | 0.0 | +2.8
1b* | 2006 (2224), 1976 (2162) | +5.6 | +7.4
Ic* 2003 (2834), 1968 (1219) +0.8 0
2a 2029 (2015), 2020 (2246) +1.9 +0.9
2b 2026 (332),2013 (3912) 0.0 +4.6
2c 2033 (2413), 2026 (2010) +0.6 0
2a* 2009 (1982), 1973 (2384) 0.0 +5.1
2b* 2018 (2496), 1973 (1820) +8.0 +8.1
2c* | 2014 (2797), 1966 (1297) | +0.9 0

“ infrared intensities in parentheses, ? total (£) and Gibbs (G) energies relative
to lowest energy rotamer of spin surface in kJ mol™.

In the excited states, however, individual bands can be resolved
since band maxima have larger spectral separation. Therefore, at
least two rotamers in the electronic exited states 1* and 2* must be
assumed to exist in order to rationalise the ps-TRIR observed
spectra. Finally, electron density difference plots calculated for the
transition of the complexes 1¢ and 2¢ (see Fig. S16) from the ground

6 | Dalton Trans., 2014, 00, 1-3

to the excited state show on the one hand a reduction in electron
density at the metal and on the axis connecting to one Nj; ligand, and
on the other hand an increase at the Cp* ligand and between
coordination centre and the PPh; ligand. Overall, no significant
differences could be determined between both complexes. These
findings appear to support the suggested metal-to-ligand charge
transfer character of the excited state.

Conclusions

The ps-TRIR spectroscopy used to probe light-induced proces-
ses in Ir and Rh diazido complexes allows for the direct obser-
vation of the vibrationally excited electronic excited states of
M(Cp*)(N3)o(PR3), R = Ph, M = Rh (1%), Ir (2%). The excited
states 1* and 2* are of similar nature, with 2* possessing a
much longer lifetime than 1*, and asymmetric Nj stretches at
lower wavenumbers than the ground state indicating electron
donation into antibonding molecular orbitals centred on the azi-
do ligands. DFT calculations in combination with TRIR data
suggest that at least two rotamers exist in the excited states of
both complexes in solution. The quantum yields for the generat-
ion of long-lived reactive intermediates were found to be close
to zero under 400 nm and between 0.06 and 0.17 under 266 nm
excitation, depending on the solvent and the central atom. In
MeCN solutions of the iridium complex 2 a long lived photo-
product could be identified as a result of heterolytic M-N3 bond
cleavage whereas no analogous photoproduct was formed with
the rhodium complex. Overall, the photochemistry of the com-
plexes at the investigated excitation energies is dominated by
internal energy conversion (Scheme 1) as opposed to N, elimi-
nation found in azides, such as DMAP-N;,** with highly
covalent azido groups.

Experimental Section

M(Cp*)(N3),(PPh;), M = Rh, Ir (1, 2), were synthesized according to
published procedures starting from MCl3(H,0), and 1,2,3.,4,5-penta-
methylcyclopenta-1,3-diene to afford the dimers {M(7°-Cp*)Cl,}»,""
which is followed by Cl / N; exchange and addition of PPh; to yield
the monomeric diazides 1°? and 2°. IR and NMR spectral properties
agree with published data. FTIR spectra (4000 - 500 cm™) were re-
corded at 2 cm™ resolution; only absorptions larger than one 20™ of
the v,(N3) band are reported. NMR spectra were recorded at the in-
dicated frequencies and calibrated with the residual 'H signal (7.26
ppm, 400 MHz) or natural abundance ("*C, 77.16 ppm) of the sol-
vent, or externally (*'P, 85% H;PO,, 101 MHz).

