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bstract

Two-electron mixed valency is a useful design concept for hydrogen and oxygen photocatalysis. As single-electron mixed-val
ounds react in one-electron steps, two-electron mixed-valence compounds may react in two-electron steps at the constituent
hether they are metal- or ligand-based. With the redox centers working in concert upon photoexcitation, two- and four-electro
ations are promoted along excited-state pathways. Such a strategy is ideally suited to the activation of small molecules. We d
n n+2

n-
photochemistry for hydrogen and oxygen activation using two-electron mixed-valence complexes of three different motifs: (a) M–M
bimetallic complexes, (b) tetrapyrrole macrocycles and (c) externally bridged di-iron(III)�-oxo porphyrin dimers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The activation and use of small molecules of energy co
sequence, including CO2, N2 and CH4 in addition to H2,
H2O and O2, share basic chemical commonalities[1]. They
are allmultielectronprocesses[2–4]. Moreover, for the small

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.03.034
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molecules listed above, proton transfer must accompany elec-
tron transfer[5–14], as bothelectron and proton inventories
need to be managed for successful small molecule activa-
tion [15–19]. Additionally, small molecule transformations
confront sizable thermodynamic or kinetic barriers tobond
activation that must be overcome from electronic excited
states if an energy-storing catalytic cycle is to be closed.

Our research efforts have addressed the italicized research
themes of the foregoing paragraph by expanding the reactiv-
ity of metal complexes in electronic excited states beyond
conventional one-electron transfer. Much of the work has
been devoted to the concept of two-electron mixed valency.
The approach is straightforward: as single-electron mixed-
valence compounds react in one-electron steps[20,21]
two-electron mixed-valence compounds may react in two-
electron steps at the constituent redox sites, whether they are
metal- or ligand-based. This approach does not demand that
each metal react in a concerted two-electron step, rather, it
requires the one-electron mixed-valence species to be kinet-
ically or thermodynamically unstable with respect to the
two-electron species. In this manner, even if the primary pho-
toevent involves single electron transfer, an ensuing redox
event will be facile, thus driving net multielectron reactivity.

The types of two-electron mixed valency that we are
currently investigating are represented schematically in
Scheme 1: (a) bimetallic complexes that rely on ligand
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ray crystal structures reveal a pronounced asymmetry in the
diphosphazane framework upon ligation to a bimetallic core
[24]. The result is consistent with asymmetric donation of the
amine bridgehead lone pair to the PRF

2 bonded to MII . With
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2 �-backbonding diminished, the PRF
2 group acts

as a�-donor to stabilize the high-valent MII metal center.
Correspondingly, with the nitrogen lone pair electron density
channeled away from the second neighboring PRF

2 group, its
strong�-accepting properties are maintained and hence M0

is stabilized. In this manner, we believe that the dfpma and
tfepma ligands accommodate the intramolecular dispropor-
tionation of M2

I,I to M2
0,II.

The benefit of designing authentic two-electron mixed-
valence complexes is the ability to effect multielectron redox
chemistry among discrete molecular species. With the met-
als working in concert, two- and four-electron transforma-
tions are promoted along ground- and excited-state path-
ways. As shown inScheme 2, hydrogen halides react with
Rh2

0,0(dfpma)3L2 (L = PPh3) in discrete two-electron steps
to afford the LRh0–RhII X2 and X2RhII –RhII X2 congeners,
respectively[24]. An equivalent of H2 is produced in each
step. By incorporating the same dσ* excited state within the
electronic structure of the LRh0–Rh0L, LRh0–RhII X and
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. Two-electron mixed-valence bimetallic complexes

.1. Hydrogen production using two-electron
ixed-valence photocatalysts

The two-electron mixed-valence approach is ide
uited to manage the two-electron chemistry of hy
en production and activation. Although the occurre
f authentic Mn–Mn+2 compounds is uncommon[22],
uch complexes can be stabilized by ligand framew
hat juxtapose�-accepting groups directly adjacent
-donating groups. One such construct is embodied
is(difluorophosphino)methylamine (dfpma, CH3N(PF2)2)
nd bis(bistrifluoroethoxyphosphino)methylamine (tfep
H3N[P(OCH2CF3)2]2) ligand sets that place an am
ridgehead between two electron-deficient phosphines (F
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r phosphites (P(ORF)2). These diphosphazane ligands
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2RhII –RhII X2 cores[29–32], interconversion among th
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ng complex can be regenerated as long as a halogen t
resent, thus permitting the photocycle shown inFig. 1 to
e constructed[33]. In brief, a sacrificial photon remov
n axial CO from the Rh20,0 complex, opening a coordin

ion site for HX attack (the axial site may also be ope
hermally). Disappearance of the Rh2
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anied by the formation of 1 equiv. of H2 and the appearan
f a blue species that eventually converts to the LRh0–RhII X2
omplex. Photoactivation of the RhII –X bond enables th
hotocycle to be closed.