ps-TRIR experiments were performed at the Rutherford Appleton
Laboratory (CLF) using the PIRATE and ULTRA laser and detect-
jon systems which were described elsewhere.”> * The 266 nm and
400 nm excitations was produced using 3™ and 2™ harmonics of the
50 fs, 800 nm output of the Ti:sapphire amplifier system. The pulse
energy at the sample was ~1.5 pJ. The spot sizes of the pump and
probe beams were around 150 and 100 pm, respectively. ps-TRIR
spectra were obtained by exciting the sample with pump pulses with
polarization set at magic angle with respect to the probe. Continuous
exchange of the irradiated volume of solution was maintained by re-

This journal is © The Royal Society of Chemistry 2014

Page 6 of 10



Page 7 of 10

circulating the analyte solution using a peristaltic pump driven, tef-
lon-lined flow system with ~40 ml of solution reservoir in combinat-
ion with x,y-rastering to reduce photodegradation at the window so-
lution interface. The ps-TRIR spectra are the difference between the
probe spectra when the sample is pumped or not pumped. Probe
spectra are acquired at 10 kHz and the sample pumped at 5 kHz. TR-
IR spectra were calibrated internally using the spectral position of
the parent bleach bands. Precise band positions, time-dependent
areas and de-convoluted spectral information were obtained using
pseudo Voigt profiles of the type y = yo + A(u(2/m)(wi/(4(x — x;)* +
wid) + exp(—(4In2)/wed)(x —x.)?) for each transient and parent
bleach absorption band which achieved satisfactory agreement be-
tween spectral points and the least squares (%) fit curve (see Fig. 7
as example). Spectral positions and widths of the parent bleach
bands were treated as time-independent. Solutions of the complexes
with concentrations ranging from 0.8x107 to 3.7x10™> mol dm™ (1)
and 0.8 x 107 to 6.6x10™> mol dm™ (2) were saturated with N,. Op-
tical densities in the spectroscopic cell at A = 400 nm and 266 nm,
respectively, were kept below unity. An IR Harrick cell spectrosco-
pic cell equipped with CaF, windows and optical path lengths rang-
ing from 0.1 to 0.5 mm was used for all TRIR measurements. The
solvents THF (spectrometric grade, >99.5 %), CH;CN (anhydrous,
>99.5%), CH,Cl, (spectrophotometric grade, >99.5%), toluene (an-
hydrous, 99.8%) were used as received from Aldrich or obtained
from Grubbs columns® (THF, CH;CN) and were subsequently de-
gassed and stored in ampoules prior to use. The solvent treatment
had no influence on the TRIR data. Solutions were degassed, satu-
rated with N, and kept under pressure in the recirculating flow
system.

Analytical data for compounds 1 and 2: Rh(Cp*)(N3),(PPhs) (1): IR
vos(N3) [em™] = 2005(sh), 2025 (CH,Cl,); 2003(sh), 2022 (THF);
2002(sh), 2021 (Toluene); 2007(sh), 2026 (CH;CN). 'H NMR (CD-
Cl;, 250 MHz) S [ppm] = 1.49 (C5(CH3)s, 15 H, d, Jig31p = 3.4 Hz),
7.39-7.53 (P(C¢Hs)s, 15 H, m). *C{'"H} NMR (CDCLs, 63 MHz) &§
[ppm] = 8.3 (C5(CHj)s, 8), 128.6 (meta-P(C¢Hs)s3, d, 10.5 Hz), 131.0
(para-P(C¢Hs)s , 8), 134.3 (ortho-P(C¢Hs)s, d, 10.6 Hz); signals of
neither ipso-P(C4Hs); nor Cs(CH;)s resonances could be discerned.
J'P{'"H} NMR (CDCl;, 101 MHz) & [ppm] = 34.1 (P(C¢Hs)s, d, J31p.
103rh = 144.4 Hz). Ir(Cp*)(N3),(PPhs) (2): IR v4(N3) [em™'] = 2036
(vs, Vas(N3)), 2013 (W, sh, v,4(N3)), 1483vw, 1436vw, 1098vw, 1029-
vw (CH,CL); 2037, 2017 (sh) (CH;CN). IR (paraffin, cm™) v =
2044 (0.28, sh), 2027 (1.00), 2010 (0.47, sh), 1483 (0.11), 1438
(0.21), 1277 (0.07), 1272 (0.09), 1097 (0.13), 1029 (0.08), 753
(0.12), 705 (0.14), 695 (0.11), 555 (0.05), 530 (0.24). '"H NMR (CD-
Cl;, 250 MHz) S [ppm] = 1.54 (C5(CH3)s, 15 H, d, Ji31p = 2.3 Hz),
7.40-7.51 (P(C¢Hs)s, 15 H, m). *'P{'"H} NMR (CDCl;, 101 MHz) &
[ppm] = 8.2 (P(CoHs)s, ).

Crystallographic data for complex 1: Bruker APEX-II CCD, graph-
ite monochromated Mo(k,; ) radiation, 4 = 0.71073 A, CygH3(N¢P-
Rh, P2//¢c, a = 17.620(4), b = 8.6155(17), c = 17.542(4) A, a= y=
90, A= 98.87(3)°, V = 2631.0(9) A®, Z =4, T = 100(2) K, 0.50 x
0.04 x 0.03 mm, d = 1.475 Mg m™, F(000) = 1200, z=0.739 (Tin,
max = 0.7090 / 0.9782), SADABS absorption correction, 32677 refl.
collected, R(int) = 0.1154, R(oj/net [) = 0.0931, 21 < h <22, -11 <
k<11, 22<1<22, Opin/ Omax = 2.34 / 27.52, 5883 reflections, of

This journal is © The Royal Society of Chemistry 2012
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which 3946 are > 20(J) with 1 0 0 omitted. The structure was solved
by direct methods and refined using the weighting scheme w =1/ [s*
(F.,2) + (0.0420P)* + 0.0000P], P = (F,> + 2 F.2) / 3, 330 parameters,
Ry = 0.0457, wR, = 0.1015 (all refl.), GOOF = 0.994, residual diff.
density max / min = 0.848 / —-1.161.

DFT calculations were performed using Gaussian 09, the B3LYP*

functional and the 6-311G** basis set* for H, C, N, and P. The SDD
pseudopotential*® was used for Rh and Ir. The effects of solvent were
included using the polarisable continuum model*’ using the parame-
ters for acetonitrile. In previous work it was found, that this results in
a reasonably accurate description of transition-metal complexes and
their properties,*® allowing for semi-quantitative comparison with
experiment. The molecular structure found in a crystals of 1 (see Fig.
8) and Ir(Cp*)(N;),(PPh,py)”’ were used as start geometries for both
Ir and Rh complexes for optimisations on the singlet ground state
surface. These optimised structures served as start geometries for the
triplet states. Two more conformers were identified on the triplet
surface by adjusting the P-M-N,-Ng dihedral angles of both azido li-
gands and were, in turn, used as start structures on the singlet ground
state surfaces. For all optimized geometries frequencies were calcu-
lated in the harmonic approximation to allow the determination of
free energies. No imaginary frequencies were found, confirming that
the structures reported on are true minima. A scaling factor of 0.955
was used to compare calculated and experimental frequencies. This
factor takes account of anharmonicity and correlation effects not
included in our calculation.*
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Joxc = 266 nm ’ Jexc = 266 nm,
400 nm
M=Ir M = Rh,
ot N3 ) Ir
. + . *t
M(Cp*)(N3)(PPhs) ] M(Cp*)(N3)o(PPh3)
<1ns

<10ps
M(Cp*)(N3)z(PPh3) * 4—/

Ultrafast photochemical processes induced in the transition metal azido complexes Rh(Cp*)(N3)2(PPh3) and
Ir(Cp*)(N3)2(PPh3) upon laser excitation at 266 nm and 400 nm were elucidated by picosecond time-
resolved infrared spectroscopy and density functional theory.
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