.2. Hydrides related to two-electron mixed valence
ores

Hydrogen elimination is facile and neither hydrido-
ydrido-halide intermediates are observed during turn
f the photocycle shown inFig. 1. With the goal of char
cterizing hydride species of two-electron mixed-vale
ores and understanding their dihydrogen chemistry
urned our attention to di-iridium complexes owing to
ncreased stability of third-row metal-hydride bonds r
ive to their second-row counterparts. Our findings, s
arized in Fig. 2 for an Ir20,II core ligated by tfepma
stablish that two-electron mixed-valence bimetallic c
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Scheme 1.

is able to add to and eliminate from a Mn–Mn+2 complex.
As shown for the conversion of1 to 2, the unusual circum-
stance ofreversiblehydrogenation of the metal–metal bond is
observed.
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o The
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Application of the tfepma ligand to dirhodium cores per-
mits the unanticipated isolation of stable dihydride–dihalide
complexes of rhodium (as opposed to the situation shown in
Scheme 1for dirhodium cores ligated by the dfpma ligand)
[34]. The structure of one such complex is shown inFig. 3,
which displays a syn disposition of the two hydrides about a
Rh2

II,II core. The reasons why changing the phosphorus sub-
stituent from –F to the bulkier –OCH2CF3 on the bridging
diphosphazane allows for the synthesis and isolation of the
dihydride remain unclear. Notwithstanding, such compounds
are providing additional insights with regard to the mecha-
nism of the photocycle inFig. 1. Given that the dihydrides
are the primary products of HX addition to Rh2(tfepma)3L2,
one can surmise that the hydrido-halide intermediate of the
H2 photocycle depicted inFig. 1 resembles the complex of
Fig. 3 in basic form and structure. Evidence for this assign-
ment stems from the photoreactivity of the Rh2

II,II dihydride
dihalide. Upon photolysis, the compound promptly produces
H2 and a metal complex possessing absorption features coin-
cident with those of the previously unidentified blue inter-
mediate, whose absorption spectrum is shown in the inset
of Fig. 1. Preliminary structural and spectroscopic results
indicate that the blue intermediate is the Rh2

I,ICl2 complex
expected from H2 reductive photoelimination from thesyn
complex. Subsequent conversion of the ClRhI · · ·RhICl core
to Rh0–RhII Cl by an intramolecular rearrangement places
t
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f HX using a two-electron mixed-valence dirhodium photocatalyst.
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0,II core is strapped by three dfpma ligands.
Scheme
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he dihydride on the photocycle pathway shown inFig. 1.

.3. Mechanism of hydrogen production

Experimental and computational studies of the hydr
resented in the foregoing section provide an emer
icture for reactivity and management of H2 at Mn–Mn+2

ores[35]. Hydrogen attack and elimination occurs at
n+2 end of the bimetallic core and is mediated by a br

ng hydride, as shown inFig. 4 for the reaction of H2 at a

2.
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Fig. 2. Hydride and hydrido-halo chemistry of two-electron mixed-valence di-iridium complexes.

Fig. 3. A “syn” dihydride–dihalide complex of dirhodium resulting from
H2 addition to Rh20,II tfepma3Cl2 with thermal ellipsoids drawn at the 50%
probability level. The species is relevant to the HX oxidative-addition prod-
uct of the H2 photocycle shown inFig. 1.

Ir0–IrII (X)2 core. Addition of H2 to the axial sitetransto the
metal-metal bond is unproductive. To position a hydrogen
atom for transfer to the neighboring Ir0 center, an equatorial
halide ligand must swing into the axial coordination site.
Once residing in the equatorial coordination site, a hydrogen
atom easily migrates into a position bridging the two iridium
centers. This represents the transition state that directly leads
to the terminal dihydride product. For addition to Ir0–IrII (X)2
cores, the bridging hydride must come from the HX or H2
reactant. As shown inScheme 3for the “Swing” mechanism,
this leads to thefacstereochemistry observed inFig. 2for the
addition of H2 and HCl to1, yielding2and3, respectively. A

similar bridging state prevails for hydrogen atom migration
at Ir0–IrII (H)(X) cores[36], which may be generated by the
addition of a single equivalent of H2 to4 in Fig. 2. The termi-
nal hydride (Ha in Scheme 3, “Fold”) that is present from the
outset smoothly folds into the bridging position as hydrogen
attacks the axial coordination site to give product5 (Fig. 2)
with merstereochemistry about the IrIII center. In this case,
the hydrogen atom is able to traverse the di-iridium core with-
out the need for swinging a terminal ligand from an equatorial
site.

Hydrogen elimination from the mixed-valence cores is
the microscopic reverse. In this case, reductive elimination
proceeds by coupling bridging and terminal hydrides,

Essential for the reactivity of H2 at Mn–Mn+2 cores
appears to be the ability of a hydrogen atom to migrate while
maintaining an asymmetry of the two-electron mixed-valence
core without excessive reorganization. Low-energy ligand
flexing modes are important adjuncts to cooperative reac-
tivity between metal centers because they enable the ligand
to accommodate disparate coordination geometries during
the course of the hydrogen atom migration. Bosnich has
a stall

Fig. 4. Mechanistic pathway for H2 attack and addition to an Ir0–IrII (X)2 core. The e color
coding of the atoms is: Rh (gray), Cl (green), P (magenta), F (yellow), N (roy
rgued that poorly designed, inflexible ligands can fore

energy-minimized structures are obtained from DFT calculations. Th
al blue) and H (aquamarine).
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Fig. 5. Organometallic chemistry promoted by the intermetal redox cooperativity of two-electron mixed-valence complexes.

bimetallic reactivity, even without direct bonds joining the
metal centers[37,38]. Our results support this contention.
In addition, the diphosphazane ligand has the proper elec-
tronic properties to accommodate metals of different formal
electron counts as hydrogen attacks, activates and migrates.
These electronic and steric properties of the ligand appear
to be advantageous, if not compulsory, to the cooperative
bimetallic and reversible activation of H2.

In the course of our investigations of H2 and HX reactivity,
we found that the intermetal two-electron redox cooperativity
of Mn–Mn+2 cores is general and applicable to the activation
of other small molecules and functional groups[39]. The
constellation of reactivity depicted inFig. 5establishes sev-
eral important points: (i) two-electron mixed-valence com-
plexes are reactive, in contrast to previous work which
showed two-electron mixed valency to render complexes
inert [37,38,40–44]; (ii) the Mn–Mn+2 core is able to sup-
port hydrides of high nuclearity; and (iii) the Mn–Mn+2

core is active towards organic substrates leading to a rich
organometallic chemistry.

3. NBN coordination chemistry

The activation of the M–X bond is critical to the overall
efficiency of the photocycle shown inFig. 1. More generally,
w to-
c nger
o ion
s cally
a ical

halogen elimination. We were initially attracted to metal-
loporphyrins for H2 photocatalysis because thecis-dihalide
arrangement of early transition metal porphyrins is poten-
tially conducive to X–X coupling. Additionally, metallopor-
phyrin systems may be expected to react rapidly with HX to
produce hydrogen and the metal dihalide based on the results
of early metal cyclopentadienyl complexes[45,46], which
are surrogates of group IV metalloporphyrins. However, we
discovered that excitation ofcis-dihalide metalloporphyrins
results in the photoreduction of the porphyrin macrocycle
[47], thereby circumventing M–X photoactivation.

We have also explored whether the two-electron mixed-
valence approach could be transferred to complexes of
early transition metals in high oxidation states. Two-
electron mixed valency in the late metal compounds
described in Sections2.1–2.3is induced by acceptor–donor–
acceptor (A–D–A) ligands in which�-accepting fluo-
rophosphine groups are adjacent to the lone pair of an
amine bridgehead. Since the phosphine groups may accept
electrons from the metal or from the lone pair on the
nitrogen, the ligand is able to accommodate concomitantly
late metals in both low and moderate oxidation states (see
Fig. 6). To stabilize early transition metals, we explored
bis(alkylamido)phenylboranes, PhB(NR)2

2−, which possess
the antithetical donor–acceptor–donor (D–A–D) motif; the
�-basic nature of the bisamide ligand is more suited to
h ide
d 990
[ )
c
m little
e believe that this will be the case for most HX pho
atalysis schemes. We therefore sought to utilize the stro
xidizing power of early transition metals in high oxidat
tates in an attempt to increase the efficiency of the kineti
nd thermodynamically challenging task of photochem
igh valent, early transition metals. The lithiated am
erivatives of these amines were first reported in 1

48]; a subsequent chemistry has evolved for PhB(NR2
2−

omplexed to main group elements[49–56]. The transition
etal chemistry of these ligands, however, had been
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Fig. 6. Three-atom bridging ligands featuring acceptor–donor–acceptor
(A–D–A) and donor–acceptor–donor (D–A–D) motifs for the electronic sta-
bilization of two-electron mixed-valence cores.

explored, with only three such complexes reported in the
literature prior to our work[48,57].

We have generalized the coordination chemistry of the
PhB(NR)22− ligand by synthesizing a series of Group 4 and
5 complexes[58,59]. More importantly, we were also able
to prepare the desired dimers for the Group 6 metals of
molybdenum and tungsten[60]. As highlighted inFig. 7 for
the dimolybdenum complex, these metal–metal triple bond
species exhibit a nearly eclipsed ligand geometry and possess
the shortest metal–metal bonds of neutral M2X6 complexes
observed to date. The strong metal-metal bond leads to a
large HOMO-LUMO gap, rendering the complexes inert to
oxidation. Hence a two-electron mixed-valence state may not
be accessible from the metal-metal triple bond species. Even
though the NBN ligand does not suit our purposes, it should
find utility to other inorganic chemists as an alternative to

the ever-popular amidinate ligand. The ligand demonstrates
significantly shorter metal-nitrogen bonds than related amid-
inate ligands owing to a larger bite angle and its dianionic
nature, which relaxes the need for additional ancillary anionic
ligands for metal centers in high oxidation states. Addition-
ally, the electronic and steric properties of the ligand can be
tuned with substituents on both amides and by R′-substitution
at the electron withdrawing B(R′) bridgehead.

4. Ligand based two-electron mixed-valence
complexes

We sought to expand the design concept of two-electron
mixed valency by using the ligand framework as the multi-
electron/hole reservoir, instead of a bimetallic core. We
turned our attention to porphyrinogens since upon oxida-
tion of the tetrapyrrole, one or two spirocyclopropane rings
(�) may be formed by C–C coupling between the�-carbons
of neighboring pyrroles[61]. This transformation effectively
stores two or four oxidizing equivalents in the macrocyclic
ring. Prior to our studies, however, the generality, characteri-
zation and practical use of the ligand-based redox chemistry
of porphyrinogens was hindered by the presence of redox-
active axial ligands and/or polynuclear copper/iron halide
c ds
t etal,
z teri-
o rties

F to and (b) along the metal–metal axis with thermal ellipsoids shown at the 30%
p

ig. 7. Solid-state structure of Mo2[EtN–BPh–NEt]3 viewed (a) normal

robability level.
ounteranions[62–64]. We developed new synthetic metho
hat afforded the porphyrinogen with the redox inactive m
inc, and redox-inert and spectroscopically silent coun
ns. In this way we were able to unveil the redox prope
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Fig. 8. Differential pulse voltammograms recorded of the porphyrinogen
macrocycle coordinating the Zn(II) ion. Redox potentials are referenced vs.
NHE. The solid-state structure is that of the two-electron mixed-valence
intermediate (thermal ellipsoids at the 50% probability level).

of the macrocycle by electrochemistry, and isolate and char-
acterize the three ligand oxidation states, [LZn]2−, [L�Zn]
and [L��Zn]2+ (seeFig. 8). The intermediate oxidation state,
[L�Zn], has been described theoretically and observed struc-
turally and spectroscopically to be an ideal example of a
localized two-electron mixed-valence complex[65]. DFT
calculations reveal that the highest-energy occupied molecu-
lar orbitals are localized on the reduced half of the macrocycle
whereas the lowest-energy unoccupied orbitals are local-
ized on the oxidized half of the porphyrinogen. Consistent
with this formulation, the intense orange color of [L�Zn]
arises from charge transfer from the reduced dipyrrole half
of the macrocycle to its two-electron oxidized dipyrrole
neighbor.

Scheme 4highlights the parallel between ligand- and
metal-based two-electron mixed valency. For both cases, (i)
the two-electron mixed-valence intermediate is the linchpin

that couples the two-electron chemistry of the individual
redox centers (dipyrroles in the case of porphyrinogen,
rhodium centers in the case of the bimetallic complex), (ii)
the two-electron mixed-valence compound is the structural
composite of the symmetric oxidized and reduced congeners
and (iii) the frontier molecular orbitals and corresponding
lowest energy electronic transitions are confined to the two-
electron mixed-valence core. The ligand-based approach,
however, differs from that of the metal-based approach in
one important aspect. Since coordination geometry is inex-
tricably linked to metal oxidation state, two-electron/hole
storage in the metal-based approach must be accompanied by
alterations of the primary coordination sphere. Conversely,
in the approach described here, two-electron/hole storage
occurs in the periphery of the macrocycle, decoupled from
the acid–base chemistry of the metal. This orthogonalization
between redox storage and small molecule coordination sites
offers a new design element for using two-electron mixed
valency to promote multielectron reactivity. Small molecule
activation by this approach is contingent on relaying redox
equivalents from the macrocyclic ligand to a redox-active
central metal. Initial forays into this area appear promising.
Using our synthetic methods, an iron porphyrinogen series
has been cleanly synthesized, isolated and structurally and
spectroscopically characterized. We find that the redox
interplay between metal and ligand engenders an overall
s ween
[ er
d and
o y in
p

heme

heme
Sc

Sc
ingle step three-electron redox chemistry created bet
LFeIII ]− and [L��FeII ]2+ [66]. Studies aimed at furth
eveloping the multielectron redox chemistry of iron
ther redox active metal porphyrinogens are currentl
rogress.

3.

4.
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5. Di-iron(III) �-oxo bisporphyrins for oxidative
photocatalysis

5.1. Pacman porphyrins

Oxygen has been activated via a two-electron mixed-
valence state by using cofacial porphyrins as photocatalysts.
The synthesis of cofacial porphyrins had been previously
limited to two spacers, namely, anthracene (DPA) and
biphenylene (DPB)[67–72]. We have overcome the arduous
synthesis of their prerequisite dialdehyde bridges by devel-
oping a novel one-pot method for obtaining xanthene and
dibenzofuran bridges in high yield, allowing for the efficient
gram-scale synthesis of the cofacial “Pacman” bisporphyrins
bridged by xanthene (DPX) and diphenyl furan (DPD)
[73–75]. By employing appropriate substituents along the
periphery of the macrocyclic superstructure, it is possible
to tune the pocket sizes of the Pacman motif over a series
of metal-metal distances ranging from 3.5Å to over 8.5Å
[76–79].

Our group has undertaken the first detailed studies of the
electronic excited states of Pacman porphyrins[80,81]. For
the case of di-iron(III)�-oxo porphyrins, light excitation
breaks the FeIII –O–FeIII bond to produce a (PFeII )(PFeIV O)
cofacial intermediate, which oxidizes simple electron-rich
substrates[79,82], such as phosphines and sulfides[83,84].
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fi c
c
T of
u
t
r por-
p ical
d
o om
t ical
s d
(
P activ-
i X
P ngle)
o of
t orp-
t ed
D eater
t mea-
s yrin
c
s ft to
a idant
( yrins
a er-
t (i)
t oxi-

Fig. 9. Structural illustration of the Pacman effect for DPD cofacial por-
phyrins (top) and its spring-action for use in the construction of a photocat-
alytic oxidation cycle (bottom).

Fig. 10. The rates forkreclamp(�) andkOAT (©) for the photocycle shown
in Fig. 9 for oxidation of P(OMe)3 by cofacial bisporphyrins of varying
cleft dimensions:dM–M(relaxed) = 7.775̊A (DPD), 5.913Å (DPXM), and
3.708Å (DPX).
eaction of two ferrous porphyrin subunits with O2 reforms
he di-iron(III) �-oxo complex, presumably by a mo
ed Balch mechanism[85,86] for reentry into the catalyti
ycle. A general depiction of this cycle appears inFig. 9.
his oxidative photocatalysis builds on the chemistry
nbridged Fe2III,III �-oxo porphyrins[87–92]with the twist

hat the DPD framework is structurally “spring-loaded”[93],
esulting from the unprecedented ability of the cofacial
hyrin to open and close its binding pocket by a vert
istance of over 4̊A (Fig. 9, top). The vertical flexibility
f the DPD cleft gives rise to an efficient oxygen at

ransfer (OAT) photochemistry. Comparative photochem
tudies of spring-loaded (DPD)Fe2O and non spring-loade
DPX)Fe2O (DPX = xanthene spacer, relaxed pocket∼3.7Å)
acman architectures have revealed a superior photore

ty (ca. 10,000-fold) of the former. Additionally, the DP
acman congener is far more sensitive to the size (cone a
f the attacking substrate[79]. The mechanistic details

he OAT photocycle were investigated by transient abs
ion spectroscopy[93]. Rates of net OAT for spring-load
PD Pacman platforms are four orders of magnitude gr

han those of relaxed platforms. Transient spectroscopy
urements show that the spring action of the bisporph
left does little to impede re-clamping to form the�-oxo
pecies but rather is manifest to opening the cofacial cle
llow substrate access to the photogenerated ferryl ox
Fig. 10). These studies have shown that Pacman porph
fford a unique combination of synthetic availability and v

ical flexibility. These attributes are important because
wo-electron mixed valency is used to drive two-electron
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dations, (ii) the multielectron process is photocatalytic under
mild conditions and (iii) the photo-oxidation proceeds with-
out the need for an external co-reductant and uses dioxygen
as the terminal oxidant and oxygen atom source.

5.2. Fluorinated Pacman porphyrins

Whereas Pacman etioporphyrin architectures oxidize
electron-rich organic substrates (i.e., phosphines and sul-
fides) [82], photo-oxidation of more thermodynamically
challenging substrates (i.e., olefins, alkanes, amines, etc.)
is not facile owing to the modest redox potential of the
etioporphyrin ferryl subunit[79,94]. It is well established
that the oxidizing power of metalloporphyrins is enhanced
by introducing electron-withdrawing groups onto the por-
phyrin periphery[95,96]. In accordance with this property
of porphyrins, the spring-loaded DPD platform appended
withmeso-pentafluorophenyl porphyrins (DPDF) is an active
catalyst for the photoinduced aerobic oxygenation of sul-
fides and olefins under mild conditions and with the highest
turnover numbers (TONs) yet achieved for a cofacial bis-
porphyrin photocatalyst[97]. The electron deficiency of the
fluorinated porphyrin results in a red-shift of the absorption
spectrum, allowing us to use relatively long-wavelength light
for photolysis (λexc= 425–460 nm). This is in contrast with
the far less oxidizingetioporphyrin DPD Pacman architec-
t UV
r ion-
a catal-
y also
o a-
n tocat-
a enyl-
m ro-
c tant
i ntal
i strate
s .

6

ho-
t oped
u edox
p unds
o one-
e il for
s tron
m ned
n . To
d ygen
a ocy-
c AT
u rce.
T

these tasks share basic commonalities that are intrinsic to
the two-electron mixed-valence design: (i) the two-electron
mixed-valence intermediate is the linchpin that couples the
two-electron chemistry of the individual redox centers; (ii)
inter-site redox cooperativity is essential to managing the
observed multielectron chemistry; (iii) ligand frameworks
must exhibit an electronic and vibrational plasticity[98] so as
to accommodate the disparate coordination geometries that
are attendant to multielectron changes in formal oxidation
states of the redox centers; and (iv) M–X (X = halogen, oxy-
gen) bonds must be activated by photoexcitation to enable
photocycles to be closed. Indeed, additional systems that take
advantage of these foregoing principles should be of contin-
ued interest to the inorganic chemist, particularly with respect
to the development of photochemical cycles concerned with
the activation of small molecules of energy consequence.
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s noteworthy and thus is a photochemistry of fundame
nterest. Two immediate goals are to broaden the sub
cope and increase the overall efficiency of the process
